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Editorial

Photocatalytic Materials and Photocatalytic Reactions

Sugang Meng 1,2

1 Key Laboratory of Green and Precise Synthetic Chemistry and Applications, Ministry of Education, College of
Chemistry and Materials Science, Huaibei Normal University, Huaibei 235000, China; mengsugang@126.com

2 Anhui Provincial Key Laboratory of Synthetic Chemistry and Applications, College of Chemistry and
Materials Science, Huaibei Normal University, Huaibei 235000, China

1. Introduction

This Special Issue, titled “Photocatalytic Materials and Photocatalytic Reactions”, fo-
cuses on designing advanced photocatalysts, understanding their structure-dependent
properties, and seeking to exploit them in the fields of energy conversion, pollutant degra-
dation, artificial photosynthesis, organic synthesis, etc. As early as 1912, in the age of coal,
Giacomo Ciamician [1] proposed the theory that photochemistry could be a potential and
promising strategy to realize the harmonious development of human society and nature.
However, the pioneering work on photosynthesis was a study on photo-electrochemically
water splitting, published in 1972 by Fujishima and Honda [2]. Throughout the next few
years, photocatalysis was mainly studied in regard to the degradation of toxic compounds.
In recent decades, photocatalysis has attracted extensive and ongoing attention, because it
exhibits great potential for applications in artificial photosynthesis, including H2 produc-
tion and CO2 reduction, organic synthesis, pollutant degradation, N2 fixation, precious
metal recovery, H2O2 photosynthesis, life science and medical research, space exploration,
and other related fields (Figure 1) [3–9]. Meanwhile, photocatalysts have evolved from
inorganic substances to new nanomaterials such as graphitic carbon nitride (g-C3N4), poly-
mers, piezoelectric materials, ferroelectric materials, metal–organic frameworks (MOFs),
covalent organic frameworks (COFs), single-atom catalysts (SACs), high-entropy alloys
(HEAs), supramolecules, superlattices, topological insulators, localized surface plasmon
resonance (LSPR), and diverse composite materials/heterojunctions, among other things
(Figure 2) [6–16].

Our search results indicated a recent boom in photocatalysis research (Figure 3). About
243,000 studies on this topic have been published in the last 25 years. A total of 146 research
areas and 212 countries/regions are involved. Photocatalysis is notable because it is driven
by inexhaustible solar energy under mild reaction conditions. The design of advanced
photocatalytic materials with good performance and the exploration of green photocatalytic
reactions with carbon neutrality are significant for sustainability.

This Special Issue contains 23 original research articles related to photocatalytic mate-
rials, including metal oxides, metal sulfides, metal nitrides, metallo-organic compounds,
g-C3N4, clusters, LSPR, and heterojunction/composite materials. Their applications in-
cluded H2 production, CO2 reduction, organic synthesis, environmental remediation,
disinfection, toxicity, and dual-function photoredox reactions.

Molecules 2025, 30, 269 https://doi.org/10.3390/molecules30020269
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Figure 1. The types of materials explored for use as potential photocatalysts.

Figure 2. Various photocatalytic reactions.

2



Molecules 2025, 30, 269

Figure 3. The number of annual journal publications that covered “photocatalysts*” as a subject prior
to 9 December 2024, as recorded in the Web of Science database.

2. An Overview of the Published Articles

In the Special Issue’s first contribution, Li et al. synthesized a new magnetic nanocom-
posite, Ag2O/Fe3O4, to achieve the photocatalytic degradation of methyl orange (MO)
under visible light irradiation. They observed that 99.5% of MO could be degraded by the
Ag2O/Fe3O4 (10%) photocatalyst within 15 min. In addition, the designed Ag2O/Fe3O4

photocatalyst also exhibited broad applicability and stability. Their work demonstrated
successful photocatalysis–Fenton coupling and overcame the challenges involved in a
difficult catalyst recovery process and regarding low photocatalytic efficiency.

Next, in the study by Wang et al. (Contribution 2), a multicomponent composite
MoP/a-TiO2/Co-ZnIn2S4 was prepared through multiple hydrothermal processes. The
effects of Co dopants, i.e., amorphous TiO2 and MoP, increased visible light absorption,
improving the separation of photoexcited charge carriers via heterojunction and hydrogen
production sites, respectively. Thus, the high efficiency of photocatalytic H2 production was
realized on MoP/a-TiO2/Co-ZnIn2S4. Compared to the pristine ZnIn2S4, the H2 production
of MoP/a-TiO2/Co-ZnIn2S4 was enhanced by about three times.

Furthermore, in the research work by Meng et al. (Contribution 3), nanostructured
polymeric carbon nitride (g-C3N4, PCN) was synthesized using a one-step thermal poly-
merization process with the assistance of hot water vapor. Vapor has a dual function used
to prepare nanostructured PCN: besides being a green etching reagent, it can act as a gas
bubble template. Moreover, reaction times, temperatures, mechanisms were also studied in
the precursors of PCN. The H2 production of nanostructured PCN increased by about four
times in contrast to bulk PCN. This study offers a new and versatile strategy for fabricating
nanostructured g-C3N4 with high photocatalytic performance.

Wang et al. (Contribution 4) outlined a visible light-induced regioselective cascade and
the sulfonylation–cyclization of a cascade of 1,5-dienes under mild conditions. An array of
3-sulfonylated pyrrolin-2-one derivatives was constructed through lower catalyst loading
and achieved good to excellent yields at room temperature. Importantly, this protocol can
be used in large-scale synthesis.

Meanwhile, in the research paper by Meng et al. (Contribution 5), a series of ZnmIn2S3+m

photocatalysts (m = 1, 2, 3, 4 and 5) was prepared and applied in dual-function photoredox
reactions: the selective oxidation of alcohols and the reduction of CO2 in one reaction
system. In Zn5In2S8, Zn4In2S7, Zn3In2S6, Zn2In2S5, and ZnIn2S4, structures and proper-
ties was studied using experiments and theoretical calculation. The morphology, light
absorption, and band structures were tuned by changing the Zn/In molar ratio. More-
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over, the selectivity of gas products (H2 and CO) and liquid products (hydrobenzoin and
benzaldehyde) could also be regulated.

In the research work by Chen et al. (Contribution 6), Ag/PW12/TiO2 composed of
TiO2, polyoxometalates (POMs) [H3PW12O40] (PW12), and Ag nanoparticles was fabri-
cated through successive electrospinning and photoreduction processes. Ag/PW12/TiO2

exhibited high degradation efficiencies for methyl orange (MO, 99.29%), enrofloxacin (ENR,
93.65%), and tetracycline (TC, 78.19%). Moreover, for TC degradation and TC concentration,
the Ag/PW12/TiO2 dosage, the pH of the TC solution, and the intermediates and toxicities
of the products were also investigated in detail.

Furthermore, in the study by Zhou et al. (Contribution 7), the Bi2S3-ZnO/CA film
was fabricated by assembling Bi2S3, ZnO, and cellulose acetate (CA). In the Bi2S3-ZnO/CA
film, the addition of Bi2S3 improved cavity density and uniformity. On the other hand,
the addition of ZnO enabled the formation of heterojunctions with Bi2S3 to promote
the separation and migration of photogenerated electron–hole pairs, thus improving the
photocatalytic activity and stability of Bi2S3. This is evidenced by the fact that the RhB
(rhodamine B) degradation efficiencies of ZnO/CA, 4Bi2S3/CA, and 4Bi2S3-ZnO/CA were
about 26.51%, 50.26%, and 90.2%, respectively.

Shahid et al. (Contribution 8) prepared a 2D I-FeWO4/GO composite photocatalyst
by combining halogen-doped FeWO4 (I-FeWO4) and graphene oxide (GO). In the designed
I-FeWO4/GO composite, GO acted as a supporter, halogen facilitated H2O2 production,
and the interface of the I-FeWO4/GO heterostructure promoted charge separation and
migration. Thus, the I-FeWO4 displayed good photocatalytic performance for the degrada-
tion of methylene blue (MB). Under sunlight irradiation for 120 min, 97.0% of MB could be
degraded by the I-FeWO4.

Furthermore, Ai et al. (Contribution 9) fabricated 2D heterojunction g-C3N4@CdS
using a water bath method. Interestingly, tiny CdS nanorods were grown in situ in the
gaps between the 2D g-C3N4 nanosheets. Due to the band-band transfer mechanism of
the g-C3N4@CdS photocatalyst, the charge carriers could be separated efficiently, and thus
excellent H2 production with the assistance of visible light and lactic acid was observed.
The H2 production rate of G-CdS-3 could reach up to 1611.4 μmol·g−1·h−1, which was
about 10 times that of CdS and 76 times that of g-C3N4.

In the research work by Wang et al. (Contribution 10), a 2D–3D hybrid junction
In2S3/CdS/N-rGO was synthesized using a one-step pyrolysis method. The rational 2D–
3D In2S3/CdS/N-rGO hybrid junctions not only provided more active sites but also formed
multiple tight interfaces, which facilitated charge separation and migration. Thus, a high
H2 evolution rate (10.9 mmol·g−1·h−1) could be obtained with the assistance of visible light
and Na2S/Na2SO3 aqueous solution.

To remove high levels of toxic 4-nitrophenol (4-NP), Ma et al. (Contribution 11) de-
signed the alkaline earth metal ion-doped photocatalyst Ca2+-doped AgInS2. The charge
recombination and inactive production of superoxide radicals over AgInS2 could be im-
proved by doping Ca2+. Thus, 63.2% of 4-NP was degraded under visible light for 120 min.
In addition, capturing tests demonstrated that photoexcited holes and hydroxyl radicals
were the main active species.

In the research work by Lu et al. (Contribution 12), cobalt phosphate (Co-Pi) was
developed to modify ZnIn2S4 (ZnIn2S4/Co-Pi), aiming to suppress its charge recombi-
nation. Due to the transfer of photoexcited holes, ZnIn2S4/Co-Pi exhibited sustainable
H2 production with assistance of visible light and triethanolamine (TEOA). Specifically,
3593 μmol·g−1·h−1 of H2 production was reached using ZnIn2S4/5%Co-Pi.

To remove hexavalent chromium, Guo et al. (Contribution 13) prepared a 2D g-
C3N4/MoS2 nanocomposite using an ultrasonic method. Due to the Z-scheme trans-

4



Molecules 2025, 30, 269

fer mechanism, photoexcited charges could not only be separated efficiently at the g-
C3N4/MoS2 heterojunction but they also retained strong redox abilities. Thus, hexavalent
chromium could be removed with high photocatalytic efficiency whenever it was exposed
to UV light, visible light, or sunlight.

Furthermore, Garcia et al. (Contribution 14) fabricated a PdIn/TiO2 hybrid photoelec-
trocatalyst for wastewater treatment with simultaneously clean energy production. In the
reaction system, on the one hand, paracetamol was degraded by oxidation at the photoan-
ode; on the other hand, hydrogen was produced through reduction at the photocathode.
Thus, a dual-function redox reaction system was established.

To use sunlight for CO2 reduction, Wang et al. (Contribution 15) designed TiO2/CuPc
heterojunctions by combining TiO2 microspheres and copper phthalocyanines (CuPc).
Benefiting from the heterojunction effect and the additional light-absorbing properties of
TiO2 and CuPc, a good reduction rate in 32.4 μmol·g−1·h−1 of CO2 was achieved with
TiO2/CuPc at about 3.7 times that of the pristine TiO2.

Unlike the experiments above, Gao et al. (Contribution 16) utilized the extended
broken symmetry (EBS) method to investigate the low-lying spin states of the [Fe3S4]
cluster, which is important for photosynthetic H2O splitting. The results indicated that the
EBS results matched well with the experimental data. The weaknesses of the BS method
could be compensated for through the developed EBS method.

Meanwhile, Tang et al. (Contribution 17) investigated the Sc2CX2/Sc2CY2 (X, Y = F,
Cl, Br) Janus heterojunction for photocatalysis and photovoltaics using first-principles
calculations. The calculated results indicate that these Janus heterojunctions possess type-II
band structures and direct Z-scheme transfer mechanisms, which thus facilitates their
application in photocatalysis and photovoltaics.

In their research paper, P. Ávila-Torres et al. (Contribution 18) prepared metal-yielded
coordination compounds Cu-g-C3N4, Ni-g-C3N4, and Mn-g-C3N4. The structural proper-
ties of disinfected E. coli bacteria were investigated. The results indicate that the textural
property is a key characteristic.

Liu et al. (Contribution 19) studied hydroxyl groups on the g-C3N4 (HCN) for O2

activation and pollutant degradation. The results show that hydroxyl groups can increase
hydrophilicity and surface area, decrease interlayer distances, and promote the charge sepa-
ration and transportation of the pristine g-C3N4, thus improving rhodamine B degradation.

Furthermore, A. Pavlatou et al. (Contribution 20) developed a new photocatalyst,
namely magnesium oxide (MgO). MgO has a wide band gap and can produce hydroxyl
radicals. It showed selectivity for rhodamine 6G and rhodamine B degradation under UV
light. A total of 100% of rhodamine B could be degraded over MgO under UV light for
180 min.

In the research paper by Narkiewicz et al. (Contribution 21), triethylamine (TEA),
diethylamine (DEA), and ethylenediamine (EDA) were used to modify TiO2. The effect of
amines and temperature on the photocatalytic reduction of CO2 was investigated in detail.
The results demonstrated that TEA-TiO2 treated in the microwave reactor exhibited the
highest activity.

Furthermore, in the research by Wang et al. (Contribution 22), the 2D GaN/g-C3N4

heterojunction was investigated using first-principle calculations. The calculated results
indicate that the GaN/g-C3N4 heterojunction possesses type-II band structures, broad light
absorption capabilities, and direct Z-scheme transfer mechanisms, and thus has potential
applications in the field of photocatalysis.

In the final research paper, Gerken et al. (Contribution 23) investigated the interplay
between photocatalytic growth and the chemical dissolution of gold structures on TiO2/ITO
patterns as a novel approach to mimic axonal dynamic connections. By optimizing gold
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growth and dissolution parameters, we demonstrated the potential for the precise control
of the formation and removal of conductive pathways. This work bridges photocatalytic
materials research and bio-inspired system development, offering new insights into the
application of photodeposition and chemical etching in dynamic, adaptive systems.

3. Conclusions

In the face of increasingly severe environmental problems and resource challenges,
green and sustainable development has become a global consensus and a guide for action.
Photocatalysis is one of the most promising strategies for addressing the severe issues
facing the environment and energy production and has attracted extensive and ongoing
attention due to its inexhaustible, green, safe and economically viable characteristics. How-
ever, there are still many challenges involved in the practical application of photocatalysis,
such as quantum efficiency, stability and reusability, selectivity, output-to-input ratio, and
scaling-up. Fortunately, as a result of decades of hard work, photocatalysis has progressed
to a new stage. Various and ingenious photocatalytic materials and photocatalytic reactions
have been developed. Photocatalytic materials include but are not limited to nonmetallic
LSPR materials, MOFs, COFs, SACs, SCCs, HEAs, heterojunctions, and composite materials.
Photocatalytic reactions are involved in the fields of environmental, life science, medical
research, space exploration, agriculture and food, energy, etc. However, designing ad-
vanced photocatalytic materials with good performance and exploring green photocatalytic
reactions with carbon neutrality will require further progress.

Acknowledgments: The editors would like to express their great appreciation to all the authors,
reviewers, and technical assistants who contributed to the Special Issue.

Conflicts of Interest: The author declares no conflicts of interest.
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Abstract: Utilizing solar energy for photocatalytic CO2 reduction is an attractive research field be-
cause of its convenience, safety, and practicality. The selection of an appropriate photocatalyst is the
key to achieve efficient CO2 reduction. Herein, we report the synthesis of TiO2/CuPc heterojunctions
by compositing CuPc with TiO2 microspheres via a hydroxyl-induced self-assembly process. The
experimental investigations demonstrated that the optimal TiO2/0.5CuPc photocatalyst exhibited a
significantly enhanced CO2 photoreduction rate up to 32.4 μmol·g−1·h−1 under 300 W xenon lamp
irradiation, which was 3.7 times that of the TiO2 microspheres alone. The results of photoelectro-
chemical experiments indicated that the construction of the heterojunctions by introducing CuPc
effectively promoted the separation and transport of photogenerated carriers, thus enhancing the
catalytic effect of the photocatalyst.

Keywords: TiO2/CuPc; heterojunction; photocatalysis; charge separation; CO2 reduction

1. Introduction

The extensive exploitation of fossil fuels has dramatically increased the amount of
carbon dioxide (CO2) in the atmosphere, which has led to a global greenhouse effect that
is worsening year by year and poses a serious threat to the survival of humankind [1,2].
Photocatalytic CO2 reduction technology is an ideal way to mitigate the greenhouse effect
due to its advantages, including mild operating conditions, low energy consumption,
and the absence of secondary pollution [3–5]. The characteristics of the photocatalyst are
generally considered to be among the most important factors determining the efficiency of
photocatalytic CO2 conversion. The development of an effective photocatalyst has therefore
gained continuous attention.

Currently, various photocatalytic materials with enhanced CO2 conversion effects have
been developed [6–10]. Among them, titanium dioxide (TiO2), a promising semiconductor
material, has a wide range of applications in photocatalysis due to its unusual electronic
and optical properties [11–14]. For this reason, it has received extensive research and
attention. However, it still suffers a low CO2 reduction efficiency, primarily due to the
photogenerated electron-hole pairs being prone to recombination and the substantially
wide bandgap (3.2 eV). So far, various strategies have been developed to enhance the
photocatalytic performance of TiO2 for CO2 reduction, including the introduction of surface
defects [15], the doping of heteroatoms [16], and the construction of heterojunctions [17].
Previous studies have successfully demonstrated that the construction of heterojunctions
with narrow bandgap semiconductors is a reliable way to improve the photocatalytic
activity of TiO2 [18,19]. For example, Ejaz Hussain et al. synthesized Au@TiO2/CdS
hybrid catalysts through hydrothermal reactions and found that Au@TiO2/CdS was the
most active catalyst, producing 19.15 mmol·g−1·h−1 of hydrogen under sunlight [20]. Dai
et al. successfully prepared TiO2/CuS nanocomposites with cauliflower-like protrusions

Molecules 2024, 29, 1899. https://doi.org/10.3390/molecules29081899 https://www.mdpi.com/journal/molecules9



Molecules 2024, 29, 1899

using a simple one-step hydrothermal method with the assistance of 3-mercaptopropionic
acid (3-MPA) [21]. Their experimental results showed that the TiO2/CuS nanocomposites
exhibited a better photocatalytic performance compared to TiO2 and CuS controls. Yin
et al. synthesized visible-light-responsive Ag3PO4/OH/TiO2 catalysts through the in situ
growth of Ag3PO4 on the surface of TiO2 with alkali treatment [22]. The introduction
of Ag3PO4 effectively improved the light absorption ability of the photocatalysts, which
enabled the catalysts to achieve a 90% degradation of RhB under visible light. Although
the above approaches effectively improved the photocatalytic activity of TiO2, it is still
inefficient in photocatalytic CO2 reduction because of its lack of catalytic sites.

Very recently, several studies have found that metal phthalocyanines (MPcs) can be
used to construct efficient heterojunction photocatalysts with TiO2 due to their suitable
energy band structure and metal active center unit [23,24]. On the one hand, the porphyrin
rings in metal phthalocyanines, analogous to chlorophylls, are widely used as photosensi-
tizers to effectively improve the light absorption of photocatalysts. On the other hand, the
central metal of metal phthalocyanines can provide efficient active sites for photocatalytic
CO2 reduction. For example, Altuğ Mert Sevim found that the photocatalytic degradation
performance of a composite photocatalyst for 4-chlorophenol under visible-light irradiation
was greatly enhanced through the introduction of metal phthalocyanine into TiO2 [25].
It was also reported by Fei that FePc/TiO2 catalysts demonstrated good photocatalytic
activity for the degradation of organic contaminants [26]. Makoto Endo reported the syn-
thesis of ZnPc/TiO2 hybrid nanomaterials and evaluated their photocatalytic reduction
of CO2 [27]. It was found that modification of the TiO2 with ZnPc could indeed improve
its CO2 photoconversion performance. The above examples successfully suggest that the
construction of heterojunctions using metal phthalocyanines and TiO2 for the efficient
conversion of CO2 is a reasonable design.

In this work, we successfully synthesized a series of TiO2 microspheres loaded with
different amounts of CuPc. The unique selective absorption for CuPc in the range of
500~800 nm can effectively solve the defect of poor visible-light utilization of TiO2, re-
sulting in heterojunctions with enhanced light absorption capabilities. It was found that
the developed TiO2/0.5CuPc photocatalyst exhibited increased CO2 reduction activity
compared to pristine TiO2. This enhancement of the photoactivity was attributed to the
construction of heterojunctions, which promote the efficient separation of photogenerated
charges, as demonstrated in the photoelectrochemical experiments. Moreover, the photocat-
alytic CO2 conversion process was investigated through in situ diffuse reflectance infrared
Fourier-transform spectroscopy (DRIFTS).

2. Results and Discussion

2.1. Catalyst Characterization

The crystal structure and composition of the as-synthesized samples were investigated
using X-ray diffraction patterns (XRD). Typical XRD patterns depict the crystal structures
of pure TiO2, CuPc, and TiO2/0.5CuPc composites in Figure 1a. The TiO2 sample exhibited
seven characteristic diffraction peaks at 25.3◦, 37.9◦, 48.0◦, 54.1◦, 55.1◦, 62.8◦, and 68.7◦,
assigned to the (101), (004), (200), (105), (211), (204), and (116) crystal planes, respectively.
These diffraction peaks could be indexed to the anatase TiO2 crystal structure (JCPDS
NO. 21-1272). In addition, it can be seen that the intensity of the characteristic diffrac-
tion peaks of TiO2 was slightly reduced after the introduction of CuPc, which might be
attributed to the fact that the characteristic peaks of TiO2 were suppressed by the coated
CuPc [28,29]. However, no significant new peaks attributed to CuPc appeared in the XRD
spectrum of TiO2/0.5CuPc compared to that of TiO2, indicating the low loading content of
CuPc. The chemical structures of TiO2 and TiO2/xCuPc were further analyzed using FTIR
spectroscopy. As shown in Figure 1b, the broader absorption peak located in the range
of 400–800 cm−1 can be attributed to the stretching vibration of Ti-O and Ti-O-Ti [30]. In
contrast, the successful loading of CuPc onto TiO2 can be identified by the characteristic
peaks (1464, 1504, and 1728 cm−1), which correspond to the phthalocyanine backbone
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and the central metal and ligand of CuPc [31]. As shown in Figure 1c, it was obvious that
multiple peaks corresponding to the phthalocyanine backbone vibrations appeared in the
TiO2 samples after modification with CuPc. In addition, the intensity of the vibrational
peak of the TiO2 surface hydroxyl group located at 1640 cm−1 was significantly weaker
after CuPc modification (the marked area), suggesting that CuPc interacted with the surface
hydroxyl group (Figure 1b). The TEM images of the TiO2 and TiO2/0.5CuPc heterojunction
are shown in Figure 1d,e. Obviously, the TiO2 exhibited a spherical structure with a par-
tially hollow core (Figure 1d). Many microspheres were clustered together and therefore
exhibited poor dispersibility. It can be seen from Figure 1e that the CuPc modification did
not affect the morphology of the TiO2 microspheres and uniformly covered the surface of
the TiO2. In addition, as can be seen from Figure 1f, the color of the TiO2 sample changed
from light yellow to blue after loading with CuPc, indicating that the CuPc had been
successfully loaded onto the surface of the TiO2.

Figure 1. (a) XRD patterns of TiO2, CuPc, and TiO2/0.5CuPc. FTIR spectra at (b) 400–4000 cm−1 and
(c) 1450–1750 cm−1 of TiO2, CuPc, and TiO2/xCuPc. TEM images of (d) TiO2 and (e) TiO2/0.5CuPc.
(f) Photographs of TiO2 and TiO2/0.5CuPc.

Raman spectroscopy was utilized to further investigate the structures of TiO2 and
TiO2/xCuPc. As expected, the Raman spectra prove that the TiO2 microspheres exhibited
an anatase phase (Figure 2a). The characteristic peaks at 146, 396, 516, and 637 cm−1 are
assigned to the Eg(1), B1g, A1g, and Eg(3) lattice vibration modes of the anatase phase, re-
spectively [32]. The Raman spectra of TiO2/xCuPc show both TiO2 and CuPc characteristic
peaks, indicating that the TiO2/xCuPc heterojunctions were successfully synthesized. It
was observed that the intensity of the characteristic peaks of CuPc gradually increased with
the increase in the amount of CuPc modification, while the intensity of the characteristic
peaks of TiO2 gradually decreased. In addition, the Raman vibration peak at 1523 cm−1

(the tensile of C-N-C bridge bonds in the CuPc) was shifted towards the long-wave-number
direction after the formation of TiO2/xCuPc heterojunctions, which may have been due to
the occurrence of a self-assembly of CuPc on the TiO2 surface (Figure 2b) [33,34].
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Figure 2. (a) Raman spectra and (b) partially magnified Raman spectra of TiO2, CuPc, and
TiO2/xCuPc.

Figure 3 shows the UV-Vis DRS reflectance spectra of TiO2, CuPc, and TiO2/xCuPc.
The absorption edge of the TiO2 sample was observed at approximately 420 nm. However,
the TiO2/xCuPc heterojunctions exhibited strong light absorption in the visible region of
500~800 nm, which can be attributed to the resulting Q-band electron transition of CuPc
from its highest occupied molecular orbital (HOMO) to its lowest unoccupied molecular
orbital (LUMO) [35]. In addition, it can also be seen that the absorption intensity gradually
increased as the amount of CuPc increased.

Figure 3. UV-vis DRS reflectance spectra of TiO2, CuPc, and TiO2/xCuPc.

The optical band gap of a catalyst can be calculated from its light absorption spectra
according to the equation αhv = A(hv − Eg)n/2, where α, h, ν, A, and Eg represent the
absorption coefficient, Planck constant, light frequency, proportionality, and band gap
energy, respectively. For TiO2 and CuPc, the values of n are 1 and 4, respectively. Based
on the above equation, the calculated Eg values for TiO2 and CuPc are 2.98 and 1.68 eV,
respectively (Figure 4a,b). To further investigate the band structures of TiO2 and CuPc,
Mott–Schottky curves were obtained. A positive slope of the Mott–Schottky plot would
indicate that TiO2 is an n-type semiconductor, while a negative slope of the Mott–Schottky
plot would indicate that CuPc is a p-type semiconductor. As shown in Figure 4c,d, the flat
band potentials of TiO2 and CuPc were determined to be −0.59 V and 0.92 V vs. Ag/AgCl,
respectively. According to the formula E(RHE) = E(Ag/AgCl) + 0.197 + 0.059 pH, we
could deduce that the conduction band potential (ECB) of TiO2 and the highest occupied
molecular orbital (HOMO) energy level of CuPc were approximately 0.01 and 1.52 V
vs. RHE, respectively. According to the empirical equation Eg = EVB − ECB, the valence
band potential (EVB) of TiO2 and the lowest unoccupied molecular orbital (LUMO) energy
level of CuPc were calculated to be 2.99 and −0.16 V vs. RHE, respectively. In addition,
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ultraviolet photoelectron spectroscopy (UPS) was also performed to determine the valence
band energy (EVB) of TiO2 and CuPc (Figure 4e,f). The incident photon energy (hv) of
the helium I source was 21.22 eV [36,37]. By subtracting the width of the peak from the
excitation energy (21.22 eV), the valence band maximum of TiO2 and the HOMO energy
of CuPc were calculated to be 7.52 and 5.98 eV, respectively, on the absolute vacuum scale
(AVS). According to the reference standard, 0 V for the reversible hydrogen electrode (RHE)
is equal to 4.44 eV on the vacuum level. Therefore, the EVB (versus RHE) value of TiO2
and the HOMO energy of CuPc were calculated to be 3.08 and 1.54 V, respectively. That is,
the conduction band energy (ECB) of TiO2 and the LUMO energy of CuPc were 0.10 and
−0.14 V, respectively. These results are consistent with those found in the Mott–Schottky
plot calculations.

Figure 4. (a) Plot of (αhv)1/2 versus (hv) for the band gap energy of TiO2 and (b) plot of (αhv)2

versus (hv) for the band gap energy of CuPc. Mott–Schottky plots of (c) TiO2 and (d) CuPc. UPS
spectra of (e) TiO2 and (f) CuPc.

Photoelectrochemical experiments were applied to reveal the charge transfer kinetics of
the heterojunctions. As shown in Figure 5a, the photocurrent density of TiO2/0.5CuPc was
higher than that of TiO2, which indicates that the formation of a heterojunction can indeed
effectively inhibit the recombination and further promote the separation of photogeneration
carriers. The separation efficiency of photogeneration charges in the heterojunctions was
further verified using the impedance spectroscopy spectra (EIS) (Figure 5b). It is obvious
that the arc radius in the Nyquist plot of TiO2/0.5CuPc is much smaller than that of the
TiO2 plot, suggesting that the charge transfer resistance in the heterojunction was reduced
and facilitated rapid carrier separation and transfer. As shown in the inset of Figure 5b, the
arc radius of TiO2/0.5CuPc was similarly smaller than TiO2 in the high-frequency region,
suggesting better conductivity and proving the lower recombination rate of the carriers.
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Figure 5. (a) Transient photocurrent responses and (b) EIS Nyquist plots of TiO2 and TiO2/0.5CuPc.

2.2. Photocatalytic Performance and Reaction Mechanism

The photocatalytic CO2 reduction performance of the TiO2 and TiO2/xCoPc was tested
under 300 W Xe lamp illumination. As shown in Figure 6, the reduction products CH4
and CO were detected. The sample of TiO2 exhibited a low CO2 reduction activity with a
production rate of 8.7 μmol·g−1·h−1 for CO. However, integration with CuPc significantly
enhanced the photocatalytic activity of TiO2. It was noticed that the photocatalytic per-
formance of the TiO2/xCoPc heterojunctions first increased and then decreased with the
increase in CuPc loading. The higher the CuPc loading, the more severe the agglomeration
of CuPc units at the TiO2 surface, thus leading to a decrease in photocatalytic activity [38].
The maximum CO production performance rate of 32.4 μmol·g−1·h−1 was attained with
the TiO2/0.5CoPc heterojunction, which was 3.7 times higher than that of the TiO2 mi-
crospheres. In addition, the yield of CH4 was almost negligible, which indicates that the
TiO2/0.5CoPc heterojunction has high selectivity for CO2 reduction to CO.

Figure 6. Photocatalytic activities for CO2 reduction of the TiO2 and TiO2/0.5CuPc heterojunction.

The mechanism of the CO2 reduction process was investigated using electrochemical
reduction measurements in different gas-bubbled systems. As shown in Figure 7a,b, it was
obvious that the onset potential of TiO2/0.5CoPc heterojunction was lower than that of the
TiO2 microspheres in both N2-saturated and CO2-saturated electrolytes. Furthermore, the
onset potential of the heterojunction in the CO2-saturated electrolyte was lower than that
in the N2-saturated electrolyte, suggesting that the CuPc modification was more favorable
for CO2 activation [39].
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Figure 7. Electrochemical reduction curves of the TiO2 and TiO2/0.5CuPc heterojunction in (a) a
N2-bubbled system and (b) a CO2-bubbled system, respectively.

The intermediates in CO2 conversion were explored using in situ diffuse reflectance
infrared Fourier-transform spectroscopy (Figure 8). The absorption peaks located at 1338,
1386, and 1617 cm−1 are ascribed to bidentate carbonates (b-CO3

2−), and the peaks at
1395, 1507, 1522, 1560, and 1576 cm−1 belong to monodentate carbonate (m-CO3

2−) [40].
Bands at 1418, 1437, 1636, and 1652 cm−1 can also be observed, which can be assigned to
the HCO3

− groups. The absorption peak at 2077 cm−1 is attributable to CO. In addition,
with the increase in irradiation time, it can be seen that a peak of the COO− radical
at 1624 cm−1 and a peak of COOH* at 1733 cm−1 began to appear [41], and the peak
intensity increased gradually. These results indicate that this photocatalytic reaction for the
reduction of CO2 was carried out efficiently. It is worth noting that the formation of the
important intermediate COOH* is generally considered to be a rate-limiting step during
the photocatalytic conversion of CO2 to CO. It is obvious that the peak intensity of COOH*
in the TiO2/0.5CoPc heterojunction was stronger compared to that of TiO2 at the same light
irradiation time, which indicates the better activity of the TiO2/0.5CoPc heterojunction for
the photocatalytic conversion of CO2.

Figure 8. The in situ DRIFT spectra of (a) TiO2 and (b) the TiO2/0.5CuPc heterojunction at different
light irradiation intervals.
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Based on the above discussions, a mechanism of charge transfer and separation to
promote CO2 conversion is proposed (Figure 9). First, the TiO2 and CuPc absorbed enough
light of different wavelengths for electron transition under the 300 W Xe lamp irradiation
to generate photogenerated carriers (e−/h+ pairs). Because of the well-matched energy
levels of TiO2 and CuPc, the photogenerated electrons generated through the excitation of
TiO2 were transferred to the HOMO energy level of CuPc and recombined with the holes
of CuPc. As a result, the remaining holes in the TiO2 valence band could be used for the
oxidation of H2O to O2, while the separated electrons in the LUMO energy level of CuPc
were transferred to coordinated central metal ions for the CO2 reduction reaction. Based on
the in situ diffuse reflectance infrared Fourier-transform spectroscopy (DRIFTS) results, the
possible CO2 reduction pathways are as follows:

CO2 (g) → CO2*
CO2 + H+ + e− → COOH*

COOH* + H+ + e− → CO* + H2O
CO* → CO

Figure 9. Schematic illustration of the proposed photocatalytic CO2 reduction mechanism of the
TiO2/0.5CuPc heterojunction.

3. Materials and Methods

3.1. Materials

All of the chemical reagents were purchased from Aladdin Chemical Reagents Limited
and were of analytical grade and used without further purification: titanium sulfate
(Ti(SO4)2, 99%), ethylenediaminetetraacetic acid (EDTA, 99.5%), copper(II) phthalocyanine
(CuPc, 97%), ethanol (C2H5OH, 99.99%), and sodium sulfate anhydrous (Na2SO4, 99%).
Deionized water was used throughout.

3.2. Synthesis of TiO2 Microspheres

The TiO2 microspheres were synthesized through a simple hydrothermal method. At
first, Ti(SO4)2 (0.2400 g, 1 mmol) and EDTA (1.4612 g, 5 mmol) were dissolved in 30 mL of
deionized water under stirring. After that, the solution was transferred into an autoclave
and was treated at 180 ◦C for 8 h in a temperature-controlled oven. The resulting product
was filtered and washed with deionized water. Finally, the obtained solid was dried in an
oven at 60 ◦C overnight.

3.3. Synthesis of TiO2/CuPc Heterojunction

The TiO2/CuPc heterojunctions were prepared using a hydroxyl-induced self-assembly
process based on the reported method [35]. In a typical experiment, 40 mg of TiO2 micro-
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spheres was dispersed in 25 mL of ethanol and sonicated for 30 min, noted as Solution A.
Various amounts of CuPc powder were then dispersed in 25 mL of ethanol and sonicated
for 30 min, noted as Solution B. Solution A and B were then mixed and sonicated for another
30 min. Afterwards, the above solution was evaporated in a water bath at 75 ◦C under mag-
netic stirring. After drying at 80 ◦C for 4 h in an oven, TiO2/xCuPc heterojunctions (where
x = 0.1, 0.5, 1, or 2) were obtained, with x representing the mass ratio percentage of CuPc to
TiO2. For example, weighing 40 mg of TiO2 microspheres required the addition of 0.2 mg
of CuPc, resulting in a mass percentage of CuPc to TiO2 of 0.5%, noted as TiO2/0.5CuPc.
Similarly, if 0.04 mg, 0.4 mg, and 0.8 mg amounts of CuPc were added, respectively, we
obtained TiO2/0.1CuPc, TiO2/1CuPc, and TiO2/2CuPc.

3.4. Characterization

The morphology and structure of each samples were characterized by using transmis-
sion electron microscopy (JEOL, JEM-F200, Tokyo, Japan) with an acceleration voltage of
200 kV. X-ray powder diffraction analysis was recorded under ambient conditions with a
Shimadzu XRD-6000 diffractor (Kyoto, Japan) with Cu K radiation (0.15405 nm) at 40 kV
and 40 mA. Raman spectra of the samples were measured using a Renishaw inVia Reflex
spectrometer system (λ = 532 nm) (London, UK). Fourier-transform infrared (FT-IR) spectra
were recorded using a Thermo Scientific Nicolet iS50 (Waltham, MA, USA), with KBr
as the diluent. UV-vis absorption spectra were recorded with a Shimadzu UV2700 spec-
trophotometer (Kyoto, Japan), using BaSO4 as the reference. The electrochemical studies
were detected on an H-type cell using an electrochemical workstation (IVIUM V13806,
Amsterdam, The Netherlands). Ultraviolet photoelectron spectroscopy (UPS) measure-
ments were performed on ESCALAB 250Xi (Waltham, MA, USA) with an unfiltered HeI
(21.22 eV) gas discharge lamp and a total instrumental energy resolution of 100 meV. In
situ diffuse reflectance infrared Fourier-transform spectroscopy (DRIFTS) measurements
were performed by using the Nicolet iS50 Fourier-transform spectrometer (Waltham, MA,
USA) equipped with an MCT diffuse reflectance accessory.

3.5. Photocatalytic CO2 Reduction

Photocatalytic CO2 reduction was conducted in a 100 mL quartz cell reactor equipped
with a 300 W xenon lamp (PLSSXE300UV, PerfectLight, Beijing, China) as the light source.
In detail, 10 mg of the photocatalyst and 10 mL of deionized water were added to the
100 mL quartz cell reactor. High-purity CO2 gas (99.9%) was passed through the water and
then into the reaction setup to reach an ambient pressure. The photocatalysts were allowed
to equilibrate in the CO2/H2O system for 20 min under stirring, and were then irradiated
with the 300 W xenon lamp. The amounts of CO and CH4 that evolved were determined
using a gas chromatograph (Techcomp GC-7900, Shanghai, China) equipped with both
TCD and FID detectors. The production rates of CO and CH4 were calculated according to
the standard curve.

3.6. Photoelectrochemical Measurements

The film electrode was fabricated as follows: firstly, 10 mg of the sample, 0.1 mL of
Nafion, and 0.9 mL of ethanol were mixed into a slurry thoroughly. Then, the slurry was
coated onto the FTO glass electrode (1.0 cm × 1.0 cm). Lastly, the coated electrode was
dried at 60 ◦C for 30 min. Photoelectrochemical (PEC) measurements were carried out
using the IVIUM V13806 electrochemical workstation with a traditional three-electrode
system. The as-prepared sample films were used as working electrodes in the sealed quartz
cell. A platinum plate (99.9%) and a saturated KCl Ag/AgCl electrode were used as the
counter electrode and reference electrode, respectively. A 0.2 mol·L−1 Na2SO4 solution was
used as the electrolyte (pH = 6.8). PEC experiments were performed in a quartz cell using a
300 W xenon lamp as the illumination source. Mott–Schottky plots were implemented at
frequencies of 1000 Hz. All of the experiments were performed at room temperature (about
25 ± 3 ◦C).

17



Molecules 2024, 29, 1899

3.7. Electrochemical Reduction Measurements

Electrochemical reduction measurements were carried out in a traditional three-
electrode system. The working electrode was a 0.3 cm diameter glassy carbon (GC) elec-
trode, a saturated KCl Ag/AgCl electrode was used as the reference electrode, and a Pt
sheet was used as the counter electrode. Five milligrams of each different sample mixed
with 20 μL of a 5 wt % Nafion ionomer was dissolved in 0.18 mL of an aqueous ethanol
solution. The catalyst ink was scanned with ultrasound for 30 min, and a suitable mass of
the ink was uniformly dropped onto the clean GC electrode surface and dried in air. An
IVIUM V13806 electrochemical workstation was employed to test the electrochemical activ-
ity and stability of the series of catalysts. High-purity N2 or CO2 (99.999%) were employed
to bubble through the electrolyte to keep the gas saturated in the EC experiment. At the
beginning, electrode potentials were cycled between two potential limits until perfectly
overlapping; afterward, the I–V curves were obtained. For the electrolytes in the tests,
1 mol·L−1 Na2SO4 was used. The scan rate of the linear sweep voltammetry was 50 mV/s.
All of the experiments were performed at room temperature (about 25 ± 3 ◦C).

3.8. In-Situ Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)

In situ DRIFTS measurements were performed using a Nicolet iS50 Fourier-Transform
Spectrometer equipped with an MCT diffuse reflectance accessory. Each spectrum was
recorded at a resolution of 4 cm−1 by averaging 16 scans. The samples were compressed
and stored in a custom-fabricated infrared reaction chamber sealed with a ZnSe window.
Before measurement, each catalyst was purged with nitrogen at 170 ◦C for 3 h to remove
any surface-adsorbed impurities. The samples were then cooled to room temperature
and the background spectra were collected. Subsequently, a mixture of carbon dioxide
and water vapor was introduced into the reaction chamber until the adsorption reached
equilibrium. The samples were then swept with nitrogen to remove the unadsorbed gases.
Subsequently, FT-IR spectra were collected at different irradiation intervals under 300 W
xenon lamp irradiation.

4. Conclusions

In conclusion, this study successfully demonstrates the construction of TiO2/CuPc
heterojunctions that significantly enhance CO2’s photoreduction to CO. Benefiting from the
complementary light-absorbing properties of CuPc and TiO2, combined with the superior
photogenerated charge separation efficiency, the developed TiO2/0.5CuPc photocatalyst
exhibited a better photocatalytic CO2 reduction performance than that of pristine TiO2.
In addition, the presence of the metal Cu center in CuPc further acted as a catalytic site,
enhancing the CO2 reduction process. These findings not only highlight a facile strategy
for enhancing TiO2 photocatalyst activity but also pave the way for future advancements in
photocatalytic technology for environmental remediation and the sustainable conversion
of greenhouse gases into valuable resources.
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Abstract: Integrating photocatalytic CO2 reduction with selective benzyl alcohol (BA) oxidation in
one photoredox reaction system is a promising way for the simultaneous utilization of photogenerated
electrons and holes. Herein, ZnmIn2S3+m (m = 1–5) semiconductors (ZnIn2S4, Zn2In2S5, Zn3In2S6,
Zn4In2S7, and Zn5In2S8) with various composition faults were synthesized via a simple hydrothermal
method and used for effective selective dehydrocoupling of benzyl alcohol into high-value C–C
coupling products and reduction of CO2 into syngas under visible light. The absorption edge of
ZnmIn2S3+m samples shifted to shorter wavelengths as the atomic ratio of Zn/In was increased. The
conduction band and valence band position can be adjusted by changing the Zn/In ratio, resulting
in controllable photoredox ability for selective BA oxidation and CO2 reduction. For example, the
selectivity of benzaldehyde (BAD) product was reduced from 76% (ZnIn2S4, ZIS1) to 27% (Zn4In2S7,
ZIS4), while the selectivity of hydrobenzoin (HB) was increased from 22% to 56%. Additionally, the
H2 formation rate on ZIS1 (1.6 mmol/g/h) was 1.6 times higher than that of ZIS4 (1.0 mmol/g/h),
and the CO formation rate on ZIS4 (0.32 mmol/g/h) was three times higher than that of ZIS1
(0.13 mmol/g/h), demonstrating that syngas with different H2/CO ratios can be obtained by control-
ling the Zn/In ratio in ZnmIn2S3+m. This study provides new insights into unveiling the relationship
of structure–property of ZnmIn2S3+m layered crystals, which are valuable for implementation in a
wide range of environment and energy applications.

Keywords: photocatalytic; CO2 reduction; syngas; benzyl alcohol oxidation; ZnIn sulfide

1. Introduction

With the combustion of fossil fuels, a large amount of carbon dioxide (CO2) is emitted
into the air, leading to significant changes in both the environment and energy dynam-
ics [1,2]. Solar-powered conversion of CO2 into valuable fuels or feedstock has been
recognized as a sustainable and environmentally friendly energy conversion technology
to address these problems [3–8]. This approach is considered a win–win strategy as it
can effectively reduce the greenhouse effect while also alleviating the pressure of energy
scarcity. However, the conversion efficiencies of CO2 are currently unsatisfactory due to the
stable structure of CO2. Additionally, typical photocatalytic systems are performed in water,
which results in low evolution efficiency of O2 due to the large overpotential [9]. Most
CO2 photoreduction studies focus on the reductive half-reaction, with less attention being
paid to the oxidative half-reaction [10,11]. The use of sacrificial reagents such as isopropyl
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alcohol (IPA), triethanolamine (TEOA), sulfite, etc., to capture holes can accelerate the
reaction rate but produces less value oxidation products [12–16]. Merging photocatalytic
CO2 reduction with organic synthesis into one system may be an ideal strategy [1,13].
Allowing the holes to react with organic substrates instead of H2O or hole scavengers can
facilitate the production of value-added chemicals and improve CO2 reduction efficiency.

Among the organic substrates, benzyl alcohol (BA) is one of the most popular because
it can be oxidized to value-added chemicals such as benzaldehyde (BAD) and C-C coupling
products, including benzoin, deoxybenzoin, and hydrobenzoin (HB), which are widely used
as versatile structural motifs in fine chemicals and pharmaceutical intermediates [17–19].
Metal sulfide semiconductors, known for their high redox ability, good visible-light re-
sponses, and rich variability in properties, have been widely used in photocatalytic fields,
including CO2 reduction, H2 evolution, and BA oxidation, etc. [15,19–21]. Nevertheless, the
majority of semiconductors demonstrate inadequate photocatalytic activities due to their
limited light absorption properties and inefficient charge separation. To achieve the goal
of industrial application, scientists have been actively researching catalyst modification
techniques such as morphology control, defect engineering, heterojunction construction,
and co-catalyst loading to overcome challenges related to slow electron transport behavior,
high carrier recombination efficiency, and to effectively optimize the interface structure and
behavior of catalysts, ultimately improving catalytic efficiency and selectivity. For example,
Han et al. designed controllable Au–Pt@CdS hybrids for photoredox conversion of alco-
hol to valuable aldehyde and H2 [22]. Qi et al. reported SiO2-supported semiconductor
CdS quantum dots, which exhibited high efficiency in dehydrogenative C−C coupling
of BA into C−C coupled HB with high selectivity (95−100%) [17]. Kevin et al. prepared
CdS QDs to achieve visible light-driven oxidation of BA with >90% selectivity for either
BAD or C−C coupled products (including deoxybenzoin, benzil, and HB), by tuning the
amount of Cd0 deposited on the CdS QD surfaces in situ [23]. Intriguingly, ZnIn sulfide
with a customized Zn/In ratio and controllable band structure has attracted significant
attention [20]. The former work has demonstrated that the coproduction of C−C coupled
products and hydrogen (H2) can be controlled by altering the Zn/In ratio of ZnxIn2S3+x
(x = 0.1, 0.2, 0.4, 0.6, and 0.8); however, the selectivity of specific C−C coupled product
is very low [24]. The photocatalytic activities of ZnxIn2S3+x (x = 1–5) were explored for
photocatalytic hydrogen production from water and CO2 reduction [25]. Additionally, the
ZnxIn2S3+x photocatalyst also showed high performances for lignin depolymerization to
functionalized aromatics [26]. Previous studies have proven that doping, constructing
heterojunction, or optimizing the atomic ratio of Zn and In can significantly enhance pho-
tocatalytic performance. However, the optimization of the atomic ratio offers a unique
approach to improving photocatalytic performance. This is because by controlling the
presence and distribution of composition faults, which disrupt the crystal structure’s peri-
odicity, the atomic ratio directly influences charge carrier dynamics and interfacial chemical
reactions. Furthermore, the resulting anisotropic electrical conductivity from these com-
position faults promotes efficient charge separation and transfer, ultimately leading to
improved photocatalytic activity. Unfortunately, not much attention has been given to the
effects of composition faults of ZnxIn2S3+x layered crystals in the field of simultaneous
photocatalytic CO2 reduction and selective BA oxidation. This work aims to reveal the
relationship between the structure and properties of ZnmIn2S3+m in CO2 reduction and BA
oxidation reactions in one system.

In this study, a series of ZnIn sulfides (ZnmIn2S3+m (m = 1–5, integer)) with various
Zn/In ratios were synthesized via a simple hydrothermal method. ZnIn2S4, Zn2In2S5,
Zn3In2S6, Zn4In2S7, and Zn5In2S8 were defined as ZIS1, ZIS2, ZIS3, ZIS4, and ZIS5, respec-
tively. Their structure information and typical physicochemical properties were character-
ized by various characterization techniques, such as scanning electron microscopy (SEM),
transmission electron microscopy (TEM), X-ray diffraction (XRD) spectra, UV-visible dif-
fuse reflectance spectroscopy (UV–vis DRS), X-ray photoelectron spectroscopy (XPS), and
so on. The relationship between structure and photogenerated charges were investigated
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by photocurrent, electrochemical impedance spectroscopy (EIS), and photoluminescence
spectra, etc. Also, gas chromatography (GC) and high-performance liquid chromatography
(HPLC) were employed to probe the products’ composition, such as H2, CO, BZ, BAD,
HB, etc. Additionally, in situ diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) and density functional theory (DFT) calculation were carried out to explore the
reaction mechanism on catalysts with different Zn/In ratios. The results showed that the
band structure, H2/CO ratio and selectivity of oxidation products of BA could be regulated
by altering the Zn/In ratio. By conducting a thorough analysis of the photoproducts of H2,
CO, BZ, BAD, and HB, we aim to uncover important trends and insights that can contribute
to the development of more efficient catalysts for these reactions.

2. Results and Discussion

2.1. Characterization of Catalysts

The XRD patterns of ZnmIn2S3+m (m = 1–5) composites showed similar patterns as
shown in Figure 1. The peaks at 21.6, 26.8, 28.1, 47.0, 52.2, 55.9, and 76.8◦ can be assigned to
(006), (102), (104), (112), (1012), (202), and (213) facets, respectively, which can be attributed
to the hexagonal phase [26–28]. Oxides, binary sulfides, or organic compounds related to
the reactants were not detected via the XRD analysis, indicating the prepared ZnmIn2S3+m
(m = 1–5) samples were relatively pure, which was consistent with the reports [26,27]. It
was reported that the chemical compositions of ZnmIn2S3+m are different, and the structure
characteristics are similar, as a result, showing similar XRD patterns [25,28].

 
Figure 1. (a) XRD patterns of ZIS samples and high-resolution XPS spectra of (b) S 2p, (c) In 3d,
(d) Zn 2p of ZIS4.

The X-ray photoelectron spectroscopy (XPS) was further employed to study the surface
composition and chemical state of the ZIS4 sample. Figure 1b shows the high-resolution
spectra of S 2p, in which the peak located at 161.7 eV can be attributed to S2−. In Figure 1b,
the deconvoluted S 2p XPS spectrum reveals distinct peaks at approximately 161.52 and
162.71 eV (with an energy difference of 1.19 eV), corresponding to S 2p3/2 and S 2p1/2,
respectively [29,30]. The two characteristic peaks at approximately 444.6 and 452.2 eV
correspond to In 3d5/2 and 3d1/2, respectively, demonstrating that the valence state of
the indium was +3 [25,31]. The Zn 2p spectra of ZIS4 exhibit peaks around 1022.1 and
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1045.2 eV, corresponding to the Zn 2p3/2 and 2p1/2 of Zn2+, respectively [32]. The XRD
and XPS results demonstrated that layer-structured ZnmIn2S3+m (m = 1–5) crystals were
successfully synthesized.

Figure 2 displays the morphology and structure of prepared ZnmIn2S3+m photocata-
lysts. The scanning electron microscopy (SEM) images (Figure 2a,d,g) show clearly that
the ZnIn2S4, Zn2In2S5, and Zn3In2S6 samples were composed of cross-linked nanosheets
and the average diameter of the microspheres was about 1 μm. Interestingly, the shapes of
microspheres for Zn4In2S7 and Zn5In2S8 were partially distorted (shown in Figure 2j,m).

Figure 2. SEM, TEM, and HRTEM of ZIS1 (a–c), ZIS2 (d–f), ZIS3 (g–i), ZIS4 (j–l), and ZIS5 (m–o).

The transmission electron microscopy (TEM) images also display similar structures of
ZnmIn2S3+m samples. With an increase of m, the sheets/petals that make up microspheres
(Figure 2b) gradually become such small pieces (Figure 2n), which is consistent with SEM
results. The high-resolution TEM (HRTEM) image of ZnmIn2S3+m catalysts are shown
in Figure 2c,f,i,l,o. It is shown that the lattice fringes with an interplanar spacing of
around 0.32 nm correspond to the (102) crystal plane of ZIS [25]. The XRD, XPS, SEM, as
well as TEM results certified that all of the ZnmIn2S3+m (m = 1–5) layered crystals were
successfully synthesized.
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The BET-specific surface area and pore-size distribution of the prepared samples
were measured by nitrogen adsorption-desorption analysis (shown in Figure 3). The
estimated surface areas of the ZIS1, ZIS2, ZIS3, ZIS4, and ZIS5 samples were 42.5, 16.9,
13.9, 15.2, and 31.8 m2/g, respectively. Additionally, the ZnmIn2S3+m samples also showed
similar pore-size distributions, and the average pore diameters of ZIS1, ZIS2, ZIS3, ZIS4,
and ZIS5 were about 52.3, 46.3, 47.3, 45.9, and 40.3 nm, respectively. A large pore size
will facilitate effective transport pathways for product molecules and reactants [25]. The
slightly decreased specific surface area may be caused by the distorted structure (SEM and
TEM results).

 
Figure 3. (a) Nitrogen adsorption-desorption isotherms and (b) pore-size distribution of ZIS samples.

The optical properties and energy band structure of ZnmIn2Sm+3 samples were studied
using UV-vis diffuse reflectance spectroscopy (DRS) and Mott–Schottky measurements.
As the value of m increased from 1 to 5, the absorption edges gradually shifted to shorter
wavelengths (shown in Figure 4a), indicating an increase in band gap energy (Eg) of
ZnmIn2Sm+3 samples with increasing Zn/In ratio. The Eg values of ZnmIn2Sm+3 were
further calculated using the Kubelka–Munk function, [F(R)hv]1/2, plotted against the
energy of light (Figure 4b) [26]. It was observed that the Eg of ZnmIn2Sm+3 increased
from 2.46 to 2.88 eV with an increasing molar ratio of Zn to In. Specifically, band gap
energies of ZnIn2S4, Zn2In2S5, Zn3In2S6, Zn4In2S7, and Zn5In2S8 are approximately 2.46,
2.61, 2.73, 2.79, and 2.88 eV, respectively. The color of the five typical catalysts are shown
in Figure S1, and it was evident clearly that the color gradually faded with the increase
in Zn/In ratio. Further, density functional theory (DFT) calculations were conducted to
estimate the trend of band gap with changing the Zn/In ratio in ZIS, and the corresponding
data were displayed in Figure S2. The calculated Eg of ZIS1 and ZIS4 was 0.143 and
0.367 eV, respectively, demonstrating an increase in the Eg of ZnmIn2Sm+3 with increasing
molar ratio of Zn to In.

The flat-band potential (Efb) of the typical catalysts was further estimated by Mott–
Schottky measurement. The Mott–Schottky curves indicated the samples exhibited n-type
characteristics due to the positive slopes, and their flat-band potential was estimated to
be −0.57, −0.59, −0.61, −0.65, −0.70 V vs. reversible hydrogen electrode (RHE), respec-
tively (Figure 4c–g). The corresponding normal hydron electrode (NHE) potentials were
calculated as −0.98, −1.00, −1.02, −1.06, −1.11 V vs. NHE. It has been reported that
the conduction band minimum (CBM) of semiconductors is usually 0.1–0.2 V negative
than the Efb [33]. In this study, the CBMs of ZIS1, ZIS2, ZIS3, ZIS4, and ZIS5 were −1.08,
−1.10, −1.12, −1.16, −1.21 V vs. NHE, respectively. According to Eg = EVB − ECB, the
EVB of ZIS1, ZIS2, ZIS3, ZIS4, and ZIS5 were 1.38, 1.51, 1.61, 1.63, and 1.67 V vs. NHE
(shown in Figure 4h), respectively. These results and trends are consistent with previous
reports [25,26].
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Figure 4. (a) UV-vis absorbance spectra, (b) Tauc plots, (c–g) Mott-Schottky plots, (h) energy band
schematic diagram of typical catalysts.

The charge transfer behaviors are an important factor to explain the photocatalytic
activity [19,34,35]. Photocurrent measurement was employed to assess the separation
efficiency of photogenerated charge carries. As shown in Figure 5a, it is clear that the
photocurrent increased sharply when the light was turned on and immediately returned
to its initial negligible value when the light was switched off. ZIS4 exhibited the highest
photocurrent, followed by ZIS1, ZIS3, ZIS2, and ZIS5 under light irradiation. Further,
electrochemical impedance spectroscopy (EIS) was performed to study the charge transfer
resistance of the typical photocatalysts [36,37]. From Figure 5b, it can be seen that ZIS1 has
the smallest radii of the semicircles (nearly equal to ZIS5), implying that ZIS1 is beneficial
for charge transfer. Photoluminescence (PL) spectra were also applied to investigate
the transfer of photogenerated charge carriers [38,39]. In Figure 5c, ZIS4 exhibited the
lowest PL intensity compared with other ZIS samples, meaning the ZIS4 had the lowest
recommendation efficiency of electrons and holes; this was consistent with the photocurrent
testing result. It can be inferred from the subsequent activity results that the product
selectivity of both CO2 reduction and BA oxidation was not directly related to the BET-
specific surface area and charge separation efficiency, which can be affected by various
facets, including active sites, defects, composition, morphology, etc. [25].

Figure 5. (a) Photocurrent density, (b) electrochemical impedance spectra (EIS), (c) steady-state
photoluminescence spectra of typical catalysts.
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2.2. Photoredox Reaction and Mechanism of CO2 Reduction with Oxidation of BA

Subsequently, the photocatalytic CO2 reduction reaction integrated with selective
oxidation of benzyl alcohol (BA) under the irradiation of visible light (λ > 420 nm) was
studied using ZnmIn2S3+m samples (Figure 6). Figure 6a shows that ZIS1 exhibited the
highest H2 formation rate of 1.6 mmol/g/h, followed by ZIS2, ZIS3, ZIS4, and ZIS5 at
1.5, 1.3, 1.0, and 0.7 mmol/g/h, respectively. While, the CO formation rate followed the
order of ZIS5 (0.33 mmol/g/h) ≈ ZIS4 (0.32 mmol/g/h) > ZIS3 (0.17 mmol/g/h) > ZIS2
(0.15 mmol/g/h) > ZIS1 (0.13 mmol/g/h). This suggests that with increasing Zn content,
the electrons preferentially react with CO2 rather than H+. The BET-specific surface area of
the ZIS1 and ZIS4 samples was also measured using CO2 adsorption–desorption analysis
(shown in Figure S3). The surface areas of the ZIS1 and ZIS4 samples were determined to
be 41.03 and 44.89 m2/g, respectively, indicating that ZIS4 had a higher adsorption capacity
of CO2. DFT calculations were performed to understand the critical role of Zn/In ratio in
the selective photoreduction of CO2 to CO and H+ to H2 process over ZIS1 and ZIS4. The
calculations revealed that the formation energy barrier of H* on ZIS1 and ZIS4 is 0.89 and
0.92 eV, respectively (Figure 6b), confirming that H2 formation is easier on ZIS1 than on
ZIS4. Figure 6c shows that the formation energy barrier of *CO2 and *COOH on ZIS4 are
lower than that of ZIS1, indicating that the CO2 reduction process is more favorable on the
ZIS4 catalyst. These calculated results align well with the experimental findings.

Figure 6. (a) Evolution rate of H2 and CO over ZIS samples, free energy for generating (b) H2 and
(c) CO on ZIS1 and ZIS4 using DFT calculation, (d) generation rate, (e) selectivity, and (f) yield of
products from BA oxidation over ZIS samples. “*” means the “active site”.

Figure 6d displays that the formation rate of BAD was gradually decreased with
increasing Zn/In ratio. On the other hand, the formation rates of the hydrogenation
products, namely hydrogenation of benzyl alcohol (HB) and benzoin (BZ), increase with
increasing Zn/In ratio and reach their highest values at ZIS3 (HB: 0.93 mmol/g/h and BZ:
0.35 mmol/g/h), after which they gradually decrease. Figure 6e shows that the selectivity
of BAD was decreased from 76% (ZIS1) to 27% (ZIS4), while the selectivity of HB improved
from 22% to 56% (ZIS4) and 60% (ZIS5). The yield of BAD also decreased from 34% (ZIS1)
to 13% (ZIS4), while the yield of HB and BZ was increased from 10% and 1.2% to 27% and
8%, respectively (Figure 6f). These results demonstrated that both the H2/CO ratio and
oxidation products of BA can be adjusted by altering the Zn/In raion in ZIS. The standard
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curves for BAD, HB, BE, and PHE are presented in Figure S4, while the HPLC spectra
illustrating the products generated from ZIS1 and ZIS4 are depicted in Figure S5.

Furthermore, a series of control experiments were conducted to confirm the importance
of both the CO2 atmosphere and BA substrate on the ZIS sample (shown in Figure S6).
Without the addition of BA in the reaction system, the generation rates of H2 and CO were
found to be negligible compared to those obtained when BA was present. Substituting
BA with TEOA resulted in an improvement in the generation rate of H2, but a decrease
in the generation rate of CO. When Ar was introduced into the cell instead of CO2, no
CO was detected, and the produced H2 was also negligible. These findings suggest that
CO is generated via CO2 reduction. However, the yield of BAD was determined as 64.5%,
with a selectivity of 100% for BAD, and no other C-C coupling products were detected.
These results demonstrate that both a CO2 atmosphere and a BA solution are essential for
achieving a high generation rate of CO and C-C coupling products, such as HB and BZ.

To evaluate the stability of ZIS, ZIS4 was selected as the typical catalyst for testing.
The catalytic stability of the ZIS4 sample was assessed through photocatalytic reusability
analysis for three cycles, as shown in Figure 7. Figure 7a demonstrates that the H2 evolution
rates were 1.31, 1.28, and 1.05 mmol/g/h in the 1st, 2nd, and 3rd runs, respectively. The
generation rate of CO was 0.30, 0.27, and 0.21 mmol/g/h in the 1st, 2nd, and 3rd runs,
respectively. The corresponding liquid products are displayed in Figure 7b. The formation
rate of HB and PHE did not significantly decrease, while the generation rate of BAD and BZ
slightly decreased. Figure 7c,d reveals that even after three cycles, the selectivity and yield
of liquid products remained close to those of the first cycle. Furthermore, XRD profiles and
SEM images (Figures S7 and S8) of ZIS4 before and after long-time experiments confirmed
the well-maintained crystalline phase and morphology. The preservation of the crystalline
structure and negligible loss of gas and liquid generation rates over three runs indicate the
durability of the ZIS4 sample, making it a promising candidate for potential applications in
sustainable energy conversion.

Figure 7. Photocatalytic CO2 reduction and BA oxidation performances on the ZIS4 sample under
visible-light irradiation over three cycles. (a) The generation rate of H2 and CO, (b) generation rate,
(c) selectivity, and (d) yield of products from BA oxidation.
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Furthermore, the photocatalytic CO2RR and BA oxidation catalyzed by the ZIS4 cata-
lyst at room temperature were investigated using in situ diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS). The corresponding data can be found in Figure 8. The
reaction intermediates were determined by analyzing the observed peaks in the infrared
spectra. The peaks at 1319 cm−1 were attributed to the presence of bidentate carbonate
(b-CO3

2−) [3]. Additionally, the peaks at 1540 cm−1 were assigned to the COOH* group,
which serves as an important intermediate for CO formation [3]. The infrared spectra
also revealed the reaction intermediates involved in the conversion of BA. The peak at
1207 cm−1 was assigned to the presence of the formyl group (HCO) in BAD, while the
sharp peak at 1701 cm−1 was attributed to the vibration of the carbonyl (ν(CO)) stretch
mode in BAD [40]. The stretching vibrations of C-H in BAD were found at 2853 cm−1.
The peaks in the range of 2900 to 3130 cm−1, which gradually increased with reaction
time, were assigned to HB, indicating the generation of more HB. The intense bands at
1452 and 1495 cm−1 were associated with aromatic δ(C-C) and ν(C−H) modes [40], which
can be assigned to HB. Moreover, the peaks at 1583 cm−1 and 1601 cm−1 were attributed
to the C=C skeleton vibration of mononuclear aromatic hydrocarbons, and the peak at
3062 cm−1 was assigned to C-H stretching vibration on the benzene ring of HB. These find-
ings provide valuable information on the reaction mechanism and intermediates involved
in the photocatalytic coupled system of CO2 reduction and benzyl alcohol oxidation over
the ZIS catalysts.

Figure 8. In situ DRIFTS spectra of the reaction intermediates in CO2 photoreduction and BA
oxidation over ZIS4 under light irradiation. “*” means the “active site”.

3. Materials and Methods

3.1. Preparation of ZnmIn2S3+m Photocatalysts

ZnmIn2S3+m samples were synthesized by a simple hydrothermal method. For each
preparation, 0.8 mmol ZnSO4·4H2O, 1.6 mmol InCl3·4H2O, 0.65 g CTAB, and 7 mmol
thioacetamide (TAA) were dispersed into 70 mL deionized water. After stirring for
60 min, the above suspension was transferred into a 100 mL Teflon-lined autoclave (Anhui
Kemi Machinery Technology Co., Ltd., Hefei, China) and heated at 160 ◦C for 12 h. After
natural cooling to room temperature, the precipitate was washed with absolute ethanol
and deionized water several times and dried at 60 ◦C in a vacuum oven. The as-obtained
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samples, ZnIn2S4, Zn2In2S5, Zn3In2S6, Zn4In2S7, and Zn5In2S8 were defined as ZIS1, ZIS2,
ZIS3, ZIS4, and ZIS5, respectively.

3.2. Characterizations

The structures of samples were analyzed by powder X-ray diffraction (XRD) using
a Bruker D8 advance X-ray diffractometer (Karlsruhe, Germany) with Cu Kα radiation
(λ = 0.1540 nm) and a scanning speed of 3· min−1. Fourier transform infrared spectroscopy
(FT-IR) was measured on an iS50 (Waltham, MA, USA). The optical properties were char-
acterized by UV-Vis diffuse reflectance spectroscopy (UV-Vis DRS) using a UV-Vis spec-
trophotometer (Shimadzu UV-3600, Kyoto, Japan). N2 physisorption measurements were
carried out at 77 K using a Micromeritics Tristar II 3020 surface area analyzer. Multipoint
Brunauer-Emmett-Teller (BET) specific surface areas were then determined from the adsorp-
tion isotherms (Micromeritics ASAP 2460, Norcross, GA, USA). The X-ray photoelectron
spectroscopy (XPS) was measured on a Thermo Fischer ESCALAB Xi+ spectrometer with an
Al Kα X-ray beam (Waltham, MA, USA). The binding energies were corrected regarding the
C 1s peak of the surface adventitious carbon at 284.8 eV. Transmission electron microscopy
(TEM) and high-resolution transmission electron microscopy (HRTEM) images were per-
formed on a JEM-2100 with an accelerating voltage of 200 kV (Akishima-shi, Japan). The
morphologies of the photocatalysts were carried out by scanning electron microscope (SEM,
Regulus 8200, Tokyo, Japan).

3.3. Photoelectrochemical Measurements

Photoelectrochemical measurements: A 5 mg sample was dispersed in 400 μL of
deionized water by sonication to obtain a uniform slurry. Then, 20 μL of slurry was
deposited as a film on a 0.5 cm × 0.5 cm fluorine-doped tin oxide (FTO) conducting
glass to obtain the working electrode. After drying at room temperature, the working
electrode was obtained. Ag/AgCl was used as a reference electrode, and platinum wire
as a counter electrode. The photocurrent test and flat band potential (M-S plots) were
carried out in a three-electrode system in a 0.2 mol L−1 Na2SO4 solution. Electrochemical
impedance spectra (EIS) are carried out in a mixture of 0.1 mol L−1 KCl and 0.1 mol L−1

K3[Fe(CN)6]/K4[Fe(CN)6].

3.4. Photocatalytic Activity Testing

The coupling activity of photocatalytic CO2 reduction and benzyl alcohol oxidation
was tested in a visible high-temperature and high-pressure reactor. Typically, 5 mg photo-
catalyst and 5 mL acetonitrile containing 5 mM benzyl alcohol and 0.1 g K2CO3 were added
into the reactor, which was then ultrasonicated to ensure even dispersion of the catalyst.
The reactor was then vacuumed to remove air and finally was stirred in the dark for 30 min
to achieve a dynamic dissolution equilibrium of CO2 in an atmosphere of CO2 gas. The Xe
lamp (λ > 420 nm) was used to provide the light source for the reaction. Gas products were
collected using a gas injection needle with a quantitative ring, and CO and other products
were detected by a flame ionization detector (FID), while H2 was detected by a thermal con-
ductivity detector (TCD) gas chromatograph. The liquid products were collected, diluted
with acetonitrile, and detected by high-performance liquid chromatography (HPLC).

3.5. DFT Calculations

The theoretical simulations were conducted via the Materials Studio (BIOVIA V2017,
San Diego, CA, USA) equipped with the CASTEP mode. Also, we utilized the Perdew–
Burke–Ernzerhof (PBE) form exchange-correlation functional within the generalized gradi-
ent approximation (GGA). The structures of the (001) plane of ZIS1 and ZIS4 were optimized.
The formation energy barrier of H2 and CO was conducted through the Vienna ab initio
Simulation Package (VASP) with the projector augment wave method [41]. A generalized
gradient approximation of the Perdew–Burke–Ernzerhof (PBE) functional was used as the
exchange-correlation functional. The Brillouin zone was sampled with 2 × 2 × 1 K points
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for the surface calculation. The cutoff energy was set as 500 eV, and structure relaxation
was performed until the convergence criteria of energy and force reached 1 × 10−5 eV and
0.02 eV Å−1, respectively. A vacuum layer of 15 Å was constructed to eliminate interactions
between periodic structures of the surface models. The van der Waals interaction was
amended by the zero damping DFT-D3 method of Grimme [42]. The Gibbs free energy was
calculated as ΔG = ΔE + ΔEZPE − TΔS, where the ΔE, ΔEZPE, and ΔS are electronic energy,
zero-point energy, and entropy difference between products and reactants. The zero-point
energies of isolated and absorbed intermediate products were calculated from the frequency
analysis. The vibrational frequencies and entropies of molecules in the gas phase were
obtained from the National Institute of Standards and Technology (NIST) database [43].

4. Conclusions

In summary, this study investigated the effects of composition faults in ZnmIn2S3+m
on simultaneous photocatalytic CO2 reduction and selective BA oxidation. By adjusting
the element composition, the band gap energy (Eg) of ZnmIn2Sm+3 could be controlled,
resulting in adjustable redox ability. The CO2 reduction activity and selectivity of BA
oxidation products were found to be influenced by the Zn/In ratio in ZIS. Specifically, ZIS4
exhibited higher CO2 adsorption capacity and lower CO2 activation, while ZIS1 had a
higher energy barrier for H2 evolution. The presence of both a CO2 atmosphere and a BA
solution was crucial for achieving a high generation rate of CO and C-C coupling products.
Moreover, the formation rate of BAD decreased with increasing Zn/In ratio, while the
formation rates of hydrogenation products, HB and BZ, increased and reached their highest
values at ZIS3. The selectivity of BAD decreased from ZIS1 to ZIS4, while the selectivity
of HB increased. The yield of BAD decreased, while the yield of HB and BZ increased
with increasing Zn/In ratio. These results highlight the potential of adjusting both the
H2/CO ratio and the oxidation products of BA by altering the Zn/In ratio in ZIS. Overall,
this study provides valuable insights into the role of the Zn/In ratio in the simultaneous
photocatalytic CO2 reduction and selective BA oxidation process.
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Figure S8. SEM image of ZIS4 after reaction.
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Abstract: Modification of titanium dioxide using ethylenediamine (EDA), diethylamine (DEA), and
triethylamine (TEA) has been studied. As the reference material, titanium dioxide prepared by
the sol–gel method using titanium(IV) isopropoxide as a precursor was applied. The preparation
procedure involved heat treatment in the microwave reactor or in the high-temperature furnace. The
obtained samples have been characterized in detail. The phase composition was determined through
the X-ray diffraction method, and the average crystallite size was calculated based on it. Values for
specific surface areas and the total pore volumes were calculated based on the isotherms obtained
through the low-temperature nitrogen adsorption method. The bang gap energy was estimated
based on Tauc’s plots. The influence of the type and content of amine, as well as heat treatment on
the photocatalytic activity of modified titanium dioxide in the photocatalytic reduction of carbon
dioxide, was determined and discussed. It was clear that, regardless of the amount and content of
amine introduced, the higher photoactivity characterized the samples prepared in the microwave
reactor. The highest amounts of hydrogen, carbon monoxide, and methane have been achieved using
triethylamine-modified titanium dioxide.

Keywords: titanium dioxide; carbon dioxide; photocatalyst; amines; hydrogen evolution

1. Introduction

Air pollution is one of the most serious adverse effects of economic growth that affects
everyday living. Burning fossil fuels leads to uncontrolled increases in greenhouse gas
concentrations in the atmosphere. As a result, progressive global warming puts the global
ecosystem out of order. Carbon dioxide emission, due to the tremendous amounts of this
gas produced every year, is perceived to be one of the biggest concerns given climate
change. Worldwide emission of this gas is constantly growing, i.e., in 2023, it reached
35.8 Gt [1], so the containment of CO2 emissions for years to come will be a difficult task.

Taking this into consideration, the scientific community struggles to find means
to counter this effect. In order to mitigate the CO2 concentration in the atmosphere,
several solutions have been proposed. Among others, carbon capture and storage [2],
electrochemical conversion [3], catalytic conversion [4] and photocatalytic reduction [5] can
be distinguished. The latter solution is especially attractive due to the possibility of the use
of solar energy and the possibility of acquiring useful products from CO2.

Molecules 2024, 29, 4348. https://doi.org/10.3390/molecules29184348 https://www.mdpi.com/journal/molecules34



Molecules 2024, 29, 4348

Photocatalytic CO2 reduction is a green, photo-induced process. Through the applica-
tion of irradiation, carbon dioxide molecules can be transferred into useful products such
as carbon monoxide, methane or hydrogen. An important component of photocatalytic
CO2 reduction is a proper photocatalyst. In general, three steps can be distinguished in a
photocatalytic process: (I) the generation of photogenerated carriers, (II) transferring the
generated electrons and holes to the surface of the photocatalyst, (III) the catalytic reaction
on the surface of the photocatalyst [6].

Research regarding the search for a proper semiconductor in order to enhance the
effectiveness of photocatalytic CO2 reductions is in the pipeline. A suitable material must
meet several requirements, i.e., a relatively narrow bandgap and a low recombination rate
of charges strongly affect the photocatalysis efficiency. Finally, the photocatalyst should
be cost-effective and stable during reaction [7]. There are several semiconductors that
can be stated as promising photocatalysts, i.e., ZnO [8], Fe2O3 [9], Cu2O [10] or TiO2 [11].
However, none of the existing semiconductors meet the requirements for large-scale CCU
(carbon capture and utilization) application, and further improvement of the efficiency of
these materials is strongly advised.

Among existing photocatalysts, titanium dioxide is a very promising material because
of its low cost, non-toxicity and availability. Moreover, many publications attest to the ease of
its modification. It was proven that, through modification with Ag [12], Cu [13], I [14], Co [15],
and N [16], titanium dioxide can become a highly efficient CO2-reducing photocatalyst.

In the available papers, it is reported that amines, as titania modifiers, increase their
adsorptive properties towards CO2. Chen et al. [17] reported the increase in photocatalytic
reduction of CO2 using amine-modified brookite TiO2 nanorods coupled with CuxS. Song
et al. [18] prepared TiO2 nanotubes modified by three kinds of amines (ethylenediamine,
polyetherimide and tetraethylenepentamine). TEPA-modified TiO2 nanotubes showed
the highest CO2 adsorption capacity. Ota et al. [19] developed a synthesis method of new
amorphous titanium dioxide nanoparticles with a diameter of 3 nm, a high surface area and
a large amount of OH groups. Amorphous TiO2 nanoparticles were successfully modified
with ethylenediamine and showed a higher CO2 adsorption capacity than conventional
TiO2 and mesoporous SiO2. Jiang et al. [20] developed a new low-cost, highly selective and
stable sorbent-based pre-combustion CO2 capture. Experimental results have shown that
the selectivity of TiO2 for separation of CO2 from CO2/CH4 mixture can be significantly
improved via amine modification. Ma et al. [21] modified TiO2 using different amines,
including diethylenetriamine (DETA), triethylenetetramine (TETA), and tetraethylenepen-
tamine (TEPA), for CO2 capture. Experimental results revealed that CO2 uptake capacities
of the titania composite sorbents increase with amine loading but decrease with the size of
impregnated amines. The same conclusion, that the amine-modified materials exhibited
enhanced CO2 uptake compared to the initial titania, have been presented in our previous
works [22,23].

As shown above, the amine modification of the photocatalyst has a positive effect
on the enhancement of CO2 adsorption. The influence of this type of modification on the
photocatalytic activity of TiO2 was reported. Mendonça et al. [24] used the activated carbon
modified with ethylenediamine and impregnated with TiO2 for improved photodegrada-
tion of sulfamethazine. Bao et al. [25] synthesized photocatalytically active N-doped TiO2
nanoparticles by a one-pot hydrothermal method without calcination using structurally
different amine sources as dopants under soft-chemistry conditions. TiO2 modified with
diethylamine was a suitable candidate due to its high visible-light absorption ability and
having the highest efficiency in regard to the photodegradation of reactive brilliant red dye.
Liao et al. [26] stated that amine functionalization of TiO2 nanoparticles substantially in-
creases the affinity of CO2 on TiO2 surfaces for more effective CO2 activation. It also greatly
enhances the photocatalytic rate of CO2 reduction into CH4 and CO. Karawek et al. [27] pre-
pared a sandwich-type composite consisting of two 2-dimensional nanostructures (2D−2D)
using the heterostructure of titanium dioxide nanosheets (TNS) and graphene oxide (GO).
Alkanolamine MEA, DEA, and TEA were tested to promote the photoactivity of TNS in
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photoreducing CO2. The TEA−TNS performed better than DEA−TNS and MEA−TNS
due to increased CO2 loading and faster CO2 desorption rates. The best results came from
the TEA-[Cu-TNS/GO] composite, in which the TEA was grafted onto the Cu-TNS/GO,
attracting CO2 for the photoreduction, and the copper ions enhanced the charge separation
characteristics of the TNS. Jin et al. [28] demonstrated that surface modifications with
primary amines on TiO2 increase the activity in Co or methane production, regardless
of metalcocatalysts.

In the present work, amines with different boiling points, and featured different
numbers of nitrogen and carbon atoms were used to modify TiO2: ethylenediamine (EDA,
C2H8N2, 116.9 ◦C), diethylamine (DEA, C4H11N, 55.5 ◦C), and triethylamine (TEA, C6H15N,
89.8 ◦C). Two different methods were used for modification—a microwave oven operating
under pressure and a thermal oven for high-temperature processing—to determine how
these conditions affect the photoactivity of the samples.

2. Results and Discussion

The phase composition of the obtained materials was studied using the X-ray diffrac-
tion method. In Figure 1, the diffraction patterns of the EDA-modified titania heated in
the microwave reactor (Figure 1a) and high-temperature furnace (Figure 1b) are presented.
All the visible reflexes were assigned to the anatase phase (ICDD 01-073-1764), and no
other phases were identified in the samples. Exactly the same results were obtained for
DEA-modified titania (Figure 2) and TEA-modified titania (Figure 3).

••••••• •
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• •
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(a) (b) 

Figure 1. X-ray diffraction patterns of EDA-modified titania samples heated in the microwave reactor
(a) and high-temperature furnace (b). Reflexes attributed to anatase are marked as •.
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Figure 2. X-ray diffraction patterns of DEA-modified titania samples heated in the microwave reactor
(a) and high-temperature furnace (b). Reflexes attributed to anatase are marked as •.
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Figure 3. X-ray diffraction patterns of TEA-modified titania samples heated in the microwave reactor
(a) and high-temperature furnace (b). Reflexes attributed to anatase are marked as •.

Based on the reflex located at the 2 theta angle of approximately 25◦ and assigned to the
anatase phase, the average crystallite size was calculated. The obtained values are presented
in Table 1. It was found that the average crystallite size for the reference sample obtained
in the microwave reactor (TTIP_R) was smaller (14.3 nm) than for the same material
obtained in the high-temperature furnace (TTIP_F, 21.9 nm); this was probably related to
the difference in heating temperatures (400 ◦C in the tubular furnace and 250 ◦C in the
microwave reactor). Microwave heating is an in situ energy conversion mode and radically
differs from traditional heating processes. According to the available literature [29–32],
microwave heating has significant advantages over conventional heating procedures and
can heat materials to high temperatures with ultra-fast heating rates in a short time with
high energy efficiency. Using this method, low values of the anatase average crystallite size
can be achieved, as was mentioned above and in [33,34]. Higher temperatures in the case
of traditional heat treatment result in the formation of larger particles [35,36].

The materials modified with DEA and TEA and prepared in the microwave reactor
had lower values of average crystallite size than the appropriate reference sample. For
both DEA- and TEA-modified titania, the average crystallite size was very similar, and no
significant differences were noted. All the calculated values ranged from ~7 nm to ~10 nm.
In the case of ethylenediamine, the amine content does not have a significant impact on
the average crystallite size as well, which ranged from 15.4 nm for TTIP_EDA_10%_R to
16.9 nm for TTIP_EDA_70%_R. Higher values of the average crystallite size were achieved
for the materials modified with EDA in comparison with TTIP_R, and especially with the
samples modified using DEA and TEA. A similar dependence was noticed at [37], where the
authors calculated the crystallite size by the Sherrer’s formula and found that the crystallite
sizes of the deposits in the case of 3-methoxypropylamine and dimethylamine, compared
to ethanolamine, were approximately 17% and 24% less, respectively. Sun et al. [38] stated
that, in low-pH conditions, the quantity of hydroxyl groups in hydrolysis is small, which
prevents the crystallization of the samples and the growth of the TiO2 crystallites. With
increasing pH, more hydroxyl groups are available for the hydrolysis, which leads to better
crystallization of TiO2 and greater crystallite sizes [39,40]. Considering that EDA is the
most basic amine among those used in studies, the above explanation may indicate why
we obtained smaller crystallites of anatase using diethylamine and triethylamine.

All samples heated in the high-temperature furnace, regardless of the type of amine
used for modification, were characterized by a lower average crystallite size than the refer-
ence sample, TTIP_F. For titania modified with EDA and heated in the tubular furnace, a
slight decrease in the average crystallite size was noticed together with an increase in amine
content in the sample. And so, for TTIP_EDA_10%_F, the average anatase crystallite size
equalled 13.8 nm, whereas, for TTIP_EDA_70%_F, 9.0 nm was calculated. Similar to mate-
rials heated in the microwave reactor, the average crystallite size obtained for both DEA-
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and TEA-modified titanium dioxide, was not significantly different. However, it should be
noted that these differences, although small, were greater than in the case of samples heated
in the microwave reactor. The values ranged from 12.7 nm (TTIP_DEA_10%_F) to 17.0 nm
(TTIP_DEA_50%_F) and from 10.3 nm (TTIP_TEA_10%_F) to 14.5 nm (TTIP_TEA_20%_F).

Table 1. The average crystallite size calculated according to the Scherrer equation, textural properties
of the amine-modified TiO2 calculated based on low-temperature nitrogen adsorption isotherms and
band gap energy estimated from Tauc’s plots.

Amine
Content

Average
Crystallite

Size
SBET TPV Vmicro Vmeso Eg

[wt.%] [nm] [m2/g] [cm3/g] [cm3/g] [cm3/g] [eV]

Microwave reactor

TTIP_R 0 14.3 98 0.28 0.01 0.27 3.22

TTIP_EDA_10%_R 10 15.4 96 0.28 0.00 0.28 3.20
TTIP_EDA_20%_R 20 16.6 93 0.30 0.00 0.30 3.17
TTIP_EDA_50%_R 50 16.0 86 0.40 0.00 0.40 3.22
TTIP_EDA_70%_R 70 16.9 100 0.34 0.01 0.33 3.20

TTIP_DEA_10%_R 10 8.5 160 0.27 0.01 0.26 3.23
TTIP_DEA_20%_R 20 9.7 146 0.25 0.01 0.24 3.20
TTIP_DEA_50%_R 50 10.2 152 0.23 0.00 0.23 3.15
TTIP_DEA_70%_R 70 9.3 148 0.25 0.01 0.24 3.18

TTIP_TEA_10%_R 10 7.1 185 0.33 0.01 0.32 3.26
TTIP_TEA_20%_R 20 10.2 143 0.22 0.01 0.21 3.16
TTIP_TEA_50%_R 50 9.1 152 0.27 0.01 0.26 3.23
TTIP_TEA_70%_R 70 9.4 138 0.25 0.01 0.24 3.23

High-temperature furnace

TTIP_F 0 21.9 16 0.05 0.00 0.05 3.25

TTIP_EDA_10%_F 10 13.8 10 0.06 0.00 0.06 2.54
TTIP_EDA_20%_F 20 11.6 8 0.04 0.00 0.04 2.45
TTIP_EDA_50%_F 50 10.6 12 0.02 0.00 0.02 2.37
TTIP_EDA_70%_F 70 9.0 9 0.04 0.00 0.04 2.26

TTIP_DEA_10%_F 10 12.7 15 0.12 0.00 0.12 2.92
TTIP_DEA_20%_F 20 15.1 9 0.03 0.00 0.03 2.92
TTIP_DEA_50%_F 50 17.0 32 0.03 0.01 0.02 2.33
TTIP_DEA_70%_F 70 14.0 68 0.06 0.01 0.05 2.59

TTIP_TEA_10%_F 10 10.3 19 0.06 0.00 0.06 2.75
TTIP_TEA_20%_F 20 14.5 6 0.04 0.00 0.04 2.74
TTIP_TEA_50%_F 50 14.3 36 0.03 0.01 0.02 2.56
TTIP_TEA_70%_F 70 13.8 48 0.05 0.01 0.04 2.32

The obtained samples were also characterized using the low-temperature nitrogen
adsorption method, and, based on the adsorption isotherms presented in Figures 4–6,
different parameters have been calculated. The values of specific surface areas, the total
pore volumes and the volumes of pores are presented in Table 1.

In Figure 4, the adsorption isotherms for EDA-modified titania prepared using a
microwave reactor (Figure 5a) and high-temperature furnace (Figure 4b) are presented. For
both the reference materials TTIP_R (Figure 4a) and TTIP_F (Figure 4b), the adsorption
isotherms are of type II according to the IUPAC system, and their shape is characteristic
of macroporous materials. For these samples, a H3 type of hysteresis loop is also ob-
served [41,42], starting at a relative pressure of 0.45 p/p0 and ending at a relative pressure
of approximately 1 p/p0, which indicates that the discussed materials are dominated by
macropores not completely filled with pore condensate [41,42]. For the samples modified
with EDA, regardless of the type of heat treatment, type II isotherms were obtained ac-
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cording to the IUPAC system, which is characteristic of macroporous materials. For the
EDA-modified titania prepared using a microwave reactor, hysteresis loops of the H3 type
were noticed, suggesting the presence of a pore network consisting of macropores [41,42].
On the contrary, in the case of EDA-modified titania prepared using a high-temperature fur-
nace, hysteresis loops of the H4 type have been visible [41,42], and their presence indicates
the existence of pores with the shape of narrow slits [41,42].

−

 

−

(a) (b) 

Figure 4. N2 sorption isotherms of the EDA-modified titania dioxide prepared using (a) a microwave
reactor and (b) a high-temperature furnace.

In Figure 5, the adsorption isotherms for diethylamine-modified titanium dioxide
prepared using a microwave reactor (Figure 5a) and high-temperature furnace (Figure 5b)
are shown. For DEA-modified titanium dioxide heated in the microwave reactor, similarly
to the case of the reference material TTIP_R, the isotherms of type II were also obtained and
the hysteresis loops of the H3 type were observed. For materials modified with an amine
content of 10 wt.% and 20 wt.%, the hysteresis loop starts at a relative pressure of 0.5 p/p0
and ends at a relative pressure of approximately 1 p/p0. However, for the samples with
an amine content of 50 wt.% and 70 wt.%, the hysteresis loop begins at a relative pressure
of approximately 0.65 p/p0 and ends at a relative pressure of approximately 1 p/p0. This
proves that, in samples with higher amine content (50 wt.% and 70 wt.%), the mesopores
have a larger diameter than the mesopores in samples with lower amine content (10 wt.%
and 20 wt.%); this was also true in the reference sample (TTIP_R).

−

 

−

(a) (b) 

Figure 5. N2 sorption isotherms of the diethylamine-modified titanium dioxide prepared using
(a) microwave reactor and (b) high-temperature furnace.

39



Molecules 2024, 29, 4348

In the case of the materials heated in the high-temperature furnace (Figure 5b), and
exclusively in the case of materials with a higher content of amine (50 wt.% and 70 wt.%),
type IVa isotherms were obtained according to the IUPAC system and hysteresis loops of
the H2b type were observed. In contrast to this, for the samples modified with 10 wt.%
and 20 wt.% of DEA obtained using a tubular furnace, type II isotherms were obtained,
which are characteristic of macroporous materials. Hysteresis loops of the H4 type have
also been observed [41,42], what indicates the presence of pores with the shape of narrow
slits [41,42].

For triethylamine-modified titanium dioxide heated in the microwave reactor, the
same as in the case of diethylamine-modified titanium dioxide, type II isotherms were
obtained, and hysteresis loops of the H3 type were observed (Figure 6a). For the materials
modified with an amine content of 10 wt.% and 20 wt.% hysteresis loop starts at a relative
pressure of 0.4 p/p0 and ends at a relative pressure of approximately 1 p/p0. Whereas for
samples with an amine content of 50 wt.% and 70 wt.%, H2b type isotherms were noticed
with the hysteresis loops starting at a relative pressure of approximately 0.5 p/p0 and
ending at a relative pressure of approximately 1 p/p0. It means that the samples with
higher amine content (50 wt.% and 70 wt.%) possessed mesopores with larger diameters
than the mesopores in samples with lower amine content (10 wt.% and 20 wt.%).

The same type of isotherm and hysteresis loop was noticed for the sample heated in
the tubular furnace (Figure 6b), but only modified with amine content 50 wt.% and 70 wt.%.
For the materials with lower amine content (10 wt.% and 20 wt.%) type II isotherms were
obtained according to the IUPAC classification, which is characteristic of macroporous
materials. Hysteresis loops of the H4 type have also been observed [41,42], which indicates
the presence of pores in the shape of narrow slits [41,42].

−

 

−

(a) (b) 

Figure 6. N2 sorption isotherms of the triethylamine-modified titanium dioxide prepared using
(a) microwave reactor and (b) high-temperature furnace.

Based on the adsorption isotherms, the textural parameters of the tested materials were
calculated and presented in Table 1. Generally, all the samples heated in the microwave
reactor characterized higher values of surface area and total pore volume in comparison
with the materials heated in the tubular furnace. The common feature of all the samples
was that they did not have micropores.

In the case of ethylenediamine-modified titanium dioxide prepared using a microwave
reactor, it was found that the content of amine in the samples had no influence on the
values of specific surface areas, which ranged from 96 m2/g for TTIP_EDA_10%_R to
100 m2/g for TTIP_EDA_70%_R. Also, the values of SBET did not differ significantly from
the SBET value of the reference sample (TTIP_R, 98 m2/g). In the case of diethylamine-
and triethylamine-modified titanium dioxide, higher values of surface area were achieved
in comparison with the EDA-modified materials. The fact that the BET-specific surface
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areas increased might be due to the decrease in the crystallite size of titanium dioxide
(Table 1). In both cases, there was no significant effect of DEA and TEA content on SBET
values. For diethylamine-modified titanium dioxide, the SBET values equalled around
140 m2/g, and for triethylamine-modified titanium dioxide, they were within the range
of 140–150 m2/g. Slightly higher values were recorded exclusively for the cases of sam-
ples modified with 10% of amine, namely TTIP_DEA_10_%_R and TTIP_TEA_10%_R, at
160 m2/g and 185 m2/g, respectively.

Ethylenediamine-modified titanium dioxide samples heated in the tubular furnace
showed similar surface areas regardless of the amount of amine introduced. The values
of SBET ranged from 8 m2/g for TTIP_EDA_20_%_F to 10 m2/g for TTIP_EDA_50_%_R
and were close to the values obtained for the reference material (16 m2/g). In the case
of diethylamine- and triethylamine-modified titanium dioxide, similar to the reference
material, values of SBET were noticed only for the materials with the addition of 10% and
20% of amine. For materials modified with 50% and 70% of diethylamine, SBET equalled
32 m2/g and 68 m2/g, whereas for materials modified with 50% and 70% of triethylamine,
the SBET equalled 36 m2/g and 48 m2/g, respectively.

In general, all of the obtained materials were meso/macroporous. The total pore vol-
ume for the reference material obtained in a microwave reactor reached 0.28 cm3/g. Regard-
less of the amine used and the content of amine, the data of the total pore volume for amine-
modified materials were scattered and ranged from 0.21 cm3/g for TTIP_DEA_50%_R to
0.40 cm3/g for TTIP_EDA_50%. In the case of materials obtained using a tubular furnace,
the values of the total pore volume were significantly lower and the total pore volume
for the reference material TTIP_F equalled 0.05 cm3/g. The values for the EDA, DEA and
TEA-modified materials were similar.

Table 1 presents calculated band gap energy values for titania samples modified with
selected amines. It can be clearly stated that, for all modified samples fabricated with the
use of a microwave reactor, slight changes in band gap energy values, and thus insignificant
red-shifts of the absorption edges, are observed. Additionally, the microwave treatment did
not cause the colour change, and all samples stayed white or pale beige. The white colour
and the slight batochromic shift of the adsorption edge for synthesized samples under
the experimental conditions presented can indicate that the microwave-assisted pressure
method is insufficient for carrying out the doping of TiO2. However, all samples show high
UV absorption due to the white colour, making them suitable for CO2 photoreduction with
simultaneous hydrogen formation (from photocatalytic water splitting) using an excitation
source with a maximum wavelength below 380 nm.

When thermal annealing at 400 ◦C of the samples was applied, all samples showed
red-shifts in the absorption edges concerning the reference sample (TTIP_F), a consequence
of narrowing the band gaps, thus decreasing Eg values, which proves the occurrence of
TiO2 doping with nitrogen and/or carbon atoms. Regardless of the type of amine used, all
samples showed high absorption of visible radiation due to their dark colour (from dark
beige and grey to dark grey). Spadavecchia et al. [43] and Diker et al. [44] also stated that
amines can be a source of nitrogen or carbon atoms, and the non-metal elements remaining
after annealing in TiO2 can act as dopants and shift the absorption edge into the visible
part of the light. From Table 1, it can be seen that the band gap energy values decrease
as the amines’ theoretical concentration increases. For this preparation method, the dark
colours of the synthesized samples are related to the boiling points of the amines used for
modification (bpDEA = 55 ◦C and bpTEA = 89 ◦C). Even when the furnace is slowly heated
to the required temperature (400 ◦C), DEA and TEA start boiling quickly and their vapours
are removed with argon flow. This is also true for EDA, except that the boiling point for
this amine is 117 ◦C, so the EDA evaporates more slowly, having a longer contact time
with TiO2.

All the tested materials were used as photocatalysts in the photocatalytic reduction of
the carbon dioxide process. Hydrogen, methane and carbon monoxide were detected in the
gas phase. Although hydrogen is not a direct product of CO2 photoreduction, but rather a
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result of the water-splitting process, it is a valuable product and an essential component
that is necessary for CO2 conversion. The content of individual gasses was expressed in
μmol/gmaterial/dm3.

The hydrogen, carbon monoxide and methane contents in the gas phase during the
6 h process, obtained using ethylenediamine-, diethylamine-, and triethylamine-modified
titanium dioxide heated in the microwave reactor, are presented in Figures 7a, 7b, 7c,
respectively. Additionally, the hydrogen, carbon monoxide and methane contents in the gas
phase for the reference material prepared with ammonia water (TTIP_R) have been marked
in the same Figures. It is clearly visible that the photoactivity of the studied materials
depended on the type of amine used for modification. The highest photoactivity in the
photoreduction of carbon dioxide process showed TEA-modified titania, and the highest
content of hydrogen (671 μmol/gmaterial/dm3), carbon monoxide (388 mol/gmaterial/dm3)
and methane (136 μmol/gmaterial/dm3) was obtained in the gas phase using this pho-
tocatalyst. A lower content of appropriate products in the gas phase was noticed for
ethylenediamine- and diethylamine-modified titanium dioxide. For ethylenediamine-
modified titanium dioxide, 243 μmol/gmaterial/dm3 of hydrogen, 154 μmol/gmaterial/dm3

of CO and 41 μmol/gmaterial/dm3 of CH4 was achieved, while, for diethylamine-modified
titanium dioxide, 431 μmol/gmaterial/dm3 of hydrogen, 297 μmol/gmaterial/dm3 of CO and
68 μmol/gmaterial/dm3 of CH4 was obtained. Based on these results, the sample modified
with triethylamine has been selected for further studies.

In Figure 8, the comparison between the content of hydrogen (Figure 8a), carbon
monoxide (Figure 8b) and methane (Figure 8c) in the gas phase is shown and the values
obtained using titanium dioxide modified with different contents of triethylamine prepared
in the high-temperature furnace are presented. It is clear that higher photoactivity for
hydrogen production was characterized for the samples with an amine content of 70%
(183 μmol/gmaterial/dm3). The remaining tested materials showed photoactivity at a similar
level, what means that the hydrogen content in the gas phase for the sample modified with
an amine content of 10% was practically the same as for the reference material. It should be
noted that, in the case of carbon monoxide and methane, similar to what has been reported
previously, the best results were achieved when titanium dioxide modified with an amine
content of 70% was used. Generally, in the gas phase, the lowest values of the product were
detected for methane. For the most photoactive material, triethylamine-modified titanium
dioxide, 25 μmol/gmaterial/dm3 of CH4 was obtained.

 
(a) 

Figure 7. Cont.
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(b) 

 
(c) 

Figure 7. The content of hydrogen (a), carbon monoxide (b), and methane (c) in the gas phase
obtained in the photocatalytic reduction of the carbon dioxide process using ethylenediamine-,
diethylamine- and triethylamine-modified titanium dioxide heated in the microwave reactor.

Taking into account the results described above, the influence of amine content in
triethylamine-modified materials prepared in the microwave reactor on the amount of
hydrogen, carbon monoxide and methane (Figures 9a, 9b, 9c, respectively) produced in
the photocatalytic reduction of carbon dioxide process has been checked. It was found
that the highest content of hydrogen in the gas phase was detected for the sample modified
with 70% of amine and the amount equalled 671 μmol/gmaterial/dm3. Lower values were
noticed for the sample modified with 50% and 10% of amine—231 μmol/gmaterial/dm3 and
111μmol/gmaterial/dm3, respectively. It should also be noted that the sample TTIP_TEA_10%_R
exhibited lower photoactivity than the reference material. In the case of carbon monoxide
and methane production, a similar dependence was observed. What is important to note is
that CO production decreased for the TTIP_TEA_10%_R and TTIP_TEA_50%_R in regard
to what can be related to the occupation of active sites by products or unreacted CO2,
which prevents the reaction from proceeding further. Hydrogen production only increased
in the sample modified with 70% of triethylamine (TTIP_TEA_70%_R), which suggests
that saturation of the active sites in this photocatalyst occurs more slowly than for the
other samples.
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(a) 

 
(b) 

 
(c) 

Figure 8. The content of (a) hydrogen, (b) carbon monoxide and (c) methane in the gas phase obtained
in the photocatalytic reduction of carbon dioxide process using triethylamine-modified titanium
dioxide heated in the microwave reactor and high-temperature furnace.
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(c) 

Figure 9. The content of (a) hydrogen, (b) carbon monoxide, (c) methane in the gas phase obtained in
the photocatalytic reduction in the carbon dioxide process using triethylamine-modified titanium
dioxide with different contents of amine and heated in the microwave reactor.
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As is known from the available literature [45,46], photocatalytic activity depends on
many factors, especially in regard to phase composition, particle size and the values of
surface area. In our case, the average crystallite size and the BET-specific surface areas
depended mainly on the heat treatment temperature, hence a lower content of products
in the gas phase was noted for samples obtained in the high-temperature furnace. It was
also visible that the use of ethylenediamine, instead of diethylamine and triethylamine, to
modify titanium dioxide resulted in the formation of larger anatase crystallites for materials
obtained under the same experimental conditions. This was probably due to the basicity of
the individual amines and the amount of hydroxyl groups available for hydrolysis. More
hydroxyl groups leads to better crystallization of TiO2 and greater crystallite sizes, which
was observed in the case of the samples modified using EDA. This is consistent with the
literature data, which states that the crystallite size depends on many parameters, including
temperature, process and precursors [47,48].

3. Experimental Part

3.1. Preparation of the Reference Material

To prepare the titanium dioxide, 50 mL of distilled water was added dropwise to
the glass beaker containing 20 mL of titanium(IV) isopropoxide (TTIP) and 5 mL of ethyl
alcohol. In order to change the pH, ammonia water (25% NH3·H2O) was dropped until
the pH value was equal to 10. The whole mixture was continuously stirred for 24 h and
then was left to age for 24 h. Then, the suspension was placed into a Teflon vessel and
transferred to a microwave-assisted solvothermal reactor (ERTEC MAGNUM II, Wrocław,
Poland). The process was conducted for 15 min under a pressure of 40 bar. Finally, the
material was dried in a forced-air dryer at 80 ◦C, washed with distilled water, dried in a
forced-air dryer at 80 ◦C and finally grounded in an agate mortar to a uniform consistency.
The obtained sample was denoted as TTIP_R. Simultaneously, the sample was also taken
without microwave treatment. The procedure was similar, with the exception that, after
the ageing step, the material was dried in a forced-air dryer at 80 ◦C, grounded in an agate
mortar and subjected to the heat treatment, which was performed in a high-temperature
furnace (HST 12/400 Carbolite, Derbyshire, UK). For this purpose, the obtained powder
was transferred into a quartz boat, placed in a high-temperature furnace and heated
under an argon atmosphere at a temperature rising from 20 to 400 ◦C with a heating
rate of 10 ◦C/min. When a temperature of 400 ◦C was reached, the heating process was
continued for 1 h. Afterwards, the sample was cooled to room temperature under an argon
atmosphere. The final product was washed with distilled water, dried in a forced-air dryer
at 80 ◦C and finally grounded in an agate mortar to a uniform consistency. The obtained
sample was denoted as TTIP_F.

3.2. Modification of Titanium Dioxide with Amines

To prepare amine-modified titanium dioxide, 50 mL of distilled water was added
dropwise to the glass beaker containing 20 mL of titanium(IV) isopropoxide (TTIP) and
5 mL of ethyl alcohol. Then, the appropriate amine (ethylenediamine, diethylamine and
triethylamine), in an amount of 10 wt.%, 20 wt.%, 50 wt.% and 70 wt.%, was added.
The whole mixture was continuously stirred for 24 h, and was then left to age for 24 h.
Then, the sample was placed into a Teflon vessel and transferred to a microwave reac-
tor (ERTEC MAGNUM II). The process was conducted for 15 min under a pressure of
40 bar. Finally, the material was dried in a forced-air dryer at 80 ◦C, washed with dis-
tilled water, again dried in a forced-air dryer at 80 ◦C and finally grounded in an agate
mortar to a uniform consistency. The obtained samples were denoted as TTIP_EDA_10%_R,
TTIP_EDA_20%_R, TTIP_EDA_50%_R, TTIP_EDA_70%_R (ethylenediamine-modified tita-
nium dioxide); TTIP_DEA_10%_R, TTIP_DEA_20%_R, TTIP_DEA_50%_R, TTIP_DEA_70%_R
(diethylamine-modified titanium dioxide); and TTIP_TEA_10%_R, TTIP_TEA_20%_R,
TTIP_TEA_50%_R, TTIP_TEA_70%_R (triethylamine-modified titanium dioxide).
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Simultaneously, samples without microwave treatment were also made. The proce-
dure was similar, with the exception that, after the ageing step, the material was dried
in a forced-air dryer at 80 ◦C, grounded in an agate mortar and subjected to the heat
treatment, which was performed in a high-temperature furnace (HST 12/400 Carbolite).
For this purpose, the obtained powder was transferred into a quartz boat, placed in a
high-temperature furnace and heated under an argon atmosphere, with the temperature
rising from 20 to 400 ◦C at a heating rate of 10 ◦C/min. When a temperature of 400 ◦C
was reached, the heating process was continued for 1 h. Afterwards, the sample was
cooled to room temperature under an argon atmosphere. The final product was washed
with distilled water, dried in a forced-air dryer at 80 ◦C and finally grounded in an agate
mortar to a uniform consistency. The obtained samples were denoted as TTIP_EDA_10%_F,
TTIP_EDA_20%_F, TTIP_EDA_50%_F, TTIP_EDA_70%_F (ethylenediamine-modified tita-
nium dioxide); TTIP_DEA_10%_F, TTIP_DEA_20%_F, TTIP_DEA_50%_F, TTIP_DEA_70%_F
(diethylamine-modified titanium dioxide); TTIP_TEA_10%_F, TTIP_TEA_20%_F and
TTIP_TEA_50%_F, TTIP_TEA_70%_F (triethylamine-modified titanium dioxide).

3.3. Photocatalytic Reduction of Carbon Dioxide

The processes were conducted in a gas phase bottle-shaped reactor made of glass.
The working volume of the reactor was 766 cm3. A 150 W medium-pressure mercury
lamp TQ150 Z3 (Heraeus, Hanau, Germany) was used in the photocatalytic tests. It was
characterized by the wide range of both UV and visible light in the range of 250–600 nm,
with the maximum at 365 nm. The lamp was placed in a quartz condenser. It was constantly
cooled with water by a chiller equipped with a pump with a controlled temperature
of 18 ◦C (Minichiller 280 OLÉ, Huber, Offenburg, Germany). The reactor was placed
in a thermostatic chamber to maintain a stable temperature (20 ◦C) and exclude light
sources. A measurement of 10 cm3 of distilled water and glass fibre with the tested
photocatalyst were placed in the reactor. The reactor was purified with pure CO2 (Messer,
Police, Poland) for 16 h to eliminate the air. During the whole process, the gas in the reactor
was constantly mixed with the pump (flow rate of 1.6 dm3/h). The process was performed
at 20 ◦C and tested for 6 h. The gas samples for analysis were collected every 1 h. The gas
phase composition was analyzed using an SRI 310C gas chromatograph (SRI Instruments,
Torrance, CA, USA) equipped with a column with a molecular sieve with a mesh size of
5Ä and a HID detector (Helium Ionization Detector). The carrier gas was helium. The
analyses were performed under isothermal conditions at a temperature of 60 ◦C. The gas
flow through the column was 60 cm3/min, and the volume of the test gas was 1 cm3. The
content of the component in the gas phase was calculated in successive measurements
based on the calibration curve.

3.4. Characterization Methods

The phase composition of the prepared samples was determined using the X-ray
diffraction method Cu Kα radiation (λCu Kα = 0.1540 nm) on an Empyrean (Panalytical,
Malvern, UK). The identification of the crystalline phases was performed using HighScore+
and the ICDD PDF-4+ 2015 database. The average crystallite size was calculated according
to the following Scherrer equation based on obtained X-ray powder diffraction patterns:

D = (k·λ)/(β·cosθ)

where D—the average crystallite size in the direction perpendicular to the (hkl) reflection
plane; k—a constant close to unity, dependent on the shape of the crystallite; λ—the X-ray
wavelength; β—the peak broadening; θ—the XRD peak position.

To perform the low-temperature nitrogen adsorption/desorption studies, the equip-
ment QUADRASORB evoTM gas sorption automatic system (Quantachrome Instruments,
Anton Paar, Austria) was used together with a MasterPrep multi-zone flow/vacuum
outgassing system under a vacuum of 1 × 10−5 mbar from Quantachrome Instruments
(Boynton Beach, FL, USA). On the basis of the obtained adsorption/desorption isotherms,

47



Molecules 2024, 29, 4348

the specific surface area (SBET) and pore volumes of the obtained materials were determined.
Prior to analysis, 150 mg of the material was weighed and pre-dried at 90 ◦C in a laboratory
dryer. The dried samples were transferred into measuring cells and degassed using Master-
Prep (Ouantachrome Instruments, USA) at 100 ◦C for 12 h. The Brunauer–Emmett–Teller
(BET) equation was used to determine the surface areas (SBET), which were determined in
the relative pressure range of 0.05–0.2. The total pore volume (Vtotal) was calculated from
the volume of nitrogen held at the highest relative pressure (p/p0 = 0.99). The volume of
micropores (Vmicro < 2 nm) with dimensions smaller than 2 nm was calculated as a result
of integrating the pore volume distribution function using the DFT method; a mesopore
volume (Vmeso) with dimensions from 2 to 50 nm was calculated from the difference in the
total pore volume (Vtotal) and the volume of micropores (Vmicro < 2 nm).

The band gap of the reference and all amine-modified titania materials was deter-
mined from the optical absorption spectra by means of a Jasco V-650 spectrometer (JASCO
International Co., Tokyo, Japan) equipped with a PIV-756 integrating sphere accessory
spectrometer (JASCO International Co., Tokyo, Japan) for diffuse reflectance measurements.
Barium sulphate (BaSO4 pure p.a., Avantor Performance Materials Poland S.A., Gliwice,
Poland) was used as a reference for determining the baseline. The Tauc plot was used to
estimate the value of the semiconductor band gap energy.

4. Conclusions

Modification of titanium dioxide using ethylenediamine, diethylamine, and triethy-
lamine heated in the microwave reactor or high-temperature furnace has been studied.
Based on the X-ray diffraction method, it was found that, in all the tested materials, only the
anatase phase was identified. The average crystallite size was higher for the raw material
and materials modified with amines and heated in the high-temperature furnace instead of
microwave reactor, due to the higher processing temperature. Regardless of the heating
method, decrease of the average crystallite size after modification with amines in compari-
son with raw materials was noticed, apart from ethylenediamine-modified titanium dioxide
heated in the microwave reactor, for which slightly higher values were noticed. Generally,
all the samples heated in the microwave reactor were characterized with higher values of
surface area, total pore volume and band gap energy in comparison with the materials
heated in the tubular furnace. Modifying samples with amines utilizing microwave-assisted
pressure treatment did not alter the Eg values, as can be indirectly evidenced by the white
colour of the samples, making them capable of absorbing the UV radiation. On the other
hand, thermal amine modification of titania at 400 ◦C using the high-temperature furnace
leads to colour changes and the red-shift of the adsorption edge, which indicates the doping
of TiO2 with carbon and/or nitrogen. The main product detected in the gas phase was
hydrogen, and the highest content was achieved using triethylamine-modified titanium
dioxide with 70% of amine content and heated using microwaves.
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Abstract: Regulating bulk polymeric carbon nitride (PCN) into nanostructured PCN has long been
proven effective in enhancing its photocatalytic activity. However, simplifying the synthesis of nanos-
tructured PCN remains a considerable challenge and has drawn widespread attention. This work
reported the one-step green and sustainable synthesis of nanostructured PCN in the direct thermal
polymerization of the guanidine thiocyanate precursor via the judicious introduction of hot water
vapor’s dual function as gas-bubble templates along with a green etching reagent. By optimizing the
temperature of the water vapor and polymerization reaction time, the as-prepared nanostructured
PCN exhibited a highly boosted visible-light-driven photocatalytic hydrogen evolution activity. The
highest H2 evolution rate achieved was 4.81mmol·g−1·h−1, which is over four times larger than that
of the bulk PCN (1.19 mmol·g−1·h−1) prepared only by thermal polymerization of the guanidine
thiocyanate precursor without the assistance of bifunctional hot water vapor. The enhanced photo-
catalytic activity might be attributed to the enlarged BET specific surface area, increased active site
quantity, and highly accelerated photo-excited charge-carrier transfer and separation. Moreover, the
sustainability of this environmentally friendly hot water vapor dual-function mediated method was
also shown to be versatile in preparing other nanostructured PCN photocatalysts derived from other
precursors such as dicyandiamide and melamine. This work is expected to provide a novel pathway
for exploring the rational design of nanostructured PCN for highly efficient solar energy conversion.

Keywords: carbon nitride; nanostructured; water vapor; H2 evolution

1. Introduction

The hydrogen evolution via photocatalytic water-splitting is potentially an efficient
strategy to store clean energy and alleviate emerging energy issues in the future [1–4].
Polymeric carbon nitride (PCN) has long been proven to exhibit vast potential to achieve
this magnificent goal [5–8]. Unfortunately, this stringent goal is greatly hindered by the
low efficiency of bulk PCN due to inherent drawbacks, such as inferior separation and
transfer for the photoexcited charge carriers, limited visible light absorption, extremely
low specific surface area, and finite active sites [9–12]. In this regard, plenty of intelligent
strategies have been developed to address the shortcomings mentioned above through the
introduction of element doping or functional groups [13–16], modifications with defects or
vacancies [17–19], regulating the nanostructure [20–23], adjusting morphology [24–27], or
coupling with other semiconductors for heterojunctions and so forth [28–32]. Among these
strategies, the nanostructure embedded in the PCN framework was demonstrated to be a
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simple and valid method for strikingly promoting the photocatalytic activity of PCN in
many aspects [33]. In general, template methods such as hard-templating, soft-templating,
and gas-templating were used to create the nanostructures, which resulted in a larger BET
specific surface area, more active site quantity and improved the separation efficiency of
photo-excited charged carriers.

Among these, the gas-templating method for nanostructure engineering was widely
developed because it can circumvent not only the complexity of operations but also the use
of extremely toxic chemical reagents that exist in the hard-templating and soft-templating
methods. Additionally, this gas-templating method has the advantage of being simple,
cost-effective, template-free, and suitable for large-scale synthesis. Normally, the gas-
templating approach is primarily classified into two categories. The first is the self-induced
gaseous templating method, which engineers the porous structure in PCN by using the
self-generated gas as a template. For example, Tang et al. successfully obtained porous
PCN with an extraordinary hydrogen evolution rate by direct thermal polymerization
of urea at high temperatures in the air without using any additional chemical reagents.
The porous structure is created by the emission of a large amount of ammonia gas and
water vapor due to the existence of an oxygen element in the urea precursor, which is
supposed to act as the gaseous template [34]. In another typical work, Chen et al. created
nanoporous PCN with an increased BET specific surface area and pore volume via one-step
polymerization of the single urea with self-supported gas, and the resulting nanostructured
photocatalyst demonstrated a much higher hydrogen evolution rate [35]. The authors be-
lieve that the water vapor bubble served as a gaseous template in the proposed nanoporous
PCN. Meanwhile, our groups also developed some simple sulfur-containing organic and
inorganic compounds, such as trithiocyanuric acid, thiourea, guanidine thiocyanate, or
ammonium thiocyanate, to serve as the unitary precursor for the one-pot production of
nanoporous PCN at a high temperature [36–39]. The self-generated sulfur-containing gases
produced at high temperatures are thought to be responsible for forming the nanostructure
in PCN. However, the above synthesis method needed a high polymerization temperature
to produce plenty of gas function as a gaseous template and also induced the destruction
of the integrated PCN framework to some extent. The other method uses extra chemical
reagents as dynamic gas-bubble templates. To date, specific types of chemical reagents,
including NH4Cl, (NH4)2CO3, NaHCO3, (NH4)2SO4, (NH4)2S2O8 and sublimed sulfur,
were intensely used as dynamic gas-bubble templates to promote the formation of nanos-
tructured PCN [40–49]. During high-temperature calcining, the above chemical reagents
can thermally decompose into a large number of gases as dynamic bubble templates, whose
emissions induce the porous nanostructure in the PCN. Regrettably, the gases (NH3, HCl,
and SO2) released by the above thermal decomposition of chemical reagents cannot be
reused and are also sometimes detrimental to the environment, even though the method
possesses the benefits of being low cost and easy to operate. Therefore, the exploration of
green and pollution-free gas-bubble template methods to realize the synthesis of advanced
nanostructured PCN is still of great urgency and interest.

Recently, the use of water vapor (completely green and abundant in the earth) for
the pretreatment or preparation of the catalyst has been reported, and the as-prepared
catalysts show astonishingly enhanced catalytic activity [17,50,51]. For instance, Huang et al.
reported that an increase in the grain-boundary density in the Pd/Al2O3 catalyst is achieved
by simple water vapor pretreatment and oxidation. The pretreatment catalyst showed a
twelve-fold increase in methane oxidation compared to conventional pretreatments [50].
Yang et al. prepared the few-layered nanostructured PCN by using the bulk PCN and water
vapor as the precursor and gas-bubble templates, respectively. The emissions of CO, H2,
and NO gas produced from the C/N-steam reforming reactions also played an important
role in the formation of nanostructures in the PCN. Thus, the water vapor showed a dual
function in their work, one was the dynamic gas-bubble template, and the other was a green
initiator reagent for chemical etching [17]. However, their synthesis of nanostructured PCN
required high-quality bulk PCN to serve as the precursor, which was relatively complex
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and time-consuming, although the method was demonstrated to be facile, green, and easy
to scale up.

In this work, we proposed a one-step route for synthesizing nanostructured PCN to ef-
ficiently enhance its photocatalytic activity by judiciously introducing hot water vapor into
the direct thermal polymerization of the guanidine thiocyanate precursor. The hot water
vapor served a dual function as a dynamic gas-bubble template and an assisted chemical
etching reagent in this synthesis. In particular, the supply of the water vapor is continuous
throughout the whole synthesis procedure. We investigated the effect of the polymerization
reaction time and the temperature of the water vapor on the morphology, structure, and
optical/photoelectric properties of the as-prepared nanostructured PCN. Benefitting from
the synchronous nanostructure and carbon vacancies embedded in the PCN, the optimized
water-vapor treatment PCN was four times more effective than that of the bulk PCN treat-
ment for photocatalytic hydrogen evolution. Moreover, this hot water vapor dual-function
mediated method was also successfully extended to other PCN precursors (melamine and
dicyandiamide) to obtain their corresponding derived nanostructured PCNs. The detailed
synthesis processes were described, and comprehensive characterizations were conducted
to elucidate the enhanced photocatalytic hydrogen evolution mechanism.

2. Results and Discussion

2.1. Morphology and Texture

The nanostructured photocatalysts were prepared via direct thermal polymerization
and simultaneous chemical etching of the guanidine thiocyanate precursor with the as-
sistance of N2 flow, carrying the special temperature of the water vapor. We investigated
the variability in water-vapor amounts in detail by accurately controlling the temperature
of the water vapor and the reaction times during the polymerization process. Unfortu-
nately, the guanidine thiocyanate precursor was burned off at water-vapor temperatures
above 60 ◦C, and thus no photocatalysts were left in our present experimental conditions.
The possible explanation is that the PCN or the intermediates of PCN formed during the
polymerization process were completely etched by the excess water vapor. In addition, no
photocatalysts were collected at the temperature of 60 ◦C water vapor for 4 h. The above
synthesis results suggested that the selection of water vapor temperatures and reaction
times is a key factor in providing an optimal amount of water vapor for preparing and
modulating the nanostructured PCN.

The changes in the microstructure of the as-prepared photocatalysts were first character-
ized by SEM and TEM measurements. SEM observations revealed that CGS-CN displayed a
compact, thick, and large aggregate morphology (Figure S1). The GS-CN-25 had a similar
morphology to that of the CGS-CN due to the insufficient water vapor and short etching
reaction time provided in this preparation system. In contrast, both GS-CN-60 and GS-
CN-25-4h photocatalysts obtained upon increasing the temperature of the water vapor
or prolonging the etching reaction time exhibited looser, thinner, and smaller aggregates.
Excitingly, some nanosheets and pores were observed at the surface of the GS-CN-60 photo-
catalyst, and its contrast also illustrated its maximal BET specific surface area as evidenced
by the BET analyses described below. The possible reason for this evolution is due to the
significant contribution from the water vapor, which not only avoids the compact and large
aggregates of CGS-CN but also its ability to etch the sheets to generate pores via the large
number of gases (H2, CO, CO2, and NH3) released during the simultaneous polymeriza-
tion and etching procedure [51]. In other words, the released gases are able to explode
many “tiny bombs” on the thick chunks of the CGS-CN, which leads to the generation of
relatively loose, thin, small aggregates and even porous structural characteristics on the
GS-CN-60.

TEM results further substantiated this visible evolution, displaying the bulk CGS-
CN aggregates’ gradual evolution into thin and semitransparent nanosheets along with
certain surface pores on the GS-CN-60 photocatalyst by the hot water vapor dual -unction
mediated method, as seen in Figure 1a,b. AFM topography and height profiles (Figure 1c–f)

53



Molecules 2023, 28, 4862

demonstrated that the GS-CN-60 existed as nanosheets with thicknesses ranging from 2
to 6 nm, while the average thickness of the bulk CGS-CN was around 20 nm. The unique
morphological characteristics of the GS-CN-x photocatalysts directly affected their textural
properties, as evidenced by the BET test.

Figure 1. TEM images of: (a) bulk CGS-CN and (b) GS-CN-60. AFM images and corresponding
height profile of: (c,e) bulk CGS-CN; and (d,f) GS-CN-60 ((c,d) corresponds to (e,f), respectively).

BET confirmed that the specific surface area gradually increased from CGS-CN, GS-
CN-25, and GS-CN-25-4h to GS-CN-60, as shown in Figure 2. The GS-CN-60 had the
largest surface area with 34.1 m2·g−1, which was about 1.7, 1.9, and 7.1 times higher than
those of the GS-CN-25-4h, GS-CN-25, and bulk CGS-CN. Nevertheless, the surface area
of GS-CN-25-4h (20.4 m2g−1) only weakly increased compared to that of the GS-CN-25
(17.9 m2g−1). These results reflected that the hot water vapor assisted by the dual function
mediated strategy exerted the most significant impact on the surface area. Moreover, the
adsorption–desorption isothermal curves for GS-CN-x photocatalysts all exhibited typical
type IV with an H3-type hysteresis loop and an enlarged pore volume (Figure 2), revealing
that they possessed representative porous structural characteristics and were in line with
the results of the SEM and TEM images. Consequently, the above results implied that
the optimization of the nanostructured PCN with plentiful pores, high specific surface
area, and expanded pore volume was successfully prepared by this hot water vapor dual-
function mediated strategy by simply adjusting the relative amounts of water vapor, which
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promoted the guanidine thiocyanate precursor for suitable seed nucleation, growth, and
synchronous etching during the polymerization processes.

Figure 2. N2 adsorption-desorption isotherms of bulk CGS-CN and GS-CN-x photocatalysts.

2.2. XRD and FTIR Analysis

Figure 3a represents the XRD patterns and diffraction peaks of all the photocatalysts.
All tested photocatalysts exhibited two distinct diffraction peaks at around 13.3◦ and 27.2◦,
which are indexed to the (100) and (002) planes of hexagonal PCN. These reflections cor-
respond to the in-plane structural heptazine units and interlamellar stacking distance,
respectively. The results implied that the GS-CN-x could retain the primary heptazine struc-
ture of PCN after the water-vapor treatment reaction. Compared with bulk CGS-CN, the
(100) diffraction peak intensity for GS-CN-25 showed no noticeable change, indicating that
the in-planar layer size of GS-CN-25 had no significant influence (Figure S2). Nonetheless,
the GS-CN-60 and GS-CN-25-4h photocatalysts exhibited a slightly weak diffraction peak
at (100), attributed to the decrease in-planar layer size. Similarly, the relative intensity of
the (002) diffraction peak for GS-CN-60 and GS-CN-25-4h also became weaker, which is
attributed to the selective dismemberment of the PCN framework and the formation of the
short-range ordered graphite molecular fragments upon increasing the temperature of the
water vapor or prolonging the reaction time [52]. In addition, further observation indicated
that the (002) peak position for GS-CN-x showed a progressive upshift compared to that of
CGS-CN, highlighting the compacted interlayer stacking distance in the resulting water
vapor treatment photocatalysts. The reason for this was that the undulated single layers in
CGS-CN were planarized by the water-vapor treatment and thus resulted in a tight stack
structure for these GS-CN-x photocatalysts [17].

Figure 3. (a) XRD patterns of bulk CGS-CN and GS-CN-x photocatalysts; and (b) FT-IR spectra of
bulk CGS-CN and GS-CN-x photocatalysts.
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The FT-IR spectra presented in Figure 3b show that the GS-CN-x photocatalysts
exhibited the same characteristic vibrational absorption peaks as that of CGS-CN. In any
case, the identified peak positions at 810, 1200–1700, and 3000–3500 cm−1, respectively, were
assigned to the bending vibrations of heptazine units, stretching vibrations of aromatic C-N
heterocycles, and stretching vibrations of the -NHx groups. Interestingly, the more vigorous
intensity of these peaks in the region of 3100–3400 cm−1 for the GS-CN-x photocatalysts
compared with that of the CGS-CN is indicative of more adsorbed H2O on these GS-CN-x
photocatalyst surfaces due to their sizeable open-up surface effects.

2.3. XPS and ESR Analysis

XPS further demonstrated the more subtle chemical structure and valence state of
the photocatalysts. The XPS test confirmed the presence of carbon, nitrogen, and oxygen
elements for all the photocatalysts, as illustrated in Figure 4a. The C 1s and N 1s high-
resolution spectra of the GS-CN-x photocatalysts showed the same binding energies as
that of the CGS-CN, indicating that the heptazine structure was hardly changed in the
rigid water-vapor treatment conditions. The high-resolution C 1s spectrum revealed two
labeled peaks with the binding energy centered at 288.0 and 284.6 eV (Figure 4b), which
were assigned to sp2-hybridized aromatic C atoms (N-C=N) in the heptazine rings and
adventitious carbon, respectively. The high-resolution N 1s spectrum could be deconvo-
luted into four labeled peaks with the binding energy positioned at 398.5, 400.1, 401.2, and
404.0 eV, respectively (Figure 4c). The strongest N 1s peak at 398.5 eV corresponded to
sp2-hybridized aromatic N atoms (C=N-C) in the heptazine rings. The second strongest N
1s peak at 400.1 eV was indicative of tertiary N atoms from N-(C)3 groups. The third N 1s
peak at 401.2 eV was attributed to amino functional groups (C-N-H). The weakest N 1s peak
at 404.0 eV was caused by π*-excitation. The analysis of the surface C/N atomic ratio results
in Table S1 show that these GS-CN-x photocatalysts were deficient in carbon compared to
CGS-CN. This result reflected the fact that the carbon vacancies were successfully incor-
porated into the GS-CN-x framework due to the preferential elimination of carbon atoms
in the water-vapor treatment reaction. To distinguish the locations of carbon vacancies in
the GS-CN-x framework, the summaries of C and N atomic contents were analyzed and
quantified based on the peak area ratio (Figure S3). The atomic percentages of N-(C)3 and
C-N-H decreased, and that of C=N-C increased in N 1s XPS spectra for these GS-CN-x
photocatalysts as compared with those of the bulk CGS-CN (Figure S3b), indicating that
the elimination of the carbon atoms mainly occurred at the N-(C)3 and C-N-H sites to
generate carbon vacancies for these GS-CN-x photocatalysts. In addition, the increased
atomic percentages of N-C=N in C 1s XPS spectra for GS-CN-x photocatalysts further
cross-validate the above-mentioned deduction (Figure S3a). Nonetheless, the decreased
atomic percentages of C-C/C=C for GS-CN-x photocatalysts could result from the part of
graphitic carbon being removed from the surface by the reductive gas of H2, which was
generated through the water vapor etching reaction [51,53].

The direct evidence to confirm the formation of carbon vacancies in GS-CN-x can be
further interpreted by EPR. As shown in Figure 4d, the Lorentzian line of bulk CGS-CN
showed a feeble signal at g = 2.004. The EPR signal of PCN is stemmed from the unpaired
electrons on sp2-C atoms of aromatic C-N heterocycles, which leads to structural defects
in the PCN framework. Moreover, the signal intensity increases gradually from CGS-CN,
GS-CN-25, and GS-CN-25-4h to GS-CN-60. The increase of unpaired electrons on the sp2-C
atoms for GS-CN-x photocatalysts remarkably strengthened the intensity of the Lorentzian
line, firmly showing that the concentration of carbon vacancies in the as-prepared GS-CN-x
was increased and controllably tuned [54]. However, the bulk C/N atomic ratio in the
EA analysis results (Table S2) suggested that the bulk C/N atomic ratio for these GS-CN-
x photocatalysts was slightly decreased compared to the bulk CGS-CN, signifying that
the carbon vacancies were more likely to be near the surface of the water-vapor-etched
photocatalysts.
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Figure 4. XPS patterns of bulk CGS-CN and GS-CN-x photocatalysts: (a) survey patterns; (b) high-
resolution patterns of C1s; (c) high-resolution patterns of N1s; and (d) room-temperature EPR spectra
of bulk CGS-CN and GS-CN-x photocatalysts.

2.4. UV-Visible and PL Analysis

The UV-vis absorption spectra of CGS-CN and GS-CN-x photocatalysts are shown in
Figure 5a. The intrinsic absorption edge of the GS-CN-x showed a progressive blue shift
compared to that of the bulk CGS-CN, which rendered the enlargement of the intrinsic
bandgaps. It is noticeable that GS-CN-60 and GS-CN-25-4h photocatalysts show virtually
identical absorption edges and intensities. Furthermore, no evident Urbach tail absorption
in the visible-light region for the GS-CN-x was found, indicative of the absence of shallow
trap states embedded in the bandgap of GS-CN-x generated by carbon vacancies [18,55].
This also indirectly demonstrated that the following enhancement of GS-CN-x photocat-
alytic activity was not directly correlated with their optical absorption. The corresponding
bandgap energies of the photocatalysts were calculated based on the plots of [F(R)hν]1/2

versus hν (Figure 5b) and the bandgap energies of CGS-CN (2.56 eV), GS-CN-25 (2.68 eV),
GS-CN-60 (2.73 eV), and GS-CN-25-4h (2.73 eV) were estimated. The broadened bandgap
for the GS-CN-x catalysts was firmly demonstrated by a similar tendency in the gradual
blue shift in the PL emission spectrum (Figure 5c). This hypochromic-shift phenomenon
can be well explained as a consequence of the quantum size effect of the nanostructured
materials. The values of the valence band were directly determined by XPS valence band
spectroscopy (Figure 5d). The band edge of GS-CN-60 (1.97 eV) was revealed as a 0.21 eV
negative shift compared to that of CGS-CN (2.18 eV). The conduction band values of CGS-
CN and GS-CN-60 could be calculated as −0.38 eV and −0.76 eV, respectively, according
to the Equation: ECB = EVB − Eg. The corresponding band alignments of CGS-CN and
GS-CN-60 are schematically depicted in Figure S4, where the GS-CN-60 exhibited a more
thermodynamically enhanced reduction power than that of the CGS-CN, indicative of the
more powerful reduction ability of photoexcited electrons at GS-CN-60, which enabled the
fast proton reduction in the following photocatalytic hydrogen evolution reaction.
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Figure 5. (a) UV-Vis diffuse reflectance spectra of bulk CGS-CN, GS-CN-x photocatalysts (noted:
the nearly same absorption edge and intensity occurred in GS-CN-60 and GS-CN-25-4h); (b) The
corresponding Kubelka–Munk transformed spectra of bulk CGS-CN and GS-CN-x photocatalysts;
(c) FL emission spectra of bulk CGS-CN and GS-CN-x photocatalysts; and (d) XPS valence-band
spectra of bulk CGS-CN and GS-CN-60 photocatalysts.

2.5. Time-Resolved PL and Photoelectrochemical Analysis

To better understand the recombination kinetics of photoexcited charge carriers, the
time-resolved PL decay spectra of CGS-CN and GS-CN-x photocatalysts were recorded
(Figure 6a). The fitted PL lifetime-decay curves, according to the two-exponential decay
model, revealed that the average radiative lifetimes of CGS-CN, GS-CN-25, GS-CN-60,
and GS-CN-25-4h were 6.68, 6.31, 5.42, and 5.47 ns, respectively. All the fitting decay
parameters and the pertinent details are summarized in Table S3. The shortest lifetime of
the singlet exciton in GS-CN-60 clearly implied that its depopulation of the excited states
primarily occurred through non-radiative pathways, presumably through charge transfer
of the electrons to some favorable carbon defect sites, and then promoted the rapid transfer
and separation of charge carriers [56–59]. Concurrently, the change regularity of transient
photocurrent responses of the photocatalysts can support the above explanation (Figure 6b).
GS-CN-60 gave a higher photocurrent response than those of the other photocatalysts,
indicative of its remarkably high charge-carrier separation efficiency. To further understand
the dynamic behaviors of photo-generated charge carriers, electrochemical impedance
spectroscopy (EIS) was conducted to investigate the properties of the electrode/electrolyte
interface, and the result is illustrated in Figure 6c. The GS-CN-60 photocatalyst showed the
smallest interfacial charge-transfer resistance due to the synergetic effect of the favorable
porous and electronic structures, well in accordance with the photocurrent response. Own-
ing a higher overall electronic conductivity, the photoexcited electron transfer kinetics from
the bulk to the interface of GS-CN-60 was faster than that of the other photocatalysts, and
therefore it is expected to guarantee high photocatalytic activity.
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Figure 6. (a) Time-resolved PL decay spectra of bulk CGS-CN and GSCN-x photocatalysts kinetics
monitored at their maximum emission wavelength (CGS-CN: 470 nm; GS-CN-25: 459 nm; GS-CN-60:
448 nm; GS-CN-25-4h: 453 nm) under 365 nm excitation; (b) transient photocurrent responses; and
(c) EIS Nyquist plots of bulk CGS-CN and GS-CN-x photocatalysts.

2.6. Photocatalytic Activities

The photocatalytic activities of the as-prepared photocatalysts were examined by
visible-light-induced photocatalytic H2 evolution in coexistence with Pt catalyst and tri-
ethanolamine (TEOA) sacrificial electron donor. Initially, we investigated the influence
of the concentration of TEOA on the rate of H2 evolution by GS-CN-60 photocatalyst
under visible light irradiation. As shown in Figure S5, the H2 evolution rate reached a
maximum at a concentration of 10 vol.% TEOA. Hereafter, we chose 10 vol.% TEOA as
the sacrificial electron donor for the following experiment. The photocatalytic hydrogen
evolution amounts versus irradiation time over the as-prepared photocatalysts were plotted
in Figure 7a. The CGS-CN photocatalyst showed the lowest activity, with an H2 evolution
rate of 1.19 mmol·h−1·g−1. As expected, the photocatalytic H2 generation activity was
significantly enhanced for the GS-CN-x photocatalysts in comparison with that of CGS-CN,
suggesting the positive contribution of the water vapor mediated strategy to the photo-
catalytic activity. The optimized H2 evolution rate of 4.81 mmol·h−1·g−1 was achieved
for the GS-CN-60 photocatalyst, which was about four times higher than that of the bulk
CGS-CN photocatalyst. This result clearly demonstrated the advantage of the hot water
vapor treatment to create nanostructures in PCN. At the same time, the high activity was
reproducible for the GS-CN-60 photocatalyst, as demonstrated by its excellent long-term
stability over a period of 24 h. The generated amount of H2 was about 13.2 mmol·g−1 in
the first run and could retain the almost equivalent amount of H2 in the subsequent five
cycle runs, again revealing the robust stability of the GS-CN-60 for sustainable applica-
tions. Above all, the GS-CN-60 maintained a well-retained chemical structure even after
five-cycle photocatalytic reactions, as demonstrated in the XRD and FT-IR spectroscopy
results, which showed that there was no difference between the used photocatalyst and
fresh photocatalyst (Figure S6). The wavelength-dependent apparent quantum yield curve
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of GSCN-60 matched well with its UV-Vis absorption spectrum, reflecting the light-induced
nature of the reaction. Based on the above discussion, we are now in a position to try to
understand the probable mechanisms behind the enhanced photocatalytic H2 evolution
activity of GSCN-60. In all, the exceptionally improved photocatalytic activity of GS-CN-60
was due to the synergistic action of high BET specific surface area in contrast to bulk
CGS-CN, an enlarged bandgap, outstanding electron reduction ability, and an elevation
of the mobility of photo-excited charge carriers. These results, taken together, definitely
favored our proceeding with an investigation of the photocatalytic hydrogen evolution
reaction.

Figure 7. (a) Time-dependent evolution of H2 produced on bulk CGS-CN and GS-CN-x photo-
catalysts; (b) H2 evolution rate in the first hour on bulk CGS-CN and GS-CN-x photocatalysts;
(c) recycling test of the GS-CN-60 photocatalyst; and (d) M of GS-CN-60 under different wavelengths
of monochromatic light.

2.7. Photocatalytic Activities of the Other Prepared Nanostructured PCN

Last but not least, the generality of the effect of hot water vapor with a dual-function
mediated strategy was not exclusive to the guanidine thiocyanate precursor. We also
verified the effect of the hot water vapor treatment on the other precursors, such as dicyan-
diamide and melamine. The SEM and TEM results indicated that these water-vapor-treated
CDCDA-CN-x and MA-CN-x photocatalysts also showed loose, thin, small aggregates
compared with those of the corresponding bulk PCN (Figures S7 and S8), which was
well reflected by the gradually increased BET specific surface area results (Table S4). The
XRD, FTIR, UV-Visible absorption, and PL spectra of their bulk PCN and corresponding
vapor treatment photocatalysts are shown for comparison (Figures S9–S11), indicating that
DCDA-CN-x and MA-CN-x showed a similar variation trend with that of the GS-CN-x.
These time-resolved PL, photocurrent-response, and EIS-Nyquist characterization results
(Figure 8) revealed that these water-vapor-treatment photocatalysts exhibited greatly in-
creased charge separation and electronic conductibility by virtue of their unique porous
and electron structures. As expected, the DCDA-CN-x and MA-CN-x displayed obviously
enhanced photocatalytic activity.
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Figure 8. (a) Time-resolved PL decay spectra of CDCDA-CN, DCDA-CN-60, CMA-CN and MA-CN-
60 photocatalysts kinetics monitored at their maximum emission wavelength (CDCDA-CN: 473 nm;
DCDA-CN-60: 454 nm; CMA-CN: 473 nm; MA-CN-60: 445 nm) under 365 nm excitation; (b) Transient
photocurrent responses; and (c) EIS Nyquist plots of CDCDA-CN, DCDA-CN-60, CMA-CN and
MA-CN-60 photocatalysts.

The hydrogen-evolution rates of the DCDA-CN-60 and MA-CN-60 were 3.8 and
2.7 times higher than those of the bulk CDCDA-CN and CMA-CN, respectively (Figure 9).
The difference in exfoliation behavior of PCN from the corresponding different precursors
could well account for the different enhanced factors in the photocatalytic activity of H2
evolution.

Figure 9. Photocatalytic H2 evolution rates of: (a) CDCDA-CN and DCDA-CN-x; and (b) CMA-CN
and MA-CN-x photocatalysts.

61



Molecules 2023, 28, 4862

3. Materials and Methods

3.1. Materials

The guanidine thiocyanate, melamine, dicyandiamide, triethanolamine (TEOA), and
H2PtCl6·6H2O were of analytical grade and used as received without any further purifica-
tion. Deionized water was used in all the experiments.

3.2. Preparation

2 g Guanidine thiocyanate was thoroughly ground into tiny powders with an agate
mortar. After that, the powders were carefully transferred into a porcelain boat and subse-
quently heated to 550 ◦C at 5 ◦C·min−1 with nitrogen flow carrying a specific temperature
of water vapor for 2 h in a tubular furnace. To avoid the hot water cooling during the
transfer line between the gas-washing bottle and the entrance of the furnace, we twined the
heat belt to keep the temperature of the transfer line at 100 ◦C. During the polymerization
process, the hot water vapor, maintained at definite temperatures (25 ◦C, 60 ◦C, 80 ◦C, and
100 ◦C) via a hotplate magnetic stirrer, was carried into the tubular furnace at the assistance
of nitrogen gas with a flow rate of 50 mL/min. Finally, the resulting photocatalysts labeled
GS-CN-x (where x represents the temperature of water vapor) were obtained for further use.
At the same time, the effect of increasing the water vapor etching reaction time to 4 h for
preparing the nanostructure PCN was also explored. The final photocatalyst was denoted
as GS-CN-x-y (where x represents the temperature of water vapor, and y represents the
reaction time). The schematic diagram of this hot-water-vapor-assisted etching method for
nanostructured PCN is illustrated in Scheme S1. In comparison, the preparation of bulk
PCN as the control photocatalyst was the same as that of GS-CN-x, except for the absence
of hot water vapor, which is denoted as CGS-CN for simplicity.

Similarly, we also used other precursors (melamine and dicyandiamide) to witness the
same hot-water-vapor-treatment procedure to prepare their corresponding nanostructured
PCN. The resulting photocatalysts were denoted as MA-CN-x (melamine as a precursor)
and DCDA-CN-x (dicyandiamide as a precursor), where x still represents the temperature of
the water vapor. In the meantime, their corresponding bulk PCN photocatalysts as control
photocatalysts were also synthesized via calcining pure melamine and dicyandiamide
in the absence of hot water vapor, which were denoted as CMA-CN and CDCDA-CN,
respectively.

3.3. Characterization

The scanning emission microscope measurements were conducted using an FEI Nova
Nano SEM 230 (Thermo Fisher Scientific, Waltham, MA, USA) Field Emission Scanning
Electron Microscope. Transmission electron microscopy (TEM) images were obtained using
an FEI Talos (Thermo Fisher Scientific, Waltham, MA, USA) field emission transmission
electron microscope. X-ray photoelectron spectroscopy (XPS) data were collected on a
Thermo ESCALAB 250 instrument (Thermo Fisher Scientific, Waltham, MA, USA) with
a monochromatized Al Kα line source (200 W). The Fourier transform infrared (FT-IR)
spectra were obtained on a Nicolet Nexus 670 FT-IR spectrometer (Thermo Nicolet Co.,
Madison, USA) in a range from 4000 to 400 cm−1, and the photocatalysts were mixed with
KBr at a concentration of ca. 1 wt%. Nitrogen adsorption–desorption experiments were
performed at 77 K using Micromeritics Tristar II 3020 equipment (Micromeritics, Norcross,
GA, USA). The specific surface area was calculated by the Brunauer-Emmet-Teller (BET)
method. Elemental analysis (EA) was carried out on an elemental Analyzer (Elementar
vario EL cube, Hanau, Germany). X-ray diffraction (XRD) measurements were performed
on a Bruker D8 Advance diffractometer (Bruker, Billerica, MA, USA) with Cu Kα1 radiation
(λ = 1.5406 Å). UV-Vis diffuse reflectance spectra (UV-Vis DRS) were collected on Lambda
650s Scan UV-Visible system (Perkin-Elmer, Waltham, MA, USA) using double beam optic,
and Teflon was used as the reflectance standard. Electron paramagnetic resonance (EPR)
spectra were tested by Bruker model A 300 spectrometer (Bruker, Billerica, MA, USA). The
photoluminescence (PL) spectra were done at room temperature on a Hitachi F-7100 type
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of spectrophotometer (Hitachi Co., Tokyo, Japan). The time-resolved PL decay spectra were
recorded at room temperature on an Edinburgh FI/FSTCSPC FLS-1000 spectrophotometer
(Edinburgh, Livingston, UK). The electrochemical measurements were done on a CHI 760E
electrochemical workstation (Chenhua Co., Ltd., Shanghai, China) in an electrolytic cell
with standard three electrodes. The Ag/AgCl (3M KCl) was used as a reference electrode,
and a Pt foil was used as a counter electrode. For the working electrode, the photocatalyst
dispersion was dipped into the F-doped tin oxide (FTO) glass with a fixed area of 0.25 cm2

and then dried at 120 ◦C for 2 h to improve adhesion for further use.

3.4. Photocatalytic H2 Evolution Experiments

The photocatalytic reactions were performed in an 80 mL volume of Schlenk flask
at 1 bar atmospheric pressure of Argon. Typically, 10 mg photocatalyst powder as a
photosensitizer was ultrasonically dispersed in 10 vol.% TEOA aqueous solution (10 mL),
which was used as the sacrificial electron donor. A 3 wt% Pt as the catalyst was loaded onto
the surface of the photocatalyst by the photodeposition approach using H2PtCl6·6H2O.
The reaction system was evacuated and then backfilled with the high-purity Argon gas
(99.999%). This process was repeated three times to remove air completely, and at the
last cycle, the Schlenk flask was backfilled with 1 bar of the high-purity Argon gas before
irradiation under a 300 W Xe-lamp with UV cut-off filter (λ > 420 nm). The temperature
of the reaction solution was kept at 25 ◦C by a flow of cooling water. After irradiation,
0.5 mL of the generated gas was extracted per hour and detected by gas chromatography
(Fuli, GC-9790Plus, Wenling, China) equipped with a thermal conductive detector (TCD)
using Argon as carrier gas. After four hours of terminating the reaction, the reaction
system was repeated to evacuate and backfill the Argon gas for the next cycles of the
hydrogen-evolution experiments to verify the stability of the photocatalyst.

The apparent quantum yield (AQY) for H2 evolution was measured under a monochro-
matic light with a bandpass filter of 365, 405, 420, and 450 nm, respectively. The intensity of
the light was 140, 127, 107, and 144 mW·cm−2 for the 365, 405, 420, and 450 nm monochro-
matic filters, respectively. The irradiation area was measured as 4.6 cm2. According to the
amount of hydrogen produced every hour in the photocatalytic reaction, the AQY was
calculated by the Formula (1):

AQY =
2 × M × NA

S × P × t × λ/(h × c)
(1)

where M is the mole number of evolved H2 (mol), NA is Avogadro’s constant (6.022 × 1023 mol−1),
S is the irradiated area (cm2), P is the powder density of irradiation light (W·cm−2), t is the
irradiation time (s), λ is the wavelength of the monochromatic light (nm), h is the Planck
constant (6.626 × 10−34 J·s), c is the velocity of light (3 × 108 m·s−1).

4. Conclusions

In summary, nanostructured PCN can be successfully prepared by a green and sus-
tainable water-vapor mediated method through one-pot simultaneous polymerization and
chemical etching of the PCN precursors directly with hot water vapor. The nanostructured
morphology with carbon vacancies can be created and is controllable by controlling the
temperature of the water vapor and the reaction time in the synthesis process. Benefitting
from the more exposed surface, increased photo-excited electrons reduction ability, and
enhanced photo-excited charge carrier transfer and separation efficiency, the GSCN-60
realized substantially improved photocatalytic hydrogen evolution performance than that
of the bulk CGS-CN. The present hot water vapor with a dual-function mediated approach
could provide a novel pathway for the preparation of nanostructured PCN materials with
high photocatalytic performance.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28124862/s1, Scheme S1: Proposed one-step synthesis
of nanostructured PCN by introducing hot water vapor into the polymerization process of C/N
precursors; Figure S1: SEM images of bulk CGS-CN and GS-CN-x photocatalysts; Figure S2: The
high-magnification section of the XRD patterns for bulk CGS-CN and GS-CN-x photocatalysts;
Figure S3: Summary of C atomic contents in the various photocatalysts determined by C1s spectra
(a) and summary of N atomic contents in the various photocatalysts determined by N1s spectra
(b); Figure S4: The energy band diagrams of bulk CGS-CN and GS-CN-60; Figure S5: H2 evolution
rate from different concentration of TEOA as a sacrificial electron donor by GS-CN-60 photocatalyst.
Figure S6: XRD and FT-IR patterns of the GS-CN-60 for photocatalytic H2 evolution before and after
five cycling runs; Figure S7: SEM images of CDCDA-CN, DCDA-CN-60, CMA-CN, and MA-CN-
60; Figure S8: TEM images of CDCDA-CN, DCDA-CN-60, CMA-CN, and MA-CN-60; Figure S9:
XRD patterns of CDCDA-CN and DCDA-CN-x (a), CMA-CN and MA-CN-x (b); Figure S10: FTIR
spectra of CDCDA-CN and DCDA-CN-x (a), CMA-CN and MA-CN-x (b); Figure S11: UV-Vis diffuse
reflectance spectra (a), the corresponding Kubelka-Munk transformed spectra (b) and PL spectra
of CDCDA-CN, DCDA-CN-x, CMA-CN and MA-CN-x (c); Table S1: Surface atomic ratio of all
photocatalysts determined by XPS spectra; Table S2: The atom percentage of C, N, O and H atoms
in the CGS-CN and GS-CN-60 photocatalysts determined by EA; Table S3: Lifetime and Relative
Intensities of the fitting parameters of PL decay curves for CGS-CN and GS-CN-x photocatalysts;
Table S4: BET specific surface areas (SBET) of the photocatalysts.
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Abstract: Ultra-thin two-dimensional materials are attracting widespread interest due to their excel-
lent properties, and they are becoming ideal candidates for a variety of energy and environmental
photocatalytic applications. Herein, CdS nanorods are successfully grown in situ between a mono-
layer of g-C3N4 using a chemical water bath method. Continuous ultrasound is introduced during the
preparation process, which effectively prevents the accumulation of a g-C3N4 layer. The g-C3N4@CdS
nanocomposite exhibits significantly enhanced photocatalytic activity for hydrogen production under
visible-light irradiation, which is attributed to a well-matched band structure and an intimate van der
Waals heterojunction interface. The mechanism of photocatalytic hydrogen production is discussed
in detail. Moreover, our work can serve as a basis for the construction of other highly catalytically
active two-dimensional heterostructures.

Keywords: monolayer g-C3N4; CdS; heterojunction; photocatalytic hydrogen production

1. Introduction

With the rapid development of global industry, various problems, for example, climate
warming, energy crisis, and environmental pollution, come along [1]. Using catalysts to
harness inexhaustible solar energy is a green, sustainable, and promising method [2–5].
Under the irradiation of sunlight, a photocatalyst is excited to produce electron–hole
pairs, and the electrons and holes undergo the reduction reaction and oxidation reaction,
respectively, which can decompose organic pollutants into hydrocarbons [6–8], split water
to produce hydrogen and oxygen [9], and reduce CO2 to fuels such as CO and CH4 [10]. In
addition, excited electrons reduce nitrogen gas to ammonia, which is an important chemical
feedstock and is widely used in agricultural waste [11]. In the photocatalytic reaction,
the most critical choice is the photocatalyst, which determines the concentration of the
electron–hole pairs produced under light irradiation.

In recent years, many semiconductor materials and nanocomposites have been de-
veloped in the field of photocatalysis, for example, CdS [12], ZnIn2S4 [13], PdS [14], and
TiO2 [15], among others [16]. Among the many semiconductors, graphite-like carbon
nitride (g-C3N4) has become a research hotspot because of its suitable band structure
and unique electric, optical, structural, and photochemical properties [17–20]. It is a non-
metallic inorganic n-type semiconductor polymer composed of C and N elements, in which
both C and N atoms are hybridized in the form of sp2 and are connected to form a ring
by the σ covalent bond, and, between the rings, they are connected by amino groups to
form a π electron conjugated structure. Therefore, these unique structures of g-C3N4 can be
applied to many fields. In 2009, Wang and his colleagues [21] first discovered that g-C3N4
produces hydrogen and oxygen under light irradiation, and this application for hydrogen
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evolution has attracted wide attention. Since then, a wide variety of g-C3N4-based photo-
catalysts have been designed to drive various reduction and oxidation reactions under light
irradiation [17,22–25]. Here, the CdS materials have a suitable bandgap width of 2.4 eV
and a good visible-light response, but there is serious photo-corrosion, which leads to a
severe recombination of photogenerated carriers [6]. If CdS and g-C3N4 combine to form a
heterojunction, there will inevitably be a photocatalytic performance of 1 plus 1 is greater
than 2. Therefore, nanocomposites of g-C3N4 and CdS have been widely reported and stud-
ied [22,26,27]. The combination of excellent single-layer g-C3N4 and CdS will form a fast
electron transport channel, and the separation efficiency of photogenerated electrons and
holes can be greatly improved, thus showing an excellent rate of photohydrogen production.
Jianjun Liu [28] systematically calculated the energy band structure and charge transfer of
the heterojunction between g-C3N4 and CdS using the hybrid density functional approach.
They suggested that the contact between CdS and monolayer g-C3N4 forms a van der Waals
heterojunction, which will have an internal electric field that facilitates the separation of
the electron–hole pair at the interface. Researchers [18,29] obtained a monolayer of g-C3N4
using ultrasound, and then they grew CdS using solvothermal, hydrothermal, and other
methods. Although monolayer g-C3N4 obtained via ultrasound is easy to agglomerate to
form bulk g-C3N4 in the process of the hydrothermal growth of other semiconductors, thus
improving photocatalytic performance, there are still some limitations.

In this paper, CdS were grown in situ on monolayer g-C3N4, which is equivalent to a
substrate. In order to better obtain monolayer g-C3N4, ultrasound was consistently maintained
during the chemical bath deposited method, which is a method that has simple equipment
and a low cost and allows for easy large-area preparation. Consequently, intimate contact
interfaces between g-C3N4 and CdS were also obtained, which could accelerate the separation
of photogenerated carriers. The experimental results show that the photocatalytic performance
of the composites improved. The crystal structure, microstructure, and morphology of the
composite were analyzed in detail. Moreover, photocatalytic mechanisms were also proposed,
and they were demonstrated using characterization methods.

2. Results and Discussion

The crystal structures of the CdS, g-C3N4, and G-CdS nanocomposites were charac-
terized using an X-ray diffractometer (XRD), as shown in Figure 1a. For pure g-C3N4,
two diffraction peaks were found at 12.9◦ and 27.6◦, which can be indexed as (100) and
(002) diffraction planes for graphitic materials (JCPDS 87-1526) [21]. The (100) diffrac-
tion peaks and (002) diffraction peaks are associated with the in-plane repeated units
and periodic graphitic stacking of the conjugated aromatic system [30,31], respectively,
which indicates the existence of graphite-like layer structures. The obtained composite
photocatalyst exhibited gradually appearing diffraction peaks at 25.1, 26.6, 44.1, and 52.1◦,
while the intensity of the diffraction peaks related to g-C3N4 gradually weakened with
increasing concentrations of Cd and S. A comparison with the standard PDF card (65-3414)
showed that these diffraction peaks are (100), (002), (110), and (112) of the CdS hexagonal
wurtzite structure, respectively. The results of XRD indicate that the CdS of the hexagonal
wurtzite structure was grown in situ on the g-C3N4 nanosheets through the CBD process,
and the concentration of CdS gradually increased with the increase in Cd and S sources.
The characteristic functional groups of the photocatalysts were analyzed using Fourier
Transform Infrared (FTIR) spectroscopy. For g-C3N4, the spectrum reveals several notable
features. The prominent absorption peak at 807 cm−1 can be attributed to the stretching
vibration of heptazine ring units [32], as depicted in Figure 1b. Additionally, the broad band
observed in the range of 1100–1700 cm−1 corresponds to the stretching vibration mode
of the aromatic C-N heterocyclic skeleton, which is characteristic of the typical structure
of g-C3N4. The spectrum for g-C3N4 also shows peaks in the range of 3000–3400 cm−1,
indicating the N-H bond stretching vibration of -NHx [33], while the weak peak observed at
3437 cm−1 was attributed to the O-H stretching vibration, likely due to the presence of hy-
droxyl groups or the physical adsorption of H2O molecules [34]. As for CdS, the spectrum
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exhibits distinct peaks at 3437 cm−1 and 1622 cm−1, corresponding to the surface-adsorbed
water molecules [35]. Additionally, the peaks at 1333 cm−1 and 1167 cm−1 are associated
with the stretching vibration peak of Cd-S bonds. The peaks at 2924 cm−1 are attributable
to the bending vibration of -CH2 and -CH3 groups [36,37]. Furthermore, in the G-CdS
nanocomposites, both partial CdS vibration peaks and partial g-C3N4 vibration peaks were
observed, indicating the successful combination of the two materials without impurities.

Figure 1. (a) XRD patterns and (b) FTIR patterns of CdS, g-C3N4, and G-CdS nanocomposites.

The microstructures and morphologies of the samples were characterized and an-
alyzed using transmission electron microscopy (TEM), as shown in Figure 2. Both the
amorphous and crystalline g-C3N4 exhibited an exceptionally thin nanosheet morphology.
In contrast, the TEM morphology of pure CdS showed significant agglomeration (Figure 2b).
Moreover, in the high-resolution TEM (HRTEM) images of the edge nanoparticles, lattice
fringes with spacings of 0.351, 0.337, 0.2065, and 0.292 nm could be observed. The lattice
fringes at 0.351 nm, 0.337 nm, and 0.2065 nm correspond to the hexagonal wurtzite structure
of CdS, while the lattice fringe at 0.292 nm corresponds to the cubic structure of CdS. This in-
dicates that CdS, in the absence of g-C3N4, consists of both hexagonal and cubic structures,
which is consistent with the XRD results. For the G-CdS nanocomposites, many amorphous
quantum dots with sizes around 8 nm emerged on the g-C3N4 nanosheet structures. This
observation is consistent with the amorphous CdS results obtained from the XRD pattern.
As the concentration of Cd and S further increased, nanorod-shaped nanowire structures
with a length of approximately 50 nm and a width of around 4 nm emerged on the g-C3N4
nanosheet layer. Further confirmation through HRTEM revealed that these needle-shaped
nanowire structures were composed of CdS material with a hexagonal wurtzite structure
(the lattice fringes are marked in red in Figure 2). A clear and tight contact interface be-
tween g-C3N4 and CdS was achieved, which implies an intimate heterojunction between
the two components, as indicated by the green dashed box in Figure 2g. Compared with
Figure 2a, it can be seen that the thickness of the g-CN nanosheets is significantly thinner.
This facilitated the effective transfer of charge carriers between the two semiconductors.
This indicates that the CdS nanowire structures were grown in situ on g-C3N4 rather than
being a mere physical mixture of the two materials. The high-resolution lattice stripe on
the CdS nanorods was 0.333 nm, which means that the nanorods were preferentially grown
in the (002) direction. For the G-CdS-5 nanocomposites, the nanorod-shaped CdS nanowire
structures further grew in both length and width (Figure 2h). Therefore, according to
the TEM morphology, it could be concluded that the concentrations of Cd and S sources
influence the morphological evolution of CdS.
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Figure 2. TEM images of (a) g-C3N4 without ultrasound, (b) CdS, (d) G-CdS-1, (f) G-CdS-3, and
(h) G-CdS-5. HRTEM images (c) CdS, (e) G-CdS-1, (g) G-CdS-3, and (i) G-CdS-5. The red circled
areas and green circled areas correspond to CdS and g-C3N4.

Moreover, elemental mapping techniques were utilized to investigate the elemental
compositions of the G-CdS-3 nanocomposites. As depicted in Figure 3, it was observed that
the G-CdS nanocomposites contained C, N, Cd, and S elements with no other impurities
detected, which further confirms the successful synthesis of the composite samples. The
results also show a uniform spatial distribution of C, N, Cd, and S elements, indicating
the homogeneous distribution of the CdS nanowire structures on the surface of g-C3N4 or
between the layers of g-C3N4.

The element compositions and chemical states in the samples were further investigated
through X-ray photoelectron spectra (XPS). As shown in Figure 4a, in comparison to the CdS
and g-C3N4 samples, the G-CdS nanocomposites contained Cd, S, C, N, and O elements,
and the presence of a slight amount of O element may be attributed to the absorbed oxygen
(such as H2O and CO2) on the surface of the sample, in good agreement with the elemental
mapping results. All the high-resolution spectra were calibrated by setting the binding
energy of the C-C peak to 284.8 eV. Figure 4b shows the C1s spectrum, which was fitted
using Gaussian functions to analyze the types and quantities of functional groups present
in the sample. In g-C3N4, the C1s core-level spectra consisted of four peaks located at
284.8, 286.3, 288.2, and 293.6 eV, which could be attributed to C=C, N≡C- groups [38],
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N-C=N in typical s-triazine rings [39], and the carbon attached to uncondensed -NH2
groups [40], respectively. The strength of the N-C=N bond gradually weakened, which
was attributed to the increasing concentration of CdS. At the same time, the position of the
bond energy also shifted, indicating that the coupling between g-C3N4 and CdS became
stronger. Figure 4e shows that the N 1s spectrum has three peaks at 398.6 and 400.8 eV,
which were attributed to the bi-coordinated N (C=N-C) and N-H bonds, respectively. These
peaks also gradually weakened and shifted. With the increase in the CdS concentration,
two distinct peaks with binding energies of 404.9 and 411.7 eV appeared, corresponding to
the Cd 3d5/2 and Cd 3d3/2 states, respectively, of the Cd atoms in the Cd-S bonds [6,41,42].
At the same time, the S 2p peak gradually emerged, which could be deconvoluted into two
doublets using Gaussian fitting, as displayed in Figure 4e. These two peaks were located
at 161.3 (S 2p 3/2) and 162.3 (S 2p1/2), which are characteristic of S species from CdS. It
could clearly be seen that the two peaks moved towards a higher binding energy with
the increase in the CdS concentration, which means that the crystallization quality and
the coupling of the heterojunction further improved. These pieces of evidence, combined
with the results of XRD, the FTIR spectra, and TEM, prove that there was a significant
heterojunction between CdS and g-C3N4 in the G-CdS nanocomposites. This indicates that
the G-CdS nanocomposite will exhibit excellent performance in terms of charge carrier
transport. To determine the band structure, the valence band (VB) spectrum of XPS was
measured to obtain the balance band potential (Evb, XPS) using VB-XPS plots, as shown in
Figure 4f. The intersection of the epitaxial linear part with the x-axis provides the EVB, XPS
of CdS, and g-C3N4 with values of 0.4 and 1.23 eV, respectively. Then, the EVB of the
corresponding standard hydrogen electrode (EVB, NHE) could be calculated as follows [43]:
EVB, NHE = φ + EVB, XPS-4.44, where φ is the work function of the instrument (4.258 eV).
Therefore, the EVB, NHE of CdS and g-C3N4 were calculated as 1.05 and 0.22 eV, respectively.

Figure 3. Element mapping of G-CdS-3 nanocomposites: (a) high-angle annular dark-field im-
age, (b) C element, (c) N element, (d) Cd element, (e) S element, and (f) overlay diagram of
element mapping.

The optical bandgap of a material determines the range of solar light absorption.
Therefore, the optical properties were investigated using UV-vis diffuse reflectance spectra
(Figure 5a). g-C3N4 and CdS exhibited sharp absorption band edges at 456 nm and
560 nm, respectively. Compared to g-C3N4, G-CdS exhibited a slight red shift in its diffuse
reflectance spectrum, and the samples appeared darker in color, suggesting the formation of
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a composite structure of g-C3N4 and CdS in G-CdS. The redshift observed in the absorption
spectra indicates a modification in the electronic band structure of g-C3N4, resulting from
the formation of cyano group defects [38]. Consequently, the absorption edges of the G-CdS
samples extend into the visible light region, enhancing the light absorption capability.
According to the Tauc formula, the optical bandgap of the samples was calculated. The
Tauc formula is as follows [6]: αhv = A(hv − Eg)n, where Eg, α, h, v, A, and n represent
the optical bandgap, absorption coefficient, Planck’s constant, incident light frequency,
a constant, and n = 1/2 for CdS, respectively. The fitting results, as shown in Figure 5b,
indicate that the intersection between the linear extrapolation and the x-axis represents the
optical bandgap. The optical bandgaps of g-C3N4, G-CdS-1, G-CdS-2, G-CdS-3, G-CdS-4,
G-CdS-5, and CdS were 2.86, 2.8, 2.49, 2.45, 2.4, 2.36, and 2.29 eV, respectively.

Figure 4. XPS spectra of g-C3N4, CdS, and G-CdS nanocomposites: (a) survey spectrum, (b) C 1s,
(c) N 1s, (d) Cd 3d, (e) S 2p, and (f) valence-band spectra. (b,e) are the results of Gaussian fitting.

Figure 5. (a) UV-vis diffuse reflection spectra, and (b) the corresponding Tauc plots of (αhv)2 versus
hv for the g-C3N4, CdS, and G-CdS nanocomposites.
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Figure 6 shows the photocatalytic hydrogen generation rate of the g-C3N4, CdS, and
G-CdS nanocomposites. It can be seen from the figure that the hydrogen production
of all the samples was linear with respect to the time of light irradiation. The g-C3N4
sample exhibited the lowest hydrogen production performance (20.98 μmol·g−1·h−1).
Moreover, the hydrogen production performance gradually increased with the increase
in CdS loading, and the hydrogen production performance of G-CdS-3 reached the maxi-
mum (1611.4 μmol·g−1·h−1), while the performance gradually decayed with the further
increase in CdS loading. The hydrogen production of the G-CdS-3 was 76 times higher
than that of g-C3N4 and 10 times higher than that of CdS. It is well known that the pho-
togenerated electrons and holes produced by CdS under light irradiation are inherently
strong recombination phenomena. Therefore, when CdS was grown in situ in the in-
terlayer of g-C3N4, the aggregation of g-C3N4 decreased, and the specific surface area
could be increased at an appropriate concentration, exposing more active sites, effectively
increasing the photogenerated carrier separation rate and improving the photocatalytic
performance of the nanocomposite. The photocatalytic hydrogen production properties
of related g-C3N4@CdS nanocomposites were investigated, and a comparison of these
properties is shown in Table 1. As shown in Table 1, the G-CdS nanocatalysts in this paper
demonstrated excellent performance. Furthermore, by measuring the XRD patterns of the
G-CdS-3 nanocomposites after the hydrogen production experiment, it was found that the
diffraction patterns were basically unchanged compared with those of the fresh sample, as
shown in Figure 7.

Figure 6. (a,b) Visible-light photocatalytic H2 production rate of g-C3N4, CdS, and G-CdS nanocomposites.

Table 1. Comparison of H2 evolution performance between G-CdS-3 and other reported photocatalysts.

Catalyst Synthesis Method Dosage (mg)
Type of Light

Source
Sacrificial
Reagent

H2 Evolution Rate
(μmol·g−1·h−1)

Refs.

Pd-CdS/g-C3N4

hydrothermal
method and
borohydride

reduction method

50
300 W Xe arc

Lamp
(λ > 400 nm)

0.5 M Na2S
and 0.5 M
Na2SO3

293.0 [44]

CdS/g-C3N4
photodeposited

method 10
300 W Xe arc

Lamp
(λ > 420 nm)

0.5 M Na2S
and 0.5 M
Na2SO3

56.9 [45]

CdS/Au/
g-C3N4

photodeposited
method 100 Xenon Lamp

(λ > 420 nm) 10 mL methanol 19.02 [46]

CdS/g-C3N4 hydrothermal
synthesis 10

300 W Xe arc
Lamp

(λ > 400 nm)

20 mL
triethanolamine 216.48 [47]

G-CdS modified CBD
method 50

300 W Xe arc
Lamp

(λ > 420 nm)

20% lactic acid
aqueous
solution

1611.4
μmol·g−1·h−1 This work
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Figure 7. XRD patterns of G-CdS-3 before and after hydrogen production experiments.

By adding a certain amount of cadmium acetate and ammonia water into the ultrasonic
g-C3N4 nanosheet aqueous solution, a cadmium complex, [Cd(NH3)4]2+, was formed in
the alkaline environment. Under the action of ultrasound, the [Cd(NH3)4]2+ was uniformly
attached to the g-C3N4 nanosheet. With the addition of thiourea, S2- formed in the alkaline
solution, where ammonium acetate acted as a buffer to control the release rate of S. In this
way, Cd and S heteronucleated in the layer of g-C3N4 to form CdS. When the accumulation
of Cd and S ions exceeded the solubility of CdS, CdS nanoparticles were deposited on
g-C3N4. In the XRD pattern (Figure 1), the (002) diffraction peak of g-C3N4 could be
significantly shifted to the lower diffraction angle, which means that the layer spacing of
g-C3N4 becomes larger. With the progress of the reaction, CdS grew along the (002) crystal
planes, and CdS nanorods were formed. The chemical equation of the reaction is as follows:

Cd + NH3 → [Cd(NH3)4]2+

SC(NH2)2 + 3OH− → 2NH3 + CO3
2− + HS−

HS− + OH− → S2− + H2O

Cd2+ + S2− → CdS

Based on the results of XPS and the UV-vis absorption spectrum analysis, the band
structures of the G-CdS nanocomposites are illustrated in Scheme 1. It can be seen that a
Type II heterojunction formed between CdS and g-C3N4, which is consistent with the band
structure calculated theoretically in the literature [28]. Under light irradiation, electron
hole pairs were generated, and the well-matched Type II g-C3N4/CdS heterojunction could
realize the positive synergistic effect of accelerating carrier separation and inhibiting CdS
corrosion. In addition, during the preparation process, accompanied by ultrasound, g-C3N4
presented a monolayer or several layer structures, which had a van der Waals heterojunc-
tion with CdS. Therefore, the presence of an internal electric field in the heterojunction
further promoted the separation of electron–hole pairs at the g-C3N4/CdS interface [28].
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The separation of charge carriers in the G-CdS heterojunctions was also confirmed by
photoluminescence and a photochemical test.

Scheme 1. Diagram of the band edge positions G-CdS nanocomposites.

In order to further investigate the luminescent properties of the composite related to
the recombination of photogenerated charge carriers under light irradiation, the photolu-
minescence spectra were measured with an excitation wavelength of 370 nm, as shown
in Figure 8. It can be observed in the figure that g-C3N4 and CdS exhibited strong photo-
luminescence peaks, while the intensity of the photoluminescence peak in the G-CdS-3
nanocomposites was the weakest. This suggests that the G-CdS-3 sample has a lower
probability of photogenerated carrier recombination under light irradiation, indicating
higher photocatalytic efficiency.

 
Figure 8. Photoluminescence emission spectra of CdS, g-C3N4, and G-CdS.

In addition, the interfacial charge transfer and separation capabilities of the g-C3N4,
CdS, and G-CdS nanocomposites were also investigated in photoelectric chemistry experi-
ments. As shown in Figure 9, the photoelectric response of the G-CdS nanocomposites was
higher than that of g-C3N4 and CdS. Moreover, G-CdS-3 exhibited the best photocurrent
density, which had high hydrogen production performance. Furthermore, electrochem-
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ical impedance spectroscopy (EIS) was employed to delineate the carrier transport and
separation processes, as illustrated in Figure 10. Within EIS spectroscopy, the arc radius
serves as a gauge for electron transfer capacity and efficiency in separating photogenerated
carriers, and it expedites interfacial charge transfer [48]. Our experimental findings reveal
the G-CdS-3 sample exhibits the smallest arc radius, underscoring its superior charge
transfer and photogenerated electron–hole pair separation capabilities. This underscores
an accelerated interface charge transfer rate within the sample.

 

Figure 9. Photocurrent response curves of g-C3N4, CdS, and G-CdS nanocomposites.

 

Figure 10. ESI Nyquist plots of g-CN, G-CdS, and CdS.

3. Experimental Section

3.1. Materials

Melamine (99%), cadmium acetate dihydrate (Cd(CH3COO)·H2O), 99.99%), ammo-
nium acetate (CH3COONH4, 99%), ammonia solution (NH3·H2O, AR, 25–28%), and
Thiourea (CH4N2S, 99%) were purchased from Aladdin Reagent Co., Ltd. (Shanghai,

76



Molecules 2023, 28, 7846

China), and they were used directly without further purification. Deionized water with
18 MΩ cm was used in our experiment.

3.2. Synthesis of g-C3N4 Nanosheets

Firstly, 5g melamine powder was heated to 550 ◦C in an alumina crucible with a lid
using a tube furnace at a heating rate of 5 ◦C/min and kept in the air for 2 h. The collected
yellow bulk g-C3N4 was ground into a fine powder in an agate mortar. Secondly, g-C3N4
nanosheets were obtained via the thermal etching of bulk g-C3N4 at 500 ◦C in the air for
2 h. Finally, the g-C3N4 nanosheets were washed in deionized water and ethanol three to
four times in sequence.

3.3. Synthesis of G-CdS Heterojunction

A schematic diagram of the deposition process of CdS on g-C3N4 is shown in Scheme 2.
The g-C3N4@CdS (G-CdS) heterojunction was prepared using a modified chemical bath
deposition (CBD) method [49] with ultrasonic microwave photocatalytic synthesis. In
brief, 500 mg g-C3N4 and a certain amount of Cd(CH3COO)·H2O were mixed in 200 mL
of deionized water for ultrasonic dispersion. Two hours later, 0.03 M CH3COONH4 was
added, and NH3·H2O was added to adjust the pH to 11. The abovementioned mixed
solution was heated to 60 ◦C for 30 min. Then, 0.004 M CH4N2S was added to the solution
and heated to 90 ◦C for 30 min. When the reaction was over, the solution naturally cooled to
room temperature. After the reaction, the solution was washed with deionized water and
ethanol, and then it was filtered to obtain heterojunction materials. Finally, the obtained
nanocomposites were dried at 60 ◦C for 12 h. The prepared samples were marked as G-CdS-
1, G-CdS-2, G-CdS-3, G-CdS-4, and G-CdS-5, indicating the amount of Cd(CH3COO)·H2O
as 0.002 M, 0.004 M, 0.006 M, 0.008 M, and 0.01 M, respectively. As a reference, the synthesis
process of CdS is similar to that of G-CdS-3, except that g-C3N4 is not added.

 
Scheme 2. Schematic diagram of the formation process of G-CdS heterostructure.

3.4. Characterization

The crystal structures of the g-C3N4, CdS, and G-CdS nanocomposites were character-
ized using an XRD with Cu Kα radiation, which operated at a voltage and current of 40 KV
and 80 mA, respectively. The morphologies and microstructures of the nanocomposites
were measured using TEM, Talos F200X G2, and HRTEM with an accelerated voltage
of 200 KV, and super-X model energy dispersive spectroscopy was used to analyze the
element distribution. For the TEM test, the ethanol solution containing 1 mg catalyst was
dispersed evenly using ultrasound for 10 min, then dropped on the copper net, dried
naturally, and measured. The characteristics of the functional groups in the synthetic
materials were analyzed using FTIR, Thermo Scientific Nicolet iS20. The changes in the
valence state and band structure of the elements in the nanocomposite were measured
using XPS on a PHI 5000 Versaprobe III spectroscopy instrument with monochromatic Al

77



Molecules 2023, 28, 7846

Kα radiation. Ultraviolet-visible diffuse reflectance spectra were obtained using a Hitachi
UH4150 equipped with an integrating sphere. The steady-state photoluminescence was
detected using a Hitachi F7000 spectrofluorometer with an excitation wavelength of 385 nm.
The photocurrent performance and EIS spectroscopy were examined using a three-electrode
electrochemical workstation (CHI660E, ChenHua Instrument Co., LTD, Shanghai, China).
The reference electrode was Ag/AgCl, the counter electrode was a Pt plate, and the working
electrode was an FTO glass with a catalyst. The electrolyte was a 0.5 M aqueous solution
of Na2SO4.

3.5. Evaluation of Photocatalytic H2 Production Activity

For the measurement of photocatalytic H2 production, a reaction flask was filled with
50 mg photocatalyst, 20% lactic acid aqueous solution (10 mL) as a sacrificial agent, 100 mL
of deionized water, and 3% wt Pt as a co-catalyst, using chloroplatinic acid as a Pt source.
The mixed solution was ultrasonically dispersed for 30 min to obtain a uniformly dispersed
suspension, which was then transferred to a quartz reactor connected to an online trace
gas analysis system (Labsolar-6A, Perfectlight, Beijing, China). The system and the reactor
were evacuated several times to ensure that the air was completely removed. The reactor
was irradiated using a 300 W Xe arc lamp source, and the wavelength of the incident light
was regulated by using a 420 nm long pass cut-off filter. The temperature of the reaction
solution was maintained at 5 ◦C with a constant temperature water cooling system. The
concentration of photocatalytic H2 production after light irradiation was analyzed using
an online gas chromatograph (GC9720PLUS, Fuli instruments, Zhejiang, China) with a
thermal conductive detector. After the photocatalysis, the photocatalyst was centrifuged,
washed several times, and then vacuum dried at 60 ◦C.

4. Conclusions

In summary, a van der Waals heterojunction was successfully fabricated by introducing
a continuous ultrasonic step in the process of the chemical bath deposition method. Contin-
uous ultrasound prevented g-C3N4 from agglomerating, and it remained in a monolayer
or ultra-thin state. The microstructure, morphology, and optical properties of the G-CdS
heterojunction were characterized using XRD, SEM, TEM, and UV absorption spectra. The
results show that CdS of a hexagonal wurtzite structure grew preferentially on g-C3N4,
showing a nanorod structure. Moreover, there was a clear and tight contact interface
between g-C3N4 and CdS, as well as a tight heterojunction between the two components,
which helped to efficiently transfer charge carriers between the two semiconductors. Pho-
tocatalytic H2 production was also studied, and G-CdS-3 showed excellent photocatalytic
performance; the catalytic mechanism was revealed using a Type II mechanism. PL and
photocurrent spectra proved that a Type II heterojunction can accelerate carrier separation,
reduce recombination, and improve photocatalytic H2 production.
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Abstract: The construction of hybrid junctions remains challenging for the rational design of visible
light-driven photocatalysts. Herein, In2S3/CdS/N-rGO hybrid nanosheets were successfully pre-
pared via a one-step pyrolysis method using deep eutectic solvents as precursors. Benefiting from
the surfactant-free pyrolysis method, the obtained ultrathin hybrid nanosheets assemble into stable
three-dimensional self-standing superstructures. The tremella-like structure of hybrid In2S3/N-rGO
exhibits excellent photocatalytic hydrogen production performance. The hydrogen evolution rate is
10.9 mmol·g−1·h−1, which is greatly superior to CdS/N-rGO (3.7 mmol·g−1·h−1) and In2S3/N-rGO
(2.6 mmol·g−1·h−1). This work provides more opportunities for the rational design and fabrication of
hybrid ultrathin nanosheets for broad catalytic applications in sustainable energy and the environment.

Keywords: In2S3/CdS/N-rGO; ultrathin nanosheets; photocatalysis; heterojunction; hydrogen evolution

1. Introduction

The photocatalytic decomposition of water to produce hydrogen has been identified
as an effective and most promising strategy for dealing with environmental crises and
energy scarcity [1]. Given the efficient use of solar energy, there have been many attempts
in recent years to develop different photocatalysts for the decomposition of water under
visible light [2]. Among which, chalcogenides and chalcogenide-based semiconductor
materials have been widely investigated as photocatalysts for water splitting due to its
inexpensive synthesis, low toxicity, large absorption coefficient, and narrow band gap
energies [3]. The facile synthesis enables the rational design of chalcogenide catalysts with
various shapes and structures and enriches the construction of hierarchical composites
with other components to gain more interesting properties [4–10].

Cadmium sulfide (CdS) is widely used among many semiconducting metal sulfide
materials due to its narrow band gap (2.4 eV), powerful reducibility, wide range of optical
absorption wavelengths and a suitable energy band structure, which can effectively absorb
visible light [7]. Nevertheless, CdS suffers from problems of stability in photocatalytic
processes due to photocorrosion. There are still several issues with CdS that limit the rate
of hydrogen production from pure CdS particles [11]. Up to now, numerous steps have
been taken to address these problems [9,10,12], of which building heterojunctions with
other semiconductors has been proven to be one of most the effective strategies [13–15].
For example, CdS/g-C3N4 nanoheterojunctions have been prepared using a hydrothermal
method to improve its visible light photocatalytic performance for H2 production [14].
Huang et al. reported the synthesis of CdS/ZnS nanocomposites for extraordinary photo-
catalytic H2 generation via a type-II heterojunction [15]. Indium sulfide (In2S3) is an n-type
semiconductor with a band gap of 2.0 to 2.4 eV, which has good stability as well as high
photosensitivity [16]. Thanks to these advantages of both CdS and In2S3 semiconductors,
more and more reports have focused on the synthesis of In2S3/CdS nanocomposites to form
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effective photocatalysts [17–21]. The suitable energy band structure between In2S3 and
CdS benefits the construction of the In2S3/CdS heterojunction, which would accelerate the
separation of photogenerated carriers and result in enhanced photocatalytic performance
as compared to individual ones. For example, In2S3 nanoparticles have been deposited
on CdS nanorod arrays for enhanced solar light-driven photoelectrochemical hydrogen
evolution [22]. Yang et al. reported a Cu-doped In2S3/CdS heterojunction with a high
spatial charge separation rate to boost photocatalytic hydrogen production [23].

However, sulfides have their inherent disadvantage of photocorrosion [24]. Thermo-
dynamically, photocorrosion happens because of high oxidative h+ in the valence band
which tends to oxidize lattice S2− ions of CdS and In2S3 during the photocatalytic process.
But the stability incensement could be achieved by adding a suitable sacrificial agent to
scavenge the holes with competitive kinetics. For example, the photocatalytic activity and
stability of sulfide photocatalysts can be efficiently improved by adding an S2−/SO3

2−
mixture as an electron donor for hydrogen evolution from water.

On the other hand, graphene oxide has recently been introduced into semiconductor
photocatalysts to further improve the efficiency of charge transfer and thereby improve
photocatalytic activity and stability [25]. For example, Jia et al. reported the preparation of a
N-doped graphene/CdS nanocomposite for water splitting under visible-light illumination,
in which N-doped graphene could act as a protective layer to prevent photocorrosion of
the CdS photocatalyst [26]. Liu et al. prepared a stacked nanostructure of GO–CdS@MoS2
to diminish the shortage of serious photocorrosion and obtain a high photocatalytic H2 evo-
lution performance [27]. These sulfide/graphene composite preparation methods usually
involve the pre-preparation of graphene and the release of poisonous substances. Thus, de-
veloping an environmentally friendly route is urgently needed to prepare sulfide/graphene
composites.

Recently, deep eutectic solvents (DESs) have been accepted as novel media to apply
to the fields of chemistry, materials, and catalysis because of the unique physicochemical
properties including being environmentally friendly, its strong solvating ability, and its
tunable compositions. More and more works have been reported exploring the potential
of using DESs as reaction media for material synthesis, such as nanometals, zeolite-type
materials, carbon materials, and metal–organic frameworks [28,29].

In this work, In and Cd-containing DES liquids were elaborately designed and applied
to the synthesis of a hybrid In2S3/CdS/N-rGO photocatalyst via one-step pyrolysis, which
is schematically shown in Figure 1. The unique liquid property of the DES precursor
results in the in situ formation of tightly coupled interfaces in the hybrid. The in situ
formed heterojunction with a spherical tremella-like structure could contribute to more
active sites, highly efficient transfer and separation of photogenerated carriers, and the
acquisition of strong redox stability. Under visible light, the hydrogen production rate of
the In2S3/CdS/N-rGO photocatalyst achieved 10.9 mmol·g−1·h−1, which was 2.9 times
that of a single component CdS and 4.2 times that of an In2S3 photocatalyst.

Figure 1. A schematic diagram for the preparation of the In2S3/CdS/N-rGO hybrid.
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2. Results and Discussion

2.1. Formation of DES

The formation of deep eutectic solvents (DESs) of CdCl2·2.5H2O, InCl3, and ethylene
glycol was first characterized. As shown in Figure 1, we collected FT-IR of CdCl2·2.5H2O,
InCl3, ethylene glycol, and DESs. After DES formation, the chemical shift of –OH decreased
because of hydrogen bond formation between Cl− ions and the hydrogen atom in the
DESs [30]. The absorption peak at 3429 cm−1 corresponds to the stretching of –OH in
ethylene glycol. After DES formation with CdCl2·2.5H2O and InCl3, the -OH was chelated
by Cl−. As a result, the –OH band moved to a lower wavenumber and significantly
widened, which is evidence of hydrogen bond formation, enabling the components to be
tightly coupled at the molecular level. At the same time, the oil bath temperature for the
reaction to form a transparent and uniform liquid is about 75 ◦C. The melting point of the
mixture was lower than the melting point of each component, which can also reveal the
formation of DESs (the melting point of InCl3 is 586 ◦C, and CdCl2·2.5H2O is 568 °C) [31].
The obtained DES liquids were used as precursors to synthesize the In2S3/CdS/N-rGO
photocatalyst via a one-pot pyrolysis, as schematically shown in Figure 2.

Figure 2. FT-IR spectra of CdCl2·2.5H2O, InCl3, ethylene glycol, and DES.

2.2. Material Characterization

The structure of the as-prepared photocatalysts was identified from the respective XRD
patterns. As shown in Figure 3a, the XRD of the obtained In2S3/CdS/N-rGO photocatalyst
shows significant characteristic diffraction peaks at 24.81◦, 26.51◦, 28.18◦, 36.62◦, 43.68◦,
47.84◦, 51.82◦, and 66.77◦ corresponding to the (100), (002), (101), (102), (110), (103), (112),
and (203) crystal faces of CdS (JCPDS, No. 41–1049). The diffraction peaks at 14.25◦, 23.32◦,
27.43◦, 33.23◦, 43.60◦, and 47.70◦ are ascribed to the (103), (116), (109), (0012), (1015), and
(2212) crystal faces of In2S3 (JCPDS, No. 25–0390). The narrow and sharp characteristic
peaks indicate CdS and In2S3 samples have high crystallinity. In addition, In2S3 in the
hybrid has a peak shift to a higher diffraction angle. It may come from the doping of smaller
N or C atoms into In2S3 or from the formation of strong interface interactions between
In2S3 and CdS and even the formation of a CdIn2S4 phase [20]. The XRD results support
the presence of CdS and In2S3 substances. But there are no obvious diffraction peaks of
graphene in the pattern, presumably due to the relatively weak intensity in comparison
with the high crystallinity of In2S3 and CdS. The Raman spectrum was recorded to further
identify the presence of graphene carbon. Figure 3b shows the Raman spectrum of the
catalyst with two characteristic peaks around 1350 and 1580 cm−1, confirming the presence
of reduced graphene oxide carbon in the In2S3/CdS/N-rGO hybrid [25]. It is also evident
that the Raman data are very noisy and the D band intensity is rather strong, which could
be deduced from the lower content of rGO carbon in the hybrid, the doping of N atoms into
rGO carbon, and the larger quantity of defects in rGO carbon because of the composition of
In2S3/CdS in the in situ pyrolysis process.
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Figure 3. XRD patterns (a) and Raman spectrum (b) of the photocatalysts.

The morphology and surface microstructure of the In2S3/CdS/N-rGO photocatalyst
were studied using SEM and TEM. As shown in Figure 4a, the In2S3/CdS/N-rGO photo-
catalyst has a layered shape of tremella, with a diameter of about 1–2 μm. The tremella
shows staggered growth of ultrathin curved nanosheets. These nanosheets cluster together
in different directions to form open cavities distributed across the entire surface of the mi-
crospheres (Figure 4b). This open cavity will produce rich voids and a large specific surface
area and expose more active sites. It can also be seen from the TEM image in Figure 4c
that the contrast between light and dark indicates the porous structure of the tremella
microspheres composed of ultrathin nanosheets. The microstructure of the nanosheet was
further characterized by the HRTEM image in Figure 4e. After zooming in (dotted red
line regions), multiple layers of an almost transparent layer at the edge of the nanosheet
can be identified, as marked by yellow lines. The lattice fringe of about 0.37 nm matches
the distance between the layers of graphene oxide [30]. And Figure 4f shows two types of
distinct lattice fringes, the 0.269 nm lattice matching (0012) the faces of In2S3 [32] and the
0.316 nm lattice for (101) the crystal surfaces of CdS [33]. Figure 4g shows a HAADF-STEM
image of the hybrid, further confirming the tremella-like structure assembled by ultrathin
nanosheet. The corresponding STEM-EDS elemental mappings in Figure 4h reveal a uni-
form distribution of Cd, In, S, C, O, and N elements in the In2S3/CdS/N-rGO hybrid. It
can be concluded that the In2S3/CdS photocatalyst coated with a graphene oxide shell can
be successfully prepared by the DES precursor-assisted one-pot pyrolysis method. The
N-doped graphene oxide shell can inhibit the photocorrosion of metal sulfide to a certain
extent and accelerate the electron transfer of charge at the interface, which would greatly
improve the photocatalytic activity and stability.

Figure 5 shows XPS spectra of In 3d, Cd 3d, S 2p, C 1s, O 1s, and N 1s for different
photocatalysts, respectively. The 443.4 eV and 451.0 eV peaks in Figure 5a match the In 3d5/2
and In 3d3/2 binding energy, indicating the presence of an In3+ state in the hybrid [34]. The
characteristic peaks at 404.4 and 411.2 eV in Figure 5b correspond to the Cd 3d5/2 and Cd
3d3/2 binding energy of a Cd2+ valence state [35]. As shown in Figure 5c, the S 2p spectrum
can be fitted into two peaks at 160.4 eV and 161.6 eV, attributed to the characteristic peaks
of S 2p3/2 and S 2p1/2 of S2− [36]. The C 1s spectrum of In2S3/CdS/N-rGO is shown in
Figure 5d. The characteristic peak at 284.5 eV corresponds to sp2 hybridization carbon
and carbon atoms single- or double-bonded to the nitrogen atoms or oxygen [37]. The
peaks at 285.6 and 288.7 eV correspond to the C–C/C=C and O–C=N/C-N functional
groups [38]. The O 1s peak can be deconvoluted into four peaks at 530.9 eV, 532.1 eV, 533 eV,
and 533.4 eV (Figure 5e), which come from surface-absorbed OH groups on In2S3/CdS
as well as C=O, (CO*)OH, and C–O–C groups remained in rGO [39]. Figure 5f shows the
In2S3/CdS/N-rGO photocatalyst and In2S3/N-rGO photocatalyst with respect to N 1s
spectra, which can further prove the existence of N elements in In2S3/GO. In2S3/CdS/N-
rGO shows three weak peaks. The three peaks are located at 400.5 eV, 400.13 eV, and
398.34 eV, which correspond to graphitic nitrogen, N of pyrroline, and pyridinic N [37,40].
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These nitrogen-containing functional groups can confirm the existence of N-doped reduced
graphene oxide. In addition, it is worth noting that compared to the binding energy of
In 3d and N 1s in the composite photocatalyst In2S3/CdS/N-rGO, the elements in the
In2S3/N-rGO photocatalyst move 0.3 eV in the direction of low binding energy, while the
Cd 3d in the composite moves about 0.3 eV in the opposite direction. This indicates that a
close coupling interface is formed between In2S3 and CdS, attributed to the homogenous
contacting of components in the liquid DES precursor.

Figure 4. SEM (a,b), TEM (c), HRTEM (d–f), and HAADF-STEM image (g) and corresponding
STEM-EDS elemental mappings (h) of In2S3/CdS/N-rGO photocatalyst.

In order to investigate the reason for improved photocatalytic hydrogen activity, a
series of optical and electrochemical properties of the photocatalysts were measured to
evaluate the charge transfer and separation ability. To investigate the optical absorption
properties, UV-Vis diffuse reflectance spectroscopy (DRS) was carried out, as shown in
Figure 6a. CdS/N-rGO exhibited a significant absorption edge at about 505 nm, suggesting
good visible light absorption. Meanwhile, the absorption edge of the In2S3/N-rGO photo-
catalyst was close to 536 nm. After the In2S3/N-rGO was compounded with CdS/N-rGO,
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the absorption edges of In2S3/CdS/N-rGO (529 nm) fell well between those of CdS/N-
rGO and In2S3/CdS/N-rGO, indicating that they can harvest more photon efficiency than
CdS/N-rGO in the visible region via the compounding of In2S3/N-rGO. This result may be
due to the narrow band gap and porous structure of In2S3 with a large specific surface area.
It improves the utilization efficiency of sunlight and causes changes in the basic process of
electron hole pair formation, improving photocatalytic performance.

Figure 5. XPS spectra of (a) In 3d; (b) Cd 3d; (c) S 2p; (d) C 1s; (e) O 1s; and (f) N 1s of different
photocatalysts.

Figure 6. UV-Vis DRS spectra of different photocatalysts (a); corresponding Tauc plots for band gap
estimation of (b) CdS/N-rGO and (c) In2S3/N-rGO.

The Tauc plots calculated by UV-Vis spectra through the Kubelka–Munk formula
are shown in Figure 6b,c to estimate the band gaps of CdS/N-rGO and In2S3/N-rGO.
The band gap energies (Eg) of the catalyst can be calculated by using the Tauc plot. Ac-
cording to previous reports, the band gap energies can be calculated by the equation
(αhν) = K(hν − Eg)0.5 [41], where α is the absorption coefficient, ν is the optical frequency, K
is a constant, and Eg is the band gap. By tangent to the X-axis, the band gaps of CdS/N-rGO
and In2S3/N-rGO are estimated to be 2.25 eV and 2.18 eV, respectively.

2.3. Photocatalytic Hydrogen Evolution

The photocatalytic H2 evolution activity of In2S3/CdS/N-rGO was investigated on an
online photocatalytic system with a top light irradiation using 0.25 M Na2S·9H2O/0.35 M
Na2SO3 as sacrificial reagents. As presented in Figure 7a, the photocatalytic hydrogen
evolution performance of different photocatalysts were compared. A steady accumulation
of H2 is observed within 6 h. Figure 7b shows the corresponding hydrogen evolution
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rates. The In2S3/CdS/N-rGO photocatalyst has the highest value of 10.9 mmol·g−1·h−1,
which is significantly improved compared to the catalytic performance of CdS/N-rGO and
In2S3/N-rGO. The hydrogen evolution rate of the In2S3/CdS/N-rGO photocatalyst was
3.0 times and 4.2 times higher than that of CdS/N-rGO and In2S3/N-rGO photocatalysts,
respectively. This performance is also higher than most of the non-noble metal CdS-based
photocatalysts reported so far (Table 1).

Figure 7. (a) Photocatalytic H2 evolution and (b) H2 evolution rates of different catalysts; (c) H2

evolution cycling stability of In2S3/CdS/N-rGO.

Table 1. Comparison of the hydrogen evolution performance of the In2S3/CdS/N-rGO photocatalyst
with other reported CdS-based photocatalysts.

Catalyst Light Source Scavengers H2 Evolution Rate
(mmol·g−1·h−1)

Ref.

In2S3/CdS/N-GO λ ≥ 420 nm Na2S and Na2SO3 10.9 This work
CdS-Cu1.81S λ ≥ 420 nm Na2S and Na2SO3 2.714 [42]

CoS/CdS λ ≥ 420 nm Na2S and Na2SO3 0.143 [43]
CdS@Zn-C λ ≥ 420 nm Na2S and Na2SO3 6.6 [44]

PbTiO3/CdS λ ≥ 420 nm Na2S and Na2SO3 0.849 [45]
Cd/CdS λ ≥ 420 nm Na2S and Na2SO3 1.753 [46]

Ti3C2@CdS λ ≥ 420 nm methanol 0.088 [47]
CdS/NiO λ ≥ 420 nm Na2S and Na2SO3 1.77 [48]

CdS/np-rGO λ ≥ 420 nm Na2S and Na2SO3 2.171 [49]
Co@NC/CdS λ ≥ 420 nm lactic acid 8.2 [50]

C/CdS λ ≥ 420 nm Na2S and triethanolamine 5.71 [51]

In addition, the stability of photocatalysts is also one of the important criteria for
evaluating the performance of catalyst materials. As shown in Figure 7c, the In2S3/CdS/N-
rGO photocatalyst was used in a 30-h cycle stability experiment for photocatalytic hydrogen
evolution, with a total of five cycles and each for 6 h. The results indicate that the hydrogen
production performance is only slightly lower than the initial value, demonstrating that
the In2S3/CdS/N-rGO photocatalyst has good cycle stability while maintaining high
performance.

2.4. Photoelectrochemical Properties

Generally, the photocatalytic performance greatly relates to the transfer and sepa-
ration of photogenerated electron–hole pairs. PL intensity was applied to investigate
the effectiveness of photoexcited electron–hole pair separation. As shown in Figure 8a,
In2S3/CdS/N-rGO shows distinctly decreased PL intensity in comparison with CdS/N-
rGO and In2S3/N-rGO. This implies that the recombination of photoinduced electron–hole
pairs in In2S3/CdS/N-rGO was efficiently inhibited. In addition, transient photocurrent
responses of the photocatalysts were measured by several on/off cycles under illumination
(Figure 8b). After turning on the light, the I-t curve of the In2S3/CdS/N-rGO photocatalyst
showed much higher photocurrent density than In2S3/N-rGO and CdS/N-rGO, indicating
that the photoresponse sensitivity of photoexcited carriers could be indeed enhanced in
the In2S3/CdS/N-rGO hybrid. This result is consistent with the PL results. In addition,
EIS Nyquist plots are used to explore carrier dynamics, especially the charge transfer
impedance at the semiconductor electrolyte interface. Figure 8c shows EIS Nyquist plots
of different catalysts and the equivalent circuit model is shown in the inset. Rs is the

87



Molecules 2023, 28, 7878

solution resistance, Rct represents the charge transfer resistance, and CPE is described as
the constant phase element. By comparison, circle radii of In2S3/N-rGO and CdS/N-rGO
are wider than that of In2S3/CdS/N-rGO, demonstrating that the internal hindrance of the
In2S3/CdS/N-rGO heterojunction is less than that of the individual ingredient [35]. It is
reasonable to conclude that forming an In2S3/CdS/N-rGO hybrid could greatly promote
the directional migration and spatial separation of electron–hole charges from the above
experiment results.

Figure 8. PL spectra (a); transient photocurrent responses curves (b); and EIS Nyquist plots (c) of
different photocatalysts.

Figure 9 shows Mott–Schottky plots of CdS/N-rGO and In2S3/N-rGO measured at
different frequencies. Both of them show positive slope values, indicating that they are all
typical n-type semiconductors. The flat band potentials (Efb) determined as the x-intercept
in Mott–Schottky plots are −0.93 V for CdS/N-rGO and −1.32 V for In2S3/N-rGO versus
Ag/AgCl. Based on the equation of Efb (V vs. NHE) = Efb (V vs. Ag/AgCl) + 0.61 [52], the
normal hydrogen electrode (NHE) potentials were calculated to be Efb (CdS) = −0.32 V and
Efb (In2S3/N-rGO) = −0.71 V from the flat band potentials.

Figure 9. Mott–Schottky plots of (a) CdS/N-rGO and (b) In2S3/N-rGO.

2.5. Photocatalytic Hydrogen Evolution Mechanism

It is generally believed that coupling semiconductors with different valence band
(VB) and conduction band (CB) energy potentials can promote effective interfacial charge
transfer. Considering that an n-type semiconductor generally has a CB bottom of about
0.2 V higher than its Efb value, the CB bottom is −0.12 V for CdS and −0.51 V for In2S3
when potential difference is set as 0.2 V. And the VB tops are determined to be 2.13 V (CdS)
and 1.67 V (In2S3) by adding CB potential to the band gap value obtained from Figure 6b,c.
According to the above experimental results, band structures of the obtained CdS/N-rGO
and In2S3/N-rGO catalysts can be displayed in Figure 10. From the band alignment, In2S3
has a higher CB edge potential than CdS, while CdS has a deeper VB maximum. As a
result, a type-II heterojunction can be formed with a staggered energy band alignment at
the coupled interface between CdS and In2S3 which facilitates the charge separation and
transfer process [53].
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Figure 10. Photocatalytic hydrogen evolution mechanism of the In2S3/CdS/N-rGO photocatalyst.

According to the photochemical and photoelectrochemical experimental results dis-
cussed above, the combination of CdS and In2S3 in the type-II heterojunction could ef-
fectively accelerate the separation of photoexcited electrons and holes in space. Under
visible light irradiation, photoinduced electrons in the CB of In2S3 would move to the CB
of CdS, which would be captured by H+ ions to produce H2, whereas the holes transfer
from the VB of CdS to the VB of In2S3, which would be captured by the sacrificial reagent.
As a result, the accumulation of holes on the VB of CdS was prevented, inhibiting the
photocorrosion of CdS and improving the stability of the photocatalyst. The elaborately
designed DES liquid procedure enables the formation of the In2S3/CdS/N-rGO hybrid in
one step, resulting in tightly coupled interfaces and an enhanced charge conductivity. In
addition, the coupling of N-rGO plays significant roles in improving the photocatalytic
performance. N-doping introduces electron-rich N into the graphene framework and
enhances the electrical conductivity of rGO. N-doping forms additional defects and leads
to a structural change in graphene carbon, which serve as active sites for the in situ growth
of In2S3 and CdS, forming tightly coupled interfaces and enhancing the charge transfer
of the hybrids [54]. Also, N-rGO can protect In2S3 and CdS from corrosion. Furthermore,
the tremella-like structure provides more active sites for reactant species, such as hole
scavengers, H+, and H2O, promoting reaction kinetics for enhanced photocatalytic activ-
ity [55]. In summary, the CdS/In2S3/N-rGO hybrid possesses a synergetic effect of visible
light absorption enhancement, type-II heterojunction formation, and spherical tremella-like
structure, which act together to achieve high photocatalytic performance.

3. Materials and Methods

3.1. Chemicals

Indium chloride (InCl3, 98%) was purchased from Shanghai Macklin Biochemical
Co., Ltd. Cadmium chloride (CdCl2·2.5H2O), ethylene glycol, thioacetamide, sodium
sulfide (Na2S·9H2O), anhydrous sodium sulfite, and absolute ethanol were purchased
from Sinopharm Chemical Reagent Co., Ltd. All chemicals were used without further
purification. Deionized water was used in all experiments.

3.2. Preparation of the Photocatalysts

The In2S3/CdS/N-rGO composite photocatalyst was prepared via the one-step py-
rolysis method using DESs as precursors, as schematically shown in Figure 2. A total
of 2.5 mmol of InCl3, 2.5 mmol of CdCl2·2.5H2O, and 17 mmol of ethylene glycol were
firstly mixed into a glass bottle and heated in a 75 ◦C oil bath. The mixture converted to a
transparent and homogeneous liquid after 30 min stirring. Then, 7.5 mmol of thiourea was
added, and a uniform yellow liquid was formed after stirring for another 30 min. Finally,
the liquid precursor was transferred to a covered porcelain boat. Then, the porcelain boat
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was placed in the center of the tube furnace and heated to 650 ◦C at a rate of 5 ◦C/min
under N2 atmosphere and kept for 4 h. After cooling to room temperature, the sample was
washed, centrifuged three times with deionized water and ethanol, and dried to obtain
the In2S3/CdS/N-rGO composite photocatalyst. Figure 1 schematically shows the syn-
thesis procedure of the In2S3/CdS/N-rGO photocatalyst. CdS/N-rGO and In2S3/N-rGO
photocatalysts were prepared via the same procedure, without the addition of InCl3 for
CdS/N-rGO and in the absence of CdCl2·2.5H2O for In2S3/N-rGO.

3.3. Materials Characterization

FT-IR spectra were recorded on Bruker Tensor 27 IR spectrometer and the sample
was prepared by the KBr pellet method. Powder X-ray diffraction (XRD) characterizations
were conducted on a D-MAX 2500/PC powder X-ray diffractometer. Scanning electron
microscope (SEM) images were taken on a JSM-6700F microscope. TEM and high-resolution
TEM (HRTEM) images were recorded on a JEM-F200 transmission electron microscope.
XPS was conducted on a Thermo ESCALAB 250XI spectrometer. PL spectra were obtained
by a Perkin Elmer LS-55. UV-Vis diffuse reflectance spectra (DRS) were conducted on a
Lambda 750 s UV/VIS/NIR spectrophotometer.

3.4. Photocatalytic Reaction

The photocatalytic hydrogen production activity of the catalysts was evaluated on
a CEL-SPH2N online photocatalytic hydrogen production system. A 300 W xenon lamp
(Beijing Zhongjiao Jinyuan) equipped with 420 nm cut-off filter was applied to irradiation.
By using a magnetic stirrer, 5 mg of the catalyst was dispersed in 100 mL of deionized
water containing 0.25 M Na2S·9H2O/0.35 M Na2SO3 in a quartz reactor. The system
was evacuated for 25 min to remove dissolved O2 and CO2 and the temperature was
maintained at 7 ◦C. The hydrogen production was analyzed periodically using online gas
chromatography (Agilent 7890 A) with intervals of 30 min. High purity nitrogen was used
as a carrier gas.

3.5. Photoelectrochemical Properties

Electrochemical properties were carried out on a Moudulab XM electrochemical work-
station in a 0.5 M Na2SO4 solution using a standard three-electrode system, the catalyst
as working electrode, an Ag/AgCl electrode as a reference, and a Pt plate as a counter
electrode. To prepare a working electrode, 12 mg of the catalyst, 50 μL Nafion, and 8 mg of
carbon black were dispersed in 1 mL of ethanol, ultrasonically forming a homogeneous
slurry. A total of 20 μL of slurry was dropped on a slide of FTO glass with an effective area
of 1 × 1 cm2. After being dried at 40 ◦C for 24 h, a working electrode was obtained. The
transient photocurrent response (I-t) was performed without bias, illuminated by a 300 W
xenon lamp (λ > 420 nm) switching on and off every 40 s.

4. Conclusions

In conclusion, a In2S3/CdS/N-rGO hybrid photocatalyst with a tremella-like struc-
ture was successfully prepared using a one-step pyrolysis method with DES liquids as
precursors. The liquid DES precursor strategy has several advantages. (1) The homoge-
neous system enables sufficient contact between components. (2) The in situ growing and
coupling of CdS/In2S3 and N-rGO were gained in one step, resulting in tightly coupled
interfaces. (3) The tightly coupled N-rGO can effectively promote the rapid charge transfer
and reduced electron hole recombination and can protect In2S3 and CdS from corrosion.
(4) The tremella-like structure can provide more active sites. As a result, excellent photocat-
alytic hydrogen production performance was obtained. It can gain a high photocatalytic
hydrogen production rate of 10.9 mmol·g−1·h−1. The liquid DES precursor strategy can be
applied to prepare other transition metal sulfides/rGO hybrids, providing new candidates
for highly efficient photocatalysts.
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Abstract: Semiconductor photocatalysis is an effective strategy for solving the problems of increasing
energy demand and environmental pollution. ZnIn2S4-based semiconductor photocatalyst materials
have attracted much attention in the field of photocatalysis due to their suitable energy band structure,
stable chemical properties, and good visible light responsiveness. In this study, ZnIn2S4 catalysts
were modified by metal ion doping, the construction of heterojunctions, and co-catalyst loading to
successfully prepare composite photocatalysts. The Co-ZnIn2S4 catalyst synthesized by Co doping
and ultrasonic exfoliation exhibited a broader absorption band edge. Next, an a-TiO2/Co-ZnIn2S4

composite photocatalyst was successfully prepared by coating partly amorphous TiO2 on the surface
of Co-ZnIn2S4, and the effect of varying the TiO2 loading time on photocatalytic performance was
investigated. Finally, MoP was loaded as a co-catalyst to increase the hydrogen production efficiency
and reaction activity of the catalyst. The absorption edge of MoP/a-TiO2/Co-ZnIn2S4 was widened
from 480 nm to about 518 nm, and the specific surface area increased from 41.29 m2/g to 53.25 m2/g.
The hydrogen production performance of this composite catalyst was investigated using a simulated
light photocatalytic hydrogen production test system, and the rate of hydrogen production by MoP/a-
TiO2/Co-ZnIn2S4 was found to be 2.96 mmol·h−1·g−1, which was three times that of the pure
ZnIn2S4 (0.98 mmol·h−1·g−1). After use in three cycles, the hydrogen production only decreased by
5%, indicating that it has good cycle stability.

Keywords: ZnIn2S4; Co doping; TiO2; photocatalysis; hydrogen evolution

1. Introduction

The energy crisis is an ongoing global issue of increasing importance. Moreover, the
rapid development of industrialization around the world has led to severe energy and
environmental pressures [1]. Thus, there is an increased emphasis on research worldwide
to successfully address the global energy crisis and to create new sustainable sources of
energy [2]. The capture and conversion of solar energy by the photocatalytic splitting of
water offers a promising strategy for converting inexhaustible solar energy into hydrogen
(H2) energy [3]. However, there are currently two main constraints that limit the large-scale
application of hydrogen: (1) the large-scale green synthesis of hydrogen is a significant
challenge; (2) the storage and transport of hydrogen is also difficult [4]. Hydrogen’s
shortcomings are partly explained by high infrastructure costs for production, storage,
and distribution. These problems may result from their low energy density per volume,
explosive characteristics, and ability to cause embrittlement in metals such as steel [5].
Many methods have been investigated for the production of hydrogen. The photocatalytic
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decomposition of water for hydrogen production is one of the simplest, most environ-
mentally friendly and low-cost methods for producing hydrogen. Therefore, this method
has attracted extensive research attention [6]. In particular, the production of hydrogen
via the solar photolysis of water is gaining increasing attention due to its potential for
solving the global energy crisis and mitigating environmental pollution problems [7,8].
Photogenerated charge carriers can be excited from photocatalysts under sunlight, and
after the photogenerated electrons migrate to the surface of semiconductors, H+ in water
receives electrons that are reduced to H2. The holes left behind are combined with sacrificial
agents in the system and used to achieve continuous H2 production.

In photocatalytic systems, the mobility of photogenerated carriers is an important
factor affecting photocatalytic efficiency, with a fast migration rate and high separation
efficiency positively contributing to the photocatalytic reaction [9]. The electrostatic po-
tential of ZnIn2S4 with a hexagonal laminar structure is uniformly distributed within the
plane, and the small potential of this material is well conducive to carrier migration [10].
Moreover, the positive charges are densely distributed in the indium sulfide tetrahedra and
octahedra within the cell, while the negative charges are concentrated in the zinc indium
tetrahedral [11]. Therefore, photogenerated electrons are easily transferred to the indium
sulfide polyhedra, while the photogenerated holes more easily migrate to the zinc indium
tetrahedra, which improves the separation efficiency of the photogenerated carriers [12].
Furthermore, the band gap of ZnIn2S4 is 2.3~2.5 eV and the energy band of ZnIn2S4 is
narrow, which is also conducive to the generation of photogenerated carriers [13]. ZnIn2S4
is therefore an ideal photocatalytic material with broad application prospects.

In 2003, Lei et al. [14] synthesized ZnIn2S4 by a hydrothermal method and used this
material as an effective visible-light-driven hydrogen precipitation photocatalyst for the first
time. Guo′s group [15] synthesized ZnIn2S4 microspheres by a hydrothermal/solvothermal
process and explored their visible-light-driven photocatalytic hydrogen production perfor-
mance. Their findings showed that these microsphere catalysts had a good potential for
producing photocatalytic hydrogen from water when exposed to visible light [16].

However, pure ZnIn2S4 photocatalysts still suffer from low visible light utilization
and low photocatalytic activity [17]. Moreover, the photocatalytic activity of ZnIn2S4
semiconductors is affected to some extent by their limited photogenerated electron and
hole separation efficiency under visible light irradiation and low photogenerated carrier
mobility [18]. Therefore, Yuan Wenhui et al. [19] prepared a series of Co-doped ZnIn2S4
photocatalysts using a solvothermal synthesis method. The successful incorporation of Co
into the ZnIn2S4 lattice was confirmed by X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS). With increasing Co concentration, the absorption edge of the samples
caused red-shift, but the Co also gradually disrupted the ZnIn2S4 morphology. Their photo-
catalytic results showed that Co2+ doping significantly improved the photocatalytic activity
of ZnIn2S4. The optimum Co doping amount of 0.3 wt% for the ZnIn2S4 photocatalyst led
to the highest photocatalytic activity [20]. Therefore, in this work, a doping amount of 0.3%
was chosen to preserve the petal-like morphology and enhance the specific surface area
of ZnIn2S4 while also improving its hydrogen production performance and utilization of
sunlight [21,22].

TiO2 has been widely investigated as a semiconductor photocatalyst material due to
its many advantages, such as high stability and high photosensitivity. Therefore, TiO2-
based metal oxide photocatalysts are widely used in many practical applications [23].
However, TiO2 particles easily agglomerate, have a low adsorption capacity for organic
matter, and exhibit low solar energy utilization [24]. These factors limit the photocatalytic
efficiency of TiO2 and seriously affect its application in practical production [25]. The focus
of photocatalytic research has therefore shifted from the improvement of traditional TiO2
performance to the investigation of other catalysts with better performance in the visible
light range. Amorphous TiO2 is an important category of TiO2 materials that exhibits the
common “short-range order, long-range disorder” [26] structural feature seen in amorphous
materials. Amorphous semiconductors have a large number of suspended bonds. Therefore,
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the energy band structures of amorphous materials exhibit a gap band between the valence
band and the conduction band [27]. Amorphous TiO2 with a lower band gap width can be
obtained by modifying its electronic structure. This reduces the energy intensity required for
electrons to transfer from the valence band to the conduction band [28]. Therefore, visible
light irradiation can be used to activate these materials, improving their photocatalytic
activity [29]. Zywitzki et al. reported amorphous titania-based photocatalysts synthesized
using a facile, UV-light mediated method and evaluated as photocatalysts for hydrogen
evolution from water/methanol mixtures. The resulting amorphous materials exhibited
an overall higher hydrogen evolution rate (1.09 mmol·h−1·g−1) compared to a crystalline
TiO2 reference (P25 0.80 mmol·h−1·g−1) on a molar basis of the photocatalyst due to their
highly porous structure and high surface area [30].

The photocatalytic activity of a photocatalyst is determined by its light absorption
capacity as well as its electron–hole transfer and separation efficiency [31]. These factors
are related to the catalyst surface properties, which play an important role in photocatalytic
processes. For instance, the loading of co-catalysts on a photocatalyst surface to provide hy-
drogen production sites has been commonly reported in the literature [32]. Some common
co-catalysts include alumina and potassium oxide. MoP is commonly used as an efficient
catalyst for hydrodesulfurization (HDS) and hydrodenitrogenation (HDN) reactions [33].
Depending on the reversibility of hydrogen bonding to the catalyst, some catalysts used
for HDS reactions are also useful for HER reactions because of the similar pathways and
mechanisms of hydrogen production and hydrogenation as well as their low Tafel slope
and low over potential. For example, Chen et al. [34] impregnated precursors on sponges
to obtain MoP with a large specific surface area and enhanced photocatalytic activity. MoP
cannot be directly used as a photocatalyst, but it can be used as an efficient hydrogen
precipitation co-catalyst. Du et al. used MoP as a highly active co-catalyst on CdS nanorods
for the first time, which significantly improved the photocatalytic activity of their CdS
catalyst [35]. Thus, MoP is an efficient co-catalyst for hydrogen precipitation.

At present, the utilization of solar energy by metal oxide photocatalysts for hydrogen
production has mainly focused on the UV wavelength range. Furthermore, most research
is based on TiO2 semiconductor photocatalytic materials. The majority of the wavelengths
that make up solar energy, though, do not fall inside the visible spectrum. ZnIn2S4 shows
promise as a visible-light-responsible ternary metal–sulfur compound photocatalyst, but
its performance still needs to be improved. Therefore, in this work, ZnIn2S4 materials
were prepared and modified (as shown in Figure 1): (1) Petal-shaped ZnIn2S4 catalysts
were produced, their morphology was studied, and their photocatalytic performance was
investigated. (2) Co-ZnIn2S4 was prepared by Co doping and ultrasonic exfoliation to
broaden the absorption band edge and retain the petal-shaped morphology of the catalyst.
(3) An a-TiO2/Co-ZnIn2S4 composite photocatalyst was successfully prepared by coating
amorphous TiO2 on the Co-ZnIn2S4 surface, and the effect of loading different amounts of
TiO2 on the photocatalytic performance was investigated. At the same time, a TiO2 and
Co-ZnIn2S4 heterojunction was constructed, which led to the red-shift of the absorption
band, enhanced light absorption properties, and a reduction in photogenerated electron–
hole recombination. (4) Finally, MoP was loaded on the a-TiO2/Co-ZnIn2S4 catalyst as
a co-catalyst, which enhanced the light absorption intensity and provided reaction sites
to promote the overall efficiency of catalytic hydrogen production. Therefore, MoP/a-
TiO2/Co-ZnIn2S4 flower-like composite photocatalysts with good photocatalytic hydrogen
production activity and stability were prepared. This catalyst uses Co-ZnIn2S4 as the main
body for photo generated electron excitation, and amorphous a-TiO2 is combined with it to
improve the efficiency of electron hole separation. Finally, MoP is used as a co-catalyst to
provide hydrogen production sites, thus achieving efficient hydrogen production.
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Figure 1. Steps for preparation of MoP/a-TiO2/Co-ZnIn2S4 flower-like composite photocatalysts.

2. Results and Discussions

2.1. Structure, Morphology and Composition of Composite Photocatalysts

The synthesized ZnIn2S4 and loaded catalyst samples were characterized to investigate
their morphology and microstructures, as shown by the SEM images in Figure 2. Figure 2a
shows that the synthesized ZnIn2S4 was a petal-like microsphere consisting of a large
number of nanoflakes, which are all made of ZnIn2S4 nanosheets. These nanoflakes were
cross-linked to each other and formed many uniform slit-type pore structures between
the petal layers. Figure 2b shows that Co doping did not change the flower-like structure
of ZnIn2S4. No particles of Co aggregation were observed on the surface of the petals,
so this demonstrated that Co was potentially doped into the lattice structure of ZnIn2S4.
Figure 2c shows that the petals were loaded with a granular material, which indicated
the successful loading of TiO2. This was consistent with the catalyst morphology design.
As shown in Figure 2d, the addition of MoP did not result in any obvious morphological
changes. However, the MoP content was repeatedly low.

Element mapping (Figure 3 and Table 1) confirmed that MoP/TiO2/Co-ZnIn2S4 con-
tained S, Mo, In, Zn, Ti, O, P, and Co elements. All elements were evenly distributed
without visible aggregation, further demonstrating the successful synthesis of the MoP/a-
TiO2/Co-ZnIn2S4 composite.

Table 1. Distribution of elements in the MoP/a-TiO2/Co-ZnIn2S4 composite catalyst.

In S Zn Mo P Ti O Co

wt% 53.2 26.0 10.2 2.5 0.3 1.1 6.2 0.5

The morphological characteristics of the MoP/a-TiO2/Co-ZnIn2S4 photocatalyst were
further investigated by TEM, as shown in Figure 4. Figure 4a shows that the MoP/a-
TiO2/Co-ZnIn2S4 composite system had a nanoflower-like structure and intact, non-
agglomerated microspheres. Figure 4b is a partial enlargement of Figure 4a, showing
a more detailed view of the ZnIn2S4 nanosheets, which are very thin in the nanoflower.
Some MoP/TiO2 particles were visible on the nanosheets, which showed the successful
loading of MoP and TiO2 on the surface of ZnIn2S4. Figure 4c shows an electron diffraction
pattern of the MoP/a-TiO2/Co-ZnIn2S4 photocatalyst, demonstrating its good crystallinity.
Lattice fringe spacings of 0.21, 0.32 and 0.35 nm were identified in Figure 4d, which re-
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spectively corresponded to MoP, ZnIn2S4, and TiO2. This was consistent with the data
in the relevant literature. Overall, this TEM analysis further demonstrated the successful
preparation of MoP/a-TiO2/Co-ZnIn2S4.

(a) (b) 

(c) (d) 

Figure 2. SEM micrographs of (a) ZnIn2S4, (b) Co-ZnIn2S4, (c) a-TiO2/Co-ZnIn2S4, and (d) MoP/a-
TiO2/Co-ZnIn2S4.

Figure 3. Elemental mapping of the MoP/a-TiO2/Co-ZnIn2S4 composite catalyst. (a) scanning area,
(b) S, (c) Mo, (d) In, (e) Zn, (f) P, (g) O, (h) Ti, (i) Co.
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Figure 4. (a,b) TEM micrographs, (c) electron diffraction pattern, and (d) high-resolution TEM
micrograph showing the lattice fringe spacing of MoP/a-TiO2/Co-ZnIn2S4.

The catalyst samples were investigated by X-ray diffraction, as shown in Figure 5.
Characteristic diffraction peaks were visible at 8.52◦, 21.3◦, 29.1◦, and 49.3◦ for all four
catalysts, and these peaks were consistent with standard cards JCPDS 49–1562 and JCPDS
48–1778. ZnIn2S4 is a direct bandgap semiconductor with a layered (according to card
NO. 48–1778, a = b = c = 10.6,α = β = γ = 90◦) and trigonal structure (ICSD-JCPDS card
NO. 49–1562, a = b = 3.85, c = 24.68, α = 37.01◦,β = 90◦,γ = 120◦), as shown in Figure 5.
All polymorphs show certain photocatalytic performance under visible light, while the
hexagonal ZnIn2S4 has better photocatalytic performance. The cubic ZnIn2S4 is a direct
cubicspinel phase when the S atoms in the unit cell are ABC stacking [36]. The diffraction
peak positions did not significantly shift upon modification, which indicated that the
ZnIn2S4 was not significantly affected. The shape of the ZnIn2S4 peaks did not change after
TiO2 loading and no separate TiO2 peaks were identified, indicating that partly amorphous
TiO2 was synthesized. The diffraction peaks also did not change after the addition of MoP,
indicating the successful preparation of the composite MoP/a-TiO2/Co-ZnIn2S4 catalyst.
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Figure 5. XRD patterns of the ZnIn2S4, Co-ZnIn2S4, a-TiO2/Co-ZnIn2S4, and MoP/a-TiO2/Co-
ZnIn2S4, photocatalysts.

Figure 6a,b shows the N2 adsorption–desorption isotherms and pore size distribu-
tions of ZnIn2S4, Co-ZnIn2S4, a-TiO2/Co-ZnIn2S4 and MoP/a-TiO2/Co-ZnIn2S4. All four
isotherms were identified as type IV, and they contained H3 hysteresis loops. Moreover, the
catalysts exhibited pore sizes ranging from 10 to 100 nm. As shown in Table 2, the specific
surface area slightly changed after catalyst modification. Specifically, MoP/a-TiO2/Co-
ZnIn2S4 showed a slight increase in specific surface area compared with pure ZnIn2S4.
The pore volume of MoP/a-TiO2/Co-ZnIn2S4 was also slightly higher than that of pure
ZnIn2S4. This was consistent with the SEM image shown in Figure 2c, in which some of the
TiO2 nanoparticles were supported on the ZnIn2S4 nanosheets. Therefore, the addition of
TiO2 and the MoP co-catalyst led to an increase in adsorption pore volume. Consequently,
more adsorption and active sites were generated on the photocatalyst surface. Moreover,
the modified catalysts exhibited lower pore sizes because TiO2 was distributed between
the ZnIn2S4 petals, which reduced the pore size.

Figure 6. (a) N2 adsorption–desorption isotherms and (b) pore size distributions of the ZnIn2S4,
Co-ZnIn2S4, a-TiO2/Co-ZnIn2S4, and MoP/a-TiO2/Co-ZnIn2S4 photocatalysts.
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Table 2. Specific surface area, pore volume, and average pore diameter of ZnIn2S4, Co-ZnIn2S4,
a-TiO2/Co-ZnIn2S4, and MoP/a-TiO2/Co-ZnIn2S4.

Sample
Specific Surface

Area (m2/g)
Pore Volume

(cm3/g)
Average Pore

Diameter (nm)

ZnIn2S4 41.293 0.3346 162.1
Co-ZnIn2S4 53.453 0.3242 121.3

TiO2/Co-ZnIn2S4 46.669 0.3346 143.4
MoP/a-TiO2/Co-ZnIn2S4 53.250 0.3703 139.1

The chemical state and chemical composition of the MoP/a-TiO2/Co-ZnIn2S4 com-
posite was analyzed by XPS. As shown in Figure 7, the XPS survey spectrum confirmed
the presence of P, Mo, Ti, Zn, In and S elements in this composite photocatalyst. This
was consistent with the EDS test results. The binding energy peaks at 445.1 eV, 225.9 eV,
139.8 eV and 161.9 eV were attributed to In3d, Mo3d, P2p and S 2p signals, respectively.
This indicated the presence of MoP, TiO2 and ZnIn2S4 in the MoP/a-TiO2/Co-Znln2S4
composite photocatalyst. In the Ti 2p spectrum, the two main peaks near 458.7 eV and
464.5 eV were attributed to Ti 2p3/2 and Ti 2p1/2.These peaks were generated by the Ti4+

oxidation state of TiO2. A single O1s peak near 530.0 eV was deconvoluted into three peaks.
The peak at 530.0 eV was attributed to the presence of oxygen vacancies, and the peaks at
530.8 and 532.4 eV were caused by Ti–OH. This demonstrated that the synthesized TiO2 was
amorphous and that the presence of this TiO2 increased the oxygen vacancy concentration
of the catalyst. These results conclusively demonstrate that the MoP/a-TiO2/Co-ZnIn2S4
composite photocatalyst was successfully prepared.

Figure 7. XPS spectra of the MoP/a-TiO2/Co-ZnIn2S4 composite catalyst.
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UV-vis diffuse reflectance spectra of TiO2/Co-ZnIn2S4 were obtained using different
TiO2 loading times to explore the effect of TiO2on catalytic activity, as shown in Figure 8a.
These spectra were denoted as X-TiO2/Co-ZnIn2S4, where X represents the number of
minutes. With increasing TiO2 loading time, the light absorption intensity and range
of this composite catalyst first increased and then decreased. In particular, at 20 min,
the absorption side band of a-TiO2/Co-ZnIn2S4 shifted to the right, and the highest ab-
sorption was achieved at this time. Therefore, 20-TiO2/Co-ZnIn2S4 was selected as the
basis for subsequent experiments. Figure 8b shows UV-vis diffuse reflectance spectra of
ZnIn2S4, Co-ZnIn2S4, a-TiO2/Co-ZnIn2S4 and MoP/a-TiO2/Co-ZnIn2S4. The absorption
edge of pure ZnIn2S4 synthesized in this study was 480 nm. As shown, the spectrum
significantly changed after Co doping, reaching 500 nm. However, almost the same ab-
sorption was demonstrated after the addition of amorphous TiO2. The absorption edge
of MoP/a-TiO2/Co-ZnIn2S4 was widened to about 518 nm, indicating that the MoP was
photocatalyzed by the load. The band gap energies of ZnIn2S4, Co-ZnIn2S4, a-TiO2/Co-
ZnIn2S4 and MoP/a-TiO2/Co-ZnIn2S4 were calculated using the curves shown in Figure 8b.
As shown in Figure 8c, the band gap energy of MoP/a-TiO2/Co-ZnIn2S4 was 2.7 eV. This
analysis demonstrated the broader light absorption range and enhanced photocatalytic
activity of the MoP/a-TiO2/Co-ZnIn2S4 composite photocatalyst.

Figure 8. (a) UV-vis diffuse reflectance spectra of a-TiO2/Co-ZnIn2S4 at different times; (b) UV-
vis diffuse reflectance spectra and (c) bandgaps of ZnIn2S4, Co-ZnIn2S4, a-TiO2/Co-ZnIn2S4, and
MoP/a-TiO2/Co-ZnIn2S4.
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2.2. Photoelectrochemical Performance

The photoelectrical properties of the catalysts were characterized in order to study
their photocatalytic activity. Figure 9a shows that the photocurrent starting positions of all
the catalysts were significantly earlier than their dark current starting positions. In addition,
compared with Co-ZnIn2S4, the initial positions of TiO2/Co-ZnIn2S4 and MoP/a-TiO2/Co-
ZnIn2S4 were slightly shifted to the left. These results indicate that the composite catalyst
had a lower activation energy and enhanced photocatalytic performance. Linear scan
voltammetry curves of ZnIn2S4, Co-ZnIn2S4, a-TiO2/Co-ZnIn2S4, and MoP/a-TiO2/Co-
ZnIn2S4 were obtained under both light and dark conditions, as shown in Figure 9b. This
shows the photocurrent densities of ZnIn2S4, Co-ZnIn2S4, a-TiO2/Co-ZnIn2S4 and MoP/a-
TiO2/Co-ZnIn2S4, which exhibited photocurrents of 1 μA/cm2, 3 μA/cm2, 4 μA/cm2

and 4.5 μA/cm2, respectively. This showed that Co doping significantly improved the
performance of Znln2S4. Moreover, the separation efficiency of photogenerated electron–
hole pairs was also significantly improved by the addition of TiO2 supported on the
ZnIn2S4 nanosheets. In addition, MoP/a-TiO2/Co-ZnIn2S4 had a higher photocurrent
density, therefore exhibiting more efficient carrier separation and transfer efficiency. The
electrochemical impedance spectra shown in Figure 9c demonstrate that MoP/a-TiO2/Co-
ZnIn2S4 had lower high-frequency semicircles than Co-ZnIn2S4 or a-TiO2/Co-ZnIn2S4 as
well as lower resistance. This further indicated that MoP/a-TiO2/Co-ZnIn2S4 had more
efficient carrier separation and transfer efficiency. The line increase of curves Co-ZnIn2S4, a-
TiO2/Co-ZnIn2S4 and MoP/a-TiO2/Co-ZnIn2S4 indicates that the charge transfer resistance
decreases sequentially, which is also consistent with the higher carrier separation and
transfer efficiency.

Figure 9. (a) Photocurrent response curves of Co-ZnIn2S4, a-TiO2/Co-ZnIn2S4, and MoP/a-
TiO2/Co-ZnIn2S4; (b) linear scanning voltammograms and photocurrent response curves of ZnIn2S4,
Co-ZnIn2S4, a-TiO2/Co-ZnIn2S4, and MoP/a-TiO2/Co-ZnIn2S4; (c) EIS curves of Co-ZnIn2S4, a-
TiO2/Co-ZnIn2S4, and MoP/a-TiO2/Co-ZnIn2S4.
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2.3. Photocatalytic Hydrogen Production Performance

The hydrogen production performance of the prepared catalysts was investigated, as
shown in Figure 10. With increasing illumination time, hydrogen production increased
for all four catalysts. As shown in Figure 10a, to explore the influence of the supported
TiO2 on catalytic activity, the photocatalytic hydrogen production performances of a-
TiO2/Co-ZnIn2S4 samples prepared by loading TiO2 for different amounts of time were
also investigated. The optimal hydrogen production rate of 3.88 mmol·g−1 was achieved
by using 20-TiO2/Co-ZnIn2S4, which was consistent with the UV-vis spectra shown in
Figure 8a. The hydrogen production rates of ZnIn2S4, Co-ZnIn2S4, a-TiO2/Co-ZnIn2S4,
MoP/a-TiO2/Co-ZnIn2S4 and P25 are shown in Figure 10b. As can be seen, Co doping,
the addition of TiO2, and the addition of MoP all led to enhanced hydrogen evolution.
It also can be seen from Figure 10b that the hydrogen production using non-noble metal
co-catalyst MoP (7.42 mmol·g−1) is approximately twice as much as using Pt co-catalyst
(3.88 mmol·g−1). In addition, it can be observed from Figure 10b,c that the hydrogen
production capacity and hydrogen production rate of Pt/P25 at 2.5 h is 6.43 mmol/g and
2.55 mmol·h−1·g−1, respectively. As shown in Figure 10c, the highest hydrogen produc-
tion rate of 2.96 mmol·h−1·g−1 was achieved by MoP/a-TiO2/Co-ZnIn2S4; in contrast,
the sample Pt/a-TiO2/Co-ZnIn2S4 achieved 1.55 mmol·h−1·g−1. Each modification step
(Co doping, addition of supported TiO2, addition of MoP co-catalyst) further enhanced the
hydrogen evolution rate compared with the unmodified ZnIn2S4. These results showed that
the MoP/a-TiO2/Co-ZnIn2S4composite photocatalyst had excellent hydrogen production
performance. It can be seen that the hydrogen production efficiency of the MoP/a-TiO2/Co-
ZnIn2S4 without Pt is still higher in comparison to that of P25 powder.

Figure 10. (a) Hydrogen production yields of a-TiO2/Co-ZnIn2S4 samples prepared in different
amounts of time for TiO2 loading. (b) Hydrogen production yields of the prepared catalysts with
increasing reaction time. (c) Hydrogen production rates of the prepared catalysts. (d) Hydrogen
production of MoP/a-TiO2/Co-ZnIn2S4 across 5 cycles.
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Photocatalytic stability across multiple cycles is another important factor that influ-
ences the practical application of photocatalysts. Therefore, the MoP/a-TiO2/Co-ZnIn2S4
composite catalyst was tested for cyclic hydrogen production. As shown in Figure 10d,
after use in three cycles, the hydrogen production only decreased by 5%, indicating that it
has good cycle stability. However, after 5 cycles, a slight decline in activity was observed
(decline rate of 13.5%). This indicated a certain degree of catalytic stability. The degradation
between cycles 3 and 4 (decline rate of 4.2%) was greater than that between cycles 1 and 2
(decline rate of 2.1%) due to the photocorrosion of ZnIn2S4.

2.4. Mechanism of Photocatalytic Hydrogen Evolution

According to the band gap structures and Fermi level of TiO2 and ZnIn2S4, the possible
transfer processes of photogenerated electron–hole pairs are proposed in Figure 11 [37]. The
photogenerated electrons in the CB of ZnIn2S4 migrate to the CB of TiO2 while the photoex-
cited holes in the VB of TiO2 transfer to the VB of ZnIn2S4. The ECB of the photogenerated
electrons is lower than the E0 redox (H+/H2). The presumed process is, therefore, not
feasible in this photocatalytic process. Another possible reaction mechanism is shown in
Figure 11. In the photocatalytic reaction, the solid–solid contact interface between ZnIn2S4
and TiO2 serves as the combination center of the photogenerated electrons in the CB of
TiO2 and the photogenerated holes in the VB of ZnIn2S4 [38]. The photogenerated electrons
involved in the reaction have a stronger reduction ability than that of pure TiO2, thus
performing a better photocatalytic activity for HER. The photogenerated holes in the VB
of TiO2 oxidize water to O2, while the photogenerated electrons in the CB of ZnIn2S4
simultaneously reduce H+ to H2. In summary, all of the above analyses show that the
electron transfer process is identified as an S-scheme mechanism in this study.

Figure 11. Composition diagram and photocatalytic reaction mechanism of MoP/a-TiO2/Co-ZnIn2S4.

3. Experimental Section

3.1. Materials and Characterization

Zinc chloride (ZnCl2, AR), indium chloride (InCl3, AR), thioacetamide (TAA, AR),
nickel chloride hexahydrate (NiCl2·6H2O, AR), tungsten chloride (WCl6, AR), polyethylene
glycol (HO(CH2CH2O)nH, AR), melamine (C3N3(NH2)3, AR), and sodium citrate dehydrate
(C6H5Na3O7·2H2O, AR) were purchased from Shanghai Macklin Biochemical Co. (Shanghai,
China) Triethanolamine (TEOA, AR) was purchased from Tianjin Beichen Founder Reagent
Factory (Tianjin, China). Ethyl alcohol (CH3CH2OH, AR) was provided by Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). All materials were used as received.

Sample morphologies were analyzed using scanning electron microscopy (SEM, JSM-
7900F, JEOL, Tokyo, Japan) coupled with energy-dispersive X-ray spectroscopy (OXFORD
MAX-80, Oxford, UK). Transmission electron microscopy (TEM) was performed using a
JSM-2100plus (JEOL, Tokyo, Japan). X-ray diffraction (XRD, Bruker (Billerica, MA, USA),
D8 Advance) was used for crystal structure analysis. XRD patterns were obtained in the 2θ
range of 20–90◦ with a scanning rate of 6◦/min. Surface compositions were investigated
by X-ray photoelectron spectroscopy (XPS) using an AMICUS ESCA3200 (Philadelphia,
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PA, USA). The XPS spectra were corrected using the C1s peak at 284.8 eV. Ultraviolet-
visible (UV-vis) diffuse reflectance spectra (DRS) were obtained in the 200–800 nm range
by a UV-vis spectrophotometer (Shimadzu UV-2450, Kyoto, Japan). Photoluminescence
(PL) spectra were collected using an Perkin-Elmer LS50B (Buckinghamshire, UK) with a
380 nm excitation wavelength at room temperature. BET surface areas and porosity were
measured via nitrogen adsorption–desorption experiments using a Micromeritics ASAP
2020 (Micromeritics, Norcross, GA, USA).

3.2. Steps for Preparation of MoP/a-TiO2/Co-ZnIn2S4 Flower-like Composite Photocatalysts
3.2.1. Preparation of Co-ZnIn2S4 Catalyst

A total of 0.136 g zinc chloride, 0.586 g indium chloride, and 0.301 g thioacetamide were
weighed and added to 80 mL ethylene glycol. This mixture was stirred and centrifugally
sonicated to dissolve the solid compounds. The solution was then transferred to a 100 mL
hydrothermal kettle and heated in an oven at 180 ◦C for 2 h. After the reaction, the
reaction solution was removed from the hydrothermal kettle and left to stand for 0.5 h.
Next, centrifugation was used to obtain the solid product. The sample was then crushed
with agate mortar to obtain ZnIn2S4. Doped Co-ZnIn2S4 was obtained by repeating this
experimental procedure with the addition of 0.0069 g Co(NO3)2·6(H2O).

3.2.2. Preparation of a-TiO2/Co-ZnIn2S4 Catalyst

A total of 80 mg Co-ZnIn2S4 was added to 20 mL isopropanol. Then, 100 μL tetra-
butyltitanate and 20 μL water were then added dropwise under stirring. Five samples
were prepared and stirred for 5 min, 10 min, 20 min, 30 min and 60 min for the control test.
These samples were centrifuged three times using isopropanol and then dried at 60 ◦C in
an oven. The dried samples were ground and heated in a muffle furnace at 120 ◦C for 1 h
to obtain a-TiO2/Co-ZnIn2S4.

3.2.3. Preparation of MoP/a-TiO2/Co-ZnIn2S4 Catalyst

A mixture of 1 g Na2MoO4·2H2O and 10 g NaH2PO2 was ground in a mortar for
0.5 h until no crystal particles remained, and then transferred to a tubular furnace, under
Ar protection at 400 ◦C (heating rate 10 ◦C/min), and calcined for 1 h to obtain MoP. A
2 mg/mL MoP solution was then prepared. Next, 0.5 g a-TiO2/Co-ZnIn2S4 and 1.25 mL
MoP solution were magnetically stirred for 0.5 h. MoP/a-TiO2/Co-ZnIn2S4 was obtained
by drying the resulting product in an oven at 60 ◦C followed by crushing with a mortar.

3.3. Photocatalysis and Photoelectrochemical Performance Measurements
3.3.1. Hydrogen Production Performance

Photocatalytic experiments were performed using an online photocatalytic hydrogen
evolution system (Meiruichen, Beijing, China MC-SCO2II-AG) at 5 ◦C using a 300 W Xe
lamp equipped with a AM1.5G cutoff filter positioned 20 cm away from the reactor. A
total of 10 mg of catalyst was dispersed in 100 mL of 0.1 M Na2S and 0.1 M Na2SO3
solution and the mixture was stirred in vacuum for 30 min. We first ran tests in the dark
for one hour to confirm no H2 production. Hydrogen evolution, detected by an online
gas chromatography (using FL9790, Fuli, Zhjiang, TCD with nitrogen as a carrier gas and
5 Å molecular sieve column) was observed only under light irradiation. At the end of
the photocatalytic reaction, which lasted for 2.5 h, the reactor was refilled with 10 mL of
Na2S and Na2SO3 solutions and degassed. Then, 10 mg of P25 was dispersed in 100 mL of
CH3OH/H2O solution, and 0.1 mL (1 mg/mL) of chloroplatinic acid was added.

3.3.2. Photoelectrochemical Performance

A CHI760E electrochemical workstation and a standard three-electrode system (plat-
inum sheet, saturated silver chloride electrode, and the loaded FTO substrate) were used to
analyze the catalysts. An aqueous 0.5 mol/L Na2SO4 solution was used as the electrolyte
for transient photocurrent testing and electrochemical impedance spectroscopy (EIS) testing.
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A xenon lamp light source system with an AM1.5G filter was used to simulate daylight for
photocurrent testing.

Photocatalytic hydrogen production experiments were performed using a vacuum
photocatalytic carbon dioxide reduction system with a xenon light source to simulate day-
light. A working electrode for photochemical measurements was prepared using 7.5 mg of
sample (ZnIn2S4, Co-ZnIn2S4, a-TiO2/Co-ZnIn2S4 and MoP/a-TiO2/Co-ZnIn2S4), which
was sonicated for 30 min in a mixture containing 375 μL of ultrapure water, 125 of ethanol
and 30 μL of naphthol. Then, 30 μL of the resulting suspension was used to drop-coat
FTO glass, which was then heated for 30 min at 300 ◦C under Ar. A 1 cm × 1 cm glass
substrate was then ultrasonicated first in acetone, then in ethanol and finally in water
(15 min each step), after which it was dried by a flow of Ar. PEC measurements were
conducted using a single compartment quartz cell with three electrodes. Data were
recorded by the workstation equipment containing photoanode, saturated Ag/AgCl and
1 cm × 1 cm Pt piece as working, reference and counter electrodes, respectively. We used
0.2 M Na2SO4 with pH = 6.5 as electrolyte. PEC tests were conducted using a 150 W Xenon
lamp equipped with a standard AM 1.5G filter. Quartz cell was positioned 10 cm away from
the light source. The recorded potential was converted to reference hydrogen electrode
(RHE) potentials using the following equation:

ERHE = EAg/AgCl + pH ∗ 0.059 + 0.195 V

Linear sweep voltammetry (LSV) was conducted at 10 mV/s scan rate in the
−0.4–1.2 V scan range relative to the Ag/AgCl electrode. EIS was performed under
Xe lamp at 0 V with AC potential ranging from 100 K to 0.1 Hz.

4. Summary

In summary, a MoP/a-TiO2/Co-ZnIn2S4 composite photocatalyst was successfully
prepared by a facile hydrothermal method. The Co dopant in the flower-like ZnIn2S4
broadened the absorption band edge of the composite catalyst. Amorphous TiO2 and
Co-ZnIn2S4 were combined to form a heterojunction, which improved the photocarrier
separation efficiency and the stability of the catalyst. More importantly, the introduction
of amorphous TiO2 created oxygen vacancies, which further improved the carrier density.
Finally, the non-noble metal catalyst MoP nanoparticles were introduced into the system
as co-catalysts, which became the hydrogen production sites and realized high-efficiency
hydrogen production. The flower-like MoP/a-TiO2/Co-ZnIn2S4 composite photocatalyst
exhibited a hydrogen production rate of 2.96 mmol·h−1·g−1, which was 0.98 mmol·h−1·g−1

of that of the pure ZnIn2S4. Therefore, this catalyst shows great promise for the green
production of hydrogen. Moreover, this study also provides new insight into the design
and underlying mechanism of direct Z-schemes for enhanced photocatalysis.
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Abstract: The high electrons and holes recombination rate of ZnIn2S4 significantly limits its photocat-
alytic performance. Herein, a simple in situ photodeposition strategy is adopted to introduce the
cocatalyst cobalt phosphate (Co-Pi) on ZnIn2S4, aiming at facilitating the separation of electron–hole
by promoting the transfer of photogenerated holes of ZnIn2S4. The study reveals that the composite
catalyst has superior photocatalytic performance than blank ZnIn2S4. In particular, ZnIn2S4 loaded
with 5% Co-Pi (ZnIn2S4/5%Co-Pi) has the best photocatalytic activity, and the H2 production rate
reaches 3593 μmol·g−1·h−1, approximately double that of ZnIn2S4 alone. Subsequent characteriza-
tion data demonstrate that the introduction of the cocatalyst Co-Pi facilitates the transfer of ZnIn2S4

holes, thus improving the efficiency of photogenerated carrier separation. This investigation focuses
on the rational utilization of high-content and rich cocatalysts on earth to design low-cost and efficient
composite catalysts to achieve sustainable photocatalytic hydrogen evolution.

Keywords: photocatalytic H2 evolution; indium zinc sulfide; cocatalyst; cobalt phosphate; photogenerated
holes transfer

1. Introduction

Rapid economic and social development depends on fossil fuels. However, due to the
non-renewable nature of fossil fuels and the detrimental impact on the environment, it is
imperative that we urgently seek sustainable energy sources capable of replacing them [1–5].
Hydrogen (H2) energy, as a clean and renewable energy source, is one of the most promising
alternative energy sources for fossil fuels [6–8]. Among various H2 production methods,
solar-driven water splitting for H2 production is considered as a green and sustainable
solar energy conversion technology, which can relieve the pressure of energy dilemma
and environmental pollution [9–12]. Consequently, there is an urgent need to develop
photocatalysts with high performance to promote the application of photocatalytic H2
evolution technology [13]. Nowadays, due to their remarkable light absorption properties
and special electronic structures, metal sulfides have become a hot topic in the field of solar
energy conversion technology.

As a ternary sulfide, ZnIn2S4 has attracted global attention from researchers on ac-
count of its favorable layered structure, simple synthesis, good photostability and suitable
electronic band structure [14,15]. In particular, the flower-like structure has a high sur-
face area and improves the light absorption through multiple reflections, which plays an
important role in enhancing the photocatalytic performance [16–18]. However, due to
the high recombination rate of photogenerated electron–hole pairs, pure ZnIn2S4 exhibits
low photocatalytic activity [19–22]. To address this problem, the rational introduction of
cocatalyst is a viable approach to optimize the activity and stability of ZnIn2S4 [23]. Among
the many cocatalysts, cobalt phosphate (Co-Pi) has demonstrated remarkable ability to
transfer photogenerated holes from different light-collecting semiconductors in previous
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studies and has been reported to improve their overall performance [24]. Therefore, the
rational introduction of the holes cocatalyst Co-Pi into ZnIn2S4 is expected to obtain a
cost-effective and efficient composite photocatalyst to promote photocatalytic H2 evolution.
Moreover, in situ photodeposition is considered to be a promising method to enhance
the photocatalytic activity of semiconductors, due to its advantages such as close contact,
simple preparation and directional loading [25–27]. Consequently, rationally introducing
Co-Pi into ZnIn2S4 by in situ photodeposition is expected to promote the migration of
photogenerated holes of ZnIn2S4, thereby improving the photocatalytic performance of the
composite photocatalyst.

Herein, we prepare the ZnIn2S4 nanoflower substrate material by the hydrother-
mal method, and the hybrid catalyst is constructed by in situ photodeposition of cobalt
phosphate (Co-Pi) on ZnIn2S4 nanoflower. The ZnIn2S4/Co-Pi composite exhibits a sig-
nificantly enhanced performance in the photocatalytic H2 evolution compared to pure
ZnIn2S4. Notably, the optimal ZnIn2S4/5%Co-Pi photocatalytic H2 production rate is
3593 μmol·g−1·h−1, which surpasses most similar hybrid cocatalyst systems reported in
the literature (Table 1). The photo/electrochemical tests and photoluminescence (PL)
confirm that the photogenerated carrier separation efficiency of the composite catalyst is
significantly improved. This work aims to provide insights for designing cost-effective and
efficient mixed catalysts to enhance overall photocatalytic performance through rationally
exploiting earth-abundant cocatalysts.

Table 1. Comparison of the hydrogen production properties of the ZnIn2S4-based catalysts.

Photocatalysts Light Sources Sacrificial Agents H2 (μmol·g−1·h−1) Reference

ZnIn2S4-5%Co-Pi 300 W Xe lamp
(λ ≥ 420 nm) TEOA 3593 this work

ZnIn2S4/NiWO4
300 W Xe lamp
(λ ≥ 420 nm) TEOA 1781 [28]

ZnIn2S4/BPQDs 300 W Xe lamp
(λ ≥ 420 nm) TEOA 1207 [29]

J-ZnIn2S4/CdIn2S4
350 W Xe lamp
(λ ≥ 420 nm) TEOA 1830 [30]

N-ZnIn2S4
350 W Xe lamp
(λ ≥ 400 nm) Na2S/Na2SO3 262.62 [31]

MoO2/ZnIn2S4
300 W Xe lamp
(λ ≥ 420 nm) TEOA 2722.5 [32]

ReS2/ZnIn2S4 four 3 W 420 nm LED lamps lactic acid (10 vol%) 2240 [33]

ZnIn2S4/CoFe2O4
300 W Xe lamp
(λ ≥ 420 nm) Na2S/Na2SO3 2260.5 [16]

NiCo2S4/ZnIn2S4
Xe lamp

(λ > 400 nm) - 770 [34]

CoS1.097/ZnIn2S4
300 W Xe lamp

(780 nm ≥ λ ≥ 420 nm) TEOA 2632.33 [35]

2. Results and Discussion

The preparation process diagram of the ZnIn2S4/Co-Pi (ZIS/Co-Pi) composite is
shown in Figure 1a. Initially, ZnIn2S4 (ZIS) nanoflower is prepared by a one-step hydrother-
mal process. Subsequently, Co-Pi is introduced to ZIS nanoflower by in situ photode-
position to obtain ZIS/Co-Pi composites. Due to the best photocatalytic H2 production
performance of ZnIn2S4/5%Co-Pi (Z5CP), we mainly discuss this proportion of the com-
posites in the subsequent characterization. According to Figure S1a,b, the color of ZIS
nanoflower changes significantly before and after in situ photodeposition, with pure ZIS
appearing as bright yellow, and Z5CP appearing as yellowish green. The morphology
and microstructure of different samples are obtained by field emission scanning electron
microscopy (FESEM). As depicted in Figure 1b, pure ZIS presents a spherical flower-like
structure with a diameter of about 1 μm. The SEM image of Z5CP (Figure 1c) shows
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that Z5CP inherits the flower-like structure of ZIS. Notably, the flower-like structure can
provide a number of active sites, and multiple layers of petals enable light to be reflected
multiple times, which leads to enhanced light absorption [36,37]. In addition, the SEM
image of Z5CP shows that the Co-Pi nanoparticles are highly dispersed, and no large Co-Pi
particles were observed. As presented in Figure 1d, transmission electron microscopy
(TEM) characterization further confirms the spherical flower-like structure of ZIS. More-
over, Figure 1e shows that the Co-Pi nanoparticles are attached to the ZIS nanoflower,
proving the successful synthesis of Z5CP composites. As depicted in Figure 1f, the lattice
distance of Z5CP is about 0.297 nm corresponding to the (104) crystal face of ZIS, and the
Co-Pi synthesized by in situ photodeposition is amorphous. Furthermore, the EDS spectra
(Figure S2) and the element mapping results (Figure 1g) confirm the existence of Zn, In, S,
P, O, and Co elements in Z5CP. The spatial distribution of Zn, In, S, O, P, and Co elements
in the elemental mapping images of Z5CP composite shows that Co-Pi grows uniformly on
the surface of ZIS nanoflower.

Figure 1. (a) Diagram illustrating the synthesis of ZIS/Co-Pi. (b,c) FESEM images of ZIS and Z5CP.
(d–f) TEM images of Z5CP. (g) Mapping analysis results of Z5CP.

The phase structure and crystallinity are analyzed by the X-ray diffraction (XRD) map.
Figure 2a displays the XRD spectra of both ZIS and Z5CP. For ZIS, the strong diffraction
peaks at 27.5◦ and 47.2◦ belong to the (102) and (110) faces of hexagonal ZIS (JCPDS No.65-
2023) [38]. For Z5CP composites, the XRD diffraction curve closely resembles that of ZIS
except that there is a faint peak at 55.6◦ belonging to the (202) face of hexagonal ZIS, indicat-
ing that ZIS remains a stable crystal structure after coupling with Co-Pi [39]. However, in
the Z5CP composite, the characteristic diffraction peak of Co-Pi is not observed due to the
amorphous nature of in situ photodeposition of Co-Pi [40,41]. The optical characteristics
of the photocatalysts are analyzed by UV-visible diffuse reflection spectroscopy (DRS). As
depicted in Figure 2b, the pure ZIS displays a clear absorption edge around 520 nm, indi-
cating a band gap of about 2.44 eV [42]. Compared with pure ZIS, the absorption intensity
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of Z5CP hybrid in the visible range (520~750 nm) increases with the strong absorption of
Co-Pi, indicating that the introduction of Co-Pi can improve the visible light response of
ZIS. Moreover, Figure 2b shows that there is no significant shift in absorption edge for the
Z5CP composite, indicating that the Co-Pi cocatalyst only deposits on the ZIS surface and
does not bind with the crystal lattice.

Figure 2. (a) X-ray diffraction (XRD) patterns and (b) UV–vis diffuse reflectance spectra (DRS) of ZIS
and Z5CP.

The chemical composition and elemental states of Z5CP composite are further deter-
mined by X-ray photoelectron spectroscopy (XPS). As presented in Figure 3a, Zn, In, S, Co,
and P elements exist in the hybrid products, which further demonstrates the successful
photodeposition of Co-Pi on the surface of ZIS nanoflower. As shown in Figure 3b, the
XPS spectrum of Zn 2p exhibits two distinct peaks at 1045 and 1022 eV, which correspond
to the binding energies of Zn 2p1/2 and Zn 2p3/2 of Zn2+, respectively. From the XPS
spectrum of In 3d (Figure 3c), two peaks that center on binding energies 452.4 and 444.8 eV
are respectively associated with In 3d3/2 and In 3d5/2, which indicate the +3 state of In.
Moreover, as presented in Figure 3d, the peaks of 162.9 and 161.7 eV belong to S 2p1/2 and
S 2p3/2, confirming the presence of S2−. In the XPS spectrum of Co 2p (Figure 3e), the peak
of Co 2p3/2 is at 781.3 eV (satellite peak at 784.3 eV), indicating the presence of Co2+ in the
Z5CP composite [43–45]. In addition, the peak of P 2p (Figure 3f) at 133.5 eV indicates that
P presents in the form of phosphate groups, which further proves the successful synthesis
of Z5CP [46].

Photocatalytic H2 production is performed with triethanolamine (TEOA) as the hole
scavenger, and the photocatalytic properties of pure ZIS and different proportions of
ZIS/Co-Pi composites under visible light are investigated. Figure 4a is a diagram of the
photocatalytic activity of ZIS and composite with 1%, 5%, and 10% Co-Pi (hereinafter
shown as Z1CP, Z5CP, and Z10CP, respectively). As shown in Figure 4a, due to the fast
photogenerated electron–hole recombination rate, the pure ZIS is less active and the H2
evolution rate is only 1832 μmol·g−1·h−1. After the introduction of Co-Pi cocatalyst, Z1CP,
Z5CP, and Z10CP all show better H2 evolution performance compared with blank ZIS.
With the increase in Co-Pi content, the hydrogen yield increases gradually. However, when
the Co-Pi content increases further, the H2 evolution activity decreases, which may be
due to the remarkable shielding effect of Co-Pi, thereby decreasing the photocatalytic
active sites [47]. In particular, the Z5CP composite shows the highest H2 evolution rate
(3593 μmol·g−1·h−1), approximately two times higher than that of ZIS alone. This can
be attributed to the fact that in situ photodeposition of Co-Pi promotes the transfer of
photogenerated holes and reduces the recombination rate of photogenerated carriers. As
shown in Table 1, the Z5CP composite prepared in this work has optimal photocatalytic H2
production properties compared with the photocatalytic H2 production activities of some
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representative ZIS-based composites reported in recent years. In addition, the stability of
Z5CP is tested by the cyclic test. As depicted in Figure 4b, after five cycles, no apparent
deactivation has been observed for Z5CP composite, indicating the excellent stability of
Z5CP composite.

Figure 3. (a) XPS spectra of Z5CP, high-resolution spectra of (b) Zn 2p, (c) In 3d, (d) S 2p, (e) Co 2p,
(f) P 2p.
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Figure 4. (a) Photocatalytic H2 production over pure ZIS and Z5CP composites. (b) Stability plots of
the photocatalytic H2 production by Z5CP.

Photo/electrochemical tests are used to further characterize material reducing capacity
and photogenerated carrier transfer efficiency. Linear sweep voltammetry (LSV) is first used
to determine the H2 evolution performance of ZIS and Z5CP samples. Figure 5a shows the
polarization curve of ZIS and Z5CP composites. It can be seen that the overpotential of Z5CP
is less than ZIS at the same current density, indicating that the H2 evolution performance
of Z5CP is better than that of ZIS [48]. The kinetics of photocatalysis in different samples
can be compared by the Tafel slope. As shown in Figure S3, the Tafel slope of the Z5CP
composite (0.21 V/decade) is smaller than that of ZIS (0.24 V/decade), indicating the better
reduction effect and interfacial charge transfer efficiency of Z5CP, which is consistent with
the photocatalytic H2 production activity as well as other characterization results [49].
These results further demonstrate that Z5CP has faster reaction kinetics and excellent
interface carrier separation efficiency. To study the charge separation and transfer of
these ZIS/Co-Pi composites, instantaneous photocurrent (IT), electrochemical impedance
spectroscopy (EIS) and steady-state photoluminescence (PL) spectra are measured on the
ZIS and Z5CP samples [50]. As illustrated in Figure 5b, the optical current density of ZIS
is small, indicating that the photogenerated carrier separation efficiency of ZIS is poor.
However, it is found that after the introduction of Co-Pi, the optical current density of
Z5CP is significantly improved compared with that of pure ZIS, indicating that Z5CP has
better separation efficiency of electron (e−) and hole (h+) [51–55]. As shown in Figure 5c,
the radius of curvature of Z5CP composite is smaller than ZIS, indicating that the charge
transfer resistance of Z5CP is lower, which improves the separation and transfer rate of
photogenerated carriers, thus enhancing the photocatalytic activity [56–60]. Furthermore,
Figure 5d describes the steady−state photoluminescence (PL) spectra test of the sample.
As shown in Figure 5d, the PL intensity of Z5CP is significantly lower than that of blank
ZIS, indicating that the addition of cocatalyst Co-Pi effectively inhibits the recombination of
photogenerated carriers [61–65]. Taken together, the results of these photo/electrochemical
tests validate the improved separation and transfer of photogenerated charges in Z5CP,
leading to the enhanced performance of photocatalytic H2 evolution.

The information of chemical reaction area of the blank ZIS and the composite material
Z5CP is obtained by the cyclic voltammetry test (CV). Figure 6a,b show the cyclic voltam-
metry (CV) curves of the blank ZIS and Z5CP composites, respectively. As illustrated in
Figure 6c, the double-layer capacitance of Z5CP composite (3.99 μF·cm−2) is significantly
larger than ZIS (1.83 μF·cm−2), which strongly proves that Z5CP has more active sites
area than ZIS [45]. In addition, the flat charged position (Efb) of the original ZIS is mea-
sured with Mott–Schottky (MS). Generally, the slope of the positive one indicates that the
semiconductor is an intrinsic n-type semiconductor [51]. As can be seen from Figure 6d,
ZIS belongs to the n-type semiconductor. Moreover, Figure S4 shows the detailed fitting
parameters of MS. According to the x-intercept of the block, its Efb is determined to be
−0.52 V (vs. Ag/AgCl). In general, the conduction band position of n-type semiconductors
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is about 0.2 V more negative than that of Efb [66–68]. Therefore, the conduction charge
position (ECB) of the ZIS is −0.72 V (vs. Ag/AgCl). From the formula ENHE = EAg/AgCl +
0.20 V, the ECB of ZIS is −0.52 V (vs. NHE). According to the band gap of ZIS (2.44 eV), the
valence band potential (EVB) of ZIS is 1.92 V (vs. NHE).

Figure 5. (a) Polarization curves. (b) Transient photocurrent spectra. (c) EIS Nyquist plots.
(d) Steady−state photoluminescence (PL) emission spectra with an excitation wavelength of 500 nm.

Figure 6. (a,b) Cyclic voltammetry curves of the ZIS and Z5CP. (c) Current density scan rate plot.
(d) Mott−Schottky plots for ZIS.
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Combined with the above experiments and characterization, we propose a viable
mechanism for photocatalytic H2 production of Z5CP under visible light. As shown in
Figure 7, under visible light irradiation, Z5CP effectively absorbs the photon energy, and
then the electrons on the valence band (VB) are excited and transition to the conduction
band (CB), and the corresponding positive electric holes are generated on the valence band
(VB). The electron (e−) migrated to the semiconductor surface binds to the H+ adsorbed
in water to form H2. However, ZIS has a high electrons and holes recombination rate;
therefore, its photocatalytic activity is limited. Notably, Co-Pi has the excellent property of
transferring photogenerated holes, and the holes of ZIS are transferred to Co-Pi and drive
cycles to catalyze the Co2+/3+ → Co4+→ Co2+/3+ reaction [24]. At the same time, ZIS rapidly
exports holes to oxidize the sacrificial reagent of triethanolamine (TEOA); therefore, the
resulting photogenerated hole (h+) is effectively separated and consumed by it. Therefore,
the photogenerated carrier separation efficiency of the composite photocatalyst Z5CP is
improved, which allows more electrons to transfer to the catalyst surface to react with H+

to produce more H2. This is also the main factor for the significant improvement of the
photocatalytic H2 evolution performance of Z5CP composite.

Figure 7. Mechanism diagram of Z5CP in the visible light-driven photocatalytic H2 production reaction.

3. Experimental Section

3.1. Materials

Concentrated sulfuric acid (H2SO4), triethanolamine (C6H15NO3, TEOA), anhydrous
ethanol (C2H5OH), N,N-dimethylformamide (C3H7NO), disodium hydrogen phosphate dihy-
drate (Na2HPO4·2H2O), and sodium dihydrogen phosphate tetrahydrate (NaH2PO4·4H2O)
are supplied by Xilong Scientific Co., Ltd. (Shantou, China). Cobalt nitrate hexahydrate
(Co(NO3)2·6H2O), cetyltrimethylammonium bromide (C19H42BrN, CTAB), zinc nitrate
hexahydrate (Zn(NO3)2·6H2O), indium chloride tetrahydrate (InCl3·4H2O), and Nafion
solution (5 wt%) (C9HF17O5S) are supplied by Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China).

3.2. Synthesis of ZnIn2S4 (ZIS)

Typically, Zn(NO3)2·6H2O (304.2 mg), InCl3·4H2O (624.4 mg), and cetyltrimethyl-
ammonium bromide (CTAB) (230.6 mg) were added to a beaker containing 20 mL of
deionized water and magnetically stirred for 30 min. Then, the thioacetamide (604.8 mg)
was added to a beaker containing 10 mL deionized water and mixed to the above solution.
Afterwards, the mixture was added to a Teflon liner and stirred for 30 min, and the liner
was transferred to stainless steel autoclave heating in an oven at 433 K for 16 h. After
cooling, the products were separated by filtration and washed several times with deionized
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water and ethanol. The resulting samples were dried under vacuum at 333 K for 12 h.
Ultimately, a bright yellow solid was obtained.

3.3. Synthesis of ZnIn2S4/Co-Pi (ZIS/Co-Pi)

In a typical experiment, the prepared 200 mL (0.1 mol/L) NaH2PO4 and 200 mL
(0.1 mol/L) Na2HPO4 solution were mixed and adjusted with pH to around 7. Subsequently,
80 mL of neutral buffer was measured, and the calculated amount of Co(NO3)2·6H2O
was added to make it evenly dispersed by ultrasound. Furthermore, 40 mg of ZnIn2S4
was weighed and introduced into the aforementioned system which was then sealed
using a sealing ring with several ventilation holes. Then, the system was subjected to Ar
gas flow under magnetic stirring for 30 min followed by irradiation from a xenon lamp
while maintaining stirring for an additional duration of 60 min after sealing. After the
photodeposition, the samples were filtered with deionized water, and the samples were
obtained after vacuum drying at 333 K for 12 h. The loading amount of Co-Pi in ZIS/xCo-Pi
was altered by changing the amount of Co(NO3)2·6H2O. In the experimental design, the
loading ratios of deposited Co-Pi in ZnIn2S4 are 1%, 5%, and 10%, respectively.

3.4. Activity Evaluation of Photocatalytic H2 Evolution

Photocatalytic H2 production was performed in a 50 mL airtight quartz reactor. In
the entire quartz reactor, 5 mg of the catalyst was dispersed into a solution containing
5 mL of deionized water and 1 mL of triethanolamine (TEOA). Before the reaction, high
purity Ar was injected into the quartz reactor for 30 min to exhaust the residual air in
the reactor. A 300 W xenon lamp (λ > 420 nm) was selected as the light source, and
after 2 h of illumination, 1 mL of gas was extracted into the gas chromatograph (thermal
conductivity detector TCD, Agilent Technologies GC 7820A, Santa Clara, CA, USA) to
detect the hydrogen yield obtained after the reaction. In order to evaluate the stability of
ZIS/Co-Pi composite, the photocatalyst was separated and centrifuged. The recovered
photocatalyst is then subjected to a subsequent cycle under the same conditions.

3.5. Characterization Methods

The morphological characteristics were tested through scanning electron microscopy
(SEM, FESEM ZEISS sigma 500, Oberkochen, Batenwerburg, Germany) and transmission
electron microscopy (TEM, Jeol JEM-2100F instrument, Jeol, Akishima, Tokyo). The de-
termination of crystal structures was determined by X-ray diffraction (XRD) with Cu Kα

(λ = 0.15406 nm, Bruker D8 Advance, Billerica, MA, USA). The surface composition of
the samples was determined by X-ray photoelectron spectrometer (XPS, Thermo Fisher,
K-Alpha, Waltham, MA, USA). The UV-visible diffuse reflectance spectrometer (DRS,
Shimadzu UV-2600, Kyoto, Japan) was used to test the optical response of the catalyst. Pho-
toluminescence (PL) spectra were obtained using a spectrofluorometer (FLS 980, Edinburgh
Instruments Ltd., Edinburgh, UK) with an excitation wavelength of 500 nm. Furthermore,
all the electrochemical measurements of the photocurrent, the electrochemical impedance
spectra (EIS), the Mott–Schottky (MS), cyclic voltammetry (CV), and linear sweep voltam-
metry (LSV) curves were carried out in the three-electrode cell, in which Ag/AgCl was
used as a reference electrode, a Pt wire was used as a counter electrode, and an indium in
oxide (ITO) conductive glass was used with the samples as a working electrode in 0.1 M
Na2SO4 electrolyte (pH = 7.56), all measurements were carried out on CH instruments
CHI-660E electrochemical workstation (Shanghai Chenhua CHI-660E, Shanghai, China).

4. Conclusions

In summary, we synthesize spherical ZnIn2S4 nanoflower substrate material by the
hydrothermal method, and reasonably construct a novel photocatalyst of indium zinc sul-
fide/cobalt phosphate (ZnIn2S4/Co-Pi) hybrid photocatalyst by the in situ photodeposition
method. In the presence of cocatalyst cobalt phosphate (Co-Pi), the hybrid photocatalyst
shows outstanding photocatalytic hydrogen evolution performance. Through changing
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the photodeposition amount of Co-Pi, it is observed that the highest H2 production rate
of indium zinc sulfide (ZnIn2S4/5% Co-Pi) loaded with 5% cobalt phosphate (Co-Pi) is
3593 μmol·g−1·h−1, which is significantly higher than that of pure ZnIn2S4. The steady-
state photoluminescence (PL) and electrochemical impedance spectroscopy (EIS) of the
photocatalyst show that ZnIn2S4/Co-Pi composite has weaker PL intensity and lower
charge transport resistance than blank ZnIn2S4, demonstrating that the hybrid photo-
catalyst has faster electron transfer and charge separation. Simultaneously, the larger
double-layer capacitance and smaller overpotential of catalyst indicate that ZnIn2S4/Co-Pi
composite has larger active area and better hydrogen evolution performance. This work
makes reasonable use of the earth-abundant cocatalysts to design low-cost and efficient
composite catalysts to promote the prospect of photocatalytic hydrogen evolution.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules29020465/s1, Figure S1: Schematic representation of
the samples for ZnIn2S4 (a) and ZnIn2S4-5%Co-Pi (b); Figure S2: EDS spectrum of ZnIn2S4-5%Co-
Pi; Figure S3: Tafel slope plots for ZnIn2S4 and ZnIn2S4-5%Co-Pi; Figure S4: Mott-Schottky plots
for ZnIn2S4.
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Abstract: The integration of clean energy generation with wastewater treatment holds promise for ad-
dressing both environmental and energy concerns. Focusing on photocatalytic hydrogen production
and wastewater treatment, this study introduces PdIn/TiO2 catalysts for the simultaneous removal
of the pharmaceutical contaminant paracetamol (PTM) and hydrogen production. Physicochemical
characterization showed a high distribution of Pd and In on the support as well as a high interaction
with it. The Pd and In deposition enhance the light absorption capability and significantly improve
the hydrogen evolution reaction (HER) in the absence and presence of paracetamol compared to
TiO2. On the other hand, the photoelectroxidation of PTM at TiO2 and PdIn/TiO2 follows the full
mineralization path and, accordingly, is limited by the adsorption of intermediate species on the
electrode surface. Thus, PdIn-doped TiO2 stands out as a promising photoelectrocatalyst, show-
casing enhanced physicochemical properties and superior photoelectrocatalytic performance. This
underscores its potential for both environmental remediation and sustainable hydrogen production.

Keywords: PdIn-doped TiO2 catalyst; green H2 production; photoelectrochemical oxidation;
paracetamol; pharmaceutical removal from water

1. Introduction

Energy production and water availability pose significant challenges for future genera-
tions. The global consumption of both resources is experiencing substantial growth, driven
by population increases and improved living standards. The combustion of fossil fuels
releases greenhouse gases and other pollutants into the atmosphere, resulting in critical
consequences for the environment. On the other hand, water availability is threatened by
the presence of contaminants in wastewater and the lack of water sanitation solutions.

The Sustainable Development Goals (SDGs) set forth by the United Nations for 2030
include specific objectives related to energy consumption (SDG 7: Affordable and Clean
Energy) and water pollution (SDG 6: Clean Water Sanitation). Renewable energies could
be a key part of the solution for sustainable energy production if electricity storage is
ensured. Hydrogen has emerged as a highly promising renewable fuel due to its high
energy content, lack of environmental hazards, and, most importantly, its ability to be
produced from water [1,2]. The production of green hydrogen is a promising way to supply
and distribute intermittently generated energy through fuel cells. However, its production
through water splitting is not cost-effective due to the large amounts of energy required for
the oxygen evolution reaction (OER) at the anode. It is important to consider that in the case
of water splitting, the thermodynamic potential needed to break down water into oxygen

Molecules 2024, 29, 1073. https://doi.org/10.3390/molecules29051073 https://www.mdpi.com/journal/molecules123



Molecules 2024, 29, 1073

and hydrogen is 1.23 V. However, high overpotentials are usually employed to overcome
the slow kinetics of the OER [3]. Photoelectrocatalytic production of hydrogen by oxidizing
organic or inorganic compounds at the anode can be achieved without the need for electrical
input, but current catalysts do not meet the requirements to approach viability goals. On
the other hand, the potential required for the degradation of contaminants depends on the
nature and concentration of the contaminants, the nature of the photoelectrocatalyst, and
the efficiency of the process used [4].

Electrocatalytic hydrogen production has emerged as a popular method for hydrogen
generation [5]. However, there are several issues, including cost-effectiveness, associated
with these techniques. To address the dual challenges of the energy crisis and environ-
mental pollution, sustainable photocatalytic hydrogen production has shown promise [6,7].
However, efficient photocatalytic hydrogen generation typically requires the use of external
sacrificial agents or donors, such as alcohols or organic acids, to scavenge holes and reduce
recombination [8]. The addition of these sacrificial agents increases the cost of hydrogen
evolution, making it economically viable but less practical in the long run [9]. Thus, for
sustainable and efficient hydrogen production, there are two main requirements to achieve.
Firstly, the photocatalyst must possess efficient electron–hole separation, numerous active
reaction sites, and high visible light activity [10,11], which is crucial for effective hydrogen
generation. The second challenge involves the recovery or generation of hydrogen energy
from wastewater, enabling environmentally friendly and sustainable energy production
combined with water treatment on a larger scale. This integrated approach holds promise
for addressing both energy and environmental concerns.

Various catalysts for efficient photocatalytic H2 generation have been synthesized by
different authors. Meng et al. [12] developed Ni12P5/ZnIn2S4 (NP/ZIS) heterostructures
using a hydrothermal method, demonstrating visible-light-driven photocatalytic splitting
of benzyl alcohol into H2 and benzaldehyde. The use of 7% NP/ZIS significantly improved
the thermodynamics and kinetics of H2 production compared to pure water splitting and
individual ZIS, attributed to increased surface area, porous structure, creation of defect
states (zinc vacancies), and the enhancement of the NP co-catalyst. Amorphous TiO2 and
Co-ZnIn2S4 were combined to form a heterojunction, improving photocarrier separation
efficiency and catalyst stability. The introduction of amorphous TiO2 induced oxygen
vacancies, enhancing carrier density. Additionally, MoP nanoparticles were introduced
as co-catalysts, serving as hydrogen production sites and achieving efficient hydrogen
production [13].

Long et al. [14] investigated nanostructured polymeric carbon nitride (PCN) for visible-
light-driven photocatalytic hydrogen evolution, attributing improved activity to increased
BET specific surface area, higher active site quantity, and accelerated transfer and separation
of photo-excited charge carriers. Additionally, Zheng et al. [15] demonstrated the excellent
photocatalytic activity of Au/ZnO nanomaterial in bisphenol A degradation and photo-
electrochemical water splitting. The enhanced activities were linked to heightened light
absorption and unique charge transfer of photogenerated electrons, effectively reducing
the recombination rate and prolonging the lifetime of photo-excited carriers.

Contaminants of emerging concern (CECs) are increasingly being detected in water
sources worldwide, posing significant challenges to water quality and human health. These
CECs include a wide range of pollutants, such as pharmaceuticals, personal care products,
pesticides, industrial chemicals, and microplastics, which can enter water bodies through
various pathways [16,17]. The presence of CECs in water raises concerns for both ecological
and human health. These contaminants can have adverse effects on aquatic ecosystems,
including the disruption of endocrine systems, alteration of reproductive behaviors, and
changes in the composition of microbial communities. In terms of human health, exposure
to CECs through drinking water consumption or recreational activities in contaminated
water bodies can pose risks, particularly for vulnerable populations such as children and
pregnant women [18].
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Paracetamol, also known as acetaminophen, is a widely used over-the-counter med-
ication for pain relief and fever reduction. Like many pharmaceuticals, it can enter the
environment through various pathways, including improper disposal, excretion, and
wastewater treatment plant effluents. While it is generally considered safe for human use
when taken at recommended doses, the presence of PTM in water bodies as a CEC is a topic
of growing interest and research. The presence of acetaminophen in aquatic environments
can have adverse effects on aquatic organisms. Even at low concentrations, it can disrupt
the endocrine systems of fish and other aquatic organisms, affecting their reproductive
capabilities [19].

Thus, utilizing PTM as a sacrificial agent in photocatalytic hydrogen evolution serves
the purposes of both clean energy generation and wastewater treatment.

Photoelectrochemical oxidation (PECO) is indeed a promising technique for the re-
moval of PTM from water. PECO involves the use of a photoactive electrode, typically a
semiconductor material, which generates reactive oxygen species (ROS) upon exposure
to light. These ROS, such as hydroxyl radicals, play a crucial role in the degradation of
organic contaminants like PTM [20].

Since the discovery of TiO2’s ability for water-splitting and photocatalytic degradation
of organic compounds, numerous semiconductors have been studied for environmental
and energy applications. TiO2 is the most extensively investigated due to its chemical
stability, low cost, and good photocatalytic efficiency [21]. However, TiO2 does have a
limitation in its optical response. With a large band gap (E.g., ~3.2 eV), TiO2 primarily
responds to UV light, which accounts for only 5% of solar energy [22]. To address this issue,
various modifications of TiO2 have been extensively studied to enhance its wavelength
range response, promote charge generation, and facilitate efficient charge separation to
minimize recombination [23]. Techniques for TiO2 modifications include metal loading,
ion doping, semiconductor coupling, and dye sensitization. Depositing precious metals
or rare-earth metals onto semiconductors is a widely investigated approach to enhance
the photocatalytic properties of TiO2 [24]. This method offers two main advantages: the
formation of a Schottky junction for efficient charge separation and the localized surface
plasmon resonance (LSPR) effect, which promotes enhanced charge generation through the
absorption of visible light.

Pd and Pd-In catalysts have been widely reported in the catalytic reduction and
electrochemical reduction of inorganic ions present in water [25]. It has been demonstrated
that the Pd-In combination can hydrogenate nitrate ions into nitrites in water [26]. On the
other hand, Pd has attracted significant attention as it is one of the platinum-group metals
with high catalytic activity for the HER [27]. It is important to note that most of the catalysts,
either mono- or bimetallic, based on Pd for the electrocatalytic production of H2 imply the
use of high metal loadings, which considerably increases the cost of these technologies.
This work evaluates the catalytic performance of PdIn-doped TiO2 catalysts (Pd, 1 wt.%,
In 0.25 wt.%) in the photoelectrochemical oxidation of PTM and the simultaneous HER.
The reaction mechanism, both for PTM oxidation and HER, and the stability of the catalyst
are discussed.

2. Results and Discussion

2.1. Characterization
2.1.1. UV-DRS Analysis

To evaluate the absorbance properties of TiO2 and PdIn/TiO2 synthesized in this study,
UV–Vis diffuse reflectance spectra (DRS) were measured (Figure 1). The absorption band
edge of TiO2 occurs at approximately 400 nm. The addition of PdIn leads to an increase in
absorption at longer wavelengths within the visible range. The band gap values of TiO2
and PdIn/TiO2 were 3.67 and 3.47 eV, respectively. The lowest band gap value obtained
after the impregnation of PdIn onto TiO2 would indicate that the Pd and In deposition
enhances the light absorption capability, resulting in a possible higher catalytic activity
when compared to TiO2 alone. This behavior could be related to the Fermi levels of Pd,
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which are lower than those of TiO2, facilitating the efficient transfer of photogenerated
electrons from the conduction band of TiO2 to the metal particles. This process of electron
trapping greatly diminishes the rate of electron–hole recombination, leading to enhanced
photocatalytic reactions.

Figure 1. (a) UV–vis absorption spectra and (b) bandgap energy plot (Kubelka–Munk function) of
TiO2 (black line) and PdIn/TiO2 (red line) materials.

2.1.2. Physicochemical Properties

Morphology and elemental analysis of PdIn/TiO2 were studied through SEM–EDS
and HRTEM techniques, respectively. Figure 2a shows an SEM–EDS micrograph of the
PdIn/TiO2 catalyst and the corresponding mappings. A homogeneous distribution of the
materials was obtained. Indeed, a high distribution of Pd and In on the TiO2 particles is
perceived, with an average wt.% composition of 0.85 ± 0.07 and 0.22 ± 0.04, respectively,
and a Pd:In atomic ratio close to the nominal value was detected. Figure 2b shows the
HRTEM micrograph of the PdIn/TiO2 catalyst. Particles with an average size of 18 nm
are observed and depicted in the particle size distribution graph (Figure S1). Furthermore,
particles with smaller sizes (~5 nm) are discerned and may be ascribed to Pd and/or
In-based species.

The surface area and pore volume of PdIn/TiO2, obtained from BET analysis, were
48.84 m2/g and 0.0015 cm3/g, respectively. For commercial TiO2, a surface area of
48.47 m2/g was reported, a similar value [28]. Therefore, no diminution of the surface area
is perceived after metal deposition onto TiO2 material. Figure S2 shows nitrogen adsorption
isotherms of TiO2 and PdIn/TiO2 materials. N2 adsorption isotherms align with type II, as
per the IUPAC classification. These isotherms are indicative of non-porous or macroporous
solids, exhibiting low or negligible microporosity and unrestricted multilayer adsorption.

XRD patterns of PdIn/TiO2 and the bare support were assayed to elucidate the crys-
talline phases present. Figure 3 shows the corresponding diffractograms, respectively.
Anatase (JCPDS 00-021-1272) and rutile (JCPDS 00-021-1276) phases were detected in both
TiO2 and PdIn/TiO2 catalysts. No crystalline phases corresponding to Pd or In were de-
tected, which could be due to the low metal loading, the high dispersion of the material on
the support, and/or the amorphous nature of the dispersed species. The crystallite size
of both phases, anatase (plane 1 0 1, 2θ = 25.281◦) and rutile (plane 1 1 0, 2θ = 27.477◦),
for PdIn/TiO2 and TiO2 were calculated using the Scherrer equation. Crystallite sizes of
20.93 nm were obtained for the anatase phase of both catalysts. For the rutile phase of
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TiO2 and PdIn/TiO2, crystallite sizes of 25.6 and 31.4 nm, respectively, were obtained. This
change of crystallite size in the rutile phase could be due to a strong interaction with Pd
and In species or to their introduction into its crystalline network since the doping of the
material could affect its electronic and structural properties and consequently the crystallite
size [29–31].

 

Figure 2. (a) SEM micrograph of PdIn/TiO2 catalyst and corresponding mappings of Pd, In, O, and
Ti species. (b) HRTEM micrograph of PdIn/TiO2 catalyst.

 
Figure 3. XRD patterns of PdIn/TiO2 (red line) and TiO2 (black line) samples.

The electroactive surface area was calculated by performing CVs at different scan rates
in a potential range where no faradaic reaction occurs (i.e., capacitive currents are employed)
by plotting the anodic and cathodic current densities at a fixed potential versus the scanning
rate (see Figure S3 as an example for GC in the Supplementary Material). The same
procedure was performed for TiO2 and PdIn/TiO2. The corresponding values of anodic and
cathodic electrochemical double-layer capacitances (EDLCA and EDLCV, respectively) and
electroactive surface areas for different electrodes, calculated using Equations (14) and (15)
(see Experimental section), are summarized in Table 1. Considering the slopes obtained for
each material, it can be observed that the PdIn/TiO2 catalyst reveals a higher ECSA than
GC and TiO2.
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Table 1. Double-layer capacitance and electroactive surface area for the photoelectrocatalysts
prepared.

Photocatalyst EDLCA (mF/cm2) EDLCC (mF/cm2)
Electroactive Surface

Area (cm2)

GC 0.00003 −0.00003 0.6
TiO2 0.00011 −0.0001 2.5

PdIn/TiO2 0.0004 −0.0004 8.24

2.2. Hydrogen Evolution Reaction

Figure 4 shows cyclic voltammograms performed at GC (black line), TiO2 (red line),
and PdIn/TiO2 (blue line) between −0.3 V and 1.5 V in the electrolyte solution. As expected,
the GC electrode reveals only capacitive currents in the potential range under study. On
the other hand, TiO2 and PdIn/TiO2 catalysts show an increment of the cathodic current
at potentials more negative than 0.0 V, which is associated with the HER. Interestingly,
the presence of PdIn significantly improves the HER in the electrolyte solution. Indeed,
PdIn/TiO2 develops double the current at −0.25 V compared with TiO2.

Figure 4. Cyclic voltammograms of GC (blue line), TiO2 (black line), and PdIn/TiO2 (red line). Sweep
rate = 20 mV·s−1, in 0.1 M phosphate buffer solution, pH = 7.

The photoelectrocatalytic performance of TiO2 (black lines) and PdIn/TiO2 (red lines)
catalysts toward the HER was evaluated through chronoamperometry technique in the
presence (light on) and absence (light of) of radiation at 0 and −0.1 V with an irradiation
intermittence of 30 s (Figure 5).

 
Figure 5. Current transients of TiO2 (black line) and PdIn/TiO2 (red line) recorded at 0.0 and −0.1 V
in 0.1 M phosphate buffer solution, pH = 7, under the absence and presence of light.
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TiO2 material develops low cathodic current and photocurrents at both studied po-
tentials. Oppositely, the PdIn/TiO2 catalyst reveals high cathodic current values at both
applied potentials and suitable photoactivity at 0.0 V. The decrease of the photoactivity
of PdIn/TiO2 at −0.1 V suggests that the flat band potential is close. In addition, the
PdIn/TiO2 catalyst develops similar cathodic current values over time, which indicates
an appropriate photoelectrochemical stability and, thus, a suitable photoelectrocatalytic
performance toward the HER.

A Tafel plot was employed to better understand the reaction kinetics and mechanism
of the HER at the best catalyst developed in the current work. For this purpose, linear
sweep voltammetry (LSV) was performed between 0.2 and −0.2 V at a sweep speed of
5 mV·s−1. Two reaction mechanisms are commonly discussed in the literature [32,33],
denoted as Volmer–Heyrovsky and Volmer–Tafel. Both mechanisms have in common
that hydrogen is adsorbed (Had) on the electrode through the electrochemical Volmer step
but differ in the second stage. For the Volmer–Heyrovsky mechanism (Equation (1)), the
Heyrovsky step (Equation (2)) involves the adsorbed hydrogen recombining with another
proton from the solution to release an H2 molecule. On the other hand, the Volmer–Tafel
mechanism consists of two consecutive Volmer steps and the Tafel step (Equation (3)) in a
recombination step of two adjacent hydrogen adsorbates to form H2.

Volmer : H2O + e− � Had + OH−, (1)

Heyrovsky : Had + H2O + e− � H2 + OH−, (2)

and
Tafel : Had + Had � H2 (3)

Tafel slope (TS) values were employed to discern which reaction mechanism follows
the HER at the PdIn/TiO2 catalyst. TS values of 120, 30, and 40 mV·dec−1 are associ-
ated with Volmer, Tafel, and Heyrovsky as the rate-determining step (RDS), respectively.
Figure 6a shows the LSV recorded for PdIn/TiO2 performed at 5 mv·s−1 from 0.2 V to
−0.2 V in the electrolyte solution. Figure 6b shows a TS close to 120 mV·dec−1, which is
attributed to the Volmer step as the RDS during the HER at the PdIn/TiO2 catalyst. In this
sense, the high TS may be attributed to the high amount of surface oxygenated species of
TiO2, which may inhibit the first electron transfer step.

2.3. Paracetamol Oxidation Reaction

The photoelectrocatalytic activity of GCE, PdIn/TiO2, and TiO2 support towards the
oxidation of PTM (100 ppm) was evaluated using cyclic voltammetry under irradiation
and in the absence of irradiation. Figure 7 shows CV profiles of PTM electro-oxidation in
the dark at GCE, TiO2, and PdIn/TiO2. As discussed above (see Figure 4), the presence
of PTM does not change the catalytic performance toward the HER at PdIn/TiO2, and
consequently, the catalytic active sites for the HER are not compromised.

PTM oxidation on GCE (blue line) exhibits an anodic current generation with an anodic
peak at 1.1V, and an onset potential of 1.0 V. A quasi-reversible process with a peak-to-peak
separation of ΔV = 250 mV was determined, as reported by Nematollahi et al. [34] for the
same material and similar pH conditions. At more positive potentials than the anodic
current peak, a large drop in current density is observed, showing a Cottrell behavior, indi-
cating that the process is limited by diffusion of the species towards the electrode surface.

On the other hand, TiO2 (black line) and PdIn/TiO2 (red line) show an irreversible
behavior toward the PTM oxidation with onset potentials of 1.0 V and ΔV = 750 and 420 mV,
respectively. Evidently, at higher potentials than the anodic peak current, the oxidation
behavior is different for GCE compared with TiO2-based materials. This suggests that the
reaction mechanism at TiO2-based materials is limited by adsorbed species.
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Figure 6. Linear sweep voltammogram recorded at 5 mV·s−1 (a) and Tafel plot (b) for PdIn/TiO2 in
0.1 M phosphate buffer solution, pH = 7.

 
Figure 7. Cyclic voltammograms of GC (blue line), TiO2 (black line), and PdIn/TiO2 (red line) in a
100 ppm PTM solution in 0.1 M phosphate buffer solution. Sweep rate = 20 mV·s−1, pH = 7. Inset
(For the sake of clarity, the CVs were vertically translated): TiO2 and PdIn/TiO2 in the absence (solid
lines) and the presence of light (dashed lines) in a 100 ppm PTM solution in 0.1 M phosphate buffer
solution. Sweep rate = 20 mV·s−1, pH = 7.

The same CV experiments were performed on TiO2 and PdIn/TiO2 but in the presence
of light. The inset plot in Figure 7 compares voltammograms corresponding to the PTM
oxidation at TiO2 and PdIn/TiO2 catalysts under the absence (solid lines) and the presence
(dashed lines) of light. During the oxidation of PTM in the absence of light, at more positive
potentials than the anodic peak, the current density slightly decreases (i.e., non-Cottrell
behavior) with the rise of the applied potential, suggesting that the current is limited by
kinetic. Conversely, in the presence of light, the current density remained almost constant
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at more positive potentials than the anodic peak, which implies that the current is limited
by kinetics and suggests that adsorbed species are responsible. On the other hand, during
the reverse scan, the presence of light made the system completely irreversible, i.e., no
cathodic currents were discerned.

To better understand the kinetics and reaction mechanism of the PTM oxidation at
all materials studied in the current work, rotating disk experiments at different rotational
speeds were performed.

Figure 8a,b compares CV profiles of PTM oxidation at GCE performed at different
sweep rates and rotational rates, respectively. These experiments demonstrate that the PTM
oxidation process is diffusion-limited on the GCE since, as shown in Figure 8, the anodic
current density reaches a constant diffusion value (IDIF), which increases with the growth
of the rotational speed.

 

Figure 8. Cyclic voltammograms at diverse sweep rates at (a) GCE and (c) PdIn/TiO2. Steady-
state polarization curves recorded at 10 mV·s−1 at several rotation rates at (b) GCE and (d) at the
PdIn/TiO2 electrode in the presence (red line) and the absence (black line) of radiation. All assays
were performed in a 100 ppm PTM solution in 0.1 M phosphate buffer, pH = 7.

For GCE, Randles–Sevsick and Koutecky–Levich plots with the corresponding slope
value are shown in Figure S4, respectively. Koutecky–Levich equation is shown in
Equation (4), where IDIF is the limit current (A), Ik the kinetic current, and Ilev is ex-
pressed using Equation (5):

1
IDIF

=
1

Ilev
+

1
Ik

(4)

and
Ilev = 0.62nFAD2/3ω1/2ν−1/6C, (5)

where v is the kinematic viscosity, w is the angular frequency of rotation (rad·s−1), A is
the disk electrode area (cm2), and other symbols have their conventional meanings. By
plotting 1

IDIF
vs ω−1/2 and obtaining from the literature for the kinematic viscosity of the

electrolyte (0.012 cm2·s−1) [35] and the diffusion coefficient D (6.1 × 10−6 cm2·s−1) [36], the

131



Molecules 2024, 29, 1073

number of electrons transferred involved in the reaction yielded a value of 2, as reported
by Nematollahi et al. [34]. Thus, this process could be associated with the reversible
transformation of PTM into N-acetyl-p-benzoquinone amine (NAPQI) [34]:

C8H9NO2 � C8H7NO2 + 2H+ + 2e−. (6)

Figure 8c,d compares CV profiles of PTM oxidation at PdIn/TiO2 performed at dif-
ferent sweep rates and rotational rates, respectively. On the other hand, the anodic peak
potential for TiO2 and PdIn/TiO2 was plotted as a function of the scan rate, and a linear
trend was discerned, which suggests that the process is limited by the adsorption of species
on the electrode surface. The number of electrons (n) transferred to the surface of the
electrode was calculated through the Laviron equation for an irreversible process, where α

is the electron-transfer coefficient (0.5), and n is the number of electrons involved in the
redox process [37]:

EpA =
RT

(1 − α)nF
log(v). (7)

For both TiO2-based electrodes, the number of transferred electrons was 1, and the
subsequent reaction is the most plausible to occur:

C8H9NO2 � (C8H8NO2)ad + H+ + 1e−. (8)

Then, the adsorbed species may follow subsequent reactions at more positive poten-
tials:

(C8H8NO2)ad � (C8H7NO2)ad + H+ + 1e−, (9)

(C8H7NO2)ad � C8H7NO2, (10)

and
(C8H7NO2)ad + 14H2O ⇀ 8CO2 +

1
2

N2 + 35H+ + 35e−. (11)

Equation (10) seems to be facile at GCE, while the opposite happens at TiO2-based
electrodes, and accordingly, the adsorbate path is favored. In this sense, Equation (11)
indicates the global reaction toward the total mineralization of paracetamol, which is
expected to follow the adsorbate route via deprotonation processes. In this context, it is
important to note that the presence of radiation at TiO2-based electrodes completely inhibits
the pathway toward soluble species (i.e., Equation (10)), and consequently, no cathodic
peaks are detected during the reverse sweep.

In this regard, Figure 8d suggests the aforementioned phenomenon, as a subsequent
increment in the anodic current is perceived with the rise of applied potential in the
presence of light. Remarkably, the same current values were obtained at rotation rates
higher than 750 rpm, and no inhibition was discerned in the subsequent cycles. Therefore,
the adsorbate route seems to predominate in TiO2-based catalysts. Furthermore, the
addition of a small amount of PdIn into TiO2 not only increases the catalytic efficiency
toward PTM oxidation but also intensely raises the HER, which is not inhibited in the
presence of the organic molecule.

Finally, to test the catalytic stability of PdIn/TiO2 toward the degradation of PTM in
the absence and presence of light, a current transient was recorded at 1.2 V and depicted
in Figure 9. An initial decrease in the anodic current density in the absence of light is
observed, which rises and remains almost constant when the system is exposed to light.
This indicates an improved catalyst performance toward PTM photoelectroxidation.
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Figure 9. Photo/current transients of PdIn/TiO2 recorded at 1.2 V and 1000 rpm, under the absence
and the presence of light in a 100 ppm PTM solution in 0.1 M phosphate buffer solution, pH = 7.

3. Experimental

3.1. Catalyst Synthesis

The bimetallic catalyst supported on titania was prepared using the conventional
wet impregnation method by co-impregnating Pd:In in a 1:0.25 wt.% ratio relative to the
support (TiO2), followed by calcination and reduction.

A solution of PdCl2 (Sigma Aldrich, St. Louis, MO, USA, p.a.) and InCl3 (Sigma
Aldrich, 99.9%) was utilized to achieve the desired bimetallic catalyst. The process involved
the addition of a specific mass of TiO2 support (Degussa, Zürich, Germany, P25, 48 m2/g)
to a container containing water, along with a volume of concentrated Pd and In solutions,
to attain the desired weight percentages of the metals, namely 1.00% Pd and 0.25% In.

Once the mixture was homogeneous and the solvent was evaporated, the material was
dried overnight at 80 ◦C, and then calcined at 500 ◦C for 4 h. Finally, it was reduced using
a 0.2 M solution of hydrazine hydrate and washed several times with deionized water. The
material was left to dry overnight at 80 ◦C and named PdIn/TiO2.

3.2. Physicochemical Characterization

X-ray diffraction (XRD), energy-dispersive X-ray spectroscopy (EDX), N2 adsorption–
desorption isotherms, scanning electron microscopy (SEM), and transmission electron
microscopy (TEM) were employed for the physicochemical characterization of catalysts.

XRD powder spectra were generated utilizing the X’Pert PRO X-ray diffractometer
(PANalytical, Tokyo, Japan) to ascertain the crystal structure. The measurements were
conducted using CuKα radiation (λ = 1.5405 Å) and the X’pert high score plus diffraction
software, version 1.0f. The 2θ data were collected in the range of 20◦ to 100◦ with a scanning
rate of 0.04◦ s−1. The identification of crystalline phases was achieved by comparing the
experimental diffraction patterns with those in the Joint Committee on Powder Diffraction
Standards (JCPDS).

Morphological characterization of the synthesized catalysts was performed using SEM
images recorded with a ZEISS EVO 15 SEM with a 2 nm resolution and Oxford X-MAX
50 mm2 EDX.

TEM studies were conducted using a JEOL JEM 2100 electron microscope operating at
100 kV. The samples were diluted in ethanol and placed in a conventional TEM copper grid
with a thin holey carbon film.

N2 adsorption–desorption isotherms of the carbon supports were measured at −196 ◦C
using Micromeritics ASAP 2020 equipment. The total surface area was calculated from the
BET (Brunauer, Emmett, and Teller) equation, and the total pore volume was determined
using the single-point method at P/P0 = 0.99. Pore size distribution (PSD) curves were
obtained from the analysis of the desorption branch of the N2 isotherm using the BJH
(Barrett, Joyner, and Halenda) method.
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3.3. Photochemical Properties

The materials were initially characterized using diffuse reflectance to obtain the band-
gap values of the catalysts and narrow down the spectrum of catalysts to be studied. The
band-gap values of each material were obtained using the Kubelka–Munk method (K–M or
F(R)), as shown in Equation (12):

F(R) =
(
1 − R)2

2R
, (12)

where R is the reflectance, and F(R) is proportional to the extinction coefficient (α). A
modified K–M function can be obtained by multiplying the F(R) function by hν, using the
corresponding coefficient (n) associated with an electronic transition (Equation (13)):

(F(R)× hv)n. (13)

Graphing Equation (12) as a function of energy in eV yields the value of the material’s
band gap. The band gap refers to the energy difference between the valence band (the
highest energy level filled with electrons) and the conduction band (the lowest empty
energy level) in a material. The size of the band gap determines a material’s ability to
absorb light and participate in photochemical reactions. Therefore, materials with smaller
band gaps are usually more efficient at utilizing a wider range of light energy, requiring
less energy to promote electrons to the conduction band.

3.4. Electrochemical Characterization

A temperature of 20 ◦C was chosen to assess the electrochemical performance of the
catalysts in a three-electrode cell controlled via a GAMRY Reference 620–45080 Potentio-
stat/Galvanostat. The reference electrode used was a reversible hydrogen electrode (RHE),
and all potentials mentioned below are presented relative to this electrode. The counter
electrode (CE) consisted of a glassy carbon (GC) rod, while the working electrode (WE)
was applied as ink onto a GC disk. Assays in a rotating disk electrode (RDE) AUTOLAB
RDE-2 were carried out under the same conditions. Current density values were obtained
from the geometrical area of the WE.

For the preparation of the inks to be deposited on the GC disk, 2 mg of the catalyst
was placed in an Eppendorf tube. Subsequently, 15 μL of NAFION and 500 μL of isopropyl
alcohol were introduced into the tube, and the blend was subjected to 30 min of sonication
for homogenization. After achieving homogeneity, the dispersed ink (40 μL) was applied
onto a polished GC disk (10 mm diameter). The ink was then dried under an inert atmo-
sphere before being utilized in the electrochemical cell. For assays in the RDE, 12 μL of the
dispersed ink was applied onto the polished GC disk (3 mm diameter).

The electrochemical behavior of the catalyst powders in a phosphate buffer solution
with and without PTM (100 mg·L−1), purged with pure N2 before each measurement, was
examined using cyclic voltammetry (CV) and chronoamperometry techniques.

Electrolytic solutions were prepared using potassium phosphates salts (H2KPO4 and
HK2PO4) and milli-Q water to form a solution of 0.1 mol·L−1 with pH = 7.

Electroactive surface area was estimated from the CV curves of the catalyst at different
scan rates in the electrolyte support. CVs were performed for each material, including the
bare electrode (i.e., glassy carbon), at different scan rates (5, 10, 20, 50, and 100 mV·s−1) in
the double-layer region to obtain the electroactive surface area (ECSA). The calculation of
ECSA (Equation (14)) from the CV data involves the use of the electrochemical double-layer
capacitance (EDLC), which can be obtained from the slope of the current density versus
scan rate:

ECSA = R f × S (14)
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Assuming that S is the geometric area of 0.785 cm2, and Rf is the roughness factor
obtained through Equation (15):

R f =
Cdl

/
40 μF·cm−2 (15)

Hydrodynamic voltammetry employing Rotating Disk Electrode (RDE) techniques
was conducted. The rotation rate of the disk ranged from 750 rpm to 1750 rpm.

3.5. Photoelectrochemical Characterization

A Light source, Xe lamp XSS-5XD (Power 150 to 320 W, Radiant Output: 50 W), was
used to assess the photoelectrochemical characterization of the materials. A light intensity
of 57,500 lux (lumen/m2) was used for the experiments.

Photoelectrochemical properties were evaluated using chronoamperometry and CV
techniques, both in the presence and absence of irradiation. The tests were carried out
in a system as shown in the design shown in Figure S5. The temperature of the working
solution was monitored throughout the experiments, and no variations were discerned.

4. Conclusions

A small amount of Pd (1.00 wt.%) and In (0.25 wt.%) deposition into TiO2 enhanced
the light absorption capacity and led to a notable improvement of the hydrogen evolution
reaction (HER). This improvement is observed not only in the electrolyte but also in the
presence of paracetamol (PTM). In the context of PTM oxidation, both TiO2 and PdIn/TiO2
exhibit irreversible behavior, primarily hindered by the adsorption of species on the elec-
trode surface. The presence of radiation at TiO2-based electrodes completely inhibits the
pathway toward soluble species, resulting in a fully irreversible process and improving the
catalyst performance toward PTM photoelectroxidation.

Thus, a small amount of Pd and In into TiO2 not only increases the (photo)electrocatalytic
efficiency toward the PTM oxidation but also intensely raises the HER, which is not inhibited
in the presence of the organic molecule, highlighting its capability for both environmental
remediation and sustainable hydrogen production.

Consequently, PdIn-doped TiO2 emerges as a promising catalyst, showcasing height-
ened physicochemical properties and superior catalytic performance. This highlights
its potential for applications in both environmental remediation and sustainable
hydrogen production.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/molecules29051073/s1, Figure S1. Particle size distribution of TiO2
and Pd obtained from counts of different regions and TEM micrographs. Figure S2. (a) Nitrogen
adsorption/desorption isotherms of TiO2 and PdIn/TiO2. (b) BET surface area plot of TiO2 and
PdIn/TiO2. Figure S3. (a) Cyclic voltammograms recorded at different sweep rates 5 (black line), 10 (red
line), 20 (green line), 50 (blue line) and 100 (pink line) mV·s−1 at GC electrode in 0.1 M phosphate buffer
solution. (b) Current density (mA·cm−2) as a function of scan rate (V·s−1). Data acquired from Figure S3a
at 0.3 V. Figure S4. Linear fit of current peak vs square root of scan rate (a) and diffusion current vs
the inverse of square root rotation rate (b). Data acquired from Figure 8a,b, respectively. Figure S5.
Illustration of the system (not to scale) used for photoelectrochemical assays. (A) Photoelectrochemical
cell with four holes for RE, WE, AE, and recirculation of inert gas. (B) Arrangement of cell and lamp
spaced 2 cm apart. (C) Arrangement for the RDE system.
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Abstract: Photosynthetic water splitting, when synergized with hydrogen production catalyzed by
hydrogenases, emerges as a promising avenue for clean and renewable energy. However, theoretical
calculations have faced challenges in elucidating the low-lying spin states of iron–sulfur clusters,
which are integral components of hydrogenases. To address this challenge, we employ the Extended
Broken-Symmetry method for the computation of the cubane–[Fe3S4] cluster within the [FeNi]
hydrogenase enzyme. This approach rectifies the error caused by spin contamination, allowing us
to obtain the magnetic exchange coupling constant and the energy level of the low-lying state. We
find that the Extended Broken-Symmetry method provides more accurate results for differences
in bond length and the magnetic coupling constant. This accuracy assists in reconstructing the
low-spin ground state force and determining the geometric structure of the ground state. By utilizing
the Extended Broken-Symmetry method, we further highlight the significance of the geometric
arrangement of metal centers in the cluster’s properties and gain deeper insights into the magnetic
properties of transition metal iron–sulfur clusters at the reaction centers of hydrogenases. This
research illuminates the untapped potential of hydrogenases and their promising role in the future of
photosynthesis and sustainable energy production.

Keywords: iron–sulfur clusters; density functional theory; Extended Broken-Symmetry method;
magnetic coupling constant; low-lying spin state

1. Introduction

In the face of the energy crisis and the imperative of climate change mitigation, societal
growth and development have increasingly depended on fossil energy. However, as we
continue to exploit these resources, their depletion is becoming inevitable. Moreover, the
use of fossil fuels results in substantial greenhouse gas emissions, which contribute to
the greenhouse effect and global warming [1,2]. Consequently, in order to align with the
principles of green chemistry and clean technology, it is essential to intensify research and
development in renewable energy, like hydrogen. Today, more than 95% of hydrogen
is produced from hydrocarbons through steam reforming or partial oxidation. These
methods are energy-consuming, and they are still dependent on fossil fuels, generating
CO2, black carbon particles, and climate-relevant reactive gases as by-products. The
establishment of a hydrogen-based economy remains a challenging task, and there is much
one can learn from nature. Nowadays, there are several pathways to solve this problem by
using different ways to produce and apply hydrogen, like making electrolytic devices [3],
chemical fuel cells [4], artificial hydrogenases [5], and nanomaterials made of transition
metal oxides [6]. The application of solar energy and hydrogenases is also a possible way,
which is called photosynthesis. At present, photosynthesis is the only process that can
gently split water into electrons and hydrogen [7,8]. However, the conversion efficiency of
natural photosynthetic systems remains low [9–11]. Therefore, enhancing this conversion
efficiency through artificial means is of significant importance.
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In the photosynthetic system, the catalytic conversion reaction is primarily facili-
tated by hydrogenase [12]. Hydrogenase is the enzyme catalyzing the interconversion
of hydrogen into protons and electrons (hydrogen ↔2H++2e−) in bacteria, archaea, and
eukaryotes [13]. Even though several microorganisms using hydrogen as an energy source
attracted the attention of scientists in the 1800s, Stephenson and Stickland [14] were the
first to propose the existence of hydrogenases and report the kinetic properties, as well
as the oxygen sensitivity, of these enzymes. More recently, several crystal structures of
hydrogenase have helped to unveil the geometry and mode of action of their active site [15],
and extensive phylogenetic analyses have revealed that microorganisms harboring genes
encoding hydrogenases encompass the three domains of the tree of life and are ubiquitous
in the environment [16]. These enzymes are utilized to generate energy, disperse reducing
equivalents produced during fermentation, or generate reduced cofactors involved in sev-
eral reactions of cellular metabolism. In general, microorganisms utilize hydrogen under a
mixotrophic lifestyle, which confers the ability to proliferate and survive in environments
lacking readily available organic substrates. From an ecological perspective, hydrogen
is viewed as a universal energy source, supporting a seed bank of hydrogen-oxidizing
microorganisms that provide a broad range of ecosystem services [17]. Advances in our
understanding of the biochemistry, diversity, and functions of hydrogenases contribute to
the development of new biotechnologies and a better understanding of the hydrogen cycle
and the ecological role of hydrogen-oxidizing microorganisms.

The catalytic conversion carried out by hydrogenase predominantly occurs in transi-
tion metal clusters at its core. These clusters can serve as catalysts, continually providing
protons or hydrogen [18]. A comprehensive understanding of these transition metal clus-
ters within hydrogenases will aid in elucidating their catalytic processes, and this is crucial
for the design of transition metal complexes that serve as potentially sustainable proton
reduction or H2 oxidation catalysts. Hydrogenases can be classified into several types based
on the differences in the central transition metal cluster, including [NiFe] hydrogenases,
[FeFe] hydrogenases, and [Fe] hydrogenases [19]. Among these, [NiFe] hydrogenases rep-
resent a crucial category and can be further divided into two types: oxygen-tolerant [NiFe]
hydrogenases and oxygen-sensitive [NiFe] hydrogenases [20]. However, oxygen-sensitive
[NiFe] hydrogenases become inactive when exposed to oxygen, thus limiting their practical
applications [21]. Consequently, the development of oxygen-tolerant [NiFe] hydrogenases
presents a significant area of research.

Within the protein fragment of oxygen-tolerant [NiFe] hydrogenases, there exists a
catalytic conversion pathway in which the [NiFe] cluster serves as the central active site.
The active site of the [NiFe] hydrogenases features a nickel tetrathiolate (four cysteines)
with two S bridges to an Fe(CN)2(CO) center [22]. Four key states in the catalytic cycle are
Ni-SIa (NiIIFeII), Ni–L (NiIFeII), Ni–C (NiIIIμ(H)FeII), and Ni–R (NiIIμ(H)FeII) [23]. During
the catalytic process, in the process of valence changes of iron and nickel, three electrons
are required, which are supplied by [Fe4S3], [Fe3S4], and [Fe4S4] [24]. The relative positions
and distances between these clusters are depicted in Figure 1. Existing studies indicate
that the [Fe3S4] cluster plays a pivotal role in oxygen-tolerant [NiFe] hydrogenases [25,26].
Therefore, research focusing on [Fe3S4] clusters could represent a significant breakthrough
in the development of oxygen-tolerant hydrogenases.

Figure 1. The diagram illustrates the [NiFe], [Fe4S3], [Fe3S4], and [Fe4S4] clusters involved in the
catalytic pathway, as well as the distances between each cluster.
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Currently, calculations of transition metal clusters, such as [Fe3S4] clusters, primarily
rely on density functional theory (DFT) [27,28]. The Broken-Symmetry (BS) method is
a common approach within DFT. This method calculates the energy difference between
the high-spin state and the BS state, allowing for an estimation of the magnetic coupling
constant, J, between spin centers [29]. However, because the BS state is not an eigenstate
of the total spin operator Ŝ2 [30], some errors may occur when using the BS method to
calculate the magnetic coupling constant J. Additionally, due to the strong magnetism of
transition metal clusters and the high degree of dynamic and static correlation among the
3d orbital electrons of the central atom [31], clusters exhibit multiple degenerate states, with
the ground state (GS) typically being a low-spin state. Concerning the static correlation,
we may distinguish two different effects: the local static correlation necessary to correctly
describe the nature of the bonds between each metal atom and its ligands and the global
static correlation among the spin centers due to the interactions between localized unpaired
electrons. This latter contribution is crucial to guaranteeing the correct overall spin sym-
metry of the wave function [32]. In the DFT method, the open-shell single-determinant
wavefunction utilized in the Kohn–Sham equation fails to deliver the correct spin symme-
try [33]; therefore, the DFT method cannot correctly describe the low-spin GS of the cluster,
nor can it correctly calculate the cluster’s magnetic properties.

Previous studies have conducted a series of computational analyses on transition
metal clusters, specifically those involving iron (Fe), manganese (Mn), and cobalt (Co)
complexes within photosynthetic systems [34–37]. However, due to the limitations of the
DFT method previously discussed, the calculated values of system energy and magnetic
coupling constants J for multicenter transition metal clusters significantly deviate from
experimental data. This discrepancy underscores the need to refine our computational
methods to more accurately characterize the properties of transition metal clusters.

To rectify the errors resulting from the issues mentioned above, in this study, we will
apply the Extended Broken-Symmetry (EBS) method [38] to perform calculations on the
cubane–[Fe3S4] cluster. Through the Heisenberg–Dirac–van Vleck (HDvV) Hamiltonian,
we aim to derive a low-spin ground state (GS) with correct symmetry for a cluster with an
arbitrary number of spin centers. Based on preliminary calculations [39], for the low-spin
GS, we will carry out multiple iterative optimizations on the geometric structure until the
program converges. We will then obtain the magnetic exchange coupling constant J, energy
levels, and energy spectral distribution of the final cluster structure. By comparing the
EBS method with the BS method and the high-spin (HS) method, we find that the EBS
method yields a bond length and magnetic coupling constant data that are closer to the
experimental data, indicating a better description of the system. We anticipate that the EBS
method will yield more accurate properties and structures of the low-lying state, which is
closest to the eigenstate of transition metal clusters. As these clusters are the core catalytic
oxidation reaction centers of hydrogenases, and the function of hydrogenase is carried
out by the redox process of these clusters, obtaining more precise information on their
magnetic properties and structure can lead to a deeper understanding of the nature of the
hydrogenases in which they are incorporated.

2. Results and Discussion

2.1. Structure and Spin State

The object of our calculation is the [[Fe3S4](CH3CH2S)3(CH3CH2SH)]3- cluster, with
its central cluster being [Fe3S4]1+. In this cluster, all three Fe centers are Fe(III), and the 3d
orbital contains five electrons.

Initially, we characterized the clusters using the BS method. The central [Fe3S4]1+

cluster contains three Fe spin centers and four different BS states. We assume that the
outermost electrons of each Fe atom have spins in the same direction at each spin center,
implying that the spin at each spin center is s = 5/2; Therefore, the spins of the four different
BS states are presented in Table 1. The clusters we selected were from existing research [40],
and the cluster model is illustrated in Figure 2.
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Table 1. Different spin states of the [Fe3S4]1+ cluster.

BSk Spin State |s1,s2,s3〉 Stot

BS1 ↑↑↑
∣∣∣ 5

2 , 5
2 , 5

2

〉
15
2

BS2 ↓↑↑
∣∣∣− 5

2 , 5
2 , 5

2

〉
5
2

BS3 ↑↓↑
∣∣∣ 5

2 ,− 5
2 , 5

2

〉
5
2

BS4 ↑↑↓
∣∣∣ 5

2 , 5
2 ,− 5

2

〉
5
2

Figure 2. The structure of the [Fe3S4(CH3CH2SH)3]2− complex. Iron is represented in orange, sulfur
in yellow, carbon in black, and hydrogen in gray.

2.2. Bond Lengths between Spin Centers

We employed three methods—the HS method, the BS method, and the EBS method—to
calculate the structure of the cluster and compared the results. The HS method calculates
the geometry of the high-spin state of the cluster. The BS method calculates the four
different BS states of the cluster. The details of EBS method can be found in Section 3.

The bond lengths of the cluster’s Fe–Fe bonds obtained from these calculations are
presented in Table 2, where the unit of the bond length is Å.

Table 2. Bond length of the [[Fe3S4](CH3CH2S)3(CH3CH2SH)]2− cluster. The experimental data are
from the X-ray structure analysis [41]. Errors are calculated according to the differences between the
experimental value and the calculated value.

Hybrid
Function

Method Fe1-Fe2/Å Fe2-Fe3/Å Fe1-Fe3/Å Error/%

Exp [41] 2.71 2.67 2.73

B3LYP
HS 3.05 3.07 3.06 12%~15%
BS 2.88 3.03 2.90 6%~13%

EBS 2.85 2.79 2.87 4%~5%

TPSSh
HS 2.99 3.02 2.99 10%~13%
BS 2.76 2.95 2.79 2%~8%

EBS 2.73 2.78 2.78 0.7%~4%

From the table, it is evident that the B3LYP functional calculations using the HS
method generally have a large deviation from the experimental data of approximately
0.3~0.4 Å, with an error of around 15%. The bond length error is about 0.2~0.3 Å, and the
error percentage is roughly 10%. The discrepancy between the bond length data calculated
using the EBS method and the experimental structure is approximately 0.1 Å, and the
deviation percentages from the experimental data are 5% and 4%, respectively.

Similar conclusions were reached in the calculations using the TPSSh functional on
clusters. We observed that the bond lengths calculated using the HS method have large
discrepancies from the experimental values, resulting in a loose cluster structure. The
cluster structure has been optimized to some extent using the BS method, but there is
still a significant error in some bond lengths. However, the EBS structure optimization
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yielded a structure closest to the experimental data. Therefore, we believe that the results
obtained using the EBS method are more accurate than those obtained using the HS and
BS methods. Based on the above results, the HS, BS, and EBS methods, which give the
smallest deviation, underestimate the bond length between spin centers. Bond lengths
from the X-ray diffraction method were obtained for the solid phase, where the structure is
distorted by intermolecular interactions. Meanwhile, the bond lengths from the HS, BS,
and EBS methods were obtained for free molecular systems. Therefore, these methods fail
to consider that the field generated by the external ligands and external molecules could be
the reason for this underestimation.

Figure 3a,b illustrate the comparison of the bond length difference, Δr, which repre-
sents the differences between the experimental value and calculated value using the HS,
BS, and EBS methods with the B3LYP and TPSSh functionals, respectively.

Figure 3. (a) Shows the comparison of Δr using HS, BS, and EBS methods with the B3LYP hybrid
functional. (b) Shows the same comparison using the TPSSh hybrid functional.

2.3. Exchange Coupling Constants

The magnetic coupling constants J calculated using the BS method and the EBS method
are shown in Table 3, where J1 represents the magnetic coupling between Fe1 and Fe2, J2
represents the magnetic coupling between Fe2 and Fe3, and J3 represents the magnetic
coupling between Fe1 and Fe3. In the EBS method, each structure optimization provides a
new optimized structure and outputs its corresponding magnetic coupling constant J. For
the optimized geometry obtained using the B3LYP functional, the corresponding J values
are −109.5 cm−1, −119.8 cm−1, and −100.9 cm−1; For the converged geometry obtained
using the TPSSh functional, the J values were −155.7 cm−1, −149.6 cm−1, and −124.3 cm−1,
respectively.

Table 3. Magnetic spin coupling J/cm−1 between spin centers calculated using the BS and EBS
methods with B3LYP and TPSSh hybrid functionals. The experimental data are from the X-ray
structure analysis [42].

Hybrid
Function

Method J1/cm−1 J2/cm−1 J3/cm−1

B3LYP
BS −65.4 −67.5 −62.1

EBS −109.5 −119.8 −100.9

TPSSh
BS −94.0 −89.0 −88.5

EBS −155.7 −149.6 −124.3
Exp [42] −(200~300), J1 ≈ J2 ≈ J3

In contrast with the range provided by experimental values, we observe that the mag-
netic coupling constants (J values) obtained using both the B3LYP and TPSSh functionals
are smaller. From the Fe–Fe bond lengths in Table 2, it is suggested that as the Fe–Fe
distance increases, the antiferromagnetic coupling becomes weaker. Therefore, we believe
that the obtained J coupling constant aligns with the bond length data.
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The J values calculated using the BS and EBS methods revealed that the J coupling
constants given by the BS method generally deviate significantly from the experimental
values. After optimization using the EBS method, the J value is noticeably closer to the
range provided by experimental values, reducing the error by approximately 15% compared
to the BS method with the same functional. Furthermore, a comparison of the J coupling
constants and bond lengths indicates that the EBS-optimized structure is denser and has
shorter bond lengths than the one optimized using the BS method, leading to stronger
magnetic coupling. In summary, we believe that the EBS method reduces the calculation
error to a certain extent, and the structure obtained using the BS method, once optimized
through the EBS method, yields a compact cluster structure closer to the experimental
data. Based on the calculations we have performed, we believe that the best results can be
obtained by using the EBS method and the TPSSh hybrid function.

Compared to the linear–[Fe3S4] [38] cluster, which has two similar exchange coupling
constants, the cubane–[Fe3S4] cluster in this study provides three similar exchange coupling
constants, as shown in Table 3. This could generate more nearly degenerate states and
enrich the properties of the cluster as a catalyst. The spatial configuration of the transition
metal atoms in a cluster plays an important role in determining its electron conductivity
and magnetic properties.

2.4. Energy Spectrum

The energy spectral distributions of the HS state and the GS state after EBS optimiza-
tion using the B3LYP functional are depicted in Figure 4. The energy spectral distribution re-
veals multiple degeneracies in the low-spin GS of the [[Fe3S4](CH3CH2S)3(CH3CH2SH)]2−
cluster. The small gap between energy levels suggests that the cluster is susceptible to redox
reactions when perturbed. Additionally, upon comparing the cluster energies calculated
using the two methods, the cluster energy calculated using the HS method is −7294.034 Eh,
while the cluster energy calculated using the EBS method is −7294.056 Eh. We found that
structure optimization through EBS can achieve a lower energy, with an energy difference
of 0.022 Eh (4828.44 cm−1).

Figure 4. Comparison of the spin ladder of the GS and high−spin state calculated using the B3LYP
functional. The blue lines represent the spin ladder of the high−spin state, and the red lines represent
the spin ladder of the GS. After the optimization of the structure using the EBS method, the calculated
energy difference between GS and HS states is 4828.44 cm−1.

The energy spectral distributions of the HS state and the GS state after EBS optimiza-
tion using the TPSSh functional are depicted in Figure 5. The cluster energy calculated
using the HS method is −7295.034 Eh, and the cluster energy calculated using the EBS
method is −7295.144 Eh. We find that the structure optimization of the cluster using the
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EBS method can achieve a lower energy. The energy difference between them is 0.034 Eh
(7498.35 cm−1).

Figure 5. Comparison of the spin ladder of the GS and high–spin state calculated using the TPSSh
functional. The blue lines represent the spin ladder of the high–spin state, and the red lines represent
the spin ladder of the GS. After the optimization of the structure with the EBS method, the calculated
energy difference between GS and HS states is 7498.35 cm−1.

3. Computational Method

In this calculation, ORCA [43] software was used. The all-electronic Ahlrichs TZVP [44]
and Def2-TZVP [45] basis sets were chosen. The self-consistent field (SCF) convergence
criterion was set to TightSCF and Grid4. The B3LYP and TPSSh hybrid functionals were
chosen for this study. In addition to the B3LYP hybrid function, which is most commonly
used in the calculation of transition metal clusters, we also selected the TPSSh hybrid
function benchmarked on transition metal diatomics. This choice was motivated by findings
that the TPSSh functional produces structures of comparable quality to those obtained
using other commonly used hybrid and non-hybrid functionals, such as B3LYP and BP86.
Moreover, the inclusion of 10% exact exchange in TPSSh can eliminate the large systematic
component of the error, providing an advantage over other functionals [46].

In this study, we used the Extended Broken-Symmetry (EBS) calculation method to
compute the properties of clusters. The detailed derivation has been described in a previous
study [38]. Our primary results include the magnetic coupling constant J and the optimized
energy spectral distribution of the cluster structure. The calculation process consists of
several main steps.

In the first step, we calculate the energy εBS of each BS state using the BS method.
Furthermore, we apply the EBS method using the results we obtained from the BS method,
as follows. We construct the matrix Akp =

〈
si · sj

〉
, and a linear equations system is defined

in Equation (1):

⎛
⎜⎜⎜⎜⎜⎝

ε1
BS

ε2
BS

ε3
BS

...
εNk

BS

⎞
⎟⎟⎟⎟⎟⎠

= −2

⎛
⎜⎜⎜⎜⎜⎜⎝

A11 A12 · · · A1Np

A21 A21 · · · A2Np

A31 A31 · · · A3Np
...

...
. . .

...
ANk1 ANk2 · · · ANk Np

⎞
⎟⎟⎟⎟⎟⎟⎠

⎛
⎜⎜⎜⎜⎜⎝

J1
J2
J3
...

JNp

⎞
⎟⎟⎟⎟⎟⎠

(1)
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After rewriting the above equations as matrix A, we obtain the inverse matrix A−1

of the matrix Akp via singular value decomposition (SVD) [39]. The magnetic coupling
constant J is then obtained from Equation (2).

J = −1
2

A−1 · εBS (2)

Secondly, the Hamiltonian matrices 〈bl| and |br〉 are constructed, where 〈bl| rep-
resents the left basis vector of each eigenstate and |br〉 represents the right basis vector
of each eigenstate. Using the J coupling constant obtained from Equation (2) and the
Clebsch−Gordan (CG) coefficient [47], we can diagonalize the Hamiltonian, as indicated
in Equation (3). The CG coefficient essentially functions as a transformation matrix for
representations grounded in group theory, and it is capable of converting an uncoupled
representation into a coupled one [48]. In the case of the cubane–[Fe3S4] cluster, we can
describe the low-spin GS through the combination of the CG coefficients and each BS state.

〈
bl
∣∣Ĥ∣∣br

〉
= −2 ∑

i<j

〈
bl

∣∣∣Jij ŝi · ŝj

∣∣∣br

〉

= −∑
i<j

Jij

〈
bl

∣∣∣Ŝ2
ij

∣∣∣br

〉
+ ∑

i<j
Jij

〈
bl

∣∣∣ŝ2
i · ŝ2

j

∣∣∣br

〉

= −∑
i<j

Jij × CGl
ij × CGr

ij × Sij
(
Sij + 1

)
+∑

i<j
Jij ×

(
si(si + 1) + sj

(
sj + 1

))
(3)

Through the above two steps, we can obtain the GS structure and its corresponding
energy spectral distribution of the cluster, as shown in Figure 6.

Figure 6. (a) Depicts the 8 broken symmetry states of the cubane–[Fe3S4] cluster, complete with spin
details. The energy level of the low-lying state (LS state) is illustrated in (c), where the total spins
Stot of 1/2 and 3/2 are shown. This implies that there are 7 pairs of electrons and 1 single electron
in the state with S = 1/2 and 6 pairs of electrons and 3 spin-up electrons in the state with S = 3/2.
The energy in (c) is derived from calculations of cubane–[Fe3S4] clusters using the B3LYP functional.
The magnetic coupling constant J can be extracted from the SVD matrix. The Clebsch–Gordan
transformation, represented in (b), enables the description of the cluster’s GS.
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Having completed all of the calculations above, we have obtained the energy of all BS
states, the magnetic coupling constant J, and the optimized structure, along with its GS.
Once we have these preliminary results, we can perform geometry optimization using the
EBS method, a FORTRAN code generated by interfacing the external optimizer features
available in ORCA. Figure 7 provides a schematic diagram of the entire calculation process.

Figure 7. Flow chart of the geometric optimization of clusters using the EBS method.

We investigated the energy gradient, denoted as ∇R(Δε), with further details provided
in the previous study [38].

When ∇R(Δε) becomes less than the convergence value, it indicates that the optimized
GS geometry has achieved our required accuracy. At this point, the program terminates,
and the final GS geometry, magnetic coupling constant J, and energy spectral distribution
are output.

4. Conclusions

We calculated the energies of all BS states of the cubane–[Fe3S4] cluster via the DFT
method and obtained the GS energy spectrum structure via the SVD method and CG
transformation. Based on this ground-state energy surface, we further optimized the ge-
ometry and energy spectral distribution of the low-spin GS. We find that compared to
those obtained through the BS method, the geometric parameters calculated using the EBS
method can match better with the experimental data. Therefore, we believe that the EBS
method compensates for the shortcomings of the BS method used in the DFT method and
that it reduces the errors caused by the static correlation and spin contamination. From the
energy spectrum, it is evident that the [Fe3S4] cluster possesses rich magnetic properties,
suggesting that [Fe3S4] clusters could serve as exceptional mediators of electron conduc-
tivity. Furthermore, the nearly equal J values of the three magnetic coupling constants in
[Fe3S4] clusters could be a crucial factor contributing to the robust oxygen tolerance of
[NiFe] hydrogenase. These J values are determined according to the spatial configuration
of the transition metal atoms within the cluster, further highlighting the significance of
the metal center’s geometric arrangement in the cluster’s properties. The EBS method
represents an important step toward the precise study of transition metal clusters. We
believe that for multiple magnetic clusters, it is necessary to consider the static correlation
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effect and perform quantitative comparisons with the experimental data to deepen the
understanding of the clusters. We hope that the study of magnetic properties and energy
spectral distributions can help us better understand transition metal clusters and their
functions and properties in hydrogenases.
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Abstract: Photocatalysis holds great promise for addressing water pollution caused by organic
dyes, and the development of Ag2O/Fe3O4 aims to overcome the challenges of slow degradation
efficiency and difficult recovery of photocatalysts. In this study, we present a novel, environmentally
friendly Ag2O/Fe3O4 magnetic nanocomposite synthesized via a simple coprecipitation method,
which not only constructs a type II heterojunction but also successfully couples photocatalysis and
Fenton reaction, enhancing the broad-spectrum response and efficiency. The Ag2O/Fe3O4 (10%)
nanocomposite demonstrates exceptional degradation performance toward organic dyes, achieving
99.5% degradation of 10 mg/L methyl orange (MO) within 15 min under visible light irradiation and
proving its wide applicability by efficiently degrading various dyes while maintaining high stability
over multiple testing cycles. Magnetic testing further highlighted the ease of Ag2O/Fe3O4 (10%)
recovery using magnetic force. This innovative approach offers a promising strategy for constructing
high-performance photocatalytic systems for addressing water pollution caused by organic dyes.

Keywords: photocatalysis; Ag2O/Fe3O4; heterosuperstructure; Fenton reaction; magnetic separation

1. Introduction

With the acceleration of global industrialization, water pollution caused by organic
dyes has become an increasingly urgent issue of public concern. Photocatalytic technology
has been widely researched owing to its advantages, such as high efficiency and the
absence of secondary pollution [1–8] Among them, silver oxide (Ag2O) nanoparticles
are extensively employed to degrade water pollutants due to their simple preparation,
stable properties, and environmental friendliness [9–12]. However, the narrow bandgap
and low photogenerated carrier-separation efficiency of Ag2O limit its application in
water treatment [13–16]. Furthermore, using Ag2O as a powder photocatalyst makes
it challenging to recycle. Therefore, it is practically significant to develop a magnetic
material to couple with Ag2O through heterojunctions to enhance the photogenerated
carrier separation efficiency and fabricate an efficient and magnetically recoverable Ag2O-
based photocatalyst.

Fe3O4 nanoparticles possess unique magnetic properties and nanoscale characteristics,
which make them highly versatile for various potential applications, including drug deliv-
ery, MRI contrast agents, biomolecule separation, biosensing, and catalysis, due to their
magnetism and biocompatibility [17–22]. Additionally, Fe3O4 nanoparticles demonstrate
strong light-absorption ability, absorbing most of the light in the UV–visible range [23].
Furthermore, the Fe2+ ions in Fe3O4 can react with hydrogen peroxide (H2O2) through
the Fenton reaction to generate a large number of free radical groups, which can oxidize
many known organic compounds, such as carboxylic acids, alcohols, and esters, into
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inorganic forms, exhibiting a significant oxidation ability to remove refractory organic
pollutants [24–27]. It is known that the Fenton reaction can produce a large number of
oxygen-related species through the following reactions:

2Fe2+ + H2O2 + O2 → 2Fe3+ + ·O−
2 +

(
OH)− + ·OH (1)

H2O2 + 2Fe3+ → 2Fe2+ + O2 + 2H+ (2)

Additionally, Fe3O4 is a magnetic material that can be recycled and reused by an
external magnetic field, thereby reducing the cost of recovery treatment [28–30]. In contrast,
the use of Fe3O4 in the Fenton reaction to oxidize organic pollutants in water has significant
limitations, including the need to consume externally provided H2O2 in the reaction and
the requirement of an acidic environment to generate free radicals through the Fenton
reaction. However, when Fe3O4 is coupled with a photocatalyst, the H2O2 generated at
the interface of the photocatalyst can be used for the Fenton reaction with Fe3O4. Another
advantage of selecting Fe3O4 is that it contains both Fe2+ and Fe3+ ions, facilitating the
continuous progress of the Fenton reaction. Consequently, numerous researchers have
employed Fe3O4 as a cocatalyst in the photocatalyst system [31–34].

In this article, the Ag2O/Fe3O4 binary magnetic nanoparticles were synthesized using
a simple chemical coprecipitation method with FeCl2·4H2O, FeCl3·6H2O, and AgNO3 as
raw materials, and they were applied to degrade the organic dyes in water. The results
showed that the introduction of Fe3O4 to load Ag2O could generate a type II heterojunction
at the contact interface, facilitating the fast transfer of photogenerated carriers. At the same
time, the photocatalysis–Fenton combined reaction was also constructed to improve the
utilization efficiency of photogenerated carriers, further enhancing the degradation effi-
ciency of the photocatalyst. The Ag2O/Fe3O4 nanoparticles exhibited very high efficiency
in degrading dyes, such as methyl orange (MO), under visible light irradiation.

2. Results and Discussion

2.1. TEM Analysis

Transmission electron microscopy (TEM) was used to characterize the microstructure
of the samples. Figure 1 shows the results. Firstly, TEM analysis was performed on Fe3O4
nanoparticles, and the average particle size was found to be 15 ± 5 nm with a typical
spherical morphology, as shown in Figure 1a. Due to the large surface area, the Fe3O4
nanoparticles exhibited obvious aggregation in the image. Figure 1b shows the TEM image
of the Ag2O nanoparticles, which had a particle size distribution ranging from 30 to 80 nm
and a polyhedral morphology that differed greatly from Fe3O4. The nanoparticles of the
two materials could be easily distinguished. Figure 1c shows the TEM image of binary
Ag2O/Fe3O4 (10%) nanoparticles, which demonstrates that Fe3O4 nanoparticles with
smaller size and spherical morphology could encapsulate Ag2O nanoparticles with larger
size and polyhedral morphology, indicating good compatibility between Fe3O4 and Ag2O.
A high-resolution TEM (HRTEM) analysis was performed on a circular region indicated
in Figure 1c to confirm the successful formation of Ag2O/Fe3O4 (10%). Figure 1d shows
the results. The clear interface between Fe3O4 nanoparticles and Ag2O nanoparticles was
observed with lattice spacing of 0.25 nm (corresponding to the (311) plane of/Fe3O4) and
0.29 nm (corresponding to the (220) plane of Ag2O), respectively, further demonstrating
the successful formation of Ag2O/Fe3O4 (10%).
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Figure 1. (a) TEM image of Fe3O4 nanoparticles; (b) TEM image of Ag2O nanoparticles; (c) TEM
image of Ag2O/Fe3O4 (10%); (d) HRTEM image of Ag2O/Fe3O4 (10%).

2.2. SEM and EDS Analysis

Ag2O/Fe3O4 (10%) was analyzed through scanning electron microscopy to better ver-
ify the successful coupling of Ag2O and Fe3O4 to form Ag2O/Fe3O4 binary nanoparticles,
as shown in Figure 2. A relatively large size was selected for characterization to better
analyze the overall morphology and surface element distribution of the binary nanoparti-
cles. As shown in Figure 2a, it can be observed that the smaller Fe3O4 nanoparticles with
approximately spherical shape were well loaded onto the surface of larger-sized Ag2O
nanoparticles with polyhedral shape, forming a compact structure of binary nanoparticles
with good structural stability, which is consistent with the conclusion obtained from the
TEM image analysis. Additionally, the loading of Fe3O4 increased the number of reaction
sites. Note that almost no Fe3O4 spherical nanoparticles were present in unoccupied areas
on the surface of Ag2O, indicating that Ag2O has a good ability to capture Fe3O4. EDS anal-
ysis was performed in this area to analyze the surface element distribution of Ag2O/Fe3O4
(10%) binary nanoparticles. Figure 2b–e shows the results, where all Fe elements of Fe3O4
are uniformly distributed on the surface of Ag2O, indicating that Fe3O4 was successfully
loaded onto the surface of Ag2O to form Ag2O/Fe3O4 binary nanoparticles. EDS data
statistics were conducted to further demonstrate the contents of Fe3O4 and Ag2O. Table 1
presents the results. It can be seen that ratio of the number of Ag atoms and Fe atoms is
approximately 6:1, indicating that the mass ratio of Ag2O to Fe3O4 is approximately 9:1,
and Fe3O4 accounts for 10% of the total mass.
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Figure 2. SEM images and element distributions of Ag2O/Fe3O4 (10%) nanoparticles, including
(a) SEM image, (b) element distribution, and (c–e) O, Fe, and Ag element distributions.

Table 1. EDS data statistics of Ag2O/Fe3O4 (10%) nanoparticles.

Element Line Type wt% wt% Sigma at%

O K series 21.33 0.46 63.01
Fe K series 6.17 0.23 5.22
Ag L series 72.49 0.47 31.76

Total 100.00 100.00

2.3. XRD Analysis

X-ray diffraction (XRD) was used to characterize the pure Ag2O and Fe3O4 nanopar-
ticles as well as Ag2O/Fe3O4 (10%) nanocomposites to investigate their crystal structure.
Figure 3 shows the results. The diffraction peaks of Ag2O nanoparticles at X-ray diffraction
angles (2θ) of 26.9◦, 33.0◦, 38.3◦, 55.1◦, 65.7◦, and 68.7◦ were indexed to the (110), (111),
(200), (220), (311), and (222) crystal planes of Ag2O, respectively, which were consistent
with the JCPDS card (PDF#75-1532) for Ag2O. The diffraction peaks of Fe3O4 nanoparticles
at X-ray diffraction angle (2θ) of 28.26◦, 34.53◦, 44.01◦ and 61.88◦ were indexed to the (220),
(311), (400), and (440) crystal planes of Fe3O4, respectively, which were consistent with the
JCPDS card (PDF#19-0629) for Fe3O4. The XRD pattern of Ag2O/Fe3O4 (10%) nanocompos-
ites showed the same diffraction peaks at 26.9◦, 33.0◦, 38.3◦, 55.1◦, 65.7◦, and 68.7◦ for Ag2O
and at 28.26◦, 34.53◦, 44.01◦, and 61.88◦ for Fe3O4, indicating a good coupling of Ag2O and
Fe3O4 and showing no change in their crystal structure. Additionally, no other impurity
phases were observed, indicating that Ag2O/Fe3O4 (10%) is a two-phase composite.
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Figure 3. XRD characterization patterns of Ag2O/Fe3O4 (10%) nanoparticles, Ag2O nanoparticles,
and Fe3O4 nanoparticles.

2.4. XPS Elemental Analysis

X-ray photoelectron spectroscopy (XPS) was used to investigate the chemical composi-
tion of the Ag2O/Fe3O4 (10%) sample. Figure 4a shows the XPS spectrum of the sample,
exhibiting distinct peaks at around 285.2 eV (C 1s), 368.8 eV (Ag 3d), 530.08 eV (O 1s), and
711.08 eV (Fe 2p), which indicate the presence of four elements, namely C, Ag, O, and Fe.
The presence of C is attributed to the fixation of CO2 from air during the preparation of the
binary composite material. XPS fine-spectrum measurement was performed to investigate
the elemental state in detail. Figure 4b shows the Ag 3d fine spectrum, exhibiting binding
energies of 368.2 eV and 374.0 eV for Ag 3d5/2 and Ag 3d3/2, respectively. These binding
energies correspond to the orbit peaks of Ag+ in Ag2O, confirming the existence of Ag2O
in the compound. As depicted in Figure 4c, the Fe 2p XPS spectrum reveals two spin–orbit
doublets. The first doublet, attributed to Fe2+, is observed at 710.58 eV (Fe 2p3/2) and
723.78 eV (Fe 2p1/2), while the second doublet, assigned to Fe3+, is observed at 712.18 eV
(Fe 2p3/2) and 726.12 eV (Fe 2p1/2). This mixed phase confirms the formation of Fe3O4.
Figure 4d shows the O 1s fine spectrum, in which the peak at 532.11 eV is attributed to
external −OH groups or adsorbed water molecules on the surface, the peak at 531.11 eV
corresponds to the lattice oxygen atoms in Ag2O, and the peak at 529.39 eV is attributed to
the Fe-O bond [35,36]. Therefore, XPS analysis confirms the presence of Ag2O and Fe3O4 in
the Ag2O/Fe3O4 (10%) binary nanocomposite material and their successful composition.
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Figure 4. XPS spectra of Ag2O/Fe3O4 (10%), including (a) full-spectrum, (b) Ag3d high-resolution
spectrum, (c) Fe2p high-resolution spectrum, and (d) O1s high-resolution spectrum.

2.5. UV–Vis and PL Analysis

UV–vis and PL tests were conducted to determine the optical properties of the synthe-
sized nanomaterials. UV–vis testing was used to measure the absorbance of the synthesized
nanomaterials. Figure 5a shows the results. Ag2O exhibits strong absorption in the ultravi-
olet and near-ultraviolet regions, with a peak at a wavelength of 500 nm [13–15]. Fe3O4
exhibits a strong optical response across the whole examined spectral range, indicating that
the strong visible light-absorption capability of Ag2O/Fe3O4 binary composite catalysts
is undoubtedly due to the optical properties of Fe3O4 [23,31–33]. Furthermore, compared
with Ag2O, a gradual redshift was observed at the absorption edge of Ag2O/Fe3O4 binary
composite catalysts, and a significant increase in absorption was observed in the near-
infrared region of 600–800 nm, indicating a strong interaction between Ag2O and Fe3O4 in
the binary composite catalyst. It is worth noting that as the loading amount of Fe3O4 in-
creases, the light absorption ability of Ag2O/Fe3O4 binary photocatalysts in the UV–visible
spectral range also increases. Ag2O/Fe3O4 (15%) exhibits the best light-absorption ability,
followed by Ag2O/Fe3O4 (10%) and Ag2O/Fe3O4 (5%). The Kubelka–Munk equation was
used to calculate the bandgap energy of the semiconductor:

(ahv)
2
n = A

(
hv − Eg

)
(3)

where α represents the absorption coefficient of the semiconductor, h is a constant and
stands for the Planck constant, v represents the frequency of light, A is a constant and
represents a constant term, and n is closely related to the semiconductor transition process.
The indirect semiconductors Ag2O and Fe3O4 both have n values of 4. The Kubelka-Munk
function was used to derive the absorption spectra of all the synthesized catalysts, which
were then used to generate Tauc plots. As shown in Figure 5b, the results of Tauc plots
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show that the optical bandgaps of Ag2O and Fe3O4 are 2.0 eV and 1.2 eV, respectively,
while the bandgaps of Ag2O/Fe3O4 (5%), Ag2O/Fe3O4 (10%), and Ag2O/Fe3O4 (15%)
are 1.6 eV, 1.5 eV, and 1.4 eV, respectively. These results are in good agreement with the
increasing trend in the redshift observed at the absorption edge with the increase in the
Fe3O4 loading amount shown in Figure 5a.

Figure 5. Ag2O, Fe3O4, Ag2O/Fe3O4 (5%), Ag2O/Fe3O4 (10%), and Ag2O/Fe3O4 (15%) of (a) UV–
vis spectra and (b) Tauc plots. (c) PL spectra of Ag2O, Ag2O/Fe3O4 (5%), Ag2O/Fe3O4 (10%), and
Ag2O/Fe3O4 (15%).

When Ag2O and Fe3O4 are exposed to light, valence band electrons absorb photon
energy and transition to the conduction band, forming photogenerated electron–hole pairs.
PL emission occurs when conduction band electrons recombine with valence band holes.
Therefore, PL intensity is proportional to the separation of photogenerated charge carriers;
lower PL intensity reflects a reduction in recombination probability. As shown in Figure 5c,
when the samples of Ag2O, Ag2O/Fe3O4 (5%), Ag2O/Fe3O4 (10%), and Ag2O/Fe3O4
(15%) were subjected to PL testing under 260nm excitation light, their emission peak po-
sitions were all at 400 nm. Although the emission peak intensity of Ag2O was higher, it
decreased with the loading of Fe3O4. Compared with Ag2O, the emission peak intensity
of Ag2O/Fe3O4 (5%) decreased to 90%, while that of Ag2O/Fe3O4 (10%) decreased sig-
nificantly to 60%. However, as the loading of Fe3O4 continued to increase, the emission
peak intensity of Ag2O/Fe3O4 (15%) was higher than that of the original Ag2O. Therefore,
it can be concluded that photogenerated electron–hole pairs are generated when light is
irradiated onto the surface of Ag2O. When Fe3O4 with a low loading is coupled to the
surface of Ag2O, they enhance the separation efficiency of photogenerated electron–hole
pairs generated by Ag2O. However, when the loading of Fe3O4 exceeds 15% of the total
mass, an excess Fe3O4 forms a thick covering layer on the surface of Ag2O. Under light
irradiation, Fe3O4 absorbs photons, causing the electrons on the valence band to be excited
to the conduction band, generating photogenerated electron–hole pairs. Due to the low
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optical bandgap of Fe3O4, which is only 1.6 eV, photogenerated electrons and holes are
prone to recombine, producing strong light emission.

2.6. Electrochemical Characterization Analysis

Mott–Schottky analysis, photocurrent response analysis, and EIS were performed to
determine the electrochemical properties of the prepared samples. The Mott–Schottky
plot is the most commonly used method to distinguish between n-type and p-type semi-
conductors [37]. A positive slope and a negative slope indicate an n-type and a p-type
semiconductor, respectively. Additionally, the Mott–Schottky plot can be extrapolated to
estimate the flat-band potential (Efb) of the semiconductor, which can be used to estimate
the position of the Fermi level [38]. Assuming that the Fermi level is very close to the band
edge, the extrapolated flat-band potential (Efb) can be utilized as the position of the edge of
either the n-type semiconductor (ECB) or the p-type semiconductor (EVB). Figure 6a,b shows
the Mott–Schottky plots of Ag2O and Fe3O4 with Ag/AgCl as the reference electrode. It
can be seen that both Ag2O and Fe3O4 have positive slopes, indicating that they are p-type
semiconductors. By extrapolation, the Mott–Schottky plots of Ag2O and Fe3O4 intersect the
x-axis at 1.84 eV and 1.95 eV, respectively. Considering the difference between the reference
electrode (Ag/AgCl) and the standard value of 0.19 eV (relative to the normal hydrogen
electrode), the Evb values of Ag2O and Fe3O4 are estimated to be 2.03 eV and 2.14 eV,
respectively. Furthermore, based on the previously obtained data, the optical bandgaps of
Ag2O and Fe3O4 are 2.0 eV and 1.2 eV, respectively. Therefore, the EVB of Ag2O and Fe3O4
can be calculated using the following equation:

EVB = Eg + ECB (4)

where Eg represents the optical bandgap energy. By substituting the values of Eg as
2.0 eV and EVB as 2.03 eV for Ag2O in the formula, the value of ECB is calculated as
−0.03 eV. Similarly, by substituting the values of Eg as 1.2 eV and EVB as 2.14 eV for
Fe3O4 in the formula, the value of ECB is calculated as 0.94 eV. The photogenerated current
response analysis can be used to verify the efficiency of the photogenerated carriers in
the samples. The research results show that when a small amount of Fe3O4 is loaded on
the surface of Ag2O, the photocurrent intensity of the sample is significantly improved,
and the photocurrent intensity of Ag2O/Fe3O4 (10%) is the highest, as shown in Figure 6c.
However, when the loading amount of Fe3O4 reaches 15%, the photocurrent intensity
of the formed Ag2O/Fe3O4 (15%) is lower than that of Ag2O. This indicates that too
much Fe3O4 loading will reduce the utilization efficiency of photogenerated carriers. In
addition, EIS measurements were also conducted to study the charge-transfer resistance
and transfer efficiency of photogenerated carriers. As shown in Figure 6d, it can be observed
that the Nyquist semicircle diameters of the Ag2O/Fe3O4 (5%) and Ag2O/Fe3O4 (10%)
nanocomposites are smaller than those of Ag2O and Ag2O/Fe3O4 (15%). The Nyquist
semicircle diameter of Ag2O/Fe3O4 (10%) is the lowest, indicating that its resistance is lower
than that of Ag2O and the other samples. Therefore, loading a small amount of Fe3O4 can
improve the transfer efficiency of photogenerated carriers in Ag2O, which is a favorable
condition for enhancing the photocatalytic activity. However, when the loading amount of
Fe3O4 reaches 15%, the Nyquist semicircle diameter of Ag2O/Fe3O4 (15%) is larger than
that of Ag2O, indicating that too much Fe3O4 loading will reduce the available surface area
of oxidized silver, leading to an increase in the resistance encountered by electrons and holes
during transmission and a decrease in the transfer efficiency of photogenerated carriers.
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Figure 6. Mott–Schottky curves of (a) Ag2O and (b) Fe3O4; (c) sample photocurrent response profiles;
(d) sample EIS test graph.

2.7. Photocatalytic Performance Analysis

Fe3O4, Ag2O, Ag2O/Fe3O4 (5%), Ag2O/Fe3O4 (10%), and Ag2O/Fe3O4 (15%) were
placed under a xenon lamp light source (λ > 420nm) to simulate visible light in sunlight
and to photocatalyze a 10 mol/L MO solution to better demonstrate the visible light
photocatalytic performance of different samples. Figure 7a shows the results. When pure
Fe3O4 was placed in the MO solution and irradiated with visible light, no MO degradation
was observed, indicating that Fe3O4 alone does not have the ability to degrade the MO
solution under visible light. When pure Ag2O was placed in the MO solution and irradiated
with visible light, MO was significantly degraded. Approximately 80% of the MO solution
was degraded in 15 min of light irradiation, and 99.1% of the MO solution was degraded in
30 min of light irradiation, indicating that Ag2O can absorb photon energy and produce
photocatalytic reactions under visible light, which is a considerable catalytic rate for the
MO solution.
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Figure 7. (a) Degradation rate of the MO solution by different photocatalyst samples; (b) UV–vis
absorption spectra of the MO solution degraded by Ag2O/Fe3O4 (10%); (c) pseudo-first-order kinetic
model diagram of the MO solution degradation; (d) cycle test of the Ag2O/Fe3O4 (10%) sample
degradation; (e) kinetics rate of the MO solution degradation using Ag2O/Fe3O4 (10%) with different
scavengers; (f) kinetics of different water pollutants degradation using Ag2O/Fe3O4 (10%).

The photocatalytic rate of Ag2O changed significantly after Fe3O4 was loaded onto its
surface. When the Fe3O4 loading amount was 5wt% of the overall weight, the Ag2O/Fe3O4
(5%) binary catalyst was formed, degrading 99.1% of the MO solution after 15 min of
visible light irradiation. When the Fe3O4 loading amount was 10wt% of the overall weight,
the Ag2O/Fe3O4 (10%) binary catalyst was formed, degrading 99.5% of the MO solution
after 15 min of visible light irradiation. It is worth noting that when the Fe3O4 loading
amount continued to increase to 15wt% of the overall weight, the Ag2O/Fe3O4 (15%) binary
catalyst did not increase but decreases the degradation rate of the MO solution. Moreover,
it only degraded 75.1% and 85.2% of the MO solution after 15 min and 30 min of visible
light irradiation, respectively. This indicates that during the Fe3O4 loading, a coverage
layer forms on the surface of Ag2O, and Fe3O4 absorb photons and produce electron–hole
pairs under light irradiation, which are then be transferred from type-II heterojunction
to the electrode of Ag2O to participate in the reaction. However, when there is too much
Fe3O4 loading, the thicker coverage layer it forms reduces the available surface area of
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Ag2O, blocks the entry of photons, and shields the surface of Ag2O from light, thereby
reducing the generation of photoinduced carriers. In addition, in photocatalytic reactions,
electrons and holes are transmitted through the surface conductor, thereby participating in
redox reactions. The reduction in the available surface area of oxidized silver increases the
resistance encountered by electrons and holes during transmission, resulting in a slower
charge transfer rate and reduced reaction efficiency under visible light irradiation. Figure 7b
shows the UV–vis absorption spectra during the photocatalytic degradation of the MO
solution using Ag2O/Fe3O4 (10%). It can be observed that the absorption peak at 464 nm of
MO decreases significantly with the irradiation time, and the peak intensity almost reaches
zero after 15 min of irradiation. No new absorption peaks were generated, indicating that MO
was completely degraded into inorganic substances without the formation of other organic
compounds. Figure 7c shows the degradation of MO by different photocatalysts using a
pseudo-first-order kinetics model. It can be seen that the degradation rate of Ag2O/Fe3O4
(10%) is the fastest, reaching 0.183 min−1, which is 2.3 times higher than that of pure Ag2O
(0.078 min−1), 3 times higher than that of Ag2O/Fe3O4 (15%) (0.061 min−1), and 1.17 times
higher than that of Ag2O/Fe3O4 (5%) (0.156 min−1). Four photocatalytic cycling tests were
conducted to verify the structural stability of the Ag2O/Fe3O4 (10%) sample. Figure 7d shows
the results. After four cycles, the catalytic rate of Ag2O/Fe3O4 (10%) slightly decreased but
still exhibited a fast catalytic rate, indicating good structural stability.

In general, the reactive species in photocatalytic processes are often considered to
be holes (h+), hydroxyl radicals (·OH), and superoxide ion radicals (·O2

−). Therefore,
EDTA-2Na, isopropyl alcohol (IPA), and benzene quinone (BQ) were selected as the capture
agents to study the capture of these reactive species, as shown in Figure 7e. Through the
photodegradation experiment of MO using the Ag2O/Fe3O4 (10%) photocatalyst under
visible light, in which the original photocatalytic degradation was 18.3 × 10−2 min−1, it
was observed that the degree of inhibition of the photocatalytic degradation rate decreased
in the following order: BQ (1.85 × 10−2 min−1), IPA (2.76 × 10−2 min−1), and EDTA-2Na
(11.2 × 10−2 min−1). This reveals that ·O2

− and ·OH have a significant impact on the
degradation of MO in the Ag2O/Fe3O4 photocatalytic reaction, while h+ has a relatively
small degree of participation.

The catalytic rates of phenol, rhodamine B, methyl blue, and basic fuchsin were
tested under visible light irradiation to verify the applicability of the Ag2O/Fe3O4 (10%)
photocatalyst for the degradation of organic pollutants in water. As shown in Figure 7f, the
degradation rates of basic fuchsin, rhodamine B, and methyl blue were 10.72 × 10−2 min−1,
9.37 × 10−2 min−1, and 6.1 × 10−2 min−1, respectively. This demonstrates that the Ag2O/
Fe3O4 (10%) photocatalyst has a good applicability and a good catalytic effect on various
types of organic pollutants in water.

2.8. Magnetic Properties Analysis

Vibrating sample magnetometer (VSM) measurements were performed on Ag2O/Fe3O4
(5%), Ag2O/Fe3O4 (10%), and Ag2O/Fe3O4 (15%) to determine the magnetic properties of
the samples. Figure 8a–c show the results. As shown in Figure 8a, the magnetic properties
of the Ag2O/Fe3O4 binary nanocomposites gradually increase with the increase in Fe3O4
surface loading content. Ag2O/Fe3O4 (15%) exhibited the strongest magnetism, with a
maximum saturation magnetization of 1.01 emu/g and a hysteresis loop showing a clear
bent shape without a saturation region. In contrast, Ag2O/Fe3O4 (10%) and Ag2O/Fe3O4
(5%) exhibited the maximum saturation magnetization of 0.31 emu/g and 0.15 emu/g,
respectively. Figure 8b,c show the hysteresis loop characteristics of Ag2O/Fe3O4 (5%) and
Ag2O/Fe3O4 (10%), respectively. It can be observed that although the size of the magnetic
moment increases with the external magnetic field, its maximum value is much smaller
than the saturation magnetization of ferromagnetic materials. Therefore, the hysteresis
loop shows a curve similar to paramagnetism. Since the magnetic moment is very small,
the hysteresis loop of Ag2O/Fe3O4 nanocomposites is smoother and more symmetrical
than that of paramagnetic materials. Therefore, due to the introduction of Fe3O4, it was
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confirmed that Ag2O/Fe3O4 (5%), Ag2O/Fe3O4 (10%), and Ag2O/Fe3O4 (15%) all have
superparamagnetic properties [39].

Figure 8. VSM curves of the (a) overall magnetic samples, (b) Ag2O/Fe3O4 (5%) composite,
(c) Ag2O/Fe3O4 (10%) composite, and (d) test of Ag2O/Fe3O4 (10%) composite under Nd mag-
net adsorption.

A neodymium magnet adsorption experiment was performed to verify whether
Ag2O/Fe3O4 (10%) can be magnetically recovered. Figure 8d shows the results. Specifically,
a neodymium magnet was placed next to the Ag2O/Fe3O4 (10%) suspension and was
allowed to stand still for 20 min. It was observed that the neodymium magnet clearly
adsorbed the gray-brown catalyst powder. Therefore, it was confirmed that magnetic
adsorption can recover Ag2O/Fe3O4 (10%).

2.9. Photocatalytic Reaction Mechanism Analysis

First, under visible light irradiation, Ag2O and Fe3O4 on the surface of Ag2O/Fe3O4
are excited from the valence band to the conduction band, generating photogenerated
electrons (e−) and leaving behind holes (h+). As the ECB of Ag2O is −0.67 eV, which is
more negative than that of Fe3O4, i.e., 0.54 eV, and the EVB of Ag2O is 2.03 eV, which is
more negative than that of Fe3O4, i.e., 2.14 eV, a type-II heterojunction is formed due to
the band offset when the two are coupled. The h+ on the Fe3O4 valence band transfers to
the Ag2O valence band, and the e- on the Ag2O conduction band transfers to the Fe3O4
conduction band, thus improving the separation efficiency of the photogenerated electrons
and holes. These electrons and holes then participate in other reactions. The e- on the Fe3O4
conduction band reacts with the dissolved oxygen and water in the liquid to form H2O2
and OH−. H2O2 can then further participate in the Fenton reaction, while the h+ on the
Ag2O valence band reacts with H2O to generate ·OH free radicals and H+.

Second, the Fenton reaction occurs on Fe3O4. Fe2+ in Fe3O4, H2O2 generated in
the photocatalytic reaction, and dissolved O2 in water react to generate Fe3+, ·O2

−, and
·OH, respectively. Next, H2O2 can reduce Fe3+ to replenish the consumed Fe2+ and O2
and generate H+, so the reaction can be cycled. The large amounts of ·OH, and ·O2

−
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generated by the combined photocatalytic and Fenton reactions can further participate
in the oxidation and degradation of organic compounds, decomposing them into smaller
harmless compounds, as shown in Figure 9. The specific reaction process is as follows:

Ag2O/Fe3O4 + hv → e− + h+ (5)

h+ + H2O → ·OH + H+ (6)

2e− + O2 + 2H2O → H2O2 + 2OH− (7)

·O2 + MO → Degraded products (8)

H2O2 + 2Fe3+ → 2Fe2+ + O2 + 2H+ (9)

·O2 + MO → Degraded products (10)

·OH + MO → Degraded products (11)

Figure 9. Schematic of the possible photocatalytic reaction mechanism of Ag2O/Fe3O4 under visible
light irradiation.

3. Materials and Methods

3.1. Material

Silver nitrate (AgNO3, 99%) was purchased from National Pharmaceutical Group
Co., Ltd. (Shanghai, China). Iron(II) chloride tetrahydrate (FeCl2·4H2O, ≥92.0%), Iron(III)
chloride hexahydrate (FeCl3·6H2O, ≥98.1%), sodium hydroxide (NaOH, ≥96.0%), and
methyl orange (MO) were purchased from Xilong Science Co., Ltd. (Guangdong, China).
All the raw materials were of analytical grade and used without any additional purification.
Deionized water was used for all the experiments.

3.2. Preparation of Fe3O4

Approximately 0.198 g of FeCl3·6H2O and 0.072 g of FeCl2·4H2O were dissolved in
200 mL of deionized water by ultrasonication for 30 min. Approximately 20 mL of NaOH
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solution (1 M) was then added. The mixture was sonicated for 1 h, centrifuged, washed
three times with deionized water, and then freeze-dried to obtain Fe3O4.

3.3. Preparation of Ag2O

Approximately 0.5 g of AgNO3 was dissolved in 200 mL of deionized water, and 20 mL
of NaOH solution (1 M) was then added. The mixture was sonicated for 1 h, centrifuged,
washed three times with deionized water, and then freeze-dried to obtain Ag2O.

3.4. Preparation of Ag2O/Fe3O4

The Ag2O/Fe3O4 catalyst was prepared using a one-step coprecipitation method.
First, 0.5 g of AgNO3 was dissolved ultrasonically in 200 mL of deionized water, and
0.041, 0.088, and 0.119 g of FeCl3·6H2O were dissolved with 0.015, 0.032, and 0.044 g of
FeCl2·4H2O, respectively, in 200 mL of deionized water as different precursors of Fe3O4.
The precursor of the Ag2O solution was then added into the Fe3O4 precursor solutions
and treated ultrasonically for 1 h. Next, a 1 M NaOH solution was continuously dripped
into the quickly stirred precursor solution until no further color change was observed.
Finally, the product was washed three times by centrifugation, freeze-dried, and obtained
as Ag2O/Fe3O4 (5%, 10%, 15%) binary photocatalysts.

3.5. Characterization

The samples were subjected to various analytical techniques to investigate their mor-
phologies, chemical environments, structures, microstructures, surface composition, optical
features, bandgap, and magnetic performance. Specifically, scanning electron microscopy
(SEM, TESCAN, MIRA) equipped with an electron-dispersive spectroscopy (EDS) detector
was used to observe the morphologies and chemical environments, while X-ray diffrac-
tion (XRD, MiniFlex-600, Rigaku, Tokyo, Japan) and high-resolution transmission electron
microscopy (HRTEM, JEM-2100F, JEOL) were used to analyze the structures and microstruc-
tures, respectively. X-ray photoelectronic spectroscopy (XPS, ESCALAB-250XI, Thermo
Fisher, Waltham, MA, USA) was used to study the surface composition. A photolumi-
nescence spectroscopy (PL, Cary Eclipse, Varian, Cheadle, UK) and UV–vis spectrometer
(UV, PerkinElmer (Houston, TX, USA), Lambda 950) were used to analyze the optical
features and bandgap, respectively. A vibrating sample magnetometer (VSM, Lake Shore
(Westerville, OH, USA), 7404) was used to evaluate the magnetic performance.

3.6. Photocatalytic Measurement

The photocatalytic performance test was conducted under a xenon lamp source (PLS-
SXE300) with a power of 300 W for the degradation of MO (10 mg/L) by Ag2O/Fe3O4.
In the experiment, 100 mg of Ag2O/Fe3O4 was dispersed in 100 mL MO solution. After
mixing, the mixture was stirred in the dark for 30 min to allow the catalyst to reach
adsorption–desorption equilibrium with MO. The mixture containing the photocatalyst
was then placed 10 cm away from the xenon lamp source and stirred at a speed of 200 r/min.
During the light irradiation, 3 mL of the solution was taken out every 5 min and transferred
to a centrifuge tube, and the catalyst powder was removed using a needle filter with a
0.22 μm pore size. A UV–visible spectrophotometer was used to measure the filtered
MO concentration. The degradation rate of MO can be expressed as (C0-C)/C0, where C
represents the MO concentration after xenon lamp irradiation, C0 represents the original
concentration before irradiation, and the concentration of undegraded MO can be expressed
as C/C0.

3.7. Photoelectrochemical Measurement

The experiment was conducted using an electrochemical analyzer (CHI660E, Shanghai)
equipped with a standard three-electrode system. A 100 mL Na2SO4 solution (0.1 M) was
used as the electrolyte, with a platinum (Pt) foil as the counter electrode, Ag/AgCl as
the reference electrode, and the loading samples on FTO glass as working electrodes.
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Electrochemical impedance spectroscopy (EIS), a Mott–Schottky curve, and photocurrent
response tests were performed.

4. Conclusions

In summary, a novel type of environmentally friendly magnetic nanocomposite, i.e.,
Ag2O/Fe3O4, has been synthesized and characterized as a high-performance visible-light-
responsive photocatalyst. According to the XRD, SEM, TEM, XPS, UV–vis, PL, and electro-
chemical characterization, it has been confirmed that Ag2O and Fe3O4 are well compounded
and exhibit a good synergistic effect. Loading Fe3O4 onto the surface of Ag2O not only
constructs the type II heterojunction but also successfully couples the photocatalysis and
Fenton reaction, enhancing its broad-spectrum response and efficiency. Under simulated
sunlight irradiation, the Ag2O/Fe3O4 (10%) exhibited the fastest MO degradation rate,
rapidly degrading 99.5% of 10 mg/L MO within 15 min, which was 2.4 times higher than
that of pure Ag2O. Furthermore, after four cycles of testing, the sample still exhibited a
fast degradation rate, indicating high stability. Magnetic testing emphasized the ease of
material recovery using magnetic force, making the nanocomposite suitable for practical
applications in water treatment and environmental remediation. Therefore, Ag2O/Fe3O4
exhibits magnetic properties, wide spectral response, and high oxidative degradation per-
formance, and its preparation method provides a new approach for the development of
future photocatalysts.
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Abstract: Photocatalyst is the core of photocatalysis and directly determines photocatalytic perfor-
mance. However, low quantum efficiency and low utilization of solar energy are important technical
problems in the application of photocatalysis. In this work, a series of polyoxometalates (POMs)
[H3PW12O40] (PW12)-doped titanium dioxide (TiO2) nanofibers modified with various amount of
silver (Ag) nanoparticles (NPs) were prepared by utilizing electrospinning/photoreduction strat-
egy, and were labelled as x wt% Ag/PW12/TiO2 (abbr. x% Ag/PT, x = 5, 10, and 15, respectively).
The as-prepared materials were characterized with a series of techniques and exhibited remarkable
catalytic activities for visible-light degradation tetracycline (TC), enrofloxacin (ENR), and methyl
orange (MO). Particularly, the 10% Ag/PT catalyst with a specific surface area of 155.09 m2/g and an
average aperture of 4.61 nm possessed the optimal photodegradation performance, with efficiencies
reaching 78.19% for TC, 93.65% for ENR, and 99.29% for MO, which were significantly higher than
those of PW12-free Ag/TiO2 and PT nanofibers. Additionally, various parameters (the pH of the
solution, catalyst usage, and TC concentration) influencing the degradation process were investigated
in detail. The optimal conditions are as follows: catalyst usage: 20 mg; TC: 20 mL of 20 ppm; pH = 7.
Furthermore, the photodegradation intermediates and pathways were demonstrated by HPLC-MS
measurement. We also investigated the toxicity of products generated during TC removal by em-
ploying quantitative structure-activity relationship (QSAR) prediction through a toxicity estimation
software tool (T.E.S.T. Version 5.1.2.). The mechanism study showed that the doping of PW12 and
the modification of Ag NPs on TiO2 broadened the visible-light absorption, accelerating the effective
separation of photogenerated carriers, therefore resulting in an enhanced photocatalytic performance.
The research provided some new thoughts for exploiting efficient and durable photocatalysts for
environmental remediation.

Keywords: Ag nanoparticles; PW12/TiO2 nanofibers; degradation of antibiotics; degradation pathways;
toxicity assessment

1. Introduction

In recent years, photocatalysis technology, which can use solar energy for environ-
mental purification and energy conversion, has received worldwide attention [1,2]. Pho-
tocatalytic technology has a wide range of applications in pollutants degradation, CO2
reduction, water splitting to produce hydrogen and nitrogen fixation, etc. [3]. The core of
photocatalysis is designing and developing the photocatalysts with visible-light response,
prominent catalytic activity, and recyclability. Among the various photocatalysts, TiO2 has
received a lot of attention due to its low synthesis cost, lack of toxicity, and high catalytic

Molecules 2023, 28, 6831. https://doi.org/10.3390/molecules28196831 https://www.mdpi.com/journal/molecules166



Molecules 2023, 28, 6831

activity [4]. However, the wide band gap and low utilization efficiency of carriers limit its
practical applications [5]. Therefore, it is urgent to enhance the visible-light absorption and
the driving force for the separation of photoinduced carriers. Many strategies have been
made to improve its catalytic activity, including dye sensitization [6], construction of het-
erojunction [7], morphology engineering [8], and metal/non-metal element doping, etc. [9].

POMs are identified as a promising candidate to embellish TiO2 for addressing this
challenge. POMs demonstrate semiconductor-like characteristics with their tunable elec-
tronic structures and energy levels. They also possess high negative charge and excellent
solubility and are endowed with favorable processing properties [10,11]. Therefore, POMs
are easily encapsulated or dispersed within various semiconductors, which can constantly
enhance the redox property, modulate the band gap structure, and facilitate the separation
efficiency of photoproduced carriers [12–14]. Among various POMs, H3PW12O40 (abbr.
PW12), as a Keggin-type POM, has demonstrated important applications in photocatalysis
fields such as water splitting and contaminants removal [15,16].

Besides, the strategy of noble metals (such as Ag, Pd, Pt, and Au) modifying semicon-
ductors has been extensively investigated to expand spectral absorption and accelerate the
separation of photon-generated carriers [17–19]. Typically, a Schottky junction is formed
at the interface between a metal and a semiconductor to create a built-in electric region
that enhances the surface plasmon resonance (SPR) effect. Among these noble metals,
Ag has been extensively applied in SPR photocatalysis due to the excellent electrical con-
ductivity, relatively cheap price, wide SPR absorption, and intense local electromagnetic
fields caused by SPR [20,21]. For instance, Ag@TiO2 composites with core-shell nanostruc-
tures were prepared, applying the one-step solvothermal method by Zeng et al., which
displayed enhanced light absorption range and enabled the effective separation of e−-h+

pairs, resulting in an improved photocatalytic performance [22]. Moreover, the electrostatic
spinning technology has been considered as a versatile technology capable of adjusting
the composition, diameter, and orientation of materials according to the intended function
and application [23], which is employed extensively in the fabrication of metal oxides
(TiO2, ZnO, Fe2O3, WO3, etc.) nanofibers for photocatalytic degradation of pollutants [24],
hydrogen production [25], and CO2 reduction [26], etc.

Based on the above considerations, we prepared a novel Ag/PW12/TiO2 (abbr. Ag/PT)
composite by electrospinning/photoreduction methods, according to the literature [11,19].
Firstly, the electrospinning/calcination method was used to obtain PW12/TiO2 material;
then, the Ag NPs were loaded on PW12/TiO2 using the photoreduction method, obtaining
the Ag/PT composite. Moreover, these as-prepared Ag/PT nanofibers exhibited remarkable
photocatalytic activities for the degradation of multiple pollutants. The 10% Ag/PT catalyst
possessed the optimal photodegradation performance, whose efficiency reached 78.19%
for TC, 93.65% for ENR, and 99.29% for MO, which was significantly higher than those
of PW12-free Ag/TiO2 and PT. Furthermore, the influence parameters, including the pH
of the solution, catalyst usage, and the concentration of TC, were studied in detail. The
degradation intermediates and pathways were revealed by LC-MS data. QSAR prediction
was employed to investigate the toxicity of products in TC photodegradation. Ultimately,
the photocatalytic mechanism was investigated with radical capture analysis and band
gap structures.

2. Results and Discussion

2.1. Characterization of Ag/PT Composites

The microstructure and morphology of PT nanofibers are presented in Figure 1a. The
surface of the nanofibers after calcination at 550 ◦C is relatively rough and porous, and
the fiber diameter is about 80 ± 20 nm. Figure 1b,c show the SEM and TEM images for
10% Ag/PT, respectively. Distinctly, these Ag NPs are equally deposited on the surface
of PT with an average diameter of 10 ± 5 nm. The HRTEM images of 10% Ag/PT verify
the latticed coexistence of TiO2 and Ag in these samples (Figure 1d). The observed lattice
spacing of 0.233 nm corresponds to the (112) crystal plane of the anatase phase TiO2 (JCPDS
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no. 21-1272), and the lattice spacing of 0.145 nm corresponds to the Ag (220) plane (JCPDS
no. 04-0783). As shown in Figure 1e–j, the elemental mapping images of 10% Ag/PT and
the EDS data (Figure S1) further indicated the uniform distribution of Ag, P, W, Ti, and O
elements in the sample.

 
Figure 1. SEM images of PT (a) and 10% Ag/PT (b); TEM (c) and HRTEM (d) images of 10% Ag/PT;
(e–j) Elemental mapping images of 10% Ag/PT sample: (f) Ag; (g) P; (h) W; (i) Ti; (j) O.

The phase composition and purity of the prepared catalysts were investigated with
XRD (Figure 2a). For TiO2, these characteristic diffraction peaks at 25.3◦, 36.9◦, 37.8◦, 38.5◦,
48.0◦, 53.9◦, 55.0◦, and 62.7◦ are attributed to the (101), (103), (004), (112), (200), (105), (211),
and (204) crystal plane of anatase phase TiO2 (JCPDS no. 21-1272), respectively [27,28]. With
the introduction of PW12 into TiO2, no peaks of PW12 are found in the diffraction peaks of
PT, demonstrating the doping of PW12 in TiO2. When Ag NPs are deposited on PT, the main
diffraction peaks of Ag/PT composite are similar to those of PT. Additionally, the main
diffraction peak at 38.1◦, belonging to Ag (111) phase (JCPDS no. 04-0783), is not obviously
found, which might be attributed to the cover effect with diffraction peak of PT [29]. The
obtained results certify the presence of PT and Ag NPs in these Ag/PT composites.

Figure 2b displays the FT-IR spectra of various samples. TiO2 has no obvious char-
acteristic vibration peak, and the PW12 exhibits four characteristic infrared absorption
peaks in 700~1100 cm−1, including the peaks at 1075, 975, 882, and 830 cm−1, respec-
tively. Concretely, the peak at 1075 cm−1 is caused by the vibration of the P-O bond, the
peak at 975 cm−1 is assigned to the vibration of the W=O bond, and the two peaks at
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882 and 830 cm−1 are attributable to the vibration of the two kinds of W-Oc/e-W bridge
bonds [30,31]. Besides, the peak of PW12 near 1600 cm−1 may belong to the adsorbed
H2O molecules [32]. These peaks can be also observed in the PT and Ag/PT materials,
indicating the integrity of the PW12 Keggin unit in these composites. However, a shift in the
vibrational frequencies (1060, 961, 868, and 815 cm−1) is detected for Ag/PT, manifesting
the presence of interaction between PT and Ag [19]. The aforementioned results certify that
the Ag/PT materials have been fabricated successfully.

Figure 2. (a) XRD and (b) FT-IR of the constructed specimens.

A UV-Vis diffuse reflectance spectra (DRS) measurement was performed to evaluate
the light absorption properties of the obtained specimens. According to Figure 3a, the
light absorption edge of TiO2, PW12 catalysts appeared around 400 and 380 nm. For PT
photocatalysts, the light absorption intensity was increased due to the adulteration of
PW12. In particular, the strongest optical absorption ability in the Ag/PT composites can be
attributed to the introduction of Ag NPs [33], which would be beneficial to produce more
photogenerated charge carriers to participate in the reaction [34]. We found that the SPR
absorption band of Ag NPs ranges from 480 nm to 550 nm (Figure S2) [35]. Furthermore, as
shown in Figure 3b, the band gaps of various catalysts were calculated by the following
equation: αhν = A(hν−Eg)1/2, in which A, hν, and α represent the constant, photon energy,
and absorption coefficient, respectively [36].

Figure 3. (a) UV-Vis absorption spectra and (b) the corresponding Tauc plots of obtained specimens.

The band gap values were 3.17, 3.29, 2.83, 2.80, 2.72, and 2.61 eV for TiO2, PW12, PT,
and x% Ag/PT (x = 5, 10 and 15), respectively. The doping of H3PW12O40 introduces
additional electronic states and energy levels into the band structure of TiO2. These
additional electronic states can interact with the electron energy levels of TiO2, leading to
adjustments in the band structure, thereby reducing the band gap [11,27]. Obviously, in
comparison with PT, the band gap of Ag/PT was reduced, which suggests that Ag might
introduce a local energy level to the band gap of PT, resulting in a reduced energy gap [37].

The composition and chemical state information of as-prepared specimens were
probed with X-ray photoelectron spectroscopy (XPS). The elemental composition of
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10% Ag/PT was demonstrated by the signal detection of P, W, O, Ti, and Ag elements in
the full XPS spectra (Figure 4a). Figure 4b–f shows the high resolution XPS profiles for Ag
3d, P 2p, W 4f, Ti 2p, and O 1s of PT and 10% Ag/PT, confirming the successful preparation
of the composites. As presented in Figure 4b, the 10% Ag/PT composite showed two peaks
at Ag 3d, located at 367.61 eV and 373.59 eV, belonging to Ag0 3d5/2 and Ag0 3d3/2 metallic
silver monomers, respectively [38,39]. The P 2p XPS profile for PT (Figure 4c) has a peak at
133.70 eV, and this binding energy was considered to be the presence of P5+ [40]. The P 2p
peak of 10% Ag/PT was shifted towards the lower binding energy region in comparison
with PT. In the PT material, the high-resolution XPS spectrum of the W 4f region (Figure 4d)
showed two peaks at 35.58 eV and 37.63 eV for the W 4f7/2 and W 4f5/2 binding energies,
respectively, and, in 10% Ag/PT, W 4f was shifted toward the lower binding energy with
binding energies of 35.28 eV and 37.32 eV [41,42]. Figure 4e shows the presence of Ti 2p3/2
and Ti 2p1/2 characteristic peaks observed at 458.49 eV and 464.16 eV in PT, which are
features of Ti4+ in TiO2 [43]. Notably, the binding energies of Ti 2p XPS for 10% Ag/PT were
shifted to 458.45 eV and 464.13 eV, providing evidence of the interaction between PT and
Ag [44]. Figure 4f shows the XPS spectra of O 1s. Two peaks, at 529.57 eV (PT) and 529.48 eV
(10% Ag/PT), were found, which were considered as Ti-O [45]; meanwhile, two peaks
are found at 531.21 eV and 532.12 eV (PT) and 531.11 eV and 532.01 eV (10% Ag/PT),
corresponding to W-O and P-O, respectively [46]. Notably, these peaks in 10% Ag/PT
composites shifted to lower binding energies compared to PT, which indicated the presence
of interfacial interaction between Ag and PT [47].

Figure 4. The XPS profiles: (a) full spectra; (b) Ag 3d; (c) P 2p; (d) W 4f; (e) Ti 2p; (f) O 1s.
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Figure 5a demonstrates that the N2 adsorption and desorption isotherms of different
specimens conform to type IV, while the hysteresis line follows type H1, indicating the
presence of a mesoporous structure [48,49]. The specific surface areas (SSA) were 30.39,
146.85, 156.42, 155.09, and 166.91 m2/g for TiO2, PT and x% Ag/PT (x = 5, 10 and 15),
respectively. The result suggested that the introduce of PW12 is beneficial to enhance the
SSA of TiO2, which would demonstrate an improved catalytic performance. Figure 5b
presents the pore size distributions of as-obtained samples. The average pore volumes
were 11.57, 5.32, 4.25, 4.61, and 4.40 nm for TiO2, PT, and x% Ag/PT (x = 5, 10 and 15),
respectively. It is clear that the average pore volume of Ag/PT composites decreased, which
might be due to the accumulation of Ag NPs on the PT surface.

Figure 5. (a) N2 adsorption-desorption isotherms and (b) pore size distributions of as-synthe-
sized samples.

2.2. Catalytic Activity Assessment of Ag/PT Composites
2.2.1. Photocatalytic Removal of TC

TC was chosen as an organic pollutant to explore the photocatalytic capacity of
obtained samples [50,51]. As presented in Figure 6a, the adsorption-desorption equilibrium
was reached between the catalyst and TC under dark conditions within 20 min. The control
experiment was designed and demonstrated that the self-photolysis process of TC can
be excluded. TiO2 exhibits a negative effect on the TC degradation. The degradation
efficiencies of TC on PT and 10% Ag/TiO2 were significantly higher compared to pure
TiO2, which reached 26.53% and 43.52% within 60 min, respectively. This indicates that the
photocatalytic activity of TiO2 can be improved with the proper introduction of H3PW12O40
or Ag NPs. Moreover, the photocatalytic property of Ag/PT was further boosted, benefiting
from the remarkable contribution of the SPR effect originating from the Ag NPs. The
10% Ag/PT composite shows the optimal degradation efficiency of 78.19% (Figure S3a),
which exhibits better performance compared to numerous other catalysts, in terms of TC
removal (Table S1). Besides, the removal of total organic carbon (TOC) for TC degradation
reached 60.08% within 1 h using 10% Ag/PT material (Figure S4), which implies that
the TC degradation was incomplete. Nevertheless, when more Ag was deposited on the
PT, the TC removal rate of the synthesized 15% Ag/PT composite reduced to 71.12%.
Because excessive Ag occupies a part of the active sites of PT, the adsorption capacity and
degradation rate of Ag/PT composite towards TC molecules is reduced.

As presented in Figure 6b, the fitting results of the TC degradation rate indicate that it
was in accordance with the first-order kinetic model. Distinguishingly, the reaction rate
constant k for TC degradation with 10% Ag/PT was 0.0227 min−1, which was about 29- and
8-times higher than those of TiO2 and PT, respectively. Therefore, the doping of PW12 and
the modification of Ag NPs are effective methods to boost the photocatalytic performance
of TiO2.
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Figure 6. (a) The visible-light (λ > 420 nm) degradation of TC utilizing various specimens (catalyst
usage: 20 mg; TC: 20 mL of 20 ppm; pH = 7); (b) The pseudo-first-order kinetic study for TC
degradation; Degradation of TC with 10% Ag/PT with various conditions: (c) Different pH values
(TC: 20 mL of 20 ppm; catalyst usage: 20 mg); (d) Zeta potential of 10% Ag/PT at different pH values;
(e) Diverse catalyst amount (TC: 20 mL of 20 ppm; pH = 7); (f) Different concentration of TC (TC:
20 mL; pH = 7; catalyst amount: 20 mg). Light source: 300 W Xe light (CEL-HXF300, AULIGHT).

Effect of different pH values: The degradation of TC in aqueous solution undergoes
protonation and deprotonation reactions, and the pH of the solution will lead to different
charge states, which affects the decomposition of TC. As shown in Figure 6c, the TC
degradation efficiency gradually increased with the increase of pH, which achieved the
optimal value of 87.42% at pH 11. The alkaline environment favors the generation of •O2

−,
which is one kind of active species during the pollutant degradation process [52]. Besides,
TC molecules exhibit a high susceptibility to photolysis in alkaline conditions, benefiting
from the transition from the π to π* states of the (HOMO-1 to LUMO) chromophore [53].
At neutral pH, the TC removal rate was 78.19% after 60 min of light exposure. However,
under acidic conditions, the degradation efficiency of TC further decreased. In Figure 6c,
the adsorption removal efficiency of TC by 10% Ag/PT at different pH conditions were
10.04% (pH 1.0), 15.41% (pH 3.0), 16.28% (pH 5.0), 16.78% (pH 7.0), 14.61% (pH 9.0), and
8.67% (pH 11.0). This may be related to the zeta potential of the catalyst, which was
examined for 10% Ag/PT at different pH conditions (Figure 6d). Obviously, the zeta
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potential of 10% Ag/PT was positive at pH < 2.4 and negative at pH > 2.4. Moreover,
when pH < 3.3, TC appeared as a cation (TCH3

+); when pH = 3.3~7.7, TC existed as an
ampholyte (TCH2

0); when pH was greater than 7.7, TC appeared as an anion (TCH3
−) [54].

Therefore, when pH = 1.0, the surface of 10% Ag/PT was positively charged and the TC
molecules were present in the protonated (TCH3

+, pH < 3.3), which generated an intense
electrostatic repulsion and weak adsorption ability. With the increase of pH from 3 to 7,
the positive surface charge of 10% Ag/PT decreased from −4.64 mV to −21.07 mV, and
the TC molecules were in neutral (TCH2

0, pH 3.3–7.7), indicating that the electrostatic
repulsion was suppressed, thus promoting the adsorption capacity. When the pH was 9.0
and 11.0, the electrostatic repulsion existed between the catalyst with a negative charge and
TC (TCH3

−, pH > 7.7). Furthermore, the excess OH− could occupy the adsorption sites of
the catalyst, generating a slight reduction of adsorption ability [55].

Influence of catalyst dosage: As shown in Figure 6e, the degradation efficiency was
significantly enhanced from 60.35% to 78.19%, with the catalyst quantity from 10 to 20 mg,
which could be assigned to the increase of active sites [56]. However, the TC degradation
rate increased indistinctively (78.19% to 82.64%) upon further increasing the catalyst usage
from 20 to 30 mg, which may be due to the poor light transmission of the solution applying
too much catalyst [57].

Effects of initial TC concentration: Figure 6f provides the effect of TC concentration
on the photodegradation performance. The TC degradation rate decreased continuously,
with the TC concentration ranging from 10 to 80 ppm. The explanation may be that the
limited number of photogenerated carriers lead to restrict TC degradation when the initial
TC concentration was too high. In addition, the higher TC concentration affected the
penetration ability of photons and, thus, negatively affects the photocatalytic activity [58].

2.2.2. Photocatalytic Degradation of ENR and MO

The catalytic performance for Ag/PT composites were further evaluated by degrading
ENR and MO in visible-light. During the dark reaction, the pollutants molecules were
adsorbed on the photocatalyst surface for 20 min to obtain the adsorption-desorption
equilibrium. As presented in Figure 7a, the photocatalytic degradation efficiencies of ENR
with control, TiO2, 10% Ag/TiO2, PT, 5% Ag/PT, 10% Ag/PT, and 15% Ag/PT were 1.99%,
20.17%, 58.84%, 63.09%, 87.93%, 93.65%, and 89.98%. Specially, 10% Ag/PT had the best
photocatalytic activity of 93.65% (k = 0.0194) (Figures 7b and S3b), which was 4.64-, 1.48-,
and 1.59-times higher than that of TiO2, 10% Ag/TiO2, and PT, respectively. Similarly, the
degradation profiles in Figure 7c manifesting 10% Ag/PT also displayed an excellent MO
degradation rate of 99.29% (k = 0.1549) (Figures 7d and S3c). The influencing parameters
of catalyst dosage and MO concentration were also studied in Figure S6. Moreover, the
degradation efficiencies of Ag/PT composites are superior to other catalysts for ENR and
MO removal (Tables S2 and S3). These data verify that as-prepared Ag/PT is one kind of
multi-functional material in the field of environmental remediation.

Figure 7. Cont.
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Figure 7. (a) Visible-light removal curses of ENR by different specimens; (b) Reaction rate constant k;
The degradation profiles (c) and reaction rate constant k (d) of MO degradation.

2.3. Stability Test of Photocatalyst

Figure 8a shows the cycling experiments of 10% Ag/PT as a visible-light catalyst
for the degradation of various contaminants. After 20 cycles of reuse, the degradation
efficiency of MO, ENR, and TC exhibited a slight decrease, and by using ICP-6000 test,
the leaching amount of Ag after degradation was 2.1 ppm, indicating that the as-obtained
Ag/PT composites had good reuse performance. Moreover, the photocatalytic stability
of Ag/PT materials was confirmed with XRD and FT-IR. As shown in Figure 8b,c, the
XRD diffraction peaks and FT-IR spectra of the used 10% Ag/PT remained unchanged in
comparison with the fresh sample, verifying the good structural stability of these materials.
Furthermore, the TEM image after TC removal (Figure 8d) also demonstrated the good
cycling stability of the catalyst.

Figure 8. (a) The cyclic experiments for removing TC, ENR, and MO by 10% Ag/PT; XRD (b), FT-IR
(c) TEM image (d) for 10% Ag/PT before and after use in TC degradation.

2.4. Photocatalytic Mechanism Investigation
2.4.1. Photogenerated Carriers Behavior Analysis

The photoluminescence (PL) spectra were measured to reflect the separation effi-
ciency of photoinduced carriers from the synthesized catalysts. As demonstrated in
Figure 9a, these materials exhibited similar peaks at 425 nm. The fluorescence intensity for
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Ag/PT composite exhibited a significant decrease compared to TiO2, PT, and 10% Ag/TiO2,
implying that the recombination of photogenerated charge carriers was effectively sup-
pressed [59,60]. In addition, the 10% Ag/PT catalyst had the lowest peak intensity, implying
a higher separation rate of electron-hole pairs and better catalytic capacity compared to the
remaining specimens. The fluorescence lifetimes of PT and 10% Ag/PT were determined
by time-resolved fluorescence attenuation spectrometry (TRPL). As revealed in Figure 9b,
the fluorescence intensity of PT and 10% Ag/PT both decreased exponentially. The average
fluorescence lifetime τave of PT and 10% Ag/PT were calculated to be 0.18 ns and 0.06 ns,
respectively (Table S4). The result shows that 10% Ag/PT has a shorter average decay time
than PT, which indicates that the deposition of Ag nanoparticles is beneficial to delay the
recombination of photoinduced carriers [61]. The corresponding quenching and lifetime
reduction of TRPL implies a high non-radiative decay rate at 10% Ag/PT, and the estab-
lishment of a fast electron transfer pathway for accumulated photoproduced electrons is
conducive to the enhancement of catalytic capacity [62].

Figure 9. The steady PL (a), transient PL (b), EIS (Insert: impedance equivalent circuit diagram) (c)
and photocurrent (d) of various samples.

The electrochemical impedance spectroscopy (EIS) and instantaneous photocurrent
have been employed for examining the separation and migration ability of photogenerated
electron-hole pairs. Figure 9c illustrates the EIS Nyquist plots form distinct electrodes,
and the equivalent circuit are provided as an insert. Generally, the small EIS radian of the
electrochemical impedance corresponds to the low charge transfer resist [63]. It is clear that
the radius of these Ag/PT materials were much smaller than those of TiO2, PT, and 10%
Ag/TiO2. Specially, 10% Ag/PT has the smallest radius, which strongly manifested that
the composite possessed fastest transfer and migration ability of carriers [64]. Additionally,
Figure S7 presents the Bode plots of PT and 10% Ag/PT, which confirmed a prolonged
lifetime of photoinduced electrons for 10% Ag/PT in comparison to PT. The photocurrents
of obtained specimens were measured in Figure 9d. The photocurrent was found to be
stable and reproducible in three cycles. The photocurrent density obeyed the following
order: 10% Ag/PT > 15% Ag/PT > 5% Ag/PT > 10% Ag/TiO2 > PT > TiO2. Specifically,
the photocurrent density of 10% Ag/PT (0.23 μA/cm2) was much larger than that of
PT (0.09 μA/cm2) and 10% Ag/TiO2 (0.05 μA/cm2), which would lead to a remarkable
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enhancement in photocatalytic capability [65]. The results of various measurements collec-
tively demonstrated that the Ag/PT composites have low charge transfer resistance and
high separation efficiency of photogenerated carriers, which would reveal an outstanding
catalytic performance.

2.4.2. Active Species in Photocatalytic Reactions

To elucidate the degradation mechanism of TC, the radical capture experiments were
performed, and the results were presented in Figure 10a. Herein, 4-hydroxymethylpropane
(TEMPO, ·O2

− quencher), triethanolamine (TEOA, h+ quencher), and isopropyl alcohol
(IPA, ·OH quencher) were employed as free radical trapping agents [66,67]. Distinctly, the
addition of TEOA to the reaction system significantly inhibited the degradation efficiency,
and the addition of TEMPO also reduced the degradation activity to some extent, verifying
the important function of h+ and ·O2

− in TC degradation. Meanwhile, the degradation rate
was almost unchanged with the addition of IPA, implying that ·OH was not the dominating
active substance.

Figure 10. (a) The degradation of TC with diverse scavenges by 10% Ag/PT sample; (b) ESR spectra
of TEMPO-h+; ESR signals of (c) DMPO-·OH and (d) DMPO-·O2

−.

To directly verify the reactive species involved in the reaction process, electron spin
resonance (ESR) measurement was conducted, applying 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) and 2,2,6,6-Tetramethyl-1-piperidinyloxy (TEMPO) as spin-trapping agents [68].
TEMPO can trap the photogenerated holes and form+ TEMPO-h+ spin-products, which
exhibit silent ESR signals. As displayed in Figure 10b, under dark conditions, three distinc-
tive peaks corresponding to the TEMPO were identified, which were obviously declined
under visible-light, demonstrating the production of TEMPO-h+ spin-products [69]. Mean-
while, ·OH and ·O2

− can be captured with DMPO, generating evident ESR signals. In
Figure 10c, no characteristic peaks were found under both dark and light conditions in the
·OH test, indicating that ·OH did not play a role in the catalytic reaction. In Figure 10d,
in the ·O2

− test, no characteristic peaks were detected under dark conditions; neverthe-
less, the characteristic peaks corresponding to DMPO-·O2

− were clearly observed upon
visible-light irradiation, authenticating successful generation of ·O2

− radicals. These results
indicated that the photodegradation of TC was primarily driven with the involvement of
·O2

− radicals and h+.

176



Molecules 2023, 28, 6831

2.4.3. Degradation Pathways of TC and Toxicity Assessment

As revealed in Figures 11 and S5, the pathways of TC photodegradation were ex-
plored by HPLC-MS. The molecular weight of TC is expressed as the product m/z = 444.
Figure 11 summarizes and illustrates two possible degradation pathways. In pathway 1,
the intermediate of T1 (m/z = 463) may be derived from the dehydroxylation of TC, after
which T1 forms T2 (m/z = 403) through the deamidation process. Intermediate with T3
(m/z = 357) is resulted from loss of one N-2 methyl group. The product T4 (m/z = 259)
is obtained by the ring-opening reaction of T3. Pathway 2 is the transition from TC to
T5 (m/z = 427) after deamination. Then, T5 is dehydroxylated and dedimethylated to
T6 (m/z = 398), which is deaminated and demethylated to T7 (m/z = 318). After T4, T8
is formed by the break of double-bond oxygen, and T7 is formed by ring-opening and
dehydroxylation. After continuous ring-opening reactions, T8 forms T9 (m/z = 228), T10
(m/z = 182), T11 (m/z = 100), and T12 (m/z = 74). Further degradation of intermediates
can produce small molecules such as CO2, H2O, and inorganic ions. According to the
above analysis, it can be inferred that photocatalytic degradation of tetracycline involves
deamidation, dehydroxylation, and ring-opening reactions [3,70].

 
Figure 11. The probable catalytic degradation pathways for TC.

Furthermore, we investigated the toxicity of TC and its 12 intermediates using QSAR
prediction with a toxicity estimation software tool (T.E.S.T. Version 5.1.2) [71]. Figure 12a,b
show that TC was “developmentally toxic” and “mutagenic positive” [72]. One develop-
mentally non-toxic TC intermediate (T10) and four mutagenic-negative TC intermediates
(T7, T10, T11, T12) were produced after light treatment. Furthermore, most intermedi-
ates were less toxic than TC. As illustrated in Figure 12c, the bioaccumulation factors of
intermediates T9 and T6 were lower than those of TC, and the photodegradation process
could reduce the bioaccumulation factor for TC, which was primarily attributed to the
hydroxylation reaction [73].

In Figure 12d–f, three evaluation indicators were used to evaluate the acute toxicity
of TC and its intermediates: (i) Fathead minnow LC50 (96 h) represents the concentration
at which 50% of fathead minnows are killed after 96 h; (ii) Daphnia magna LC50 (48 h)
represents the concentration at which 50% of Daphnia magna are killed after 48 h; and
(iii) Oral rats LD50 represents the concentration at which 50% of rats are killed after 48 h
of oral ingestion. The LC50 values of 0.90 mg/L for blackhead minnow, 12.70 mg/L
for Daphnia magna, and 1105.75 mg/kg for TC in rats were defined as “highly toxic”,
“harmful”, and “toxic” compounds, respectively [74]. Obviously, T1, T6, T7, and T8
intermediates all showed low LD50 values (Figure 12d). Daphnia magna showed lower
LC50 values than TC intermediates, except for T6, T7, T1, T2, T3, and T8 (Figure 12e). With
the exception of intermediates T5 and T11, rats exhibited lower toxicity to TC intermediates
(Figure 12f). According to the aforementioned toxicity prediction results, the toxicity of
several intermediates still exists, which could be reduced by extending the reaction time.
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Figure 12. (a) Developmental toxicity; (b) mutagenicity; (c) bioconcentration factor; (d) fathead
minnow, (e) Daphnia magna (f), and oral rat for these products in TC degradation.

2.4.4. Possible Photocatalytic Mechanism

In Figure S9, the tangent slope of the Mott-Schottky profile reflects that PT belongs
to n-type semiconductor. The Efb of PT relative to Hg/Hg2Cl2 was found to be −0.17 eV.
Given that the conduction band energy (ECB) of n-type semiconductor is approximately
0.2 eV higher than the flat band potential (Efb) [75], the ECB for PT could be determined as
−0.13 eV (vs. NHE), according to ENHE = EHg/Hg2Cl2 + 0.242 eV. From the (αhv)2 vs. hv
plot (Figure 3b), the band gap energy (Eg) of PT is calculated to be 2.83 eV. Therefore, the VB
(valence band) edge position of PT (EVB = ECB + Eg) is determined to be 2.70 eV [76]. Based
on the aforementioned results, the catalytic mechanism for TC degradation by Ag/PT
system with visible-light was proposed (Figure 13). The PT was photoexcited to generate
electrons and holes under visible-light irradiation (Equation (1)). Meanwhile, a large num-
ber of hot electrons are produced, due to the surface plasmon resonance (SPR) effect of Ag
NPs [77,78]. The Ag NPs serving as electron traps could effectively capture photoinduced
electrons on the CB of PT, while the Schottky barrier established by Ag0 could promote the
transfer of SPR-excited electrons, further accelerating the charge separation (Equation (2)).
These electrons on Ag NPs react with O2 to form ·O2

− participating in oxidation reaction
(Equations (3) and (4)). Moreover, the photoinduced holes in PT directly oxidize TC accord-
ing to the result of ESR measurements and capturing tests (Equation (5)). Ultimately, TC
was efficiently removed with the help of h+ and ·O2

− active species (Equation (6)).

Ag/PT + hν→Ag/PT (h+ + e−) (1)

Ag/PT (h+ + e−)→PT (h+) + Ag (e−) (2)
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O2 + Ag (e−)→•O2
− + Ag (3)

•O2
− + TC→CO2 + H2O (4)

PT (h+) + TC→PT + H2O + CO2 (5)

h+/•O2
− + TC→intermediate products→CO2 + H2O (6)

Figure 13. The photocatalytic mechanism of TC degradation using Ag/PT system.

3. Experiments and Characterizations

Construction of Ag/PT Photocatalysts

As shown in Scheme 1, Ag/PT composite nanofibers were prepared employing elec-
trospinning/photoreduction methods. First of all, PT nanofibers were synthesized by the
electrospinning/calcination method. Briefly, PVP was dissolved in a mixture of anhydrous
ethanol, acetic acid, and tetrabutyl titanate, and stirred for 1 h. PW12 was then added and
stirred until complete dissolution. The homogeneous precursor solution was subjected to
electrostatic spinning operation, followed by calcination, to prepare PT nanofibers. Sec-
ondly, Ag NPs were modified on the PT nanofibers by photoreduction. PT nanofibers
powder was added to the solution of Vwater:Visoprobanol = 1:1, which was then sonicated
for 30 min. Then, the solution was evacuated, and the suspension was illuminated for 1 h
using a 300 W xenon lamp with full spectrum light. Then, AgNO3 solution was added and
stirred for 60 min. The Ag/PT composite was prepared.

Scheme 1. Schematic diagram for the fabrication process of Ag/PT composite.

179



Molecules 2023, 28, 6831

The fabrication and characterization methods of Ag/PT composites are displayed in
the Supplementary Material.

4. Conclusions

Herein, a novel Ag/PT composite material has been constructed utilizing electrospin-
ning/photoreduction methods, which exhibited remarkable photocatalytic activities for
degradation TC, ENR, and MO. The results of mechanism investigation showed that the
excellent catalytic property could be due to the following two reasons: (1) the doping of
PW12 to TiO2 can enhance the utilization of visible spectrum and redox reaction activity of
titanium dioxide; (2) the precious metal Ag possesses the LSPR effect, which can improve
the utilization of sunlight and generate more charge carriers. Besides, the LSPR effect will
have a high-intensity small range electromagnetic field, which will greatly improve the
separation rate of photogenerated electron-hole pairs. Moreover, the degradation interme-
diates and pathways were revealed through HPLC-MS. The toxicity of TC degradation
products was also investigated using QSAR prediction. This current work offers novel
thoughts for developing efficient and stable catalysts for environmental remediation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28196831/s1, Figure S1: EDX data of 10% Ag/PT sample;
Figure S2: UV-Vis absorption spectra of 5%, 10% and 15% Ag/PT sample; Figure S3: The profiles
of photocatalytic degradation of TC (a), ENR (b) and MO (c) by 10% Ag/PT under visible-light
irradiation (λ > 420 nm); Figure S4: The TOC removal (%) for TC degradation by 10% Ag/PT sample;
Figure S5: Photodegradation of TC with 10% Ag/PT under Diverse water quality (catalyst amount:
20 mg; TC: 20 mL of 20 ppm; pH = 7). Figure S6: Degradation of MO with 10% Ag/PT with various
conditions: (a) Diverse catalyst amount (MO: 20 mL of 20 ppm; pH = 1) and (b) Different concentration
of MO (MO: 20 mL; pH = 1; catalyst amount: 20 mg). Figure S7: The Bode plots of PT and 10%
Ag/PT composite; Figure S8: The main intermediate products generated during the photocatalytic
TC degradation process: (a) 0 min; (b) 30 min; (c) 60 min with 10% Ag/PT as catalyst; Figure S9: The
Efb of PT (V vs. Hg/Hg2Cl2). Table S1: The comparison of TC degradation activity of 10% Ag/PT
with previous literatures; Table S2: The comparison of ENR degradation activity of 10% Ag/PT
with previous literatures; Table S3: The comparison of MO degradation activity of 10% Ag/PT with
previous literatures; Table S4: Fitted parameters of the TRPL decay profiles. References [79–122] are
cited in the Supplementary Materials.
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Abstract: A novel Bi2S3-zinc oxide/cellulose acetate composite film was prepared through a blending-
wet phase conversion and in situ precipitate method. The results revealed that the incorporation of
Bi2S3 in the film increased the cavity density and uniformity, which provided additional space for the
growth of active species and improved the interaction between dye pollutants and active sites. Zinc
oxide acted as a mediator to facilitate the separation of electron–hole pairs effectively preventing their
recombination, thus reducing the photo-corrosion of Bi2S3. As a result, the Bi2S3-ZnO/CA composite
film exhibited favorable photocatalytic activity in the degradation of various dyes. Additionally,
the composite film displayed effortless separation and recovery without the need for centrifuga-
tion or filtration, while maintaining its exceptional catalytic performance even after undergoing
various processes.

Keywords: cellulose acetate; ZnO; Bi2S3; photocatalytic; dye degradation

1. Introduction

The advancement of the textile industry has yielded economic affluence and societal
equilibrium for humanity. Nevertheless, due to its highly polluting nature, the textile
industry generates approximately 1.6 million liters of dyes per day [1–3]. This substantial
dye consumption has resulted in a significant volume of dye wastewater, posing severe
threats to both the ecological environment and human well-being [4,5]. Consequently, indi-
viduals have implemented diverse approaches, including biological, physical, and chemical
methods, to effectively and safely treat dye wastewater [6]. The efficacy of conventional
treatment methods is frequently constrained by the considerable persistence and solubility
of synthetic dyes in water. There is a pressing need to establish economically viable and
ecologically sound treatment approaches that can effectively address dye wastewater prior
to its ultimate release into the environment. Photocatalytic technology, characterized by
its straightforward procedural nature, gentle operating conditions, and environmentally
friendly attributes, offers a viable solution by facilitating the degradation of organic pollu-
tants in aqueous solutions into H2O, CO2, or other diminutive molecules [7–9]. However,
the powdered photocatalyst tends to agglomerate during the process of photocatalysis,
resulting in a challenge to separating and recycling. Additionally, this agglomeration
can lead to secondary pollution in the water system, thereby limiting its effectiveness in
degrading organic pollutants [10–12]. Therefore, it becomes imperative to develop an
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appropriate support substrate that can address these issues by facilitating the deposition of
the catalyst [13].

Cellulose acetate (CA) is classified as a biopolymer, possessing notable attributes such
as exceptional biocompatibility, biodegradability, robust mechanical strength, hydrophilic-
ity, and film-forming capabilities. Consequently, it has found extensive applications in
diverse sectors including medical care, packaging, textile, filtration, and various other
domains [14–16]. However, the practical application of CA is impeded by its susceptibility
to microbial attack, which poses a significant challenge. Despite the potential limitation
of biofouling on CA films in water purification, the integration of nanotechnology and
membrane loading technology presents a promising solution to overcome the drawbacks
associated with cellulose acetate. Fu et al. [17] conducted a one-step coagulation process in
Na2SO4 aqueous solutions to produce cellulose-based ZnO nanocomposite films. These
films demonstrated remarkable UV-blocking properties and antibacterial activities. Simi-
larly, Abad et al. [18] employed a phase inversion and co-precipitation method to create
a CA/Au/ZnO film, which exhibited high photocatalytic activity and achieved a 95.28%
degradation rate of Eosin Y pollutant. The incorporation of nanocomposite technology
into fiber films can enhance their characteristics, thereby addressing their limitations and
enabling their use as catalyst support substrates.

Bismuth sulfide (Bi2S3) is a promising candidate for contaminant removal, electro-
chemical energy conversion, and storage due to its electrical and optical properties [19–21].
Additionally, Bi2S3 possesses advantageous characteristics including an appropriate band
gap (1.33 eV), strong visible light absorption capability, high carrier mobility, and non-
toxicity [22]. Furthermore, Bi2S3 can be easily synthesized through a straightforward
solution method at room temperature. However, the utilization of Bi2S3 as a sole photocata-
lyst encounters challenges due to its rapid recombination as a photogenerated electron–hole
pair and photoinduced corrosion [23]. One approach to enhance the photocatalytic effi-
ciency of Bi2S3 involves combining it with another photocatalytic semiconductor possessing
suitable band positioning to mitigate the recombination efficiency of its photogenerated
carriers. Sang et al. [24] constructed nanoflower-like Bi2O3/Bi2S3 heterojunctions that were
fabricated through a one-step hydrothermal method, and obtained a removal rate of 99.72%
for rhodamine B (RhB) and 91.80% for Cr(VI), respectively. Similarly, Lu et al. [25] synthe-
sized nuclear-shell structure TiO2/Bi2S3 heterojunctions using the coprecipitation method,
and the results indicated that an optimal quantity of Bi2S3 could enhance the photocatalytic
activity of TiO2. The removal rate of methyl orange (MO) for TiO2/Bi2S3 can reach 99%
within 10 min under UV irradiation. Zinc oxide (ZnO) is a typical n-type semiconductor
due to its wide band gap (3.37 eV) and the low cost of raw materials that have attracted
people’s attention in the field of ultraviolet detection [26,27]. The effective detection of UV
light by a single ZnO is limited due to the rapid recombination of electron–hole pairs under
illumination, which hinders its practical application [28,29]. It is possible to form a type-II
band structure by matching the band positions between Bi2S3 and ZnO. Yuan et al. [30]
successfully prepared a ZnO/Bi2S3 photocatalyst with a heterojunction structure using
a solvothermal method for Cr(VI) removal and obtained a removal rate of 96% within
120 min under visible-light irradiation. It can be seen that the coupling of Bi2S3 with ZnO
to form a heterostructure and stably loading it on the CA composite film present a novel
and significant research idea for supported photocatalysts.

In this study, a novel stable Bi2S3-ZnO/CA composite film was successfully prepared
by the blending-wet phase conversion and in situ synthesis method. SEM, XRD, XPS,
and PL were used to characterize the morphology, phase structure, element valence, and
electron–hole pair recombination ability of the prepared composite materials. The photocat-
alytic performance and stability of RhB as a model pollutant were evaluated in the presence
of visible light. In addition, different dyes were tested under different conditions to deter-
mine the photocatalytic activity of the composite film, and the photocatalytic mechanism
was speculated through the active species capture experiment.
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2. Results and Discussion

2.1. Structural Characterization

The surface and internal structures of pure CA, ZnO/CA, Bi2S3/CA, and Bi2S3-
ZnO/CA composite films were observed by FE-SEM characterization, and the results
are shown in Figure 1. The surface images reveal a thickness of approximately 200 μm
for the composite films. Figure 1(a1–a3) illustrate that the pure CA composite film ex-
hibits a characteristic asymmetric structure comprising of sponge-like hollow fiber skin and
irregular cavities [31,32]. Upon loading ZnO onto the CA film, as depicted in
Figure 1(b1–b3), the surface of the composite film becomes smoother and the number
of pores decreases significantly. Additionally, the rod-shaped ZnO is observed to ex-
tend from the interior to the exterior of the thin film, indicating a favorable integration
between ZnO and CA [33]. As demonstrated in Figure 1(c1–c3), the Bi2S3 within the
Bi2S3/CA composite film is observed to form a granular cluster on the film’s surface. Fur-
thermore, the incorporation of Bi2S3 enhances the density and uniformity of the cavities
within the composite film. These cavities provide additional space for the growth of active
species and enhance the contact efficiency between water pollutants and photocatalysts [34].
Figure 1(d1–d3) depict the notable alterations in the morphology and distribution of Bi2S3
within the Bi2S3-ZnO/CA composite film in the presence of ZnO. The incorporation of
ZnO into the composite film leads to a notable improvement in surface smoothness and a
significant reduction in pore density. Consequently, the ingress of S2− ions generated by
thioacetamide into the pores is impeded, resulting in a lower concentration of S2− ions
within the ZnO/CA composite compared to the pure CA film. The elevated concentration
of S2− ions would promote the formation of numerous crystal nuclei and facilitate rapid
crystal growth, thereby favoring the aggregation of Bi2S3 into granular clusters under high
S2− ion concentrations. Conversely, Bi2S3 would gradually grow at low S2− ion concen-
trations, giving rise to the formation of flaky Bi2S3 nanosheets. Similar results have been
verified in the relevant literature [35,36]. Therefore, the Bi2S3-ZnO/CA composite film
displays uniform Bi2S3 micro-nano flakes (thickness of 10 nm and width of approximately
70 nm) and is evenly distributed within the fibers of the composite film. The EDS map of
the Bi2S3/ZnO-CA composite film, depicted in Figure 1(e1–e6), illustrates a homogeneous
distribution of Zn, O, Bi, and S elements throughout the composite film. This finding fur-
ther confirms the attachment of nanostructured Bi2S3 and ZnO to the internal surface of the
composite film.

The composition and crystal structure of ZnO/CA and Bi2S3-ZnO/CA composite films
were determined by XRD characterization. As shown in Figure 2, the strong diffraction
peaks appearing at 31.77◦, 34.42◦, 36.25◦, 47.54◦, 56.60◦, 62.86◦, 67.96◦, and 69.01◦ in the
ZnO/CA composite film corresponded to the (100), (002), (101), (102), (110), (103), (112),
and (201) crystal planes, respectively. These characteristic peaks corresponded to the
body-centered cubic structure of ZnO (JCPDS No. 36-1451) [37]. The addition of Bi2S3
resulted in a weakening of the intensity of the ZnO diffraction peaks, particularly as the
Bi2S3 load increased. The Bi2S3-containing composites have quite broad diffraction peaks;
this may be due to the incorporation of Bi2S3 in the film which increased the cavity density
and uniformity, resulting in the ZnO and Bi2S3 being evenly distributed inside the film.
Especially Bi2S3 coated the surface of ZnO, leading to a reduction in the diffraction peak
intensity of ZnO. Furthermore, extremely weak diffraction peaks at 24.93◦ were observed,
which corresponded to the (130) crystal planes of Bi2S3 [38]. The fact that the diffraction
peak of Bi2S3 was very weak might be due to the high distribution and small size of Bi2S3
particles, which was consistent with findings reported in the literature [39]. These results
confirmed the successful synthesis of ZnO and Bi2S3 in CA composite film using the in situ
precipitate method.
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Figure 1. Surface and cross-sectional SEM images of CA (a1–a3), ZnO/CA (b1–b3), Bi2S3/CA (c1–c3),
and Bi2S3-ZnO/CA (d1–d3) composite films, and EDS images of Bi2S3-ZnO/CA (e1–e6).











Figure 2. Typical XRD patterns of ZnO/CA and Bi2S3-ZnO/CA films.

Figure 3 displays the spectra of the pure CA, ZnO/CA, and Bi2S3-ZnO/CA composite
films. The ZnO/CA spectrum exhibits characteristic peaks at 1747 cm−1, 1237 cm−1,
1371 cm−1, and 1044 cm−1, which correspond to N-H stretching vibration, C-H stretching
vibration, -CH2 symmetric stretching vibration, and free C=O stretching vibration and
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partial H-bonded carbonyl stretching vibration, respectively [40,41]. The absorption peak
at 482 cm−1 is attributed to ZnO, while the peak at 3442 cm−1 is associated with the
O-H stretching mode [42,43]. The FTIR spectra of the pure CA film exhibit a marked
resemblance to those of the Bi2S3-ZnO/CA and the ZnO/CA composite film, suggesting
that the incorporation of bismuth sulfide and zinc oxide does not result in the formation of
novel bonds with the CA film, nor does it compromise the integrity of the film’s structure.



Figure 3. FTIR spectra of ZnO/CA and Bi2S3-ZnO/CA composite films.

The utilization of XPS spectroscopy facilitated the examination of the surface com-
position and chemical state of the Bi2S3-ZnO/CA sample, as depicted in Figure 4. The
composite material is shown to contain Zn, Bi, S, O, and C elements, as demonstrated by
the comprehensive spectrum presented in Figure 4a. Figure 4b displays two prominent
peaks that are concentrated at 1043.65 and 1020.28 eV, with a binding energy difference of
23.37 eV, which corresponds to Zn 2p1/2 and Zn 2p3/2, respectively. These values align
with the established reference values for ZnO [44]. In Figure 4c, the high-resolution X-ray
photoelectron spectroscopy spectrum of oxygen is analyzed and fitted with two distinct
peaks. The weaker peak observed at 530.98 eV is attributed to the solid-state lattice oxygen
present in ZnO, while the stronger peak at 531.58 eV is assigned to the interaction between
carbonyl oxygen atoms in CA [37]. The Bi 4f7/2 and Bi 4f5/2 orbitals corresponding to
Bi3+ are also observed at 156.78 eV and 162.17 eV, respectively [29]. The XPS peak of
sulfur observed in Figure 4e at 162.47 eV is consistent with the standard S 2p peak, pro-
viding evidence for the formation of Bi2S3. In Figure 4f, the spectra associated with C
can be effectively modeled with four distinct peaks at 283.58 eV, 285.07 eV, 286.12 eV, and
287.59 eV, respectively, which correspond to H3C(C=O), C-H, C-OH, and C-C-O in the
CA structure [45,46]. These results not only confirm the successful synthesis of Bi2S3 but
also suggest no alterations have occurred in ZnO. Additionally, the absence of any other
impurities on the surface of the composite film indicates the relatively high purity of the
synthesized Bi2S3 nanosheets.
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Figure 4. XPS spectra of 4Bi2S3-ZnO/CA composite: (a) survey, (b) Zn 2p, (c) O 1s, (d) Bi 4f, (e) S 2p,
and (f) C 1s.

The optical properties of these composite films were investigated by UV-vis DRS.
As illustrated in Figure 5a, both ZnO and Bi2S3 sensitization considerably broadened the
spectrum of light absorption [47]. Notably, the Bi2S3 film with co-modification of ZnO
and Bi2S3 exhibited superior visible light harvesting capabilities compared to the single
Bi2S3 deposition, potentially due to the modulation of the bandgap by the sensitizer. The
band gap width of Bi2S3-ZnO/CA composite film was calculated by the Tauc formula
(ahv = A(hv − Eg)n, where α, hv, A, and Eg were defined as the absorption coefficient,
photonic energy, constant, and band gap, respectively. The n value was 1 because ZnO
and Bi2S3 belong to direct bandgap semiconductors [48]. In Figure 5b, the calculated
bandgap widths for ZnO/CA and Bi2S3/CA were 3.17 eV and 1.78 eV, respectively [49,50].
Additionally, the valence band (VB) and conduction band (CB) edge potentials of the
ZnO/CA and Bi2S3/CA composite films were calculated using the empirical equations
EVB = X − Ee + 0.5Eg and ECB = EVB − Eg. Here, EVB and ECB are the VB and CB edge
potentials, respectively. Ee is the energy of the free electron versus hydrogen (4.5 eV),
and Eg is the bandgap width. The X was the Mulliken electronegativity of the ZnO and
Bi2S3 semiconductors, and was selected as 5.75 eV and 5.27 eV, respectively, according to
the literature [49,50]. Therefore, the EVB and ECB values were approximately 2.84 eV and
−0.34 eV (vs. NHE) for the ZnO/CA film, and 1.66 eV and −0.12 eV (vs. NHE) for the
Bi2S3/CA film.



Figure 5. UV-vis DRS spectra (a,b) and PL spectra (c) of CA, CA/Bi2S3, ZnO/CA, and Bi2S3-ZnO/CA
composite films.
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Photoluminescence spectroscopy (PL) was also utilized to examine the efficacy of
electron–hole pair recombination and separation in composite films. Generally, greater
fluorescence intensity denotes accelerated electron–hole pair recombination rates, whereas
lower fluorescence intensity signifies heightened separation efficiency [51]. Elevated elec-
tron recombination rates are disadvantageous for photocatalytic reactions. The photolumi-
nescence spectra of pure CA, ZnO/CA, Bi2S3/CA, and Bi2S3-ZnO/CA composite films are
presented in Figure 5c. ZnO/CA and Bi2S3/CA films exhibit an absorption peak at approx-
imately 601 nm, while Bi2S3-ZnO/CA displays a lower resolution exciton absorption peak.
The results suggest that the combination of ZnO and Bi2S3 mitigates the recombination
of photo-induced electron–hole pairs and enhances the efficiency of charge separation,
thereby augmenting the photocatalytic activity of the catalyst.

2.2. Photocatalytic Efficiency

The photocatalytic performance of Bi2S3-ZnO/CA composite films was evaluated
through the degradation of RhB as a model pollutant, as depicted in Figure 6a. The absence
of a photocatalyst and the sole use of a pure CA film resulted in a negligible degradation of
RhB, indicating that the self-degradation effect of RhB and the adsorption effect of the CA
film can be disregarded. The degradation rate of single-component ZnO/CA composite
film was 26.51%, which might be attributed to the good hydrophilicity of ZnO improving
the adsorption capacity of RhB. The single-component 4Bi2S3/CA composite film exhibited
a higher degradation rate of 50.26%, indicating that Bi2S3 has a favorable photocatalytic
activity for RhB. The addition of ZnO and Bi2S3 to the CA composite film can signifi-
cantly improve the photocatalytic performance, and the catalytic performance is gradually
increased with the increase in the Bi2S3 loading. The highest degradation rate of 90.2%
was achieved with the 4Bi2S3-ZnO/CA film as the catalyst. Notably, a further increase in
Bi2S3 loading led to a decline in photocatalytic efficiency. The possible reason might be
that the particle aggregation at high loading resulted in a reduction in the effective active
species on the composite film and a subsequent decrease in photocatalytic performance. In
the Bi2S3-ZnO/CA catalyst, Bi2S3 is deemed as the primary active constituent due to its
superior photocatalytic activity compared to ZnO/CA. However, ZnO acts as a mediator to
facilitate the separation of electron–hole pairs, effectively preventing their recombination,
thus reducing the photo-corrosion of Bi2S3. Consequently, this mechanism significantly
enhances the overall photocatalytic efficiency.

To further investigate the degradation kinetics of RhB, a pseudo-first-order kinetic
model has been employed for exploration, as illustrated in Equation (3.2): ln(C0/C) = kt (3.2).
In this equation, C0 and C denote the initial concentration and real-time concentration of
RhB, respectively, while k represents the apparent reaction rate constant under irradiation.
The results of the fitting indicated that it conformed to a quasi-first-order kinetic equation.
The kinetic curves of ZnO/CA, 4Bi2S3/CA, and Bi2S3-ZnO/CA composite films are pre-
sented in Figure 6b. The apparent reaction rate constant of the 4Bi2S3-ZnO/CA composite
film was determined to be 0.0175 min−1, which exhibited 8.8 and 4.7 times higher values
compared to the single-phase ZnO/CA (0.00198min−1) and 4Bi2S3/CA (0.00372 min−1)
films, respectively. These results suggested that the synergistic effect of ZnO and Bi2S3
could significantly augment the photocatalytic efficiency of the composite film. Figure 6c
depicts the dynamic absorbance spectra of the RhB solution on the 4Bi2S3-ZnO/CA com-
posite film under visible light irradiation. The absorbance at the maximum absorption
wavelength (553 nm) of the RhB solution was gradually diminished over time and reached a
negligible level after 120 min, indicating the degradation of RhB in the solution without any
production of other derivatives during the photocatalysis process. Figure 6d displays the
durability of the Bi2S3-ZnO/CA composite film in the photodegradation of RhB. The results
indicated that the Bi2S3-ZnO/CA composite film exhibited excellent performance stability,
as evidenced by the sustained degradation rate of RhB at 88% over five cycles. Additionally,
the composite film can be retrieved from the aqueous phase without the requirement of
centrifugal filtration, thereby preventing the loss of nanoparticles and minimizing the
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risk of secondary pollution, which is advantageous for the practical implementation of
photocatalysis technology.



Figure 6. Photocatalytic performance of CA, ZnO/CA, Bi2S3/CA, and Bi2S3-ZnO/CA composite
films with different Bi2S3 loading for the degradation of RhB under visible light irradiation (a); related
degradation rate (In(C0/C) = kt) plots (b); absorption spectrum of RhB solution in the presence of
4Bi2S3-ZnO/CA composite film (c); and cycle runs over 4Bi2S3-ZnO/CA degradation of RhB under
visible light irradiation (d).

Figure 7a illustrates the degradation rate of RhB by a Bi2S3-ZnO/CA composite
film under visible light conditions and varying pH levels. The photocatalytic removal
rates for RhB were determined to be 91.98%, 90.16%, and 90.35% in acidic, neutral, and
alkaline solutions, respectively, which suggested that the Bi2S3-ZnO/CA composite film
exhibited commendable photocatalytic performance for RhB degradation across a broad
pH range. The photodegradation of various dyes in the Bi2S3-ZnO/CA composite film
was also investigated and the results are presented in Figure 7b. The removal rates of
RhB, malachite green (MG), methylene blue (MB), and crystal violet (CV) were 90.16%,
88.85%, 86.88%, and 87.20%, respectively. These results suggested that the Bi2S3-ZnO/CA
composite film exhibited a universal capacity for dye pollutant treatment. Furthermore, the
aforementioned dyes demonstrated commendable photocatalytic efficacy in the presence
of natural light (the sunlight between 2:00 p.m. and 4:00 p.m. on a sunny day with a PM
2.5 of 26 micrograms per cubic meter in Xiangtan, Hunan, China). The solar insolation
was measured and recorded by an optical power meter. Notably, RhB and CV exhibited a
degradation efficiency reduction of merely 2% and 4% in comparison to simulating visible
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light. In addition, the photocatalytic activity of the Bi2S3-ZnO/CA composite film is slightly
lower than that reported in other related studies (Table 1). This may be due to the better
mass transfer effect of the powder compared to the film. However, composite film materials
have better practical application prospects because of their easy separation and recovery in
dye wastewater treatment.

Figure 7. Effect of pH for the photodegradation of RhB on the 4Bi2S3-ZnO/CA composite film (a);
degradation of different dyes by the 4Bi2S3-ZnO/CA composite film under a xenon lamp and natural
light conditions (b).

Table 1. Performance of different Bi2S3-based composites for the photodegradation of dyes under
visible light.

Photocatalyst
Photocatalyst

Form

Catalyst
Dosage
/(g/L)

Dye
Concentration

/(mg/L)

Time
/min

pH
Levels

Degradation
Rate/min

Ref.

Bi2S3-BiOI powder 1.0 10.0-RhB 60 8–9 >99.0 [21]
SnO2/Bi2S3-Bi25 powder 0.33 10.0-RhB 180 8–9 >80.0 [23]

Bi2O3-Bi2S3 powder 0.5 20.0-RhB 90 8–9 >99.0 [24]
TiO2-Bi2S3 powder 5.0 20.0-MO 10 3–4 >99.0 [25]

Bi2S3-BiOBr/TiO2
NTA powder 0.05 20.0-RhB 180 8–9 >98.0 [35]

Bi2S3-ZnO/CA film 1.0 10.0-RhB 120 3–11 >90.0 This
work

To ascertain the photocatalytic degradation mechanism, radical-trapping experiments
were conducted utilizing isopropanol (IPA), triethanolamine (TEOA), and 4-hydroxy-
TEMPO (TEMPO) as scavengers for hydroxyl groups (•OH), holes (h+), and superoxide
radicals (•O2

−), respectively [52,53]. Figure 8 demonstrates that the inclusion of IPA had
negligible impact on the degradation of RhB, thereby suggesting that •OH played a minor
role in the photodegradation of RhB by the Bi2S3-ZnO/CA composite film. Conversely, the
presence of TEOA and TEMPO resulted in a substantial inhibition of the RhB degradation,
indicating that h+ and •O2

− were the primary active components responsible for the
photocatalytic degradation of RhB by the Bi2S3-ZnO/CA composite film.

Based on the aforementioned results, the potential mechanism for the photodegra-
dation of RhB by the Bi2S3/ZnO-CA composite film was hypothesized, as illustrated
in Scheme 1. When exposed to visible light, both the ZnO and Bi2S3 particles present
in the film were stimulated to generate electrons and holes in their respective conduc-
tion and valence bands. Due to the more negative conduction band (CB) energy of ZnO
(−0.34 eV/NHE) compared to that of Bi2S3 (−0.12 eV/NHE), the photogenerated electrons
in ZnO readily migrated to the CB of Bi2S3, where they were scavenged by the available
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surface O2 to produce •O2
− radicals [54]. Simultaneously, the photogenerated holes in

ZnO migrated to the valence band (VB) of Bi2S3 due to the higher VB energy of ZnO
(+2.84 eV/NHE) compared to Bi2S3 (+1.66 eV/NHE). The abundant concentration of re-
active holes in the Bi2S3 VB effectively oxidizes the dye [55]. The strong oxidation ability
of these holes and •O2

− radicals can over-decompose RhB into harmless molecules such
as CO2 and H2O. As a result, the separation of electron–hole pairs is efficiently achieved,
leading to a significant reduction in charge recombination and an enhancement in the
photocatalytic activity of the composite film.

Figure 8. Trapping experiment of the active species over the Bi2S3-ZnO/CA composite film for
RhB degradation.

Scheme 1. Catalytic mechanism of RhB degradation by Bi2S3-ZnO/CA composite film.

196



Molecules 2023, 28, 6882

3. Experimental Section

3.1. Synthesis of Bi2S3-ZnO/CA Composite Films

The Bi2S3-ZnO/CA composite films were prepared by blending-wet phase conversion
and in situ precipitate method [53,56]; the detailed steps are presented in Scheme 2. Typi-
cally, 2 g CA, 1 g ZnO, and Bi(NO3)3•5H2O at different quantities (1, 2, 3, 4, and 5 g) were
successively added to the 20 g DMF solvent with vigorous stirring at room temperature for
2 h. The obtained uniformly mixed solution was held in the air for 30 min to eliminate bub-
bles. Subsequently, the mixture was cast evenly on the glass mold, and quickly immersed
in thioacetamide solutions (equimolar with Bi(NO3)3•5H2O) for 8 h to the in situ synthesis
of Bi2S3-ZnO/CA composite films [35]. Afterward, the resultant composite films were
rinsed with ethanol and deionized water several times, and subsequently dried overnight
at −40 ◦C in a freeze-drying oven. Based on the content of Bi(NO3)3•5H2O, the acquired
films were labeled as 1Bi2S3-ZnO/CA, 2Bi2S3-ZnO/CA, 3Bi2S3-ZnO/CA, 4Bi2S3-ZnO/CA,
and 5Bi2S3-ZnO/CA, respectively. By comparison, the pure CA, ZnO/CA, and Bi2S3/CA
films were also prepared using the same methods.

Scheme 2. The preparation process for the synthesis of Bi2S3-ZnO/CA composite films.

3.2. Characterization

The crystal structures of the composite films were analyzed using the X-ray diffraction
(XRD) measurement on a Brucker AXS D8-Advance with Cu-Kα irradiation. The mor-
phology of the samples was observed by Field Emission Scanning Electron Microscopy
(FE-SEM, Zeiss Sigma 300). FT-IR spectra were recorded using a Brucker TENSORII FT-
IR spectrometer from 4000 to 400 cm−1. Surface electronic states were detected using
X-ray photoelectron spectroscopy (XPS) using a K-Alpha 1063, and all binding energies
were corrected by a C1s peak at 284.8 eV. The composite films’ UV-vis diffuse reflectance
spectra (DRS) were obtained using a Shimadzu UV-2550 spectrophotometer. The recombi-
nation of electron–hole pairs was explored using photoluminescence spectroscopy (PL) on
HitachiF-2700.

3.3. Evaluation of Photocatalytic Activity

The photocatalytic activities of composite films were evaluated by the degradation
of dyes under visible light illumination using a 300W Xe lamp equipped with a UV cutoff
filter (λ between 420 and 800 nm). Generally, 0.2 g of catalyst was added to a condensation
reactor containing 200 mL of RhB (10 mg/L). The suspension was continuously stirred for
30 min in the dark to achieve an adsorption–desorption equilibrium between the composite
film and RhB-simulated liquid. Then, the mixture was subjected to photocatalysis using
a xenon-mercury parallel light source. During the photocatalytic reaction, 10 mL of the
reaction solution was sampled every 20 min. The residual concentration of RhB was
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measured using a UV-visible spectrophotometer at the maximum absorption wavelength.
In addition, hydroxyl (•OH), holes (h+), and superoxide radicals (•O2

−) were detected
with IPA, TEOA, and TEMPO in this photocatalytic reaction, respectively.

4. Conclusions

In summary, a novel Bi2S3/ZnO-CA composite film was successfully prepared through
the blending-wet phase conversion and in situ precipitate techniques. The results indicated
that the incorporation of ZnO induced a notable modification in the configuration and
dispersion of Bi2S3 particles, transitioning from clustered nanospheres to evenly distributed
nanosheets. Furthermore, ZnO acted as a mediator for the separation of electron–hole
pairs, effectively impeding the recombination of photo-generated electron–hole pairs and
mitigating the photo-corrosion of sulfides. Among the catalysts, the 4Bi2S3/ZnO-CA com-
posite film showed the best photocatalytic activity with a 90.16% RhB degradation rate.
More importantly, the composite film presented advantages in terms of operational simplic-
ity, facile recovery, and the elimination of secondary pollution compared to powder-type
photocatalysts, rendering it an efficient and versatile material for wastewater treatment.
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Abstract: Rapid industrialization and urbanization are the two significant issues causing environmen-
tal pollution. The polluted water from various industries contains refractory organic materials such
as dyes. Heterogeneous photocatalysis using semiconductor metal oxides is an effective remediation
technique for wastewater treatment. In this research, we used a co-precipitation-assisted hydrother-
mal method to synthesize a novel I-FeWO4/GO sunlight-active nanocomposite. Introducing dopant
reductive iodine species improved the catalytic activity of FeWO4/GO. I− ions improved the catalytic
performance of H2O2 by doping into FeWO4/GO composite. Due to I− doping and the introduction
of graphene as a support medium, enhanced charge separation and transfer were observed, which is
crucial for efficient heterogeneous surface reactions. Various techniques, like FTIR, SEM-EDX, XRD,
and UV–Vis spectroscopy, were used to characterize composites. The Tauc plot method was used
to calculate pristine and iodine-doped FeWO4/GO bandgap. Iodine doping reduced the bandgap
from 2.8 eV to 2.6 eV. The degradation of methylene blue (MB) was evaluated by optimizing vari-
ous parameters like catalyst concentration, oxidant dose, pH, and time. The optimum conditions
for photocatalysts where maximum degradation occurred were pH = 7 for both FeWO4/GO and
I-FeWO4/GO; oxidant dose = 9 mM and 7 mM for FeWO4/GO and I-FeWO4/GO; and catalyst
concentration = 30 mg and 35 mg/100 mL for FeWO4/GO and I-FeWO4/GO; the optimum time was
120 min. Under these optimum conditions, FeWO4/GO and I-FeWO4/GO showed 92.0% and 97.0%
degradation of MB dye.

Keywords: iodine doping; halogenation; methylene blue degradation; photo-Fenton; heterogeneous
catalysis; wastewater treatment

1. Introduction

Water contamination continuously increases due to the nonbiodegradability of indus-
trial and agricultural wastes, resulting in severe diseases in humans and aquatic organ-
isms [1]. Drinking and the utilization of polluted water cause approximately 1.4 thousand
human deaths worldwide [2]. Nowadays, dyes are used in the pharmaceutical, textile,
leather, and bleaching industries and for coloring purposes [3]. Textile processing loses
almost half the amount in water bodies. Due to solubility and photoresistance stability,
dyes contaminate water and cause various diseases such as jaundice, nausea, and cyanosis.
Water resources become detrimental due to the release of dyes into the drinking water [4].
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Such hazardous pollutants require extraordinary efforts [5]. Various techniques have been
used to remove wastewater contaminants, such as filtration, chlorination, adsorption, re-
verse osmosis, precipitation, coagulation, and ion exchange [6]. These techniques have
various limitations, including by-product formation [7], as well as being time-consuming
and inefficient [8,9].

Advanced oxidation technologies have received great attention due to their role in
water disinfection and dye degradation. The advanced oxidation process is the most crucial
method for degrading many inorganic and organic pollutants released from industrial
waste [10]. Different types of AOPs are used for water remediation, such as heterogeneous
photocatalysis, Fenton, sono-Fenton, and photo-Fenton [11]. Advanced oxidation processes
(AOPs) for wastewater treatment and the elimination of obstinate sustainable particulates
have also been rapidly developed. Under ambient conditions, green technology AOPs
utilize solar energy and help to remove hazardous materials from water.

In AOPs, reactive oxygen species (ROS) are generated, which degrade organic pol-
lutants more effectively. AOPs have advantages owing to the formation of free radicals
resulting from chemical reactions. During degradation, oxidizing agents such as charge
carriers, superoxide radicals, and hydroxyl radicals effectively turn pollutants into harm-
less compounds. Various photocatalysts, such as metal ferrites, metal halides, and metal
tungstates, have advantages in heterogeneous photocatalysis. Various limitations such
as fast recombination of charge carriers, a lack of cost-effectiveness, and low surface area
can hinder the degradation process [12]. The efficiency is improved using adsorbents that
provide a surface for photocatalyst immobilization.

Among AOPs, the heterogeneous Fenton process is the most efficient and renew-
able. Due to its ability to degrade organic pollutants, the heterogeneous Fenton reaction,
which uses Cu and Fe compounds and H2O2, has been intensively developed [13,14]. The
consumption of H2O2 increases due to the low efficiency of the heterogeneous Fenton
process. To overcome these limitations, composites of reductive metals like Fe, Mn, Cu, Ni,
and Zn are used to activate H2O2, which improves the degradation of contaminants [15,16].
Reductive species such as I− have good reducibility and therefore are used for improving the
heterogeneous Fenton process. I− is a more potent catalyst than a Fenton catalyst like Fe2+.

Metal tungstates are ternary compounds that show excellent photocatalytic activity
due to narrow bandgap and crystalline structure, resulting in the efficient utilization of
sunlight and thus enhanced photoresponse [17]. The recombination time of photoexcited
species is mainly reduced due to the narrow bandgap of ternary compounds. Some modifi-
cations are needed to improve the catalytic activity of metal tungstates. In the past decade,
the photocatalytic activity of semiconductors was enhanced through several modification
methods [18]. The coupling of metal tungstate with semiconductors with narrow bandgaps
or transition metal doping enhances the photocatalytic activity of metal tungstate. The
recombination time of charge carrier species is increased by providing a new energy level
for charge carriers at which the trapping of e− occurs through heterojunction formation.
Photoexcited electrons are trapped at this new energy level, and doping enhances ternary
compounds’ activity responsiveness toward the visible region of ternary compounds, by in-
troducing foreign ions, changing nanocomposite morphologies and changing the bandgap.
The new energy band is formed above the valence band of the host due to the empty
“d” orbitals of nonmetals. Due to this energy level, the photocatalyst shows degradation
activity in the visible region through redshift in the bandgap [19].

The supporting material, graphene oxide (GO), increases the surface area due to
sp2 hybridization. The recombination time of holes and electrons increases by electrons
shuttling between active co-catalyst sites and the photocatalyst, enhancing catalytic activity.
Additionally, the photoresponse is enhanced through the adsorption of pollutants on
the surface of GO. Tungstate composite with GO enhances the catalytic activity. P-type
FeWO4, with a bandgap of 2.0 eV, belongs to the wolframite family, which shows excellent
photocatalytic activity due to various optical, electronic, and ferromagnetic properties [20].
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In the present work, a novel I-FeWO4/GO (I-FWGO) photocatalyst was synthesized
and effectively used for methylene blue (MB) degradation under sunlight. The iodine
doping of FeWO4 enhanced the degradation efficiency. The iodine-doped FeWO4 was
hydrothermally treated with GO to form the doped hybrid composite. The novel I-doped
FeWO4/GO was characterized using FTIR, XRD, and SEM-EDX. Dye concentration and
bandgap were monitored using UV–Vis spectroscopy. The dye degradation was assessed
and optimized using activity parameters like time, oxidant dose, pH, and catalyst con-
centration. Iodine doping enhanced the photocatalytic activity of the composite in the
visible region.

2. Results and Discussion

2.1. FTIR Analysis

The most important approach for finding composite functional groups is FTIR. FTIR
provides information about the bonding that is present in composite materials. The char-
acteristic peaks of undoped and iodine-doped iron tungstate/GO are shown in Figure 1.
The broad absorption peaks around 3614 cm−1 and 3007 cm−1 are attributed to small -OH
groups that were hydrothermally bonded to composites, indicating the presence of H2O on
the surface [21]. The typical elongated band at 567 cm−1 is related to bending vibrations
due to Fe-O. The characteristic peaks of GO are shown around 1410 cm−1, 1581 cm−1, and
1711 cm−1, which are attributed to COO−, C=C, and C=O stretching vibrations, respec-
tively [22]. In both composites, two characteristic peaks correspond to W-O stretching and
O-W-O stretching peaks at 832 cm−1 and 1034 cm−1 [23]. In I-FWGO, the stretching peaks
of O-W-O and F-O-W shifted due to the iodine doping into the Fe-O lattice [24,25]. The
peak intensity in the iodine-doped composite was lower than in the undoped counterpart
and pristine FeWO4, confirming the successful insertion of dopant species in the host
material [23].

Figure 1. FTIR spectra: (a) FeWO4/GO; (b) I-FeWO4/GO.

2.2. XRD Analysis

XRD may be used to determine the crystalline size of nanocrystals. Figure 2 depicts the
XRD pattern of I-FWGO and FeWO4/GO. In XRD spectra, diffraction peaks were observed
at 2θ = 24.7◦, 25.5◦, 31.4◦, 32.5◦, 37.3◦, 39.3◦, 42.2◦, 49.6◦, 51.3◦, 52.8◦, 54.7◦, 62.4◦, and 66.0◦,
which were indexed to (011), (110), (020), (021), (200), (121), (022), (220), (122), (202), (032)
and (312) crystal planes of I-doped FeWO4/GO and FeWO4/GO, respectively (JCPDS No.
46-1446) [26].
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Figure 2. XRD spectra: (a) FeWO4/GO; (b) I-FeWO4/GO.

The high intensities of the I-FWGO peak demonstrated the influence of iodine doping
on the crystal structure. Iodine doping led to a shift in the peak toward a higher 2θ value,
indicating that I− substituted O2− and increased the interlayer distance [27]. Crystal growth
was restricted by the insertion of iodine, which blocked the grain boundary. Furthurmore,
a slight shift in peak (221) was observed due to iodine doping [27]. The prominent peaks at
2θ = 13.6◦, with d-spacings of 0.38 nm and 2θ = 17.1◦ in XRD patterns of both composites,
are attributed to the (001) and (002) planes of graphene oxide, thus confirming its synthesis.
The sharp peak at 2θ = 18.1◦, corresponding to the (002) plane, might be attributed to
restacked graphene sheets in the short-range order [28].

The Scherrer equation was used for crystalline size calculation, which is expressed in
Equation (1).

D =
0.9λ

β cos θ
(1)

where the crystal’s crystalline size is “D”, the Scherrer constant “K” value is “0.94”, the
wavelength “λ” of the X-ray source is 0.154 nm, the diffraction angle is “θ”, and the entire
width of the half maximum is “β.” The crystalline sizes of I-FeWO4/GO and FeWO4/GO
were 16.79 nm and 23.9 nm, respectively.

2.3. SEM-EDX

SEM characterizes the morphology and morphological changes at various resolutions,
as shown in Figure 3. It can be clearly seen that the spherical nanoflake-like structure of
FeWO4 is well dispersed over small sheets of graphene oxide. Nanoparticle aggregation
occurs due to the irregular edges of FeWO4/GO. The SEM shows spherical-shaped particles
of I-FeWO4/GO with less agglomeration and uniformity of particles over small scattered
sheets of GO. This uniformity and less aggregation result from surface area enhancement
due to iodine doping [24]. The interaction of nonmetal ion species with metal tungstate
forms interstitial spaces in metal oxide lattice. This ultimately leads to a faster nucleation
rate and controlled growth kinetics, enhancing surface area [29]. The negatively charged
iodide adsorbed on the composite surface, and as a result, the dispersion of nanoparticles
increased in I-FeWO4/GO compared with FeWO4/GO. The iodine doping can be easily
observed in SEM images of doped nanocomposite as compared to its undoped counterpart.
The particle size of nanoparticles was computed using ImageJ v.1 software. The average
particle size of FeWO4/GO and I-FeWO4/GO were 33 nm and 28.5 nm, respectively.
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(f) (e) 

Figure 3. SEM images of FeWO4-GO (a,b) and I-FeWO4/GO (c,d) and EDX images of (e) FeWO4−GO
and (f) I-FeWO4/GO.

The elemental analysis of the prepared FeWO4/GO and I-FWGO was carried out
through EDX, and the results are shown in Figure 3. Fe, W, O, and C show evidence of
composite preparation with respective weight percentages in the inset. The iodine-doped
FeWO4/GO nanocomposite shows the presence of iodine and the successful incorporation
of iodine in the host lattice [30].
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2.4. Optical Study of FeWO4/GO and I-FeWO4/GO

The bandgap and optical properties of novel I-FeWO4 and FeWO4 were measured
by observing UV–Vis spectra ranging from 200 to 800 nm. The Tauc plot method was
used to determine the absorption edges of I-FeWO4 and FeWO4 in the visible region. The
formation of heterojunction with GO and iodine doping improved the absorption ability
of I-doped FeWO4/GO. It enhanced the degradation activity by introducing new energy
levels where electrons were quickly excited, and recombination was inhibited. The bandgap
of the catalyst was calculated using Equation (2) as shown below:

(αhv)2 = B(hv − Eg) (2)

where α, Eg, v, and h represent the absorption coefficient, energy gap, light frequency,
and proportionality constant. The plot between (αhv)2 and hv was used for determining
the bandgap.

In this composite, the bandgap of FeWO4/GO was 2.8 eV, which is larger than the
bandgap of I-FWGO (2.6 eV), as shown in Figure 4. Iodine was present at the interstice
spaces of the FeWO4/GO composite. The doped composite’s bandgap was reduced due
to reactive iodine species in the interstitial matrix of FeWO4/GO, thereby enhancing the
surface area. The photocatalytic activity of I-FWGO was more significant than FeWO4/GO
due to the easy excitation of electrons in the conduction band and the suppression of the
charge carrier’s recombination.

Figure 4. Bandgap of (a) I-FeWO4/GO and (b) FeWO4/GO.

3. Operating Parameters

Photocatalytic activities of composites were studied using several parameters, includ-
ing catalyst concentration, pH, amount of H2O2, and irradiation time.

3.1. pH Effect

The pH value generally has an explicit influence on the photocatalytic degradation
of hazardous dyes, and the breakdown performance is usually connected to the number
of hydroxyl radicals (OH•) present in the medium, which significantly boosts the pho-
todegradation efficiency in high-pH solutions. Additionally, the surface properties of
photocatalysts play an essential role in the photodegradation of MB dye, which depends
upon the pH of solutions. The influence of pH on the photocatalytic degradation of MB
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catalyzed by FWGO and I-FWGO nanocomposites is shown in Figure 5a. The degrada-
tion activity of the photocatalyst was changed under a broad range of pH (3–9) while
preserving other variables unaltered (25 mg catalyst dosage and visible irradiation). The
lowest decomposition performance was observed at the lowest pH value (pH = 3), with
58.0% and 68.0% of MB degraded using FWGO and I-FWGO after 100 min, respectively.
However, increasing the pH to 7 resulted in the degradation of 94.3% and 95.3% of the MB
dye in under 80 min using FWGO and I-FWGO respectively, due to the formation of many
hydroxyl radicals [31]. Furthermore, dye adsorption on the catalytic surface increased
with pH as MB dye has a positive charge and therefore is strongly adsorbed on negatively
charged photocatalysts [29].

  

 

Figure 5. Optimized parameters: (a) pH; (b) catalyst load; (c) oxidant dose (H2O2); (d) time.

The pH is also depend on the point of zero charge, which is the threshold at which
the surface of the photocatalyst has no charge. The photocatalyst has a negative charge on
its surface if the pH is more than the point of zero charge. In the present study, the point
of zero charge was 6.22 MB, and a cationic dye became readily adsorbed on the catalyst
surface. Following thet, a reduction in photocatalytic activity was observed [32].
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3.2. Influence of Catalyst Concentration on Photodegradation

The most critical parameter for the determination of photocatalytic activity is catalyst
dose. The adsorption of dyes on catalyst surfaces plays an essential role in degradation.
In this study, we used various catalyst concentrations (15–40 mg/100 mL dye solution) to
determine the photocatalytic activity. The optimum concentrations for FWGO and I-FWGO
were 30 mg and 35 mg respectively, at which maximum degradation rates of about 88.5%
and 90.7% occurred under sunlight. FeWO4 showed about 96.8% methyl blue degradation
under UV light after 120 min (Figure 5b).

Initially, the degradation of MB increased sequentially with catalyst dose as the surface
area of the catalyst was enhanced. More significant adsorption led to a higher rate of
degradation. When the catalyst dose exceeded the optimum value, agglomeration occurred,
and as a result, the surface area was reduced, and hence, the degradation of the dye
decreased [21].

In this work, the heterojunction formation of FeWO4 with graphene oxide and iodine
doping improved the recombination rate of photogenerated e− and h+ by prolonging their
suppression. Photoexcited electrons transfer from the conduction band (CB) of FeWO4
toward the CB of GO. In contrast, h+ transfers from the valence band (VB) of GO toward
the VB of FeWO4, and hence, the chance of recombination decreases, and degradation
activity is enhanced. Iodine doping also enhanced the catalytic activity by improving the
surface area of the catalyst. Iodide oxide converts into iodine and then into iodate at low
pH. Due to these ions, the surface of the catalyst becomes negatively charged. IO3− is a
potent oxidizing agent like peroxide [33].

3.3. Oxidant Dose

Under the following conditions, the oxidant (H2O2) amount was optimized: MB
solution (30 ppm); pH = 7; and catalyst dose = 30 mg/100 mL for FeWO4/GO and
35 mg/100 mL for I-FWGO. The degradation of MB increased successively with oxidant
dose (Figure 5c). The optimum oxidant value was 7 mM for I-doped FeWO4/GO and
9 mM for FeWO4/GO. The reduction of H2O2 to OH• occurs by accepting electrons [34]. In
photodegradation, the MB dye is effectively degraded by using OH• radicals. Furthermore,
OH• radicals capture photoexcited electrons from the conduction band, and as a result, the
recombination time increases.

H2O2 + e−CB → HO− + HO•

H2O2 + O•−
2 → HO− + HO• + O2

Increasing the amount of H2O2 over the optimum value limits the degradation ef-
ficiency because an oxidant quenches the OH• radical [35–37]. In some cases, the large
amount of hydrogen peroxide generates hydrogen peroxide that is less reactive than hy-
droxyl radicals [21].

H2O2 + HO• → H2O + HO•
2

HO•
2 + HO• → H2O + O2

Moreover, a reaction occurs between photogenerated holes and an excess amount of
the oxidant, producing oxygen and proton. As a result, fewer HO• radicals are generated,
resulting in less degradation. Moreover, in the absence of the oxidant, the catalyst does not
exhibit any significant photocatalytic activity.

H2O2 + 2h+VB → O2 + 2H+

208



Molecules 2023, 28, 7022

3.4. Irradiation Time

The irradiation time is the most crucial parameter for analyzing the degradation
activities of the photocatalyst. All three optimized parameters were constant for time
optimization. Degradation was retarded at the start of the reaction due to the formation
of intermediate species that required enough time for degradation. However, it climbed
over time until it reached 120 min (Figure 5d). The FWGO and I-FWGO photocatalysts
exhibited 92.1% and 97% degradation after 120 min. The UV–Vis scans of dye degradation
over time are demonstrated in Figure 6, showing the degradation of MB dye by both doped
and undoped nanocomposites over time.

Figure 6. MB UV–Vis spectral changes during degradation over time using (a) FeWO4/GO and
(b) I-FeWO4/GO.

3.5. Reaction Kinetics

For the quantitative study of MB, the pseudo-first- and pseudo-second-order kinetic
models were used. When the pollutant concentration is in the millimolar (mM) range,
Equations (3) and (4) are used for catalytic experiments. The equations for first- and
second-order kinetic models are as follows:

ln
Ct
Co

= −K1t (3)

1
Ct

− 1
Co

= K2t (4)

where Co is the initial dye concentration and Ct is the cncentration of MB at a time “t”. For
first- and second-order reaction kinetics, a linear response was observed from the plot of
time (T) versus “ln (Ct/Co)” and “1/Ct−1/Co”. The “R2” and “k” values are shown in
Table 1. The values of “R2” and “k” were more significant for I-I-FeWO4/GO, indicating
that iodine doping improved the catalytic activity (Figure 7).

Table 1. Reaction kinetics of FeWO4/GO and I-FeWO4/GO.

Photocatalyst
First-Order Kinetics Second-Order Kinetics

R2 K1 (min−1) R2 K2 (min−1)

FeWO4/GO 0.9848 0.016 0.8603 0.0019
I-FeWO4/GO 0.9903 0.0168 0.776 0.0026
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a) b) 

Figure 7. Reaction kinetics: (a) first-order kinetics; (b) second-order kinetics of FeWO4/GO
and I-FeWO4/GO.

3.6. Degradation Using UV Irradiation

The photocatalytic activity of the prepared composite was also investigated under
ultraviolet light, keeping the experimental conditions obtained from batch studies constant.
Using UV light, the catalytic activity of novel I-FeWO4/GO was analyzed by measuring
absorbance using a spectrophotometer. Under optimized conditions, I-FeWO4/GO ex-
hibited 70.8% degradation after 2 h, which shows that iodine composites are adequate
sunlight-activated catalysts for the degradation of pollutants.

3.7. Reusability

The reusability experiment is significant for evaluating the economic feasibility of
catalysts under various conditions. The composite’s stability was tested using a reusability
trial test under optimized settings for up to five consecutive runs. All the optimized
conditions from batch studies for the degradation of MB were kept constant. The sample
was washed and dried five times and used for catalyst degradation. After five consecutive
runs, the efficiency decreased from 97% to 75% using I-FeWO4/GO, as shown in Figure 8.

Figure 8. The reusability study using I-FeWO4/GO and FeWO4/GO.
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3.8. Radical Scavenging Experiments and the Proposed Mechanism

Reactive species such as electron (e−), hole (h+), and hydroxyl radicals (HO•) play
a key role in the photocatalytic activity. The efficiency of the radicals involved in the
degradation process can be investigated by using radical scavenging species. For this
purpose, 5 mM radical scavengers were used. The radical scavenger K2Cr2O7 (potassium
dichromate) was used for e−, EDTA (ethylenediaminetetraacetate) was used for h+, and
DMSO (dimethyl sulfoxide) was used for HO• as shown in Figure 9. After adding a precise
number of these scavengers under optimal working conditions, the dye solution with the
catalyst was exposed to sunlight. The results show a drastic reduction in dye solution
degradation using DMSO. The degradation was decreased from 97% to 37% by using
DMSO for I-I-FeWO4/GO. Similarly, the contribution of electrons and hole scavengers also
reduced the degradation.

Figure 9. Radical scavenger effect of radical trapping scavengers.

The Proposed Mechanism of Degradation

Electrons and holes are the reactive oxygen species that initiate the degradation process.
When sunlight falls on the I-FeWO4/GO surface, the electrons are rapidly excited from
the VB toward the CB due to iodine doping, which reduces the bandgap of FeWO4. These
photoexcited electrons move toward the CB of graphene oxide, and holes (h+) remain in the
VB of FeWO4. In graphene oxide, h+ moves toward the VB of FeWO4. Fe2+ ions react with
H2O2 and thus generate hydroxyl radicals and change into Fe3+ ions. The recombination
time of the charge carrier is enhanced by receiving electrons from the conduction band by
Fe3+. Therefore, the generation of photo-Fenton reagents leads to a high degradation rate
at neutral pH. This photogenerated h+ reacts with H2O2, thus producing hydroxyl radicals.
Additionally, many protons are present, which can react with O• and generate OH

◦
, which

is used for degradation. The electron (e−) in the CB oxidizes H2O2 to generate OH• as swn
in Figure 10. The mechanism is as follows:

I − FeWO4
(
h+ + e−

)
/GO

(
e− + h+

) hv→ I − FeWO4
(
h+

)
+ GO

(
e−

)

I − FeWO4
(
h+

)
+ H2O2 → I − FeWO4 + H+ + OH•

GO
(
e−

)
+ O2 → GO + O•

2

OH• + OH• → H2O + O•
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H+ + O• → OH•

H2O2 + O• → OH• + OH− + O2

Fe2+ + H2O2 → Fe3+ + OH− + OH•

Fe3+ + H2O2 → Fe2+ + HOO• + H+

Fe3+ + H2O hv→ Fe2+ + OH• + H+

OH• + MB → Intermediate → Degraded Products

Figure 10. The proposed mechanism for the catalytic degradation of MB using I-FeWO4/GO.

3.9. The Optimization of Interacting Parameters Using Response Surface Methodology (RSM)

The RSM method was used to determine the effects of the variables on the methy-
lene blue degradation. The response was predicted using the second-order polynomials
given below.

Y = β0 + ∑k
i=1βixi + ∑k

i=1βiix
2
i + ∑k

i=1∑k
i �=j=1βijxixj+ ∈ (5)

where the linear factor coefficient is “βi”; the % degradation of MB is indicated by “Y”; the
variables of “j” and “i” are “xj” and “xi”; the intercept term is “β0”; the quadratic factor
and the interaction factor are indicated by “βii” and “βij”; and “k” and “ε” represent the
number of factors and the random error.

In Table 2, the results obtained using the Design-Expert v.1 software are shown. A
regression model was developed as follows:

Y = +95.20 − 0.47 ∗ A − 0.78 ∗ B + 0.058 ∗ C + 3.30 ∗ D − 7.92 ∗ A ∗ B + 1.55 ∗ A ∗ C − 1.42 ∗ A ∗ D−
6.50 ∗ B ∗ C − 0.20 ∗ B ∗ D − 3.40 ∗ C ∗ D − 13.49 ∗ A2 − 13.58 ∗ B2 − 3.50 ∗ C2 − 3.12 ∗ D2 (6)
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where the MB degradation is represented by “Y’, and pH, oxidant dose (mM), catalyst load
(mg/100 mL), and time (mint.) are represented by “A”, “C”, “B”, and “D”, respectively.
The final Equation (6) shows the “linear” (A, B, C, and D), “interaction” (AB, AD, AC, BD,
BC, and CD), and “quadratic” (A2, B2, C2, and D2) effects.

Table 2. ANOVA table for I-FeWO4/GO.

Source Sum of Squares df Mean Square F Value p-Value Prob > F Remarks

Model 11,015.3 14 786.8 14,219.36 <0.0001 significant
A—pH 5.23 1 5.23 94.46 <0.0001

B—Catalyst 14.42 1 14.42 260.51 <0.0001
C—Oxidant 0.082 1 0.082 1.48 0.2432

D—Time 261.36 1 261.36 4723.37 <0.0001
AB 1004.89 1 1004.89 18,160.66 <0.0001
AC 38.44 1 38.44 694.7 <0.0001
AD 32.49 1 32.49 587.17 <0.0001
BC 676 1 676 12,216.87 <0.0001
BD 0.64 1 0.64 11.57 0.004
CD 184.96 1 184.96 3342.65 <0.0001
A2 4992.69 1 4992.69 90,229.29 <0.0001
B2 5057.66 1 5057.66 91,403.45 <0.0001
C2 336.8 1 336.8 6086.76 <0.0001
D2 266.43 1 266.43 4815.01 <0.0001

Residual 0.83 15 0.055
Lack of Fit 0.53 10 0.053 0.88 0.5961 not significant
Pure Error 0.3 5 0.06
Cor Total 11016.1 29

SD. 0.24 R2 0.9998
Mean 68.25 Adj. R2 0.9998
C.V. 0.34 Pred. R2 0.9996

PRESS 3.48 Adeq. Precision 335.872

By using ANOVA, the validation of the model was investigated. The significance
of the model was assessed by using the “F” value. The interaction of independent and
dependent variables was investigated by using the R2 value.

Optimization through Response Surface Methodology for Iodine-Doped Iron
Tungstate/Graphene Oxide (I-FeWO4/GO)

The antagonistic effects of pH and dye degradation are shown by negative signs.
When the pH of the solution increased, the degradation % increased. At the same time, “B,”
“C,” and “D” have + ve-signs, which show a synergistic effect on degradation. The dye
degradation increased by increasing the oxidant dose, catalyst load, and time.

The ionic form and surface charge were immediately affected by changing the pH
of the solution. At pH 6.22, I-FeWO4/GO had zero charge on the surface. The mutual
interaction between the catalyst concentration and pH is illustrated in Figure 11a. The
catalyst concentration was set at 20–30 mg/100 mL, and pH was adjusted to 2–4. The
degradation increased by increasing the pH of the solution to 7 due to the more significant
interaction of MB with the catalyst. The degradation increased by increasing the catalyst
concentration up to 25 mg/100 mL. The aggregation of the catalyst occurred when a high
amount of catalyst was used; hence, a reduction in dye degradation was observed.
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c) d) 

 
e) f) 

Figure 11. Interactions of (a) pH and catalyst load; (b) pH and oxidant dose; (c) pH and time;
(d) oxidant dose and catalyst load; (e) time and catalyst load; and (f) time and oxidant dose.

The pH level and time play an important role in the catalytic activity. Initially, the
intermediate products formed require enough time for complete mineralization. Hence, the
degradation of dye increases with time. The interaction between the oxidant dose and pH
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is depicted in Figure 11b. The oxidant dose (H2O2) plays a significant role in degradation.
The oxidant dose ranged from 5 to 9 mM. At 7 mM, maximum degradation occurred due
to the formation and interaction of OH

◦
with dye; a further increase would reduce the

catalytic activity due to the reduction in OH
◦

[38].
The combined effect of the catalyst concentration and oxidant dose is shown in

Figure 11d. Increasing the oxidant dose to 7 mM enhanced the photocatalytic activity
for I-FeWO4/GO. The degradation of the dye remains constant if the amount of catalyst is
increased, while the H2O2 concentration is low [39].

The interaction of the time parameter and the catalyst load is shown in Figure 11e. The
catalytic activity was enhanced by increasing the concentration of the catalyst due to many
active sites. If the catalyst concentration increased too much, degradation would decrease
due to the agglomeration of the catalyst; hence, the surface area would be reduced. Initially,
the degradation rate was low due to the production of resistant species. These intermediate
products radially degraded with time [40].

4. Experimental Procedures

4.1. Materials and Reagents

In this study, an iodine-doped nanocomposite coupled with GO was prepared through a
simple co-precipitation-assisted hydrothermal method. Analytical-grade reagents and chemicals
were used for the synthesis of materials. Ammonium iron (II) sulfate ((NH4)2SO4·FeSO4·6H2O)
(99%), sodium tungstate dihydrate (Na2WO4·2H2O) (97%), ethanol (95.6%), and potassium
iodide (KI) were obtained from UNI-CHEM. Sodium nitrate (NaNO3), potassium perman-
ganate (KMnO4), sulfuric acid (H2SO4) (97%), and hydrogen peroxide (H2O2) (30% w/w)
were purchased from Sigma-Aldrich (Hoboken, NJ, USA). The graphitic powder was acquired
from Sharlau. The Fischer Scientific (Berlin, Germany) company provided the MB dye (pu-
rity 98%). Distilled water was obtained from the local water purification system used during
the experiments.

4.2. Synthesis of Graphene Oxide (GO) and FeWO4

Graphene oxide was prepared using the modified Hummer method, as reported in
our previous work [23].

4.3. Synthesis of Iron Tungstate/Graphene Oxide (FeWO4/GO)

For the synthesis of the FeWO4/GO (FWGO) composite, the co-precipitation-assisted
hydrothermal method was used. The sonication method was used to dissolve nearly
0.09 g of iron tungstate into 240 mL of deionized water. Sonication was accomplished by
dissolving roughly 0.18 g of graphene oxide in 50 mL of deionized water (DI). The solutions
were then vigorously magnetically stirred at room temperature for 30 min. The mixture
was placed in an autoclave and heated at 160 ◦C for six hours. The final solution was cooled
at room temperature (25 ◦C) and washed with water and ethanol. The samples were dried
at 80 ◦C for 12 h in an oven.

4.4. Synthesis of Iodine-Doped Iron Tungstate (I-FeWO4)

I-FeWO4 was synthesized using a process described in our prior study. First, 1.176 g
of Mohr’s salt was dissolved in 30 mL of deionized water. In this Mohr’s salt solution,
we dissolved 0.99 g of sodium tungstate dihydrate and 1% potassium iodide in 30 mL
of deionized water. For 30 min, magnetic stirring was employed to mix the precursors
homogeneously. A 100 mL autoclave was filled to the top with the prepared solution and
placed in the oven for 12 h at 200 ◦C. The autoclave was allowed to cool down to room
temperature (25 ◦C), and the final solution was washed with distilled H2O and ethanol to
remove contaminants before drying for 12 h at 80 ◦C [24].
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4.5. Synthesis of Iodine-Doped Iron Tungstate/Graphene Oxide (I-FeWO4/GO)

A co-precipitation-assisted hydrothermal method was used to synthesize the novel I-
FeWO4/GO (I-FWGO). For sonication, 0.09 g of iodine-doped iron tungstate was dissolved
into 240 mL of deionized water. Similarly, about 0.18 g of graphene oxide was dispersed
into 50 mL of deionized water, and the solutions were mixed using sonication at room
temperature for 30 min. The solutions were poured into a 500 mL autoclave and placed
into an oven at 160 ◦C for 6 h. Later, it was cooled down to room temperature and then
washed with water and ethanol. Finally, the samples at 80 ◦C were dried for 12 h in the
oven. The visual explanation of the synthesis process is shown in Figure 12.

Figure 12. The schematic representation of I-FeWO4/GO.

4.6. Characterization and Equipment Details

The prepared novel composites FeWO4/GO and I-FeWO4/GO were characterized
using X-ray diffraction (Philips PANalytical Xpert pro-DY 3805 powder XRD, Amsterdam,
The Netherlands) for the phase analysis of the composites. Scanning electron microscopy
equipped with energy-dispersive X-ray (SEM-EDX; FEI NOVA 450 NANOSEM, Austin, TX,
USA) was used for the determination of surface morphologies and the elemental analysis of
the samples. The functional groups were identified using FTIR (Agilent Technologies Cary
360 FTIR spectrophotometer, Santa Clara, CA, USA). The dye absorption was analyzed
using a “CECIL CE-7200 UV–Vis spectrophotometer” (Hanover, Germany).

4.7. Photocatalytic Degradation Experiment

The photocatalytic degradation of MB under sunlight was observed to investigate
the catalytic capacity of the novel I-FeWO4/GO catalyst generated. The support material
has various applications in photocatalytic degradation due to its electrical and optical
properties. Therefore, catalytic degradation is achieved by using materials similar to GO.
To achieve adsorption–desorption equilibrium, the dye solution was put in the dark for
half an hour. Following that, the dye solution with the catalyst was placed in sunlight
for 120 min while using different oxidant dosages, catalyst concentrations, and pH levels.
NaOH and HCl were used to maintain the pH of the solution. After each experiment, the
catalyst was separated using a centrifuge machine, and the absorbance was assessed using
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a UV–Vis spectrophotometer at 665 nm. The percentage degradation of dye can be studied
by using the following formula:

% Degradation =

(
1 − Co

Ct

)
× 100 (7)

where Ct is the final absorbance after sunlight irradiation, and Co is the initial absorbance
of the dyes. A solar power meter was used to determine the intensity of sun, and a light
meter was utilized to measure brightness.

5. Conclusions

A co-precipitation-assisted hydrothermal approach was used to synthesize undoped
and doped FeWO4/GO. Properties like morphology and band structure were used for
evaluating the photocatalytic performance of the novel I-FeWO4/GO and FeWO4/GO.
After the optimization of the various parameters, I-FeWO4/GO showed greater degradation
efficiency than FeWO4/GO. Iodine doping restricts the grain boundary, increases the
number of active sites for the adsorption of MB dye, and inhibits the recombination of
holes and electrons. The crystalline sizes of FeWO4/GO and I-FeWO4/GO were 23.97 nm
and 16.79 nm, respectively. I-FeWO4/GO and FeWO4/GO exhibited 97% and 92% of
MB degradation after 120 min. The interaction and effects of the various parameters
on degradation were studied by evaluating the results of RSM. Additionally, the novel
I-FeWO4/GO also showed photocatalytic activity under UV. This research reveals that the
electronic configuration of materials also improves the photocatalytic activity.
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Abstract: 4-Nitrophenol (4-NP) is considered a priority organic pollutant with high toxicity. Many
authors have been committed to developing efficient, green, and environmentally friendly technolog-
ical processes to treat wastewater containing 4-NP. Here, we investigated how the addition of Ca2+

affects the catalytic degradation of 4-NP with AgInS2 when exposed to light. We synthesized AgInS2

(AIS) and Ca2+-doped AgInS2 (Ca-AIS) with varying amounts of Ca2+ using a low-temperature
liquid phase method. The SEM, XRD, XPS, HRTEM, BET, PL, and UV-Vis DRS characteristics were
employed to analyze the structure, morphology, and optical properties of the materials. The effects of
different amounts of Ca2+ on the photocatalytic degradation of 4-NP were investigated. Under visible
light illumination for a duration of 120 min, a degradation rate of 63.2% for 4-Nitrophenol (4-NP) was
achieved. The results showed that doping with an appropriate amount of Ca2+ could improve the
visible light catalytic activity of AIS. This work provides an idea for finding suitable cheap alkaline
earth metal doping agents to replace precious metals for the improvement of photocatalytic activities.

Keywords: AgInS2; Ca2+; doping; 4-Nitrophenol; visible photocatalytic degradation

1. Introduction

Environmental pollution has been intensified recently due to the increasing global
population and frequent human activities. While people enjoy the benefits of chemical
products and natural mineral resources, they have enforced the threat of toxic organic
pollutants. Huge amounts of chemical wastes are discharged into the environment every
year and cause great harm to the environment [1]. 4-Nitrophenol (4-NP) is a frequently used
herbicide and fungicide that is widely used in medicine, dyes, and agricultural activities [2].
It is a highly toxic and insoluble organic pollutant in the environment, which has been
detected in surface water and soil and even in beverages and food. It causes great harm
to the human body and environment [3,4]. 4-NP is a member of 120 blacklisted priority
pollutants by the U.S. Environmental Protection Agency. The delocalization of π electrons
in the benzene ring makes 4-NP highly stable [5]. Therefore, finding a safe and efficient
approach to degrade 4-NP is of utmost importance.

Common methods for the removal of 4-NP include photocatalytic oxidation [6], ad-
sorption, and biological methods [7,8]. However, most of these technologies require further
separation and purification steps to process substantial quantities of residual waste, po-
tentially resulting in secondary pollution [9]. Photocatalytic oxidation has been proven
to effectively degrade 4-NP into CO2, H2O, or other non-toxic compounds, with mild
reaction conditions, low cost, and high efficiency [10,11]. During photocatalysis, the ir-
radiation of the semiconductor produces excited electrons and holes, respectively, in the
conduction and valance bands of the photocatalyst. These excited charges directly oxidize
and reduce the target pollutant on the surface of the photocatalyst with the aid of highly
reactive degrading species [12]. Amongst the various photocatalysts, TiO2 is a widely
used catalyst with many attractive characteristics. However, the band gap of TiO2 is wide
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(3.23 eV), limiting its ability to catalyze redox reactions under visible light irradiation [13].
By modifying TiO2 or seeking new visible light-driven catalysts, there are several methods
available for improving the catalytic performance of a catalyst: doping with metal or non-
metallic ions, adjusting the morphology, loading precious metals, and utilizing composite
semiconductors. Each of these approaches has been proven to enhance the efficiency and
effectiveness of catalysts in various applications. By understanding and utilizing these
methods, researchers can develop catalysts with improved performance for a wide range
of chemical reactions [14,15].

As the I-III-VI ternary direct band gap semiconductor, AgInS2 has attracted extensive
attention due to its excellent light absorption characteristics, appropriate band gap width,
high absorption coefficient, good radiation stability, and nonlinear optical properties [16].
There are two different polymorphs in AgInS2 crystals: a tetragonal chalcopyrite structure
at room temperature and an orthorhombic wurtzite structure at high temperature [17].
Furthermore, it is a non-toxic and environmentally friendly visible light sensitizer and has
been used in fluorescence, solar cells, and photocatalysis, and it has garnered significant
attention [18–20]. AgInS2 has three phase structures: cubic, tetragonal, and orthogonal.
Its wurtzite structure is composed of InS4 and AgS4 tetrahedrons in the orthorhombic
system [21]. The unequal bonds between Ag-S and In-S can cause the tetrahedrons to
twist, resulting in an internal electric field [22]. Under illumination, the electric field is
conducive to the separation of charges and enhances photocatalytic activity. Its optical
band gap (1.80~2.04 eV) is close to the optimal forbidden bandwidth (1.45 eV) of solar cell
materials, making it an ideal choice as a photocatalytic material [23]. Although AgInS2 has
many advantages, its high charge recombination rate, low quantum efficiency, and strong
photoetching badly limit its widespread application in the photocatalytic field. Therefore, it
is essential to modify the AgInS2 monomer and expand its application in the photocatalytic
field. As a common cheap alkaline earth metal, calcium is used as a dopant in many
semiconductors to reduce the band gap or interface resistance [24–26]. Based on the above
analysis, it was speculated that AIS has certain degradation activity toward 4-NP under
visible light. After introducing Ca2+, the band gap and interface resistance of AIS could
be reduced, thereby improving the photocatalytic activity of AIS. Given that the radius
of Ca2+ (99 pm) is smaller than Ag+ (115 pm) and larger than In3+ (80 pm) [27–29], it is
speculated that after the introduction of Ca2+, it replaces Ag+ in entering the lattice of AIS.
This modulation of the lattice is believed to adjust the band gap of AIS, thereby enhancing
its degradation activity toward 4-NP under visible light.

The present study aims to explore the effect of introducing Ca2+ on the degradation of
4-NP by AIS under visible light, and the low-temperature liquid phase method was selected
to synthesize AIS and Ca-AIS in different proportions. The influences of Ca doping on its
morphology, band gap, and the electron hole recombination of AIS were also analyzed.
The findings demonstrated that the presence of an appropriate amount of Ca2+ enhances
the photocatalytic degradation performance of AIS. Herein, the potential mechanism for
the photocatalytic degradation of 4-NP using Ca-doped AIS was proposed. We believe
that this work will substitute precious metals as dopants to improve the performance
of photocatalysts. Compared to noble metal elements, Ca is cheaper and can modify
photocatalysts with less doping to improve its photocatalytic activity. Moreover, this
method is easy to operate and requires lower cost.

2. Results and Discussion

2.1. Crystal Structure

To examine the crystal characteristics and phases of the samples, XRD analysis was
conducted with AIS and 1%Ca-AIS samples. According to Figure 1a, the pure AIS sample
exhibits distinct diffraction peaks at 26.5◦, 28.4◦, 44.5◦, 48.0◦, and 52.6◦. These peaks corre-
spond to crystal planes (002), (121), (320), (123), and (322), respectively, as indicated in the
standard AIS spectrum with an orthogonal crystal structure (JCPD: 25-1328) [30]. Interestingly,
no peaks related to impurities are detected, implying the successful synthesis of AIS. Upon
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the introduction of Ca2+, there is no observable Ca-related peak in the XRD spectrum of
the 1%Ca-AIS sample. The absence could be attributed to the low concentration of the Ca2+

dopant. Notably, the positions of all diffraction peaks remain unchanged, suggesting that
Ca2+ does not significantly affect the crystal structure of AIS. However, the intensity of the
characteristic diffraction peaks is slightly weakened, indicating that the introduction of Ca2+

can influence the crystallinity of AIS. These findings possibly suggest that Ca2+ is evenly dis-
tributed within the AIS matrix. Furthermore, the introduction of Ca2+ leads to the broadening
of the characteristic diffraction peaks. This phenomenon is likely due to the smaller radius of
Ca2+ (99 Å) compared to Ag+ (115 Å) [28,31]. Based on the analysis mentioned above, it can
be inferred that Ca2+ replaces Ag+ within the AIS lattice upon introduction. Consequently,
this substitution results in a reduction in the grain size of AIS [32].

θ

Figure 1. (a) XRD patterns of AIS and 1%Ca-AIS, (b) survey XPS spectrum and high-resolution XPS
spectrum of AIS and 1%Ca-AIS: (c) Ca 2p; (d) Ag 3d; (e) In 3d; (f) S 2p.
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The chemical composition and surface chemical state of AIS and 1%Ca-AIS samples
were examined using XPS. As shown in Figure 1b, AIS contains not only Ag, In, and S but
also O, C, and other elements. The C and O elements are produced in thioglycolic acid, the
coating agent of the material, or the air. The obtained samples have no impurities, and the
peak positions of Ag, In, and S are consistent with the previous report [33]. Figure 1c–f
presents the high-resolution spectra of different elements in 1%Ca-AIS. Figure 1c reveals
that the concentration of the doped Ca element is quite low, and a minimal amount of
Ca is observed on the surface. The two main peaks of Ca 2p can be fitted, and a binding
energy peak at 347.39 eV is ascribed to Ca 2p3/2, while another binding energy peak at
351.17 eV is associated with Ca 2p1/2. These findings indicate that Ca is present in the form
of Ca2+ [34–36]. In Figure 1d, the two binding energy peaks at 374.53 eV and 368.54 eV
are attributed to Ag 3d3/2 and Ag 3d5/2, respectively. This implies that the Ag in AIS
has a valence state of +1 [37]. The Ca-AIS sample reveals distinguishable binding energy
peaks of Ag 3d3/2 (374.37 eV) and Ag 3d5/2 (368.34 eV). The observed results propose that
the presence of Ca2+ ions leads to a decrease in the binding capacity of Ag+ ions toward
the electrons existing in the crystal structure. The high-resolution spectrum of In 3d in
Figure 1e exhibits two binding energy peaks at 445.44 eV and 453.01 eV, which correspond
to In 3d3/2 and In 3d5/2, respectively [38]. After the incorporation of Ca2+, a shift in the
binding energy peaks can be observed, where the binding energy values for In 3d3/2 and
In 3d5/2 undergo a change to 445.30 eV and 452.88 eV, respectively. This suggests that the
presence of Ca reduces the binding strength of In3+ within the crystal lattice. These results
demonstrate that Ca2+ replaces Ag+ and enters the AIS lattice, resulting in the weakening
of the binding ability of Ag+ and In3+ to electrons. In Figure 1f, the peak corresponding
to the binding energy of S 2p3/2 is detected at approximately 160.30 eV, while the peak
for S 2p1/2 is observed at 162.30 eV. These results imply that the valence state of S in AIS
is −2 [39–41]. Upon the introduction of Ca2+, the binding energy peak of S 2p3/2 shifts
to around 160.20 eV, and the binding energy of S 2p1/2 moves to 162.17 eV. This suggests
a reduction in the binding affinity of S toward electrons after the introduction of Ca2+.
The XPS characterization results of the samples confirm that Ca2+ replaces Ag+ in AIS.
Although the oxidation states of the elements in AIS are unaffected by the introduction of
Ca2+, the binding ability of Ag, S, and In to electrons is reduced.

2.2. Morphology and Structure

SEM was used to examine the microscopic morphology of 1%Ca-AIS and AIS. Figure 2a
indicates that the prepared AIS particles have rough surfaces, different shapes, uneven
size, and serious agglomerations. AIS exhibits a particle size ranging from 361 to 630 nm.
In Figure 2d, it is apparent that 1%Ca-AIS particles present smoother surfaces, improved
sphericity, and a more uniform dispersion among the particles. The particle size distribution
of Ca-AIS exhibits uniformity, with the average diameter ranging between 253 and 481 nm.
According to SEM analysis, the doping of Ca2+ makes the surface of AIS smooth, the
sphericity becomes better, the particle size becomes smaller, the size is more uniform, and
the dispersion is better.

To further investigate the morphology and crystal lattice arrangement of both AIS and
1%Ca-AIS samples, a high-resolution TEM (HRTEM) analysis was conducted. The HRTEM
analysis showcased in Figure 2b portrays the morphology of AIS, illustrating an aggregate
structure with irregular particle sizes ranging from approximately 137 to 222 nm. As shown in
Figure 2c, the measured interplanar spacings are 0.350 nm, 0.242 nm, 0.203 nm, and 0.174 nm,
which corresponds to (200), (202), (320), and (322) crystal planes of AIS with an orthogonal
crystal phase structure, respectively. According to the data displayed in Figure 2e, the addition
of Ca2+ has a distinct impact on the characteristics of Ca-AIS particles. The Ca-AIS particles
exhibit a smooth surface and possess a favorable sphericity, with an average size ranging
from 106 to 166 nm. Figure 2f showcases clear lattice patterns on the surface of the particles,
indicating the presence of well-defined crystal structures. The measured interplanar spacings
of 0.189 nm and 0.335 nm that correspond to (123) and (002) crystal planes, respectively,

223



Molecules 2024, 29, 361

are attributed to the orthogonal crystal phase of AIS. These findings are consistent with the
obtained XRD results, affirming the accuracy and reliability of the HRTEM data.

Figure 2. SEM, TEM, and HRTEM images of AIS (a–c) and 1%Ca-AIS (d–f).

2.3. BET

Nitrogen adsorption–desorption tests were employed to analyze the pore size and
specific surface area of AIS and 1%Ca-AIS. The isotherms depicted in Figure 3a exhibit
typical type IV characteristics with H3 hysteresis loops in the P/Po range of 0.4 to 1.0. These
findings imply that both AIS and 1%Ca-AIS possess mesoporous structures [26,42]. The
specific surface area of 1%Ca-AIS is slightly larger than AIS. A higher specific surface area
is known to enhance photocatalytic activity and increase the number of active sites. Conse-
quently, this suggests that 1%Ca-AIS may exhibit improved photocatalytic performance
compared to AIS. Additionally, Figure 3b reveals that the introduction of Ca2+ increases the
pore size, which, in turn, increases the effective contact area with pollutants and effectively
enhances the adsorption performance of AIS.

Figure 3. (a) N2 adsorption–desorption isotherms and (b) corresponding pore size distributions of
AIS and 1%Ca-AIS.
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2.4. Electronic Structure

To evaluate the capacity of the samples to absorb visible light, UV-vis DRS charac-
terizations of the samples were conducted. As depicted in Figure 4a, it is evident that
Ca-AIS proportions demonstrate significant light absorption within the 400–700 nm range.
Except for 3%Ca-AIS, which shows lower light absorption capacity compared to AIS, the
other proportions of Ca-AIS demonstrate higher light absorption capacity than AIS, in-
dicating that the introduction of the appropriate amount of Ca2+ is indeed conducive to
the absorption of visible light. However, excessive Ca2+ will inhibit its optical utilization.
The bandgap widths of AIS and 1%Ca-AIS were calculated according to Tauc’s function
by the Kubelka–Munk (KM) method: αhν = A(hν − Eg)n/2, where α is the absorbance
coefficient of the substance, h is the Planck constant, A is the absorbance of the sample, Eg
is the forbidden bandgap width of the substance, ν is the photon frequency [43,44], and
n is equal to 1 or 4, and its value depends on the direct or indirect type conversion of the
semiconductor. As we all know, AgInS2 belongs to the direct transition semiconductor, and
the value of n is 1 [45]. The relationship between (αhν)2 and hν is illustrated in Figure 4b.
By estimating and calculating the intercept of the tangent line with the curve, the band gap
value (Eg) was determined as the point where the tangent intersects the x-axis, and it is
obtained that the band gap energy (~1.68 eV) of 1%Ca-AIS is lower than AIS (~1.73 eV).
Therefore, the enhanced photocatalytic efficiency of 1%Ca-AIS may be attributed to its
strong light absorption.

(α
ν)

λ 

Figure 4. (a) UV–Vis DRS spectra, (b) band gap energy diagram, (c) fluorescence spectrum, (d) flat
band potential diagrams of AIS and Ca-AIS.
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The photoluminescence spectrum provides information about the separation effect
of photogenerated electrons and holes. Figure 4c illustrates the fluorescence spectra of all
samples, with the following measurement parameters: an excitation wavelength of 400 nm
and a slit width of EX: 6HH and EM: 10. The results demonstrate that AgInS2 exhibits
the strongest emission peak at 544 nm. Upon the introduction of Ca2+, the fluorescence
intensity is weakened, as Ca2+ inhibits the recombination of e− and h+. Notably, the
fluorescence intensity of 1%Ca-AIS is the weakest, indicating better separation of electrons
and holes, and the lifetime of photogenerated carriers is the longest, which indicates that the
introduction of Ca2+ reduces the recombination rate of carriers facilitating the separation of
photogenerated electrons and holes. This is beneficial for the photocatalytic degradation of
pollutants. The PL spectrum further confirms that the separation rate of electron-hole pairs
aligns with the corresponding efficiency of degradation, highlighting the enhanced ability
of AIS to degrade organic pollutants upon the introduction of Ca2+.

The impedance potential approach was employed to evaluate the flat band potential
of the specimens. Specifically, AIS catalysts and 1%Ca-AIS catalysts were subjected to a
series of experiments to determine their respective flat band potentials. The acquired data
were reversed employing the Mott–Schottky theory, yielding Mott–Schottky curves for
both AIS and 1%Ca-AIS catalysts. As depicted in Figure 4d, the patterns exhibit positive
slopes, indicating that the specimens exhibit characteristics of n-type semiconductors. The
point of intersection between the tangent lines of the Mott–Schottky curves and the x-axis
yield values of −0.50 V and −0.59 V for AIS and 1%Ca-AIS catalysts, respectively, utilizing
Formula (2) [29]:

E0 = Efb +
RT
F

(1)

The point of intersection between the tangent of the Mott–Schottky curve and the x-
axis is called intercept E0. R represents the standard molar gas constant, the thermodynamic
temperature is denoted as T, and the Faraday constant is represented by F. The flat band
potentials (Efb) for AIS and 1%Ca-AIS are determined as −0.53 V and −0.62 V (vs. SCE),
respectively. The conduction band potentials of AIS and 1%Ca-AIS can be determined
using a specific Formula (3):

ECB = Efb − kT ln
Nc
N

(2)

In this context, k denotes the Boltzmann constant, Nc indicates the effective state
density of the conduction band, and N represents the doping concentration. Through
calculations, the value of kTln(Nc/N) is approximately 0.1 eV. Consequently, the conduc-
tion band potentials (ECB) for AIS and 1%Ca-AIS are found to be −0.63 V and −0.72 V,
respectively. Furthermore, utilizing empirical Formula (4), the valence band potential (EVB)
of the semiconductor was calculated as follows [46]:

ECB = EVB − Eg (3)

In this formula, ECB represents the conduction band potential. The band gap energy is
represented by Eg, and it determines the valence band potentials of AIS and 1%Ca-AIS.
The calculated valence band potential values are 1.10 V for AIS and 0.96 V for 1%Ca-AIS.

2.5. Photoelectric Property and Photocatalytic Activity

The transient photocurrent response (I-t) curves and electrochemical impedance spec-
troscopy (EIS) provide a comprehensive understanding of the separation of electrons and
holes in the sample. By analyzing the movement and behavior of charge carriers, we can
identify limitations and opportunities for improvement in various applications, such as
solar cells and photocatalysis. Figure 5a shows the diagrams of transient photocurrent
response for AIS and 1%Ca-AIS. When the lamp is turned on for the first time, both AIS and
1%Ca-AIS exhibit good photocurrent response in the test, and the photocurrent intensity
of 1%Ca-AIS (~2.920 μA/cm2) is stronger than AIS (~2.56 μA/cm2). Upon turning off
the light, the current intensity of AIS and 1%Ca-AIS decreases rapidly. After performing
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the switch on and off for 10 consecutive operations, it becomes evident that both AIS and
1%Ca-AIS maintain excellent reproducibility in terms of photocurrent response. This obser-
vation implies the swift segregation of electrons and holes within the material. However,
the photocurrent response of AIS and 1%Ca-AIS gradually decreases, which may be due to
the partial loss of electrons in the closed circuit under current excitation. Nevertheless, the
response intensity of 1%Ca-AIS remains higher than AIS, suggesting a better separation
efficiency of electrons and holes in 1%Ca-AIS. This implies that there are more electrons in
1%Ca-AIS to participate in the catalytic reaction process, which proves that the introduction
of Ca2+ can enhance the photocatalytic effect.

μ

Figure 5. (a) Photocurrent response, (b) electrochemical impedance spectrum of AIS and 1%Ca-AIS,
(c) photocatalytic removal curves, and (d) degradation rates of 4-NP by AIS and Ca-AIS under visible
light irradiation over 120 min.

An examination of electrochemical impedance through the utilization of the “AC
impedance” approach was conducted. The open circuit potential served as the primary
voltage, maintaining stability throughout the testing process. For this particular experiment,
a solution of 0.1 mol/L KCl incorporating 5 mm K3[Fe(CN)6] and K4[Fe(CN)6] was selected
as the electrolyte solution. Figure 5b shows the EIS Nyquist curve obtained from this
test. The charge transfer process occurring at the interface between the electrode and the
electrolyte can be depicted by the arc observed in the EIS Nyquist curve. Typically, a
decrease in the radius of the arc indicates a lower transfer resistance for carriers, thereby
leading to enhanced separation and transmission efficiency of photogenerated electrons
and holes [43]. The EIS Nyquist diagram reveals that the arc radius of 1%Ca-AIS is smaller
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compared to AIS. This signifies that the addition of Ca2+ improves electronic conductivity.
It achieves this by efficiently segregating photogenerated carriers and promoting the swift
transfer of interface charges to enhance the overall conductivity. Consequently, 1%Ca-AIS
exhibits higher electronic conductivity and realizes the rapid transfer of interface charges,
thus showing better photocatalytic activity.

Figure 5c depicts dark adsorption and photocatalytic degradation curves for both
Ca-AIS and AIS under visible light. In the absence of light, the concentration of the 4-NP
solution remains relatively constant with minimal changes. In Figure 5d, it is evident that
the degradation rate of 4-NP under visible light without Ca2+ doping is 27.4% for AIS.
However, upon the introduction of Ca2+, the degradation rates of 4-NP under visible light
for Ca-AIS increase significantly, with doping contents of 0.5% (52.7%), 1% (63.2%), 1.5%
(41.1%), and 2% (37.6%). All these degradation rates are higher than pure AIS. Remarkably,
the degradation rate of 4-NP with a doping content of 3% is slightly lower than AIS,
measuring at 24.9%. Importantly, all the samples exhibit remarkable reproducibility in
photocatalytic degradation. These experimental findings support the notion that pure
AIS has the capability to harness visible light and generate active species that effectively
degrade organic pollutants. Ca-AIS exhibits a consistent improvement in visible light
photocatalytic performance for 4-NP upon the appropriate doping of Ca2+. Nevertheless,
it is crucial to exercise caution, as an excessive Ca2+ concentration impedes the visible
light photocatalytic activity of Ca-AIS toward 4-NP. This suggests that the surplus Ca2+

functions as a center for recombination, leading to the recombination of charges and thereby
impeding photocatalytic activity.

2.6. Photocatalytic Mechanism

Generally, during the process of a catalytic reaction, certain active species such as
e−, ·O2

−, h+, and ·OH are produced [47,48]. To determine the active species that play
the main role of oxidation and reduction in the catalytic reaction process and thereby
speculate the mechanism of the catalytic process, we conducted active species capturing
experiments for AIS and 1%Ca-AIS. It is well known that potassium persulfate (KPS),
p-benzoquinone (BQ), potassium iodide (KI), n-butanol (N-BA), or isopropanol (IPA)
are commonly used as capturing agents for e−, ·O2

−, h+, and ·OH, respectively [49–51].
Figure 6a represents capturing experiments performed over a period of 120 min. Among
the species, h+ and ·OH play a significant role in the photodegradation process of AIS,
followed by e−. Figure 6b displays the captured results of active species in 1%Ca-AIS. It is
clear that the inclusion of the capturing agent significantly hinders the activity of 1%Ca-AIS
in comparison to the photocatalytic degradation of 4- without a capturing agent, indicating
that e−, ·O2

−, ·OH, and h+ all play a role in the degradation of 4-NP by 1%Ca-AIS. The
dominant active species in the degradation process of 1%Ca-AIS are ·OH and h+, followed
by ·O2

−. Based on the analysis, we propose a potential photocatalytic mechanism to
elucidate the pathways of charge generation and transfer in Ca-AIS nanomaterials during
the photocatalytic degradation of 4-NP. The overview of this mechanism is illustrated in
Figure 6c. When AIS and Ca-AIS nanomaterials are exposed to visible light with energy that
exceeds the band gap energy, the photon’s energy is absorbed by electrons in the valence
band, and they are sent to the conduction band. As a result, electrons (e−) are generated
in the conduction band, and holes (h+) in the valence band are due to the photogenerated
process. The production of ·O2

− can be ascribed to the observation that the CB potential of
AIS (−0.63 V vs. SCE) and Ca-AIS (−0.72 V vs. SCE) exhibits a more unfavorable value
compared to the redox potential of O2/·O2

− (−0.56 V vs. SCE) [52]. The generation of ·O2
−

occurs when photogenerated electrons are present through a specialized pathway [44].
Since the VB potential of AIS and Ca-AIS is lower than ·OH/H2O (OH−) (1.75 V vs. SCE),
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·OH cannot be generated through the oxidation of H2O or OH− by photogenerated holes.
Akira Fujishima proposed alternative pathways for the production of ·OH [53]:

O2 + 2e− + 2H+ → H2O2 0.44 V(vs. SCE)
H2O2 + e− → ·OH + OH

−
0.63 V(vs. SCE)

H2O2 + ·O2
− → ·OH + OH− + O2 0.76 V(vs. SCE)

(4)

Figure 6. Photodegradation rates of 4-NP by (a) AIS and (b) 1%Ca-AIS with different active trapping
agents and a photocatalysis mechanism diagram under visible light irradiation (c).

The VB potential of AIS (1.10 V vs. SCE) and Ca-AIS (0.96 V vs. SCE) are larger
than the potential in the reaction formula, so ·OH may be generated through the above
pathways in this reaction system. Due to ·OH, h+, and ·O2

− having strong oxidation,
they react with 4-NP on the surface of the catalyst to generate CO2 and H2O and realize
the degradation of 4-NP. By employing the inclusion of Ca2+, we are able to resolve the
instability and compound tendency of h+ and e− that are generated by AIS when exposed
to light. The inclusion of Ca2+ aids in diminishing the resistance encountered during the
transfer of electrons at the interface, thereby enhancing the separation and transfer of h+

and e−. As a result, the recombination of h+ and e− is effectively prevented. Moreover,
the introduction of Ca2+ causes the CB potential of Ca-AIS to undergo a negative shift,
resulting in a more reactive and vigilant e−. This heightened e− activity participates in
the given reaction, actively leading to an increased production of H2O2, ·OH, and ·O2

−.
Furthermore, the consumption of photogenerated electrons frees photogenerated holes for
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the oxidation reaction, allowing the involvement of more active species in the degradation
of 4-NP [54]. Additionally, the narrow band gap of Ca-AIS suggests that it can effectively
harness a broader range of light wavelengths, making it suitable for photocatalysis in a
wider spectrum of conditions. Such characteristics of Ca-AIS make it a promising candidate
for further exploration and development in the field of photocatalysis.

3. Materials and Methods

3.1. Materials

The experiment utilized analytically pure chemical reagents. AgNO3 was procured
from Guangdong Guangcai Technology Co., Ltd. (Shenzhen, China)., indium nitrate
hydrate was obtained from Shanghai McLean Biochemical Technology Co., Ltd. (Shang-
hai, China), and thioglycolic acid (TGA) and thioacetamide (TAA) were purchased from
Sinopharm Chemical Reagents Co., Ltd. (Beijing, China). Ca(NO3)2·4H2O and isopropanol
were acquired from Xilong Science Co., Ltd. (Shantou, China). P-benzoquinone (BQ)
and potassium persulfate (KPS) were obtained from Sinopharm Chemical Reagent Co.,
Ltd. (Beijing, China), and KI was purchased from Tianjin Fengchuan Chemical Reagent
Technology Co., Ltd. (Tianjin, China). Ultrapure water with a resistance of 18.25 MΩ cm
was utilized in the whole experimental work.

3.2. Preparation of AIS and Ca-AIS

AIS: The catalyst was prepared using the low-temperature liquid phase method,
with TGA serving as a stabilizer and TAA as the sulfur source [55]. AgNO3 (0.2038 g),
In(NO3)3·xH2O (1.023 g), and CH3CSNH2 [TAA (4.5078 g)] solutions were separately
prepared in 50 mL of water. A total of 10 mL AgNO3, 10 mL In(NO3)3·xH2O, and 0.51 mL
C2H4O2S (TGA) were transferred to a round bottom flask and mixed with 370 mL ultrapure
water. Subsequently, after intense stirring for 15 min, a 10 mL TAA solution was precisely
added to the above mixture under stirring. The mixture was promptly placed in a water
bath at a constant temperature of 70 ◦C. The mixture was allowed to react for 5 h. The
reaction system was then removed, cooled, and aged for 24 h to obtain the precipitate of
AIS. To ensure the purity of the precipitate, filtration was carried out followed by washing
with deionized water until the conductivity of the filtrate matched the deionized water. The
desired AIS nanomaterial was obtained by vacuum drying at room temperature for 12 h.

Ca-AIS: For the preparation of Ca-doped AIS, the same procedure was followed,
except Ca(NO3)2·4H2O was added to form a mixed solution of AgNO3, In(NO3)3·xH2O
and Ca(NO3)2·4H2O with different mass ratios (m (Ca(NO3)2·4H2O):m (AgNO3 + In
(NO3)3·xH2O) = x%). The addition of Ca(NO3)2·4H2O was just before the addition of TAA
to obtain Ca-AIS with mass ratios of 0.5%, 1%, 1.5%, 2%, and 3%. The synthesis roadmap
of Ca-AIS is shown in Figure 7.
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Figure 7. The synthesis roadmap of Ca-AIS.

3.3. Characterization

The crystallinity of the samples was analyzed using an X-ray diffractometer. The
experiment employed a Cu-Kα as the light source, with the tube voltage set at 40 kV
and current at 30 mA. The scanning range spanned from 5◦ to 90◦. Binding energies
were measured utilizing an X-ray photoelectron spectrometer, known as Escalab 250Xi
(Thermo Fisher Scientific Shier Science & Technology Company, Waltham, MA, USA),
and the radiation source employed was Al Ka. This allowed the determination of the
type and valence state of the elements. The interface and surface morphology of the
samples were examined using a Talos F200X (Thermo Fisher Scientific Shier Science &
Technology Company, USA) high-resolution transmission electron microscope (HRTEM),
as well as a JSM-7500F (Hitachi, Japan) scanning electron microscope (SEM). To obtain a
UV-Vis absorption study of the samples, a TU-1901 UV-Vis (Beijing General Instrument
Company, Beijing, China) spectrophotometer was utilized with a measurement range from
200 to 900 nm. BaSO4 served as the test background. In our study, we utilized an RF-
5301 (Shimadzu, Japan) fluorescence spectrophotometer to acquire the photoluminescence
spectrum. The excitation wavelength employed was 400 nm, and the slit widths were set at
EX: 6HH and EM: 10. Furthermore, the determination of Brunauer–Emmett–Teller (BET)
surface areas was performed using a BSD-660M A3M. Before conducting the analysis, the
samples underwent a 2 h degassing procedure at 120 ◦C.

3.4. Photocatalytic Activity

To assess the effectiveness of AIS and Ca-AIS as photocatalysts, a series of experiments
were performed utilizing a photocatalytic apparatus. The light source utilized was an
iodine tungsten lamp with a power of 1000 W. To eliminate light below 420 nm, a cutoff
filter was applied. About 30 mg of the photocatalyst and 80 mL of the 4-NP solution
(15 mg/L) were added to a quartz beaker. Before initiating the photocatalytic degradation
process, the system was subjected to ultrasonic dispersion for 5 min. Subsequently, it was
placed in the photocatalytic reaction device. The distance between the iodine tungsten
lamp and the quartz beaker was adjusted to 10 cm. To ensure that the 4-NP diluent attained
a state of dark adsorption–desorption equilibrium, the system was stirred in the dark for
30 min. Following this, the light source was turned on to initiate the photocatalytic reaction.
The solution was continuously exposed to light for two hours. During this period, 8 mL of
solution was taken out after every 20 min. After separation, the optical absorbance of the
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supernatant was conducted at a wavelength of 317 nm, and the amount of 4-NP degraded
was calculated as:

D(%) =
A0 − A

A0
=

C0 − C
C0

× 100% (5)

In this case, D represents the efficiency of degradation, A0 and C0 represent the
absorbance and concentration of 4-NP prior to being measured after the dark adsorption–
desorption equilibrium, and A and C denote the absorbance and concentration of 4-NP
during the photocatalytic degradation over a given duration.

3.5. Active Species Capture

To investigate the active entities participating in the catalytic process, isopropyl alcohol
(IPA) and n-butanol (n-BA) were employed to capture ·OH, while potassium persulfate
(KPS), potassium iodide (KI), and p-benzoquinone (BQ) were utilized to capture e−, h+,
and ·O2

− separately. The same procedure was followed, as described for the measurement
of the photocatalytic activities, except a small amount of the capturing agent was added in
each case.

3.6. Flat Band Potential Test

To conduct the test for the flat charge potential of the catalyst, an electrochemical
method with a three-electrode setup was employed. The experimental arrangement com-
prised three electrodes, namely the working electrode, reference electrode, and counter
electrode. The working electrode consisted of a conductive glass of indium tin oxide (ITO)
coated with a catalyst, the reference electrode was a saturated calomel electrode (SCE),
and the counter electrode comprised platinum in a 0.1 mol/L Na2SO4 solution. The ITO
glass (measuring 1 cm × 2 cm) was cleaned completely using distilled water, acetone, and
ethanol. The first step in the preparation of the working electrode involved dispersing
a 30 mg catalyst in 10 mL of ethanol. The mixture was ultrasonically treated for 30 min.
Subsequently, 10 mL of ethylene glycol was added, followed by another 30 min ultrasonic
treatment. The resulting mixture was magnetically stirred for 5 h, resulting in a viscous
dispersion containing the catalyst. A droplet of the dispersion measuring 20 μL was then
carefully placed on the ITO conductive glass. The glass was left undisturbed for 1 h and
was subsequently dried using an infrared lamp to obtain the working electrode. To re-
move any traces of O2 in the electrolyte, the solution underwent N2 bubbling for 30 min.
We conducted an analysis of the voltage stability using the “open circuit potential-time”
method. A scanning voltage range of −1 V to 1 V we selected utilizing the “impedance-
potential” method. The flat band potentials of the samples were determined by analyzing
the information obtained from this curve to measure the Mott–Schottky (M-S) curve.

3.7. Photoelectric Chemical Test

Photocurrent tests were used to detect the response strength of the catalyst to light
and the carrier separation efficiency. We utilized the CHI-66D model of the electrochemical
workstation to assess the homeopathic photocurrent response (I-t) of the functioning
electrode. Moreover, we designated the initial voltage as the stable voltage of the open
circuit potential. Electrochemical impedance spectroscopy was used to detect the charge
transfer rate. In this work, the electrochemical impedance model was CHI-66D, the test
amplitude was 5 mV, and the frequency was 1–105 Hz under open circuit voltage.

4. Conclusions

The main objective of this investigation was to fabricate pristine AIS and Ca2+-doped
AIS utilizing the liquid phase method at low temperatures. The structural arrangement
of AIS crystals remained unaltered, even after the addition of Ca2+. The detectable pho-
tocatalytic performance of Ca-AIS exhibited an escalation within a specific scope as the
concentration of Ca2+ dopants increased. When the Ca2+ concentration was maintained
at 1%, Ca-AIS was subjected to visible light for a duration of 120 min, and the degra-
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dation efficiency of P-Nitrophenol reached an impressive 63.2%. Despite the potential
benefits of incorporating Ca2+ for improving the visible photocatalytic activity of AIS, it
was observed that excessive Ca2+ content had a detrimental effect on the activity. Fur-
thermore, Ca-AIS exhibited superior sphericity, smaller particle size, more uniformity in
size, better dispersibility, and more active sites. Capturing experiments confirmed that the
active species engaged in the degradation of 4-NP were ·OH and h+. The introduction
of Ca effectively suppressed the recombination of h+ and e− and generated more ·O2

−,
resulting in improved photocatalytic activity of AIS. The target pollutant in this work was
organic pollutant (4-NP) wastewater simulated under laboratory conditions. The complex
actual wastewater situation in which multiple pollutants coexist has not been further ex-
plored. Therefore, it is necessary to explore the application of this system to composite
pollutants and actual wastewater. Follow-up research can broaden its application areas
to photocatalytic water splitting for hydrogen production and even try to treat some real
industrial wastewater.

Furthermore, Ca-AIS can also be doped with different extraneous elements in an
attempt to modify its energy band structure and electronic state, and then it can be com-
pounded with magnetic semiconductors to find better combinations for achieving higher
photocatalytic performance. Subsequently, these optimized combinations can be used in
photocatalytic hydrogen production or acoustic catalysis experiments.
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Abstract: Molecular oxygen activation often suffers from high energy consumption and low effi-
ciency. Developing eco-friendly and effective photocatalysts remains a key challenge for advancing
green molecular oxygen activation. Herein, graphitic carbon nitride (g-C3N4) with abundant hy-
droxyl groups (HCN) was synthesized to investigate the relationship between these polar groups
and molecular oxygen activation. The advantage of the hydroxyl group modification of g-C3N4

included narrower interlayer distances, a larger specific surface area and improved hydrophilicity.
Various photoelectronic measurements revealed that the introduced hydroxyl groups reduced the
charge transfer resistance of HCN, resulting in accelerated charge separation and migration kinetics.
Therefore, the optimal HCN-90 showed the highest activity for Rhodamine B photodegradation
with a reaction time of 30 min and an apparent rate constant of 0.125 min−1, surpassing most other
g-C3N4 composites. This enhanced activity was attributed to the adjusted band structure achieved
through polar functional group modification. The modification of polar functional groups could
alter the energy band structure of photocatalysts, narrow band gap, enhance visible-light absorption,
and improve photogenerated carrier separation efficiency. This work highlights the significant po-
tential of polar functional groups in tuning the structure of g-C3N4 to enhance efficient molecular
oxygen activation.

Keywords: polar functional group; g-C3N4; degradation; visible-light photocatalysis

1. Introduction

Synthetic dyes are common organic pollutants found in wastewater from industries,
such as cosmetics, textiles, paints, and leather processing. Rhodamine B (RhB) is a water-
soluble organic dye known for its industrial advantages, including its low cost and high
color fastness [1]. Unfortunately, RhB exhibits potential neurotoxicity, genotoxicity, and
carcinogenicity. Even trace amounts (approximately 1.0 mg/L) of RhB can have signif-
icant colorimetric effects on water, posing threats to both the environment and human
health [2]. Several traditional methods have been developed to remove RhB from water,
such as adsorption, membrane filtration, degradation, and coagulation [3]. Advanced
oxidation processes (AOPs) are effective methods for removing difficult-to-degrade and
non-biodegradable compounds, which makes them promising for RhB removal. Various
advanced oxidation processes have been studied for RhB degradation, including ozone oxi-
dation [4], Fenton and Fenton-like reactions [5–7], and photocatalysts [8,9]. These processes
focus on generating reactive oxygen species (ROS) for degrading pollutants.
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Molecular oxygen, as an environmentally friendly oxidant, is widely used in the field of
environmental remediation [10]. By converting into reactive oxygen species (ROS), such as
superoxide (·O2

−), hydrogen peroxide (H2O2), hydroxyl radical (·OH), and singlet oxygen
(1O2), molecular oxygen can exhibit excellent performances in pollutant degradation and
clean energy conversion [11]. Therefore, promoting the activation of molecular oxygen
into ROS has garnered significant research interest in recent years. Nevertheless, the direct
oxidation of molecular oxygen is limited due to spin-forbidden reactions [12]. Traditional
physical and chemical methods for activating molecular oxygen tend to have high energy
consumption and low efficiency. This is mainly attributed to the high energy of the
O=O bond (494 kJ/mol) [13]. Interestingly, photocatalysis presents a viable approach for
molecular oxygen activation. Photogenerated electrons in the excited state can overcome
the spin-forbidden barrier, transforming molecular oxygen into ROS [14]. Thus, developing
high-performance photocatalysts through rational design emerges as a promising strategy
to enhance activation efficiency [15,16].

Due to its abundant active edge sites and hierarchical nanostructures [17], g-C3N4
has emerged as a highly effective visible light-driven catalyst. It exhibits versatile appli-
cations in many fields, such as pollutant degradation [18], hydrogen evolution [19], CO2
reduction [20], and organic matter conversion [21]. However, the slow kinetic processes
and the rapid recombination rate of photo-generated charges have significantly limited
the application efficacy. Various modification strategies including doping, texture engi-
neering, and semiconductor coupling have been pioneered [22,23]. Notably, functional
group modification is a molecular doping process that optimizes the intrinsic conjugation
system, optoelectronic properties, and energy band structure of g-C3N4. Novel functional
groups, including hydroxyl, amino, carboxyl, cyano, urea, and carbon rings, have been
continuously introduced to g-C3N4 to improve its photocatalytic performance [24].

Polar functional groups may induce local charge redistribution when introduced to
the g-C3N4 matrix and surface. This results in effective local spatial charge separation, inter-
facial charge transfer, and a significant increase in carrier densities [25]. Li et al. developed
surface-alkalized g-C3N4 (CN-KCl/NH4Cl), achieving a 3.2-times boost in photocatalytic
H2 evolution. The addition of hydroxyl groups increased the conduction band potential,
resulting in more reducing electrons and accelerating the rate of photoexcited electrons
transferred to reactants [26]. Yu et al. enhanced the generation rate of H2 11-fold through
the surface hydroxylation of g-C3N4 using post-hydrothermal and plasmonic treatment [27].
Furthermore, polar functional group modifications can improve the interaction between
the catalyst and the target. Nan et al. demonstrated that grafting hydroxyl groups to
g-C3N4 might increase the affinity of the catalyst surface, allowing it to adsorb more CO2
and H2O molecules and effectively enhancing the photocatalytic process [28]. Polar func-
tional groups can also improve the hydrophilicity of g-C3N4, facilitating a more effective
dispersion of the catalyst in water and ensuring its proper utilization. Special procedures
for preparing hydroxylation oxygen plasma [29,30], chemical oxidization [31], and hy-
drothermalization [32–34] have also been attempted. Nevertheless, the current processes
would probably introduce unnecessary recombination centers for electron-hole pairs, which
may cause a decrease in photocatalytic efficiency and chemical pollution. Furthermore,
the complexity and high expense of the operation processes and unpredictable risks in
the action process hinder the further development of these technologies. Therefore, a
simple and environmentally friendly method to modify g-C3N4 with hydroxyl groups is
highly desired.

Herein, we developed a novel hydroxyl-group-modified g-C3N4 (HCN) with
ultrasonic-assisted hydrogen peroxide (H2O2). The introduction of hydroxyl groups into
g-C3N4 promoted the interaction between photo-excited electrons and protons in water
and enhanced the proton exchange process. The band gap energy of optimal samples
was reduced, and the separation efficiency of photoexcited electrons and holes improved,
resulting in a more favorable environment for the generation of reactive oxygen species. A
significant improvement was observed in the photocatalytic performance of HCN. Specifi-
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cally, the photocatalytic degradation constants of RhB for HCN-90 were 3.5 times higher
than those for g-C3N4. This improvement was primarily attributed to the hydroxyl groups,
which facilitated the mass transfer and interfacial charge transfer processes.

2. Results and Discussion

2.1. Characterization of g-C3N4 and HCN

TEM images of the g-C3N4 and HCN-90 are shown in Figure 1a,b, respectively. No-
tably, HCN-90 and g-C3N4 exhibited similar morphology. HCN-90 exhibited a darker color
to g-C3N4. This difference could be attributed to the presence of more polar functional
groups on the surface of HCN-90, altering its electronic arrangement and the conjugation
system. Next, XRD analysis was performed to investigate changes in crystal phase struc-
tures and crystallinity (Figure 1c). Both g-C3N4 and HCN-90 showed two characteristic
diffraction peaks of g-C3N4 (JCPDS No. 87-1526) at 2θ = 27.5◦ (002) and 13.0◦ (100) [35].
These peaks corresponded to the tri-s-triazine ring in-plane compression and interlayer
stacking structure of the conjugated aromatic system, respectively [36]. The significant de-
crease in the (001) diffraction peak of HCN-90 indicated disruption in the orderly stacking
structure within the tri-s-triazine planes. Compared to g-C3N4, the diffraction peak at (002)
for HCN-90 showed a slight rightward shift from 27.5◦ to 27.6◦, indicating a reduction in the
interlayer spacing [37]. Furthermore, the intensity of the (002) plane in HCN-90 decreased,
supporting the conclusion of a shortened interlayer distance. Narrower interlayer distances
were beneficial for faster charge transfer [38].

Figure 1. (a) TEM images of g-C3N4; (b)TEM images of HCN-90; (c) XRD patterns of g-C3N4 and
HCN-90; (d) FT-IR spectra of g-C3N4 and HCN-90.

FT-IR spectroscopy was employed to assess the structure of g-C3N4 and HCN-90
(Figure 1d). HCN-90 exhibited a significant increase in broadband intensity in the
3000–3500 cm−1 region compared to g-C3N4. These broad peaks could be attributed
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to N-H and O-H stretching vibrational modes [39]. The increased broadband strength
in HCN-90 indicated the formation of abundant surface hydroxyl groups. In the region
of 1200–1650 cm−1, these bands corresponded to the typical stretching mode of C-N het-
erocycles [40]. Specifically, the peaks at 1324 cm−1 reflected the out-of-plane bending
vibration characteristic of the heptazine ring [41]. The absorption band at 888 cm−1 was
attributed to an N-H deformation mode [42], indicating an incomplete condensation of
the amino groups. The sharp absorption peak around 811 cm−1 was associated with the
typical breathing mode of the tri-s-triazine unit [43]. A similar structure indicated that the
structure of HCN-90 remained unchanged.

XPS analysis was conducted to examine the surface composition and chemical states
of g-C3N4 and HCN-90. In the XPS survey spectra (Figure 2a), O 1s, N 1s, and C 1s
peaks were observed. Elemental analysis further revealed that the O-atom contents of
g-C3N4 and HCN-90 were 3.06% and 6.36%. These results suggested the introduction of
oxygen-containing functional groups in the samples following treatment with H2O2. The
high-resolution C 1s spectrum (Figure 2b) of g-C3N4 exhibited three distinct peaks. The
peak at 284.8 eV corresponded to the indeterminate carbon (sp3 C-C), whereas those at
286.3 eV and 288.7 eV arose from the C-N and N=C-N in the heptazine heterocycles [44].
The high-resolution N 1s spectra (Figure 2c) displayed peaks at 398.5 eV, 400.1 eV, and
401.0 eV, corresponding to C-N=C, C-N(-C)-C, and C-NH2, respectively [45]. The high-
resolution O 1s spectra (Figure 2d) revealed two O species in g-C3N4 and HCN-90, with
binding energies of 531.3 eV (O-H) and 533.8 eV (O-N). The former corresponded to surface
hydroxyl groups, while the latter originated from intermediate products of melamine
thermal polymerization [46]. Notably, the calculated atomic percentages of the O-H of
g-C3N4 and HCN-90 were 19.81% and 47.51%, respectively. This suggested that the oxygen
species predominantly existed as hydroxyl groups with hydroxyl on the surface. The
contact angle (CA) measurements further supported the results, as shown for HCN-90 and
g-C3N4 (Figure 2e). The reduced CA could be attributed to the abundance of hydroxyl
groups on the surface.

 

Figure 2. XPS spectra of g-C3N4 and HCN-90: (a) survey; (b) C 1s; (c) N 1s; (d) O 1s; (e) water
contact angles.

Figure 3a shows the N2 isothermal adsorption–desorption curves of g-C3N4 and
HCN-90. Both curves exhibited typical IV adsorption patterns with H3-type hysteresis
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loops, indicating the presence of mesopores and macropores in both samples. The smaller
hysteresis loop observed in g-C3N4 at high P/P0 was ascribed to the aggregation of g-
C3N4 particles. Importantly, the specific surface area of HCN-90 measured 27.3 m2/g,
surpassing the 11.5 m2/g recorded for g-C3N4. This expanded the specific surface area and
provided numerous active sites for adsorption and surface reactions, effectively enhancing
the photocatalytic reaction.

 

Figure 3. (a) Nitrogen adsorption–desorption isotherms; (b) UV–vis diffuse reflectance spectra;
(c) XPS valence band spectra; (d) band alignments of g-C3N4 and HCN-90.

The photo-redox reaction is primarily governed by the potentials of valence bands
(VBs) and conduction bands (CBs), as well as the bandgap energy of materials. Con-
sequently, further investigation into the band structure and electronic conductivity was
conducted. Diffuse reflectance spectroscopy (DRS) was used to characterize the light
absorption properties. As shown in Figure 3b, the absorption edge of HCN-90 showed
a red shift compared to that of g-C3N4. The red shift in the absorption edge correlated
with a change in color from yellow in g-C3N4 to dark yellow in HCN-90. According to
the Kubelka–Munk equation, the band gap of HCN-90 and g-C3N4 could be deduced [9].
The band gap of g-C3N4 was 2.70 eV, consistent with previously reported results [8]. For
HCN-90, the value was approximately 2.58 eV.

The valence band X-ray photoelectron spectroscopy (VB XPS) spectrum in Figure 3c
was used to estimate the band edge potentials of g-C3N4 and HCN-90. The VB potentials
for g-C3N4 and HCN-90 were measured at 2.03 eV and 2.23 eV, respectively. The positive
shift in the VB of HCN-90 enhanced the oxidizing capacity of holes and improved its photo-
oxidation capability. In combination with the results of the DRS, the CB edge potentials of
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g-C3N4 and HCN-90 were estimated at −0.65 eV and −0.35 eV, respectively. The reduction
in the CB facilitated the transfer of surface charge carriers and promoted the generation of
reactive oxygen species.

Figure 3d illustrates the comprehensive influences of the polar functional group
modifications on the band structure, including the potentials of key reactions. The potential
of the CB remained more negative than the redox potentials of O2/·O2

−, suggesting that
photogenerated electrons could potentially be trapped by adsorbed O2. This trapping
mechanism resulted in the production of reactive species, preventing light-induced carrier
recombination [47]. The suitable band structure thermodynamically enabled boost-photo-
induced charge separation and molecular oxygen activation.

2.2. Photoelectric Property

Energy transfer for the activation of molecular oxygen was greatly facilitated by
improving intersystem crossover processes to reduce non-radiative attenuation [48]. Elec-
trochemical impedance spectroscopy (EIS) was employed to study the interfacial charge
transfer capability. Figure 4a displays the EIS Nyquist plots of g-C3N4 and HCN-90, with
the inset showing the corresponding equivalent circuit model for analysis. In the equiv-
alent circuit model, Rct, Cd and Rs represented charge transfer resistance, double layer
capacitance, and the electrolyte solution resistance, respectively. The smaller arc radius
observed for HCN-90 compared to g-C3N4 indicated lower surface impedance and faster
charge transfer in HCN-90. This observation supported the proposition that polar func-
tional groups contribute to the enhanced separation of photogenerated electrons and holes,
thereby improving photocatalytic activity [49].

Figure 4. (a) EIS Nyquist plots; (b) transient state photocurrent spectra; (c) steady-state fluorescence
spectra; (d) time-resolved fluorescence spectra.

The transient photocurrent response of the samples was measured and is shown
in Figure 4b. All samples exhibited a rapid and reproducible photocurrent response
during each illumination cycle. Notably, the photocurrent of HCN-90 was observed to be
larger than that of g-C3N4, confirming the constructive role of polar functional groups in
enhancing charge migration and separation. Fluorescence spectroscopy provided valuable
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insights into the separation and recombination of photogenerated electron-hole pairs. In
Figure 4c, the photoluminescence intensity of g-C3N4 was stronger than that in HCN, and
the fluorescence intensity of HCN gradually decreased with prolonged H2O2 treatment
time. This phenomenon was likely attributed to the abundant polar functional groups,
which enhanced charge trapping and effective charge transfer [50]. Consequently, this
prolonged the charge carrier lifetime and contributed to the improvement in photocatalytic
activity. The fluorescence decay curves were employed to explore the transfer efficiency of
carriers. As illustrated in Figure 4d, the findings were fitted using the tri-exponential decay
function. The average lifetime increased from 2.51 ns (g-C3N4) to 4.78 ns (HCN-90). The
extended charge carrier lifetime of HCN-90 could be attributed to the electrical interaction
between hydroxyl groups and graphitic carbonitride. These findings indicated that HCN-90
has better electron-hole pair separation.

2.3. Visible-Light Photocatalytic Activity Measurements

The photocatalytic activities were assessed by monitoring the photodegradation of
RhB in visible light irradiation. As shown in Figure 5a, the degradation rate showed no
significant changes without the photocatalyst, indicating that the RhB degradation was
caused by photodegradation rather than self-decomposition. The degradation rate of pure
g-C3N4 was only 59.4%, whereas HCN consistently achieved degradation rates above 96%.
The photocatalytic activities of HCN gradually increased with ultrasonic-assisted hydrogen
peroxide treatment time. The results demonstrated that modification with hydroxyl groups
significantly improved the photocatalytic activity, likely due to enhanced separation of
photogenerated carriers and a narrowed band gap, thereby boosting the activation of
molecular oxygen.

 

Figure 5. (a) Photocatalytic degradation of RhB; (b) first-order kinetics plot; (c) effect of dosage on
degradation rate; (d) reusability of HCN-90.

The kinetics of the photocatalytic degradation of RhB were further investigated. A
first-order linear relationship was observed in the plots of ln (ct/c0) versus irradiation
time (Figure 5b). The calculated reaction rate constants (K) were 0.036, 0.091, 0.110, 0.125,
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and 0.124 min−1 for g-C3N4, HCN-30, HCN-60, HCN-90, and HCN-150, respectively.
Apparently, HCN-90 demonstrated the highest kinetic parameters, approximately 3.5 times
that of g-C3N4. The enhanced photocatalytic performance of HCN-90 could be attributed to
its larger specific surface area and improved charge carrier separation. The higher specific
surface area increased chemisorption and mass transfer. The enhanced charge separation
improved the photo responsiveness, contributing to the overall improved catalytic activity.
Notably, HCN-90 was selected for further studies due to cost and time constraints, even
though HCN-150 showed comparable photocatalytic performance.

Further investigation was conducted into the usage conditions of HCN-90. Figure 5c
depicted the effect of HCN-90 dosage on the photodegradation of RhB. With increased
HCN-90 dosage, the degradation rate of RhB also increased. At dosages of 30 mg, 50 mg,
70 mg, and 90 mg, the degradation rates of RhB within 30 min were 72.9%, 92.07%, 96.9%,
and 97.7%, respectively. Higher catalyst dosages resulted in increased active substances,
thereby enhancing the photodegradation rate within a specific range. However, excessive
photocatalysts could only lead to the increased adsorption of pollutants. Moreover, a high
concentration of suspension in the solution might hinder incident light penetration, thereby
reducing photodegradation efficiency [51]. Ultimately, the optimal dosage of HCN-90 was
found to be 70 mg.

Additionally, the reusability of HCN-90 was evaluated through five consecutive reac-
tion cycles (Figure 5d). Over the five cycles, the photodegradation rates of RhB by HCN-90
were 98.8%, 97.4%, 96.8%, 97.0%, and 92.8% within 30 min, respectively. This indicated that
HCN-90 exhibited negligible deactivation, underscoring its commendable cycle stability.

The photocatalytic performance was strongly influenced by the solvent pH (Figure 6a).
HCN-90 exhibited an optimal photocatalytic efficiency at pH = 1, achieving 99% degrada-
tion within 30 min. While there was a slight decrease in performance with an increasing pH
within the range of 3–9, degradation rates remained above 85% within the same timeframe.
However, at pH = 11, the degradation efficiency significantly declined to 55% after 30 min.
This decline could be attributed to the pH-dependent structural characteristics of RhB,
where protonation of the carboxyl group occurred when the solution pH was below the pKa
of RhB (3.70) [51,52]. Figure 6b illustrates the effect of temperature on the photocatalytic
rate of HCN-90. At 278 K, 288 K, 308 K, and 318 K, RhB degradation rates were 84.6%,
92.1%, 97.0%, and 97.2% (within 30 min), respectively. The increase in the catalytic rate was
mainly due to the accelerated molecular thermal motion, facilitating the activation process
of pollutants on the catalyst surface.

To elucidate the photocatalytic mechanism, experiments were conducted using var-
ious radical scavengers to degrade RhB. As shown in Figure 6c, photocatalytic activities
remained unaffected after adding IPA, L-his, and K2Cr2O7 as quenchers for ·OH, 1O2, and
e−, respectively. The results suggested that ·OH, 1O2, and e− were not responsible for the
degradation of RhB. However, introducing p-BQ and KI resulted in the RhB degradation
rate decreasing from 96.9% to 6.9% and 64.9%, respectively. These findings indicated
that ·O−

2 radicals were the primary active component and h+ was also involved in the
photodegradation of RhB. Furthermore, replacing O2 with N2 hindered the photocatalytic
reaction, suggesting that O2 was essential.

The absorption spectra of RhB degradation with HCN-90 under visible light were
shown in Figure 6d. Upon visible light irradiation, the characteristic peak of RhB at 554 nm
gradually decreased and exhibited a blue-shift. Over the first 10 min, the peaks shifted from
552 nm to 497 nm, indicating the decomposition of RhB into N,N,N′-triethyl-rhodamine
(539 nm); N,N′-diethyl-rhodamine (528 nm); N-ethyl-rhodamine (502 nm); and Rhodamine
(497 nm) [53]. In the final 5 min, the maximum peak declined without an obvious peak,
suggesting the further degradation of RhB into small molecules such as CO2 and H2O [54].
Thus, RhB photodegradation involved de-ethylation and the destruction of the conjugated
structure [52]. RhB degradation was further confirmed by LC–MS, and the results are
shown in Figure S1. Based on the mass spectra and molecular weight analysis, the catalysis
process led to the degradation of RhB.
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Figure 6. (a) Effect of pH on degradation rate; (b) effect of temperature on degradation rate; (c) effect
of scavengers on degradation rate; (d) absorption spectra of RhB during the photocatalytic process by
HCN-90; (e) possible mechanism schematic for RhB degradation under visible light irradiation.

Based on these results, a proposed mechanism for the enhanced photoactivity of HCN
is illustrated in Figure 6e. HCN was excited by photon energy, generating electrons and
holes to form electron-hole pairs. The electron acceptor adsorbed on the surface of HCN
induced photogenerated electrons in the CB and reacted with O2 to produce ·O−

2 . The ·O−
2

exhibited strong reducibility and participated in the degradation of RhB. Additionally, holes
in the VB could react with OH− to produce highly oxidizing ·OH. However, due to the high
potential of OH−/·OH, only a small amount of ·OH was produced in the photocatalytic
process. Therefore, ·O−

2 and h+ as the main active substances were responsible partially or
completely for redox RhB to achieve a degradation effect. The comparison of this study
with recently published results on the photocatalytic degradation of RhB is presented in
Table 1. HCN-90 exhibited the efficient catalysis of RhB degradation under visible-light
irradiation (420 nm), showcasing excellent reusability and rapid degradation rates. These
findings demonstrated its practical applicability in wastewater remediation.

Table 1. The photocatalytic performance of different g-C3N4 composites for RhB photodegradation.

Catalyst Irradiation Source
Irradiation
Time (min)

Degradation
Rate (%)

RhB
Concentration

(mg/L)

Catalyst
Dosage

(g/L)
Reusability K (min−1) Ref.

HCN-90 50 W LED 30 98.8 5 0.47 After five cycles: 93% 0.125 This work
g-C3N4/SmVO4 500 W Xe arc lamp 120 >90 10 1 After ten cycles: 93% 0.0345 [8]

TiO2@g-C3N4 300 W Xe arc lamp 100 93.3 4.79 1.33 After five cycles: 90% 0.021 [55]

40-OCN 30 W LED lamp 140 >90 30 1 After five cycles:
>80% 0.0193 [56]

g-C3N4/CNTs 300 W xenon lamp 60 98.1 10 0.2 After five cycles: 90% 0.051 [53]

g-C3N4/AgI 500 W Xe lamp 100 73.86 20 0.67 After four cycles:
>70% 0.0723 [57]

FeCN-7 300 W xenon lamp 60 - 20 2 After three cycles:
95% 0.117 [58]

CoFe2O4/g-C3N4
500 W Halogen

lamp 120 57 - 0.6 After five cycles: 55% - [59]

CN-UM/Mt 300 W Xe lamp 60 almost 99 10 0.5 - 0.053 [60]
g-C3N4/5-
rGO/SnO2

100 W halogen
lamp 120 83.2 7.2 0.15 - 0.0285 [61]

Zn2Ti3O8/g-C3N4 400 W visible lamp 90 89.0 10 0.5 After five cycles: 83% 0.0211 [62]
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3. Materials and Methods

3.1. Materials

Melamine (C3H6N6, >99.0%), hydrogen peroxide (H2O2, ≥30%), p-benzoquinone
(p-BQ, C6H4O2, >99%), potassium iodide (KI, ≥99%), and potassium dichromate (K2Cr2O7,
≥99.8%) were supplied by Adamas Chemical Reagent Co., Ltd., Shanghai, China. Rho-
damine B (RhB, C28H31ClN2O3, >98.0%), isopropyl alcohol (IPA, C3H8O, >99.5%), and
L-histidine (L-his, C6H9N3O2, >99.0%) were supplied by Tokyo Chemical Industry Co.,
Ltd., Tokyo, Japan.

3.2. Preparation of HCN

Pure g-C3N4 was synthesized via thermal polycondensation. In detail, 5 g of melamine
was placed into an alumina crucible (Titan Technology Co., Shanghai, China) and heated
in a muffle furnace (Yiheng Scientific Instrument Co., Shanghai, China) at 550 ◦C for 4 h,
with a heating rate of 5 ◦C/min. Subsequently, the product was further heated at 550 ◦C
for another 4 h to obtain the g-C3N4. HCN was synthesized through ultrasound-assisted
oxidation with hydrogen peroxide. Typically, 0.5 g of g-C3N4 was mixed with a 7.5 mL H2O2
solution (30 wt%) and subjected to ultrasonicated using bath sonication (Dekang Cleaning
Electronic Appliance Co., Shenzhen, China, power 60 W, frequency 40 kHz) for 30–150 min.
Finally, the products were washed with deionized water three times and collected through
centrifugation. The final products were obtained by drying at 60 ◦C overnight, while the
corresponding solids were named HCN-x (x is the time of ultrasonication).

3.3. Characterization

X-ray diffraction (XRD) measurements were conducted by using a Bruker D8 Advance
X-ray powder diffractometer (Bruker Co., Billerica, MA, USA) equipped with Cu Kα

radiation (λ = 1.5406 Å) and a scanning speed of 10◦/min. The accelerating voltage and
emission current were set at 40 mV and 40 mA, respectively, with a scanning range from 5◦
to 60◦. Transmission electron microscopy (TEM) imaging was performed using a JEOL-2010
transmission electron microscope (JEOL Ltd., Akishima, Japan). Fourier Transform Infrared
Spectra (FT-IR) were collected with a Nicolet iS50 Spectrometer (Thermo Fisher Scientific
Inc., Waltham, MA, USA) using KBr as diluents. The surface chemical state was analyzed
by X-ray Photoelectron Spectroscopy (XPS) using a Thermo Fisher Escalab 250Xi apparatus
(Thermo Fisher Scientific Inc., Waltham, MA, USA) with an Al-Kα source. The water
contact angle was recorded by sessile drop analysis Dataphysics OCA20 (DataPhysics
Instruments, Filderstadt, Germany). Specific surface areas were determined by Brunauer–
Emmett–Teller (BET) analysis using a Micromeritics automatic surface area analyzer Gemini
2360 (Shimadzu Co., Kyoto, Japan) with nitrogen adsorption at 77 K. Ultraviolet-Visible
Diffuse Reflectance Spectra (UV–vis DRS) were recorded with a Model Shimadzu UV
2550 spectrophotometer (Shimadzu Co., Kyoto, Japan) in the range of 250 nm to 800 nm.
Time-resolved fluorescence spectra were obtained using an Edinburgh FLS 900 (Edinburgh
Instruments Ltd., Edinburgh, England). A Waters SQD2 (Waters Co., Milford, CT, USA)
Liquid Chromatography mass spectrometer (LC–MS) was used to identify the degradation
intermediates of RhB. The mobile phase was methanol and a 0.2% methane acid solution.
The gradient elution was programmed as follows: methanol was obtained at 70% and kept
for 1 min, then linearly decreased to 10% over 8 min.

The electrochemical station employed was CHI 660D (Shanghai Chenhua Instrument
Co., Shanghai, China), and the test system constituted a three-electrode system with
a working electrode prepared by the drop-coating method, Ag/AgCl as the reference
electrode, and Pt as the counter electrode. The electrolyte solution was 0.1 M Na2SO4.
The working electrode was prepared by weighing 2.5 mg of catalyst and 50 μL of Nafion
solution, followed by dispersion through ultrasonication with the addition of 0.45 mL
of a water and ethanol mixture (1:9 volume ratio). A 20 μL drop of the dispersion was
pipetted onto a square (1 × 1 cm2) of conductive glass and dried in a natural environment.
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Electrochemical impedance spectroscopy was performed in the frequency range of 0.05 Hz
to 100 kHz at 0.7 V under irradiation.

3.4. Evaluation of Photocatalytic Activity

The photocatalytic degradation performances of samples were evaluated by using
Rhodamine B (RhB) as the probe pollutant under visible light. Briefly, photocatalysts (70 mg)
were weighed into an RhB solution (150 mL, 5 mg/L). After mixing, the reaction system
was placed in the dark for 30 min to achieve adsorption equilibrium. Photodegradation
was initiated by 420 nm LED (50 W) at room temperature, and the monitor wavelength
was 554 nm. After the reaction, 5 mL of solvent was extracted from the reaction suspension
to determine the RhB concentration. The degradation rate was calculated by using the
following formula:

Degradation rate (%) =
c0 − ct

c0
× 100% (1)

where c0 is the concentration of the reactant before illumination (mg/L), and ct is the
concentration of the reactant after a certain illumination period (mg/L). The initial pH (1, 3,
5, 7, 9, and 11), temperature (278 K, 288 K, 303 K, and 318 K), and dosage (30 mg, 50 mg,
70 mg, and 90 mg) on the degradation effect of Rh B (5 mg/L, 150 mL) were examined by
changing the test conditions, respectively.

4. Conclusions

In summary, g-C3N4 modified with hydroxyl groups was prepared, characterized,
and evaluated for its effectiveness in the photodegradation of RhB under visible light
irradiation. By optimizing the duration of ultrasound-assisted oxidation with hydrogen
peroxide, HCN-90 was synthesized, exhibiting a higher specific surface area, improved
hydrophilia, and narrower interlayer distances. The hydroxyl groups on the surface acted
as charge trapping centers, accelerating carrier separation efficiency. With a lower conduc-
tion band energy and narrower bandgap, HCN-90 facilitated molecular oxygen activation.
Compared to pristine g-C3N4, HCN-90 demonstrated a 3.5-fold increase in the photodegra-
dation rate of RhB (0.115 min−1). Even after five cycles, the photocatalytic efficacy of RhB
degradation remained at 93%. Additionally, the RhB solutions were effectively degraded
by HCN-90 under visible light irradiation within 30 min, resulting in a colorless solution.
This bonding strategy presents a promising model for developing high-performance and
eco-friendly photocatalysts for green molecular oxygen activation. The straightforward
synthesis method, along with excellent recycling capabilities and rapid kinetics, positions
HCN-90 as a viable candidate for industrial application.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules29163836/s1, Figure S1: (a) Total ion chromatogram and
MS spectra of RhB intermediates at different retention times: (b) 0.99 min; (c) 0.48 min; (d) 0.32 min.
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Abstract: The increasing global requirement for clean and safe drinking water has necessitated the
development of efficient methods for the elimination of organic contaminants, especially dyes, from
wastewater. This study reports the synthesis of magnesium oxide (MgO) nanoparticles via a simple
precipitation approach and their thorough characterization using various techniques, including XRD,
FT-IR, XPS, TGA, DLS, and FESEM. Synthesized MgO nanoparticles’ photocatalytic effectiveness
was evaluated towards rhodamine B and rhodamine 6G degradation under both UV and visible light
irradiation. The results indicated that the MgO nanoparticles possess a face-centered cubic structure
with enhanced crystallinity and purity, as well as an average crystallite size of approximately 3.20 nm.
The nanoparticles demonstrated a significant BET surface area (52 m2/g) and a bandgap value
equal to 5.27 eV. Photocatalytic experiments indicated complete degradation of rhodamine B dye
under UV light within 180 min and 83.23% degradation under visible light. For rhodamine 6G, the
degradation efficiency was 92.62% under UV light and 38.71% under visible light, thus verifying the
MgO catalyst’s selectivity towards degradation of rhodamine B dye. Also, reusability of MgO was
investigated for five experimental photocatalytic trials with very promising results, mainly against
rhodamine B. Scavenging experiments confirmed that •OH radicals were the major reactive oxygen
species involved in the photodegradation procedure, unraveling the molecular mechanism of the
photocatalytic efficiency of MgO.

Keywords: MgO; precipitation approach; photocatalysis; organic dyes; rhodamine B; rhodamine 6G;
photocatalysis mechanism; photocatalyst selectivity; scavengers; reusability

1. Introduction

The rising global need for clean and safe drinking water is a direct consequence of
water pollution, which also leads to epidemics in various countries [1]. Contaminated water
is a major cause of widespread waterborne diseases [2]. Organic pollutants, including dyes,
contribute to health problems such as cancer in both humans and animals. Additionally,
water pollution has been linked to higher mortality rates [3].

Even though organic water pollution occurs through various industrial sources, includ-
ing textile, pharmaceutical, papermaking, leather, printing, cosmetics, and food processing,
the textile industry constitutes a significant factor as it contributes to the generation of a vast
quantity of dye-containing wastewater, since it is estimated that annually ≈700,000 tons of
dyes are produced, while due to inefficiencies in the dyeing process, around 200,000 tons of
dyes are released into water bodies during dyeing and finishing operations. Dyes possess
an aromatic molecular structure attributed to hydrocarbons, such as C6H6, C6H5CH3,
C14H10, C8H10, C10H8, etc. [4,5]. In addition, they contain auxochromes (-NH2, -Cl, -OH,
-COOH, etc.), as well as chromophores (carbonyl, azo, nitroso, nitro, sulfur functional

Molecules 2024, 29, 4299. https://doi.org/10.3390/molecules29184299 https://www.mdpi.com/journal/molecules250



Molecules 2024, 29, 4299

groups, etc.). Chromophores, which receive electrons, provide color, while auxochromes,
which donate electrons, enhance the adhesion and solubility of color on substrates. Many
dyes dissolve in water, and even at concentrations below 1 ppm, these dyes color industrial
wastewater, which reduces sunlight penetration into water bodies. This affects oxygen
levels, hinders photosynthesis, and disrupts the balance of eutrophication processes [6,7].

Among numerous dyes, rhodamine B (RhB) and rhodamine 6G (R6G), which are being
extensively used, pose a pivotal threat to aquatic ecosystems and human health. Rhodamine
B is an aminoxanthene anionic dye, and it is acknowledged for its mutagenic, noxious,
chemically inert, and non-biodegradable properties, making it particularly hazardous. In
particular, it causes acute and chronic toxicity, while its accumulation within the body may
potentially induce harm to the liver, kidneys, reproductive system, and nervous system,
as well as promote carcinogenesis. Moreover, it can lead to allergies or skin irritation
upon contact and, when inhaled, may cause coughing, shortness of breath, and chest
pain [8]. Rhodamine 6G, also called rhodamine 590, is part of the xanthenes family and is
commonly used in drug synthesis and in producing dyes like fluorescein and eosin. This
dye constitutes a cationic polar compound with a stable heterocyclic structure, notable
for its enhanced visible light absorption and intense fluorescence [9]. Rhodamine 6G is
extensively utilized in dyeing materials such as acrylic, nylon, silk, and wool, while it
constitutes the preferred dye towards dye laser applications and hydraulic flow pattern
visualization, where it is utilized as a fluorescent tracer [10]. Additionally, R6G frequently
serves as a sensitizer [11]. Recently, there has been an increasing focus on integrating R6G
into both inorganic and organic matrices for use in areas like solid-state laser technology,
optoelectronics, and optical filters [12–14]. Previous studies of our research group focusing
on the degradation of various pollutants and dyes, such as methylene blue, methyl orange,
brilliant green, etc., have shown that rhodamine is a very stable pollutant and is considered
a very reliable system for a photocatalytic study; thus, it is selected also for this study, in
parallel with the use of rhodamine 6G [15].

Currently, a range of standard treatment approaches is utilized, involving chemical
precipitation, separation, adsorption, coagulation, reverse osmosis, ion exchange, floccula-
tion, activated carbon adsorption, incineration, filtration, biopolymeric hybrid membrane
technology, and electrochemical oxidation [16,17]. Nonetheless, these techniques frequently
lead to incomplete dye degradation, generating secondary pollutants that require addi-
tional treatment and potentially exacerbating pollution [18,19]. To address these issues,
there is rising interest in advanced oxidation processes (AOPs), which use semiconduct-
ing materials as an alternative to conventional approaches [20], offering various benefits,
such as lower equipment demands, non-selective oxidation, straightforward control, cost-
efficiency, and organic dyes’ complete conversion into harmless byproducts like CO2, H2O,
other inorganic compounds, and/or less toxic organic compounds that are environmentally
safe [21,22]. A distinguishing aspect of AOPs is their ability to produce reactive agents such
as •OH, which enable the rapid and non-selective oxidation of organic pollutants. Particu-
larly interesting is the use of heterogeneous photocatalysis with oxide-based nanomaterials,
which effectively removes water-soluble organic contaminants from water/wastewater
upon exposure to light [23].

Overall, in photocatalytic degradation, suspended particles in a water solution act as
photocatalysts when exposed to light. In this process, the photocatalyst, which is typically
composed of semiconductors with distinct electronic band structures characterized by a
band gap (Eg) separating the valence band (VB) and the conduction band (CB), plays a
crucial role. The absorbance of photons, characterized by sufficient energy, leads to the
generation of electron–hole (e−-h+) pairs within the semiconductor particles. Subsequently,
these carriers undergo charge separation, promoting reactive species’ production such as
H2O, •OH, and 1O2. It is important to note that the recombination of e− and h+ does not
require their participation in chemical reactions. The oxidative agents catalyze organic
pollutants’ decomposition on or near the catalysts’ surface, eventually converting them
into harmless substances [24].
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Metal oxide semiconductors such as TiO2, ZnO, CuO, Fe2O3, Mn2O3, ZrO2, Co3O4,
and WO3 exhibit outstanding adsorption properties and serve as effective catalysts because
of their high reactivity, enhanced sensitivity to light, large surface area per unit mass,
cost-effectiveness, non-toxicity, and enhanced catalytic performance in dye degradation
through photodegradation [25].

Magnesium oxide (MgO) nanoparticles have attracted significant interest among
metal oxide nanoparticles due to their excellent biocompatibility, non-toxicity, and strong
stability under various conditions [26]. Additionally, the FDA considers MgO safe for
human consumption [27]. MgO nanoparticles exhibit beneficial physicochemical proper-
ties, including increased ionic character, a significant specific surface area, unique crystal
structures, and oxygen vacancies [28,29]. Nano-MgO particles can be fabricated utilizing
a plethora of physicochemical techniques, such as sol–gel [30], microwave-assisted [31],
solvothermal/hydrothermal [32], combustion [33], precipitation [34], environmentally
friendly green synthesis [35], vapor deposition method [36], plasma irradiation [37], ul-
trasonic irradiation [38], etc. A variety of approaches have been employed to synthesize
nano-MgO particles possessing decreased crystallite size and enhanced surface area, fea-
tures that are acknowledged for augmenting photocatalytic performance towards organic
dyes’ degradation upon irradiation [39,40] (Table 1). Among the utilized approaches, the
precipitation method finds widespread application in synthesizing nanoparticles, as it is
facile, cost-efficient, and useful for large-scale production [41].

Table 1. Comparison of various synthetic approaches towards MgO nanoparticles’ fabrication,
regarding the average crystallite size and specific surface area.

Synthetic Approach
Average Crystallite

Size (nm)
Specific Surface

Area (m2/g)
Reference

Sol–gel 12–13 - [42]
Microwave-assisted

sol–gel 9.5–10.5 243.2 [43]

Ultrasonic-assisted
sol–gel 19.2 - [44]

Modified
thermal/sol–gel 23.6 257.3 [45]

Solid-state chemical 10.5 213 [40]
Microwave
irradiation 16 70 [46]

Precipitation 25 216.9 [47]

In this study, MgO nanopowder was synthesized using a simple precipitation approach
using Mg(NO3)2 (precursor) and NaOH as the precipitant. The physical characteristics of
the nanopowder were comprehensively examined using techniques such as FESEM, XRD,
FTIR, BET, DLS, and DRS. Following this, the photocatalytic efficiency of the material in
degrading rhodamine B and rhodamine 6G was assessed under both UV and visible light,
with a focus on its potential selectivity towards specific organic dyes. Additionally, the
study aimed to elucidate the photocatalytic degradation mechanisms of the dyes under
different light conditions, using scavengers during the experimental procedure to evaluate
the oxidative potential of MgO nanoparticles that mediate the photocatalytic efficiency of
this material.

2. Results

2.1. Characterization of MgO Powder
2.1.1. XRD Analysis

XRD was utilized in order to evaluate MgO powder’s crystallinity. The indexed peaks
in the acquired pattern (Figure 1) are fully consistent with that of bulk MgO ((JCPDS)
card no. 00-004-0829), certifying their monocrystallinity as well as face-centered cubic
structure [48]. No additional impurity-related peak was spotted in the spectrum, within the
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detection limit of XRD, verifying the produced sample’s enhanced purity [49]. The formed
peaks at two-theta (2θ) values, 36.85◦, 42.83◦, 61.20◦, 74.58◦, and 78.51◦, are attributed to
the (111), (200), (220), (311), and (222) (Miller indices) planes, respectively [50].

Figure 1. XRD diffractogram of the as-prepared MgO powder.

The as-produced MgO powder’s average crystallite size was determined through the
Debye–Scherrer equation, its interplanar d-spacing according to Bragg’s Law Equation,
and the crystallinity index (CI%), as previous studies have already analytically presented
(Tables 2 and 3) [51–53]. Bragg peak broadening (β) constitutes the composition of both
the instrumental and sample-dependent effects. The instrumental peak width was cor-
rected according to each diffraction peak of MgO material using the following equation
(Equation (1)) [54]:

β2 = β2
measured − β2

instrumental (1)

Table 2. Crystal lattice indices, average crystallite size, FWHM (Full Width at Half Maximum), and
crystallinity index of the synthesized MgO powder.

Sample ID

Crystal Lattice Index
(a = b = c)

Average
Crystallite Size

(D, nm) *

FWHM
CI
(%)

a b c

MgO 4.2194 4.2194 4.2194 3.23 0.4562 80.49
* The (200) plane’s peak was used to estimate the crystallite size.

Table 3. d-Spacing calculations for MgO powder.

Bragg’s Angle
dhkl (Å) dhkl (nm) hkl

2θ θ

36.85 18.43 2.4372 0.2437 111
42.83 21.42 2.1097 0.2110 200
61.20 30.60 1.5132 0.1513 220
74.58 37.29 1.2714 0.1271 311
78.51 39.26 1.2173 0.1217 222
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The usual procedure towards instrumental broadening correction is determining the
diffraction line breadth of a “coarse” material, such that broadening due to small crystallite
size and lattice distortion is minimal. Thus, the “coarse” material chosen for reference was
pure MgO (44–53 μm) and measured ten times in order to obtain statistical validity [55].

The value of the lattice constant was calculated using the following equation (Equation (2)),
considering a cubic structure (a = b = c) (Table 2):

d =
a√

h2 + k2 + l2
(2)

Additionally, the Nelson–Riley function (Equation (3)) was utilized for estimating the
lattice constant due to its more enhanced precision in estimating lattice parameters after
eradicating 2θ systematic errors for high angle reflections.

F(θ) =
1
2

(
cos2θ

sinθ

)
+

(
cos2θ

θ

)
(3)

By extrapolating the lattice parameter’s straight line against an extrapolation function
of θ to the value of 0 (Figure S1), the average lattice parameter (a) is determined. The
acquired value aligns closely with the one reported in similar studies [56].

Thus, the lattice parameter (a) is measured equal to 4.2170 Å, which is marginally
increased than the previously documented 4.2113 Å, according to the reference CIF (Crys-
tallographic Information File) file [57]. Such a minor discrepancy in the lattice parameter is
anticipated for nanoparticles possessing crystallite sizes in the tens of nanometers range.

In general, crystal imperfections and distortions lead to strain-induced broadening,
which is expressed as E ≈ βs/tan θ. A key aspect of Scherrer’s equation is its dependence on
the diffraction angle θ. Unlike the Scherrer equation, which involves a 1/cos θ relationship,
the Williamson–Hall approach shows variation with tan θ. This distinction is crucial
because it enables the differentiation of reflection broadening when both small crystallite
size and micro-strain co-exist. The following approaches consider that size and strain
broadening are additive components of the total integral breadth of a Bragg peak [58]. The
differing θ dependencies form the foundation for separating size and strain broadening in
the W-H analysis. By combining the Scherrer equation with E ≈ βs/tan θ, the following
equations are obtained (Equations (4) and (5)):

βhkl = βs + βD (4)

βhkl =

(
kλ

Dcosθ

)
+ (4εtanθ) (5)

where βs refers to the broadening due to small crystallite size and βD represents the
broadening due to lattice distortions or micro-strain. The rearrangement of Equation (5)
leads to the following equation (Equation (6)):

βhklcosθ =

(
kλ

D

)
+ (4εsinθ) (6)

where βhkl constitutes the FWHM measured in radians, k equals to 0.9, λ corresponds to
the wavelength of the X-rays (λ = 1.5406 Å), θ stands for the diffraction angle, D denotes
the particle size, and ε constitutes the micro-strain [59]. Additionally, Equation (6) assumes
that strain is uniform across all crystallographic directions, reflecting the isotropic nature of
the crystal, where material properties do not vary based on the direction of measurement.
A plot of βcos θ versus 4sin θ was made for the preferred orientation peaks of nano-
MgO (Figure S2). In this plot, the slope corresponds to the strain, while the y-intercept
indicates particle size. Typically, a negative slope indicates the presence of compressive
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micro-strain [60], whereas a positive slope suggests the possible presence of tensile micro-
strain [59].

Based on the obtained results, the MgO powder presents a positive slope, thus affirm-
ing the existence of tensile micro-strain. In particular, the micro-strain within the sample
was determined to be 2.16 × 10−3, indicating a small but noteworthy value, possibly at-
tributed to the extremely small crystallite size of MgO, which was determined to be equal to
3.42 nm through the Williamson–Hall approach and equal to 3.23 nm applying the Scherrer
approach. This small crystallite size prevents the relaxation of strain within the lattice [61].
Both for Scherrer and W-H calculations, zero shifts were accounted for by correcting 2θ.

2.1.2. FT-IR Analysis

In the FT-IR spectrum of the studied MgO powder (Figure 2), bands at 468.62, 863.95,
1432.85, and 3421.10 cm−1 are illustrated.

Figure 2. FT-IR spectrum of the synthesized MgO powder.

In particular, the major band observed at ≈469 cm−1 is attributed to Mg-O vibra-
tions [62]. The bands observed at approximately 864 and 1433 cm−1 are associated with
carbonate species that are chemisorbed surficially on MgO [63], while the broad band
depicted at 3421 cm−1 corresponds to the O-H stretching, as well as bending vibrations of
H2O molecules [62,63], possibly due to atmospheric humidity during the conduction of the
powder’s measurement [64].

2.1.3. N2-Sorption Analysis

The N2-sorption isotherm of the MgO powder is depicted in Figure 3.
Based on the acquired data, the as-synthesized powder displays a type IV isotherm,

characterized by a narrow hysteresis loop and the absence of a saturation plateau, suggest-
ing mesopores and macropores existence. The pore size distribution as obtained from the
desorption curve via the BJH approach is depicted in the inset in Figure 3. This distribution
is broad, covering both the mesopore range (2–50 nm) and the macropore range (>50 nm),
consistent with the N2-sorption isotherm findings [65–67]. The physical parameters are
summarized in Table 4, including the BET surface area, micropore surface area, cumulative
volume, as well as average pore diameter. The prepared MgO powder exhibits an increased
BET surface area, correlating with the small crystallite size, as observed through the XRD
analysis (Table 2).
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Figure 3. N2-sorption diagram of the prepared MgO powder (sorption: black line; desorption: red
line). The pore size distribution utilizing the BJH approach is indicated in the inset.

Table 4. Data obtained via the BET approach. (a) Specific surface area estimated utilizing Brunauer–
Emmett–Teller theory, (b) micropore surface area through t-plot analysis, based on the Harkins and
Jura model, (c) cumulative volume of pores in the range 1.7 and 300 nm from N2-sorption data and
the BJH desorption approach, and (d) average pore diameter, evaluated by the 4 V/σ approach (V
was equated to the maximum volume of N2 adsorbed along the isotherm as P/Po → 1.0).

Sample ID
BET Surface

Area
(m2/g)

Micropore
Surface Area

(m2/g)

Cumulative
Pore Volume

(cm3/g)

Average Pore
Diameter

(nm)

MgO 52 2 0.3 21

2.1.4. XPS Analysis

XPS analysis was conducted to examine the prepared MgO powder’s surficial chem-
ical composition. Figure 4 shows the wide survey spectrum of the as-synthesized pow-
der. All peaks were expected due to the specific synthetic procedure that was employed.
Figure S3a,b illustrates the detailed Mg2p XPS peak and the MgKLL X-ray-induced Auger
spectrum (XAES). By adding the binding energy of Mg2p and the kinetic energy of
MgKL23L23, the modified Auger parameter, which is an accurate method for chemical
species characterization, is derived. The Mg2p binding energy was equal to 49.5 eV, and the
modified Auger parameter was estimated as 1231.1 eV, both assigned to MgO [68]. Figure 5
indicates the deconvoluted O1s peak, which is a peak consisting of two components corre-
sponding to oxides Mg-O (529.8 eV) and hydroxides Mg-OH (531.8 eV) [69]. The atomic
percentage of Mg and O was calculated from the intensity (peak area) of the XPS peaks
weighted with the corresponding relative sensitivity factors (RSF), taking into account the
analyzer’s transmission characteristics, and was equal to 49.9% at. Mg and 50.1% at. O.
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Figure 4. Wide survey XPS spectrum of the studied MgO powder.

Figure 5. Deconvoluted O1s peak of the synthesized MgO powder.

2.1.5. TGA Analysis

The thermal stability of the developed MgO powder was investigated through thermo-
gravimetric analysis by assessing weight loss, as depicted in Figure 6. Thermal decomposi-
tion occurred across three stages within the temperature range of 30–692 ◦C. The first stage,
from 30 to 160 ◦C, resulted in 3.59% weight loss due to the evaporation of H2O and a minor
amount of adsorbed CO2, probably due to prolonged storage [70]. During the second stage,
between 165 and 345 ◦C, a 6.55% weight loss was noted, attributed to the decomposition of
traces of Mg(OH)2 that have not been converted to MgO during calcination and organic
residues’ oxidation, yielding carbon dioxide and water vapor. The third stage, ranging from
525 to 692 ◦C, led to a 3.92% weight loss due to carbonate decomposition and oxidation of
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remaining organic compounds. Above 692 ◦C, there was negligible weight loss, implying
stabilization of the crystalline solid phases (magnesium hydroxide), as well as the enhanced
thermal robustness of the synthesized MgO powder [71].

Figure 6. TGA spectrum of the as-prepared MgO powder.

2.1.6. Dynamic Light Scattering (DLS) Analysis

A crucial approach for characterizing nanoparticles is dynamic light scattering (DLS),
which provides critical information about the size distribution of colloidal samples. It offers
the ability to distinguish whether the studied nanoparticles are polydispersed (variation in
size) or monodispersed (uniformity in size). Additionally, DLS analysis is instrumental in
detecting aggregation or agglomeration that directly influences stability, reactivity, as well
as efficacy of the examined nanostructure [72].

In the present study, the dynamic light scattering measurements were performed at
a pH equal to 6.81 ± 0.01. Figure S4a depicts the distribution of hydrodynamic radius as
a function of scattered light intensity of the studied MgO powder. Based on the acquired
results, the as-utilized synthetic procedure yielded MgO possessing particle sizes within
the range 10–100 nm and possessing an average particle size equal to ≈27 nm. The
acquired value indicated the successful production of relatively small nanoparticles that
are advantageous for photocatalytic applications. In general, smaller nanoparticles tend to
exhibit enhanced stability in suspension and reduced aggregation or settling over time [73].
Moreover, decreased particle sizes offer increased surface area-to-volume ratios, potentially
enhancing photocatalytic effectiveness [74]. In addition, the PDI (polydispersity index)
value of the as-prepared MgO was equal to 0.197, confirming the uniform distribution of
particle sizes as well as a monodisperse nature (PDI in the range 0–0.4) [75] (Table 5).

Table 5. Size distribution and zeta potential data acquired from DLS measurements utilizing an
aqueous dispersion solution of the examined MgO powder.

Sample ID
Hydrodynamic
Diameter (Dh)

(nm)

Zeta Potential
(mV)

PDI

MgO 27.11 ± 0.93 −50.8 ± 0.6 0.197 ± 0.093
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Furthermore, the zeta potential unveils important aspects of nanoparticles’ stability
and behavior within a colloidal system [76]. Typically, dispersion systems characterized
by zeta potential values ranging from ±0 to ±10 mV are considered highly unstable,
while those between ±10 and ±20 mV are deemed stable. Furthermore, zeta potential
values from ±20 to ±30 mV indicate moderately stable dispersions, and values exceeding
±30 mV indicate extremely stable dispersions [77]. The zeta potential of the as-synthesized
MgO nanoparticles was measured equal to −50.8 mV (Figure S4b, Table 5), indicating their
stability within the colloidal system. An enhanced absolute zeta potential value, particularly
negative as observed from the obtained data, promotes strong repulsion among particles,
thereby preventing agglomeration or precipitation over time.

2.1.7. Diffuse Reflectance UV–Vis Spectroscopy (DRS) Analysis

Determining the energy band gap (Eg) is essential for studies involving photocatalysis.
Figure S5a presents the diffuse reflectance spectra (DRS) of the synthesized MgO powder.

To evaluate the powder’s reflectance, the Kubelka–Munk approach was utilized, as
depicted in Figure S5a, following Equation (7) [78]:

F(R) =
(1 − R)2

2R
(7)

where R constitutes the reflectance.
As illustrated in Figure S5a, the absorption edge of the as-studied powder is located at

≈213 nm. Figure S5b depicts the direct energy band gap of the studied powder using the
Kubelka–Munk model against energy through the extrapolation of the linear part of the
spectra (F(R)hv)1/2 vs. hv. The Eg was determined utilizing Tauc’s equation (Equation (8)):

ahv = A
(
hv − Eg

)n (8)

where h constitutes the Planck’s constant, v stands for the frequency, α corresponds to the
absorption coefficient, and n = 1

2 [53].
The studied MgO powder exhibited a band gap value equal to 5.27 eV. This finding

is consistent with previous research, where Eg values for nano-MgO ranging from 5.0 to
6.2 eV were reported [79]. Additionally, the obtained energy band gap value is decreased,
compared to the 7.8 eV reported for bulk MgO [80]. The reduced Eg value of the examined
MgO powder could be attributed to its small crystallite size, as energy band gap narrowing
may occur in the nano-scale region due to the high surface area to volume ratio of the crys-
tallites [79]. This aspect is regarded as beneficial for enhancing the overall photocatalytic
effectiveness of the as-prepared MgO powder [81].

2.1.8. FESEM Analysis

The primary morphological characteristics of the synthesized MgO powder were
assessed through FESEM observation, as illustrated in Figure 7.

Based on the obtained data, the observed nanoparticles display a combination of nearly
spherical and hexagonal shapes, while they are also interconnected. This agglomeration
might be attributed to electrostatic attraction, as well as polarity [82].

2.2. Photocatalytic Study of MgO Powder
2.2.1. Study of the Photocatalytic Effectiveness towards Rhodamine B (RhB) Degradation

The photocatalytic capability of the as-developed MgO powder was primarily assessed
by evaluating its efficiency towards RhB degradation within an aqueous solution under
both visible and UV light illumination. The trials were carried out at room temperature
and pH = 6.71 ± 0.01. Figure 8a,b illustrates the photocatalytic performance of MgO
powder upon UV and visible light irradiation, respectively. Control experiments included
photolysis (RhB photolysis) and adsorption–desorption equilibrium (RhB dark) in the
absence of irradiation but with constant stirring for the same duration as the photocatalytic
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trials. The findings revealed that ≈3% of RhB degraded under both visible and UV light
exposure, indicating an extremely low degradation rate of RhB in the absence of the
examined powder. Moreover, consistent results from the trials implemented under dark
conditions confirmed the dye’s robustness [83].

 

Figure 7. Representative FESEM image of the examined MgO powder at ×100,000 magnification.

 

Figure 8. RhB’s degradation curve for the studied MgO powder vs. time upon (a) UV light exposure
and (b) visible-light exposure. RhB’s photolysis and degradation under dark conditions are also
included.

According to the received data, during the photocatalytic experiments, the examined
powder exhibited high efficiency, as it led to RhB’s complete degradation (100%) within
180 min upon UV light illumination, as well as 83.23 ± 0.83% under visible light exposure
within the same 180 min timeframe. Additionally, Figure S6a,b illustrates the UV–visible
spectra documented throughout the photocatalytic trials, which were used to track the
dye’s degradation progress over time, analyze the underlying degradation mechanisms,
and evaluate the photocatalytic performance of the powder. Generally, RhB degradation
proceeds through two known pathways: (a) N-de-ethylation and (b) disruption of its conju-
gated structure. Pathway (a) is characterized by a blue shift in the absorption maximum,
while the pathway (b) shows a gradual decrease in absorption without a significant blue
shift [84]. The real-time UV–visible spectra obtained during the photocatalytic trials of the
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MgO powder under UV (Figure S6a) and visible light (Figure S6b) clearly demonstrate the
involvement of the second pathway during RhB’s degradation.

For the confirmation of the results obtained from RhB’s photocatalytic degradation,
further analysis was conducted via TOC measurements so as to determine the percentage
of mineralization of the examined dye attained during the photocatalytic process. RhB’s
mineralization percentage was estimated via Equation (9):

Mineralization (%) =

(
1 − TOC f inal

TOCinitial

)
× 100 (9)

where TOCinitial refers to the medium’s initial total organic carbon concentration prior to
photocatalytic trials, while TOCfinal denotes the medium’s total organic carbon concentration
upon the completion of the photocatalytic procedure [85]. According to the TOC analysis, the
MgO powder demonstrated almost total mineralization (98.83 ± 0.97%) of RhB dye upon UV
light exposure, as well as an increased mineralization rate (80.04 ± 1.13%) under visible light
illumination, thus validating the data acquired from RhB’s degradation study.

Study of RhB’s Photocatalytic Degradation Kinetics

Figure 9 indicates the outcomes derived from the investigation utilizing the pseudo-
first-order kinetic model upon UV and visible light exposure, presenting a plot of −ln(C/C0)
against time, as described by Equation (10) [86]:

−ln
(

C
C0

)
= k1t (10)

where C0 and C are ascribed to the initial and reaction-time RhB concentrations, respectively,
k1 constitutes the photocatalytic oxidation’s apparent rate constant (min−1), while t stands
for the irradiation time. The apparent rate constants of the as-prepared MgO powder under
both types of irradiation derive from the linearly fitted plot’s slope.

Figure 9. Photocatalytic kinetic model studies for the studied MgO powder, based on a pseudo-first-
order model upon UV and visible light illumination.
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However, the photocatalytic kinetics can alternatively be described by the pseudo-
second-order equation (Equation (11)) [53]:

t
qt

=
1

k2q2
e
+

1
qe

t (11)

where qt and qe constitute the amount of the pollutant adsorbed at time t and equilibrium,
respectively (mg/g), and k2 corresponds to the rate constant (g/mg·min).

In contrast to the results observed with the pseudo-first-order kinetics (Figure 9), the
R2 values acquired from the pseudo-second-order kinetic model (Figure S7) indicate a
considerably decreased goodness of fit [53]. Table 6 details the kinetic parameters for the
examined MgO powder.

Table 6. Kinetic parameters of the studied powder upon UV and visible light photocatalytic trials.

Sample ID
Pseudo-First-Order Kinetic Model

Pseudo-Second-Order Kinetic
Model

k1 (min−1) R2 k2 (g/mg·min) R2

MgO (visible) 0.002 0.974 10.747 0.778
MgO (UV) 0.012 0.982 5.545 0.906

In photocatalytic systems, rate constants are strongly influenced by crystallite size
and specific surface area, both of which play critical roles in determining photocatalytic
efficiency. A smaller crystallite size generally leads to a higher surface-to-volume ratio,
which increases the number of active sites available for catalytic reactions, thereby en-
hancing overall performance [87]. However, this variability in surface area complicates
direct comparisons between different photocatalysts, as larger specific surface areas may
artificially boost rate constants by providing more reaction sites without necessarily im-
proving the material’s intrinsic photocatalytic ability [88]. For instance, studies have shown
that photocatalysts with larger surface areas often exhibit higher degradation efficiencies,
due to increased dye adsorption (dye sensitization) rather than enhanced photocatalytic
mechanisms [89]. As such, comparing photocatalysts with different specific surface areas
may result in misleading conclusions about their relative efficiencies. In this study, the
MgO nanoparticles demonstrated a surface area of 52 m2/g, which likely contributes to
their observed photocatalytic performance.

Mechanism Study

During the photocatalytic oxidation procedure, several key oxidative species play
a crucial role, including superoxide radicals (•O2

−), singlet oxygen (1O2), electrons (e−),
holes (h+), as well as hydroxyl radicals (•OH). In order to better understand the underlying
photocatalytic mechanism, extensive studies were carried out to specify the active species.
This involved a series of scavenging experiments in order to identify these specific species.
In particular, p-benzoquinone (p-BQ, C6H4(=O)2, ≥98%, Sigma-Aldrich, Darmstadt, Ger-
many), sodium azide (NaN3, ≥99.5%, Sigma-Aldrich, Darmstadt, Germany), silver nitrate
(AgNO3, >99%, Sigma-Aldrich, Darmstadt, Germany), disodium ethylenediaminetetraac-
etate (EDTA-2Na, C10H14N2Na2O8•2H2O, ≥97%, Sigma-Aldrich, Darmstadt, Germany),
and t-butanol (t-BuOH, (CH3)3COH, ≥99.5%, Sigma-Aldrich, Darmstadt, Germany) were
added to the RhB dye’s solution, in order to selectively capture the •O2

−, 1O2, e−, h+, and
•OH, respectively [90,91].

Derived from the outcomes depicted in Figure 10a,b, rhodamine B’s degradation effec-
tiveness on the surface of the MgO powder endured a prominent reduction to
14.69 ± 1.03% and 13.23 ± 1.11% under UV and visible light illumination, respectively,
upon adding t-BuOH into the photocatalytic reaction solution, thus confirming that the
•OH radicals had a major effect on RhB’s photocatalytic degradation in both irradiation
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conditions. On the contrary, •O2
−, 1O2, as well as photogenerated e− and h+, were not the

principal reactive species participating in the process.

Figure 10. Scavenging trials for RhB’s degradation over MgO powder under (a) UV and (b) visible
light exposure.

In accordance with the results of the scavenging experiments, a feasible mechanism
is outlined (Figure 11). When MgO nanoparticles are exposed to light (UV or visible) in
the VB and CB, electrons and holes are produced within the reaction medium. Then, these
photogenerated e− interact surficially with the photocatalyst, leading to the oxidation of
O2 to •O2

−, while the photogenerated h+ tend to reduce -OH groups deriving from H2O
molecules to •OH radicals. Subsequently, a reaction among •O2

− and H2O leads to the
generation of -OH and HOO• radicals, which in turn produce •OH radicals. These free
radicals facilitate the decomposition of RhB dye into both gaseous and liquid oxidation
byproducts such as CO2 and H2O. The following equations illustrate the procedure of
radical generation and demonstrate that •OH radicals are predominantly in charge of
RhB’s degradation (Equations (12)–(18)):

MgO + hv → h+VB + e−CB (12)

H2O → H+ +−OH (13)

h+VB +−OH → •OH (14)

e−CB + O2 → •O−
2 (15)

•O−
2 + H2O → HOO•+−OH (16)

HOO•+−OH → 2•OH + O2 (17)

•OH + RhB → oxidation byproducts + CO2 + H2O (18)

Reusability Study

Figure 12a,b demonstrates the reusability of the MgO nanopowder under both UV and
visible light exposure across five successive photocatalytic cycles (catalyst
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loading = 5 mg, pH = 6.71 ± 0.01, initial concentration of RhB = 10 mg/L). After each
degradation cycle, the photocatalyst underwent centrifugation and multiple washes with
distilled H2O, followed by drying in a vacuum oven (70 ◦C, 24 h) in preparation for the
next trial, with no further treatment [92]. The photocatalyst showed significant photosta-
bility under both light sources, as an approximate 5% (5.46 ± 0.83%) (Figure 12a) and a
≈7% (7.32 ± 1.01%) (Figure 12b) decrease in its photocatalytic efficiency was observed
in the case of UV and visible light irradiation, respectively, after five consecutive cycles.
These results verify the robustness of the examined photocatalyst throughout repeated
photocatalytic trials.

Figure 11. Proposed photocatalytic mechanism of MgO powder towards RhB degradation under
both UV and visible light exposure.

Figure 12. Reusability effectiveness of MgO powder after five experimental photocatalytic trials
towards RhB degradation upon (a) UV and (b) visible light illumination.

Additionally, the studied powder was examined for its stability after five experi-
mental cycles under the as-mentioned conditions through XRD (Figure S8). The analysis
revealed that the MgO powder indicated insignificant changes in their crystalline phases,
with only a slight increase in peaks’ intensity, proving that the examined photocatalyst
maintained its structure after RhB’s degradation trials and exposure to air, presenting en-
hanced photochemical robustness. Moreover, the modest augmentation in peaks’ intensity
may be attributed to crystallite size’s growth, because of the photoirradiation activation
procedure [93].

2.2.2. Study of the Photocatalytic Effectiveness towards Rhodamine 6G (R6G) Degradation

MgO’s capability was also evaluated towards R6G’s (aqueous solution) photocatalytic
degradation under the same irradiation conditions as the ones described in the case of
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rhodamine B. During R6G’s photocatalytic trials, temperature and pH conditions were
set at 25 ◦C and 7.48 ± 0.01. Control trials were also conducted, including photolysis
(R6G photolysis) and adsorption–desorption equilibrium (R6G dark) in the absence of
light illumination upon continual stirring for the same duration as the photocatalysis
procedure. The data acquired from these trials and for both irradiation types, verified the
dye’s robustness, as ≈2% of R6G was degraded [86] (Figure 13).

Figure 13. Degradation curves of R6G for the studied MgO powder vs. time upon UV and visible
light exposure. R6G’s photolysis and degradation under dark conditions are also included.

Throughout the photocatalytic trials, the studied powder demonstrated enhanced ef-
fectiveness towards R6G degradation under UV light illumination, achieving a degradation
rate equal to 92.62 ± 0.84% over 180 min, whereas a rate of the order of 38.71 ± 1.43% was
attained upon visible light irradiation within the same period.

Based on the data derived from the photocatalytic effectiveness studies for RhB, as
well as R6G, the MgO powder achieved 100% and 83.23 ± 0.83% RhB degradation upon
UV and visible light irradiation within 180 min, respectively, while 92.62 ± 0.84% and
38.71 ± 1.43% of R6G was degraded in the same timeframe upon UV and visible light
illumination, respectively. Consequently, the as-mentioned photocatalyst exhibits selective
activity favoring RhB’s photocatalytic degradation, primarily in the case of visible light
irradiation (Figure 14). This phenomenon might be attributed to the pH that was prevalent
during the experimental procedure. According to other studies, rhodamine B can be
effectively degraded in generally acidic conditions, while rhodamine 6G requires highly
basic conditions [94]. In these series of experiments, pH was approximately 7 (in the case
of rhodamine B, pH was 6.71, and for rhodamine 6G, pH was 7.48). It might be possible to
obtain even more promising results for rhodamine 6G for a pH of around 10.

Figure S9a,b represents the real-time UV–visible spectra as received during the pho-
tocatalytic trials. In general, R6G dye contains a chromophore made up of benzene and
xanthene rings, connected by ethylamine (CH3CH2NH2) as the auxochrome. The chro-
mophore determines the dye’s color, while the auxochrome influences the color’s intensity.
The photocatalytic degradation of R6G typically follows two main pathways: breaking the
conjugated chromophores or N-deethylation of the auxochromes. Previous research has
outlined that a shift to a shorter absorption wavelength (blue shift) indicates a degradation
pathway via N-deethylation [95]. Based on the emerged spectra, the peak at 526 nm (ab-
sorption maximum), which is attributed to a xanthene compound [96], remains constant,
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presenting no significant blue or red shift, thus rendering the N-deethylation pathway less
probable in R6G’s degradation.

 

Figure 14. Selectivity of MgO photocatalyst.

TOC analysis was similarly conducted to assess the extent of R6G’s mineralization
(Equation (9)) during photocatalysis, so as to affirm the validity of degradation exper-
iments. The as-mentioned analysis indicated that the MgO powder achieved a more
increased mineralization rate of R6G upon UV light illumination (90.03 ± 1.31% instead of
36.49 ± 1.14% in the case of visible light irradiation), thus validating the results obtained
from the photocatalytic degradation study.

Study of R6G’s Photocatalytic Degradation Kinetics

Kinetic model studies upon UV and visible light illumination were conducted based on
the pseudo-first-order (Equation (10) and Figure 15) and pseudo-second-order (Equation (11)
and Figure S10) models.
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Figure 15. Photocatalytic kinetic model studies for the examined MgO powder, based on a pseudo-
first-order model upon UV and visible light illumination.

In opposition to the pseudo-first-order model, the pseudo-second-order is character-
ized by inferior R2 values (Table 7). Consequently, it can be inferred that the photocatalytic
degradation of R6G in the presence of the as-synthesized MgO powder upon both UV and
visible light illumination is best elucidated by a pseudo-first-order reaction kinetic model.

Table 7. Kinetic parameters of the studied powder upon UV and visible light photocatalysis towards
degradation of R6G dye.

Sample ID
Pseudo-First-Order Kinetic Model

Pseudo-Second-Order Kinetic
Model

k1 (min−1) R2 k2 (g/mg·min) R2

MgO (visible) 0.002 0.969 1.772 0.911
MgO (UV) 0.014 0.981 0.756 0.907

Mechanism Study

Comprehensive studies were conducted to determine the active species involved
by emphasizing validating R6G’s photocatalytic degradation mechanism. Similar to the
approach outlined in the case of RhB dye, experimental trials were performed to scavenge
and capture the entagled active species. Consequently, AgNO3, EDTA-2Na, p-BQ, NaN3,
and t-BuOH were added to R6G’s aqueous solution to selectively trap, as well as specify
e−, h+, •O2

− radicals, 1O2, and •OH radicals, respectively (Figure 16a,b).
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Figure 16. Scavenging trials for R6G’s degradation over MgO powder under (a) UV and (b) visible
light exposure.

According to the received data, R6G’s capability presented a notable reduction to
9.27 ± 1.23% and 5.43 ± 1.01% under UV and visible light photocatalysis, respectively,
after introducting t-BuOH into the photocatalytic reaction solution, thus justifying that
•OH radicals played a crucial role on R6G’s degradation in both irradiation conditions.
However, when visible light was utilized as the source of irradiation, less oxidative species
like •O2

− radicals and 1O2 indicated a slightly enhanced contribution to the degradation of
R6G, possibly because under visible light the mechanism of self-sensitization was involved
in the dye’s degradation [92]. Additionally, in both irradiation conditions, h+ had a minor
effect on the degradation procedure, while the role of photogenerated e− was negligible,
proving the efficient e− transfer from MgO’s surface towards the adsorbed molecules for
the generation of reactive species [97].

As a result, taking also into account the as-received real-time UV–visible data, the sug-
gested mechanism involves the cleavage of conjugated chromophores, where the predomi-
nant •OH radicals fragment R6G chromophore’s structural ring, leading to the effective
dye’s degradation into mineralized by-products (CO2 and H2O).

Reusability Study

The reusability of the studied nano-MgO powder upon both UV and visible light illumi-
nation across five sequential photocatalytic cycles (catalyst loading = 5 mg, pH = 7.48 ± 0.01,
R6G’s initial concentration equal to 10 mg/L) was assessed (Figure 17a,b) through the
perpetual process as in the case of RhB. The examined photocatalyst presented notable
photostability under both utilized light sources, achieving a ≈6% decrease in its photocat-
alytic efficiency upon UV (5.98 ± 0.54%) and visible (6.27 ± 0.71%) light irradiation after
the completion of the reusability experimental trials.

268



Molecules 2024, 29, 4299

Figure 17. Reusability effectiveness of MgO powder after five experimental photocatalytic trials
towards R6G degradation upon (a) UV and (b) visible light illumination.

3. Discussion

This study successfully synthesized MgO nanoparticles using a simple precipitation
method and evaluated their photocatalytic efficiency in degrading rhodamine B (RhB) and
rhodamine 6G (R6G) upon UV and visible light illumination. The characterization of MgO
nanoparticles confirmed their crystallinity, purity, and favorable surface properties, which
are crucial for photocatalytic applications.

The XRD analysis revealed that the synthesized MgO nanoparticles possess a pure face-
centered cubic structure with high crystallinity that is known to enhance photocatalytic
activity towards degradation of organic dyes, indicating successful synthesis without
significant impurities. The average crystallite size, determined using the Debye–Scherrer
equation, was approximately 3.23 nm, which is beneficial for enhancing photocatalytic
activity due to the increased surface area-to-volume ratio.

FT-IR analysis further confirmed the presence of characteristic Mg-O vibrations and
minor surface-adsorbed carbonate species, while the N2-sorption isotherms suggested a
mesoporous and macroporous structure, which is advantageous for dye adsorption and
subsequent degradation. The BET surface area of 52 m2/g supports the observed high
photocatalytic activity.

The photocatalytic studies demonstrated that MgO nanoparticles exhibit excellent
degradation capabilities for both RhB and R6G dyes. Under UV light, MgO achieved
complete degradation of RhB within 180 min, while under visible light, it achieved 83.23%
degradation. For R6G, the degradation efficiency was 92.62% under UV light and 38.71%
under visible light, indicating a higher photocatalytic activity towards RhB under visible
light. These results highlight the potential of MgO nanoparticles as effective photocatalysts
for the degradation of organic dyes in wastewater.

The results align well with previous studies that have highlighted the effectiveness of
metal oxide nanoparticles in photocatalytic applications. For instance, TiO2 and ZnO have
been widely studied and reported to exhibit significant photocatalytic properties. However,
MgO offers several advantages, including non-toxicity, biocompatibility, and a lower band
gap, which enhances its activity under visible light.

The photocatalytic mechanism proposed in this study is consistent with the general
principles observed in other semiconductor photocatalysts. Electron-hole pairs’ generation
upon light irradiation and the subsequent production of ROS like •OH radicals play a
crucial role in dyes’ degradation. The scavenging experiments confirmed that •OH radicals
are the dominant species in the degradation process for both RhB and R6G, similar to
findings in studies involving TiO2 and ZnO photocatalysts.
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The findings of this study have significant implications for wastewater treatment, par-
ticularly in industries that discharge dye-contaminated effluents. The high photocatalytic
efficiency of MgO nanoparticles under both UV and visible light suggests their potential
application in real-world scenarios, where visible light comprises a major portion of the
solar spectrum. This could lead to more sustainable and cost-effective wastewater treat-
ment processes. Comparing the results obtained from previous studies, that had focused
on the use of well-established photocatalysts, such as pure TiO2 and ZnO, it is clear that
MgO powder could totally degrade rhodamine B upon a 3 h UV light irradiation, while
ZnO [98] and TiO2 nanoparticles [99] needed less than 3 h for the same effect. Under
visible light irradiation, MgO powder led to 83.23% degradation of rhodamine B, while
ZnO nanoparticles could totally degrade rhodamine B in the same timeframe [98]. TiO2 is
not so efficient under visible light irradiation (TiO2 Evonik P25 can degrade rhodamine B
by 48% after 240 min) [100], and this is why it is widely doped for the enhancement of its
photocatalytic performance under visible light irradiation. Regarding rhodamine 6G, MgO
achieved 92.62% and 38.71% degradation after 3 h of UV and visible light illumination,
respectively. According to Pino et al., when UV or visible light is applied for 90 min to
irradiate a solution of rhodamine 6G in the presence of TiO2 Evonik P25, a degradation
percentage of 22% is determined [14]. MgO led to a 35% degradation of rhodamine 6G
after 90 min of visible light irradiation and ~70% under UV light irradiation, thus MgO is
proven as an efficient photocatalyst of rhodamine 6G. ZnO degraded by 72% rhodamine
6G, under UV light irradiation for 120 min, according to Yudasari et al. [101]. In the same
timeframe, MgO degraded by >85% rhodamine 6G. Also, according to Khoza et al., ZnO
composites led to a 50% degradation of rhodamine 6G after 60 min of photoactivation with
visible light, showing also excellent reusability after five cycles [102]. So, MgO seems to be
a very promising photocatalyst against rhodamine B or rhodamine 6G, compared to TiO2
and ZnO.

Furthermore, the study highlights the importance of nanoparticle size, surface area,
and the presence of active sites in enhancing photocatalytic activity. These insights can
guide the design and synthesis of more efficient photocatalysts in the future.

Future research could focus on optimizing the synthesis process to further reduce the
particle size and increase the surface area of MgO nanoparticles, thereby enhancing their
photocatalytic efficiency. Additionally, exploring the doping of MgO with other metal ions
could improve visible light’s absorption and enhance the generation of ROS.

Investigating the reusability and stability of MgO nanoparticles in long-term photocat-
alytic applications is also crucial. While this study demonstrated significant photostability
over five cycles, extended research is required to grasp the mechanisms behind any noted
deactivation and to develop strategies for regeneration.

Finally, extending the study to other types of organic pollutants and exploring the
photocatalytic performance of MgO in real wastewater samples would provide a more
comprehensive understanding of its potential applications in environmental remediation.

In conclusion, this study underscores the potential of MgO nanoparticles as efficient
photocatalysts towards organic dye degradation, paving the way for their application in
sustainable wastewater treatment technologies.

4. Materials and Methods

4.1. Synthesis of MgO Powder

The synthesis of MgO powder was conducted utilizing a facile precipitation approach,
founded on the synthetic protocol of Karthikeyan and colleagues [103], upon some alter-
ations. In particular, 6.4103 g of magnesium nitrate hexahydrate (Mg(NO3)2•6H2O, 99%,
Sigma-Aldrich, Darmstadt, Germany) were added in 100 mL of lab-distilled water. Subse-
quently, 100 mL of a 0.25 M sodium hydroxide solution (NaOH, 99.5%, Panreac Quimica
SA, Barcelona, Spain) were poured dropwise into the aforementioned aqueous solution.
The acquired mixture underwent continuous magnetic stirring for 4 h at 25 ◦C until the
emergence of a white-colored suspension. The completion of the reaction procedure was
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indicated by the formation of a white precipitate, which was acquired through centrifu-
gation and was subsequently triturated and purified via rinsing with double-distilled
(18.2 MΩ·cm) water and centrifugation for eliminating potential impurities. Then, the
obtained precipitate underwent drying at 80 ◦C for 6 h and was further calcinated at
500 ◦C (4 h), finally resulting in a white powder’s production (Figure 18). The reaction
that took place during the synthetic procedure is outlined through the following equation
(Equation (19)):

Mg (NO 3)2 + NaOH → Mg(OH)2 ↓ +NaNO3 + H2O (19)

Figure 18. Schematic illustration for the synthetic procedure of MgO powder.

Mg(OH)2 formed by the reaction of Mg(NO3)2 with NaOH when calcinated at 500 ◦C
for 4 h results in the formation of MgO (Equation (20)) [104]:

Mg(OH)2 → MgO + H2O (20)

4.2. Characterization of MgO Nanopowder

FESEM analysis was utilized in order to assess the morphology of the MgO powder
(FESEM, JSM-7401F, JEOL, Tokyo, Japan).

Regarding the XRD analysis, a Brucker D8 Advance (Brucker, Karlsruhe, Germany)
X-ray diffractometer was utilized, implementing CuKα radiation (λ = 1.5406 Å) (40 kV,
40 mA). The measurements were conducted at a 2-theta angle ranging from 20◦ to 90◦
(0.01◦/1.0 s).

FTIR measurements were also performed, and spectra were acquired at 25 ◦C in
the range from 400 cm−1 to 4000 cm−1 (resolution: 4 cm−1) through a FTIR JASCO4200
apparatus (Oklahoma City, OK, USA), possessing a Ge crystal.

The synthesized powder’s N2 adsorption was examined via a ChemBET 3000 instru-
ment (Yumpu, Diepoldsau, Switzerland) to ascertain the BET specific area. Before each
measurement, the MgO powder passed through a degassing process (80 ◦C, 24 h).

Thermogravimetric analysis was performed utilizing a Mettler Toledo TGA/DSC
1 HT apparatus (Mettler Toledo GmbH, Greifensee, Switzerland). Measurements were
conducted under N2 flow (10 mL/min) in the range 30–1000 ◦C and a heating rate equal to
10 ◦C/min.

XPS analysis (Leybold SPECS LHS/EA10, Leybold GmbH, Cologne, Germany) was
implemented in order to assess the examined powder’s surficial chemical states. An
ultra-high vacuum chamber (P ≈ 5 × 10−10 mbar) equipped with a SPECS Phoibos
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100 hemispherical electron analyzer (Berlin, Germany) with a delay line detector (DLD) and
an unmonochromized dual-anode Mg/Al X-ray source were utilized for the measurements.
A MgKα line at 1253.6 eV and an analyzer pass energy of 10 eV (giving a FWHM equal to
0.85 eV for the Ag 3d5/2 peak) were utilized. A fitting routine was used for analyzing the
XPS core level spectra, leading to each spectrum’s decomposition into individual mixed
Gaussian–Lorentzian peaks upon a Shirley background subtraction. Errors regarding peak
areas were found equal to ≈10%, and the accuracy for binding energies’ assignments was
approximately 0.1 eV. The samples, which were originally in powder form, were com-
pressed into pellets for measurement. Analysis was conducted on a 3 mm diameter area,
with the XPS spectra documented at 25 ◦C.

The hydrodynamic diameter, as well as the distribution of the powder’s particles in
an aqueous dispersion, was assessed through dynamic light scattering (DLS) (Malvern
Zetasizer Nano ZS, Malvern Panalytical Ltd., Malvern, UK). The scattering intensity’s
recording was achieved using a 633 nm laser and a 173◦ scattering angle.

Diffuse reflectance measurements for obtaining the Eg values were evaluated via a
UV–vis spectrometer (Jasco UV/Vis/NIR V-770, Interlab, Athens, Greece) possessing an
integrating sphere.

RhB’s and R6G’s mineralization percentage was evaluated by TOC analysis (TOC-
LCSH/CSN, Shimadzu Scientific Instruments, Columbia, MD, USA).

4.3. Photocatalytic Efficiency Study of MgO Nanopowder

The photocatalytic effectiveness of the as-prepared MgO powder upon both UV and
visible light irradiation was initially evaluated towards the degradation of rhodamine B
through the addition of 0.005 g of the powder in a 10 ppm aqueous solution (250 mL) of
RhB (C28H31CIN2O3, ≥95%, Penta-Chemicals Unlimited, Prague, Czech Republic) at 25 ◦C
and pH value equal to 6.71 ± 0.01. Before each photocatalytic experiment, the rhodamine B
solution was saturated for 1 h via extra-pure O2 (99.999%) flow.

In addition, the assessment of the MgO’s photocatalytic activity was conducted under
UV and visible light illumination towards rhodamine 6G (C28H31N2O3Cl, 99%, Sigma-
Aldrich, Darmstadt, Germany) degradation, using the same conditions as described in the
case of rhodamine B with the only difference that the pH value of the dye’s solution was
equal to 7.48 ± 0.01.

The photoreactor that was utilized for the photocatalytic experiments was equipped
with four parallel lamps placed 10 cm above each sample’s surface [78]. Blacklight lamps
(368 nm, 830 lumens, incident light flux: 0.184 μmol quanta/s, Sylvania, Wilmington,
NC, USA) were employed as the UV irradiation source, while 15 W visible light lamps
(900 lumens, 400 nm cutoff filter, incident light flux: 0.371 μmol quanta/s, OSRAM GmbH,
Munich, Germany) comprised the visible light irradiation source. All the experiments were
conducted at 25 ◦C [53,78].

The derived absorbance of the studied MgO powder was estimated at 554 nm [53]
and 525 nm [105] for RhB and R6G, respectively, utilizing a spectrometer (Thermo Fisher
Scientific Evolution 200, Thermo Fisher Scientific, Waltham, MA, USA). The C/C0 ratio,
where C is ascribed to RhB’s and R6G’s concentration after a certain time of photocatalysis
and C0 corresponds to RhB and R6G initial concentration, was acquired indirectly by the
evaluation of the measured absorption A (absorption at each time) to the initial absorption
(Ainitial) [78].

5. Conclusions

In this study, magnesium oxide (MgO) nanoparticles were synthesized using a simple
precipitation method and characterized by various techniques, confirming their high purity,
crystallinity, and appropriate physicochemical properties for photocatalytic applications.
The MgO nanoparticles demonstrated significant photocatalytic efficiency in degrading rho-
damine B (RhB) and rhodamine 6G (R6G) dyes under both UV and visible light irradiation.
The nanoparticles exhibited complete degradation of RhB under UV light within 180 min

272



Molecules 2024, 29, 4299

and achieved notable degradation levels for R6G as well. The study’s findings underscore
the potential of MgO nanoparticles as a promising photocatalyst, particularly for the selec-
tive degradation of hazardous dyes such as RhB, thereby contributing to the development
of more effective wastewater treatment technologies. Additionally, the reusability of MgO
nanoparticles across multiple trials further emphasizes their practical applicability, making
them a viable candidate for large-scale environmental remediation efforts. Future research
could focus on optimizing the synthesis process to enhance the photocatalytic performance
of MgO nanoparticles under visible light and exploring their efficacy in degrading other
persistent organic pollutants.
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powder; Figure S7: Photocatalytic kinetic model studies for the studied MgO powder, following a
pseudo-second-order model upon UV and visible light illumination; Figure S8: XRD patterns of MgO
photocatalyst after the reusability studies; Figure S9: Real-time UV–visible spectra obtained upon (a)
UV and (b) visible light induced photocatalytic degradation of R6G utilizing the as-synthesized MgO
powder; Figure S10: Photocatalytic kinetic model studies for the examined MgO powder, following a
pseudo-second-order model upon UV and visible light illumination.
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Abstract: Water pollution has becoming an increasingly serious issue, and it has attracted a significant
amount of attention from scholars. Here, in order remove heavy metal hexavalent chromium (Cr (VI))
from wastewater, graphitic carbon nitride (g-C3N4) was modified with molybdenum disulfide (MoS2)
at different mass ratios via an ultrasonic method to synthesize g-C3N4/MoS2 (CNM) nanocomposites
as photocatalysts. The nanocomposites displayed efficient photocatalytic removal of toxic hexavalent
chromium (Cr (VI)) from water under UV, solar, and visible light irradiation. The CNM composite
with a 1:2 g-C3N4 to MoS2 ratio achieved optimal 91% Cr (VI) removal efficiency at an initial 20 mg/L
Cr (VI) concentration and pH 3 after 120 min visible light irradiation. The results showed a high pH
range and good recycling stability. The g-C3N4/MoS2 nanocomposites exhibited higher performance
compared to pure g-C3N4 due to the narrowed band gap of the Z-scheme heterojunction structure
and effective separation of photo-generated electron–hole pairs, as evidenced by structural and
optical characterization. Overall, the ultrasonic synthesis of g-C3N4/MoS2 photocatalysts shows
promise as an efficient technique for enhancing heavy metal wastewater remediation under solar and
visible light.

Keywords: g-C3N4/MoS2 composites; Z-scheme heterojunction; hexavalent chromium Cr (VI);
photocatalyst

1. Introduction

Water scarcity and water pollution have long been major global concerns; in recent
decades, the rapid development of the economy and industrialization led to increasingly
serious environmental pollution problems. Water quality has decreased since a large
amount of industrial wastewater, which contained heavy metals, was discharged into the
water system [1,2]. Chromium is one of the common sources of heavy metal pollution
and mainly exists in Cr (III) and Cr (VI) in water [3]. Cr (III) is one of the essential
elements in the human body, which can participate in the metabolism of human fat and
is widely used in the adjuvant therapy of diabetes [4]. Cr (VI) poses a lasting threat
to the environment and human health and can enter the human body through skin-to-
skin contact or breathing. In addition, Cr (VI) has strong oxidation and can oxidize
human hemoglobin into methemoglobin, which may cause cancer risk after long-term
or short-term exposure [5,6]. Therefore, it is highly important that we find a way to
handle Cr (VI) in industrial wastewater economically and efficiently and make it meet the
discharge standard.
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At present, reducing Cr (VI) to Cr (III) in wastewater is an important way of alle-
viating chromium pollution in water [7,8], and common methods for treating chrome-
containing heavy metal wastewater include the adsorption method [9,10], chemical reduc-
tion method [11,12], and biological method [13,14]. In the process of Cr (VI) removal, these
methods consume a large amount of power and other resources, have high costs, and may
cause other forms of pollution. However, existing treatment methods for the removal of
pollutants in the process of treatment have complexity and high costs, and they are prone
to secondary pollution and other shortcomings.

Photocatalytic technology is widely used [15–17], which has the advantages of no
secondary contamination and strong redox capacity and is widely used in pollutant degra-
dation [18,19], hydrogen generation [20,21] and CO2 photoreduction [22]. It is one of the
best ways to solve future pollution problems [23]. Bi-bridge S-scheme Bi2S3/BiOBr het-
erojunction (Bi2S3/Bi/BiOBr), produced by the one-pot solvothermal method, has shown
high visible light photocatalytic reduction performance, and the removal efficiency of Cr
(VI) was 97% [24]. Graphitic carbon nitride (g-C3N4)’s band gap is 2.7 eV; it is a common
photocatalyst with high stability and environmental friendliness [25–27]. Currently, ther-
mal polycondensation is commonly used in the preparatory work of g-C3N4, which makes
the preparation of g-C3N4 simple [28–30]. However, due to the rapid recombination rate
of photo-generated electrons and holes and the low light absorption range and surface
range [31–33], the photocatalytic performance of g-C3N4 photocatalysts is low, which
makes the use of g-C3N4 limited. Numerous researchers have found that the photocatalytic
performance of g-C3N4 could be improved by conducting morphology regulation [34,35],
ion doping [36–38], and heterojunction construction [39–41]. Li et al. [42] prepared ultra-
thin tubular lateral heterostructures (LHSs) of graphitic carbon nitride and carbon dots
(CN/C-Dots) by one-step thermal polymerization; they found that the CN/C-Dots LHSs
exhibited excellent electrocatalysts for a hydrogen evolution reaction, due to which the
charge carriers’ transport was enhanced and the specific surface area was increased, mean-
ing more active sites of CN. Renji Rajendran et al. [43] developed a g-C3N4/TiO2/α-Fe2O3
ternary magnetic nanocomposite with a Z-scheme by facile calcination and a hydrothermal
process. The g-C3N4/TiO2/α-Fe2O3 ternary magnetic nanocomposite exhibited excellent
photocatalytic performance for the degradation of Rhodamine B (RhB); under visible light
exposure, the degradation rate was 95.7%, which was due to the formation of the Z-scheme
enhancing the separation and migration of photoexcited electron and hole pairs and the
light absorption range. Photocatalysts have been widely used for various purposes. How-
ever, photocatalysts still have the shortcomings of low utilization of visible light and high
requirements for reaction conditions. MoS2 has attracted attention as a transition metal
dichalcogenide with good chemical stability and adjustable bandwidth [44].

In this work, g-C3N4/MoS2 samples with different mass ratios were prepared by the
ultrasonic method, and the photocatalytic removal efficiencies of Cr (VI) under different
light irradiation sources (ultraviolet light, solar light and visible light) were investigated.
g-C3N4/MoS2 composites showed strong photocatalytic activity. When the pH value was 3,
the initial concentration of Cr (VI) was 20 mg/L, and the photocatalyst demonstrated strong
photocatalytic activity. Compared with pure g-C3N4, the doping of MoS2 is beneficial for
narrowing the band gap and reducing the recombination rate of photo-generated electrons
and holes, and the photocatalytic performance of CNM (1:2) increased. The composite
photocatalyst has a wide pH range and can still show a high removal rate after multiple
reuses, overcoming the shortcomings of existing difficult-to-recover photocatalysts.

2. Results and Discussion

2.1. Characterization
2.1.1. XRD

The X-ray diffraction (XRD) pattern characterization of g-C3N4, MoS2, and CNM (1:2)
is shown in Figure 1. g-C3N4 had diffraction peaks at 13.1◦ and 27.6◦, which corresponded
to the (100) and (002) planes, respectively [45]. The characteristic diffraction peaks of
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13.9◦, 32.8◦ and 58.6◦ were attributed to the (002), (100), and (110) planes, respectively [46].
Compared with g-C3N4 and MoS2, there is a shift in the peak position of the CNM (1:2)
composites, which may be caused by the increased interlayer distance of the defect modified
samples [47]. The diffraction peaks of the CNM (1:2) composites were 13.3◦, 27.9◦, 32.8◦
and 57.6◦, respectively. These were attributed to (100), (002), (100), and (110). The CNM
(1:2) composites showed diffraction peaks belonging to g-C3N4 and MoS2, which indicated
the MoS2 had successfully combined with g-C3N4.

 
Figure 1. XRD patterns of g-C3N4, MoS2, and CNM (1:2).

2.1.2. SEM

Scanning electron microscopy (SEM) images of g-C3N4 and g-C3N4/MoS2 are shown
in Figure 2. Figure 2a,b show SEM images of g-C3N4 and CNM (1:2), g-C3N4 had a massive
structure, which was combined with a layered structure. CNM (1:2) had a porous structure,
the reason for this result may be that during the ultrasonic treatment, the g-C3N4 was
stripped and combined with MoS2, and a large number of pore structures were formed
in the process. Ultrasonic treatment can effectively promote g-C3N4 and MoS2 recom-
bination, effectively accelerate the separation of photo-generated carriers, and improve
the photo-generated carrier migration rate, thus improving the photocatalytic activity of
composite photocatalytic materials. The CNM (1:2) complex can accelerate the separation
of photo-generated carriers and increase the migration rate of photo-generated carriers,
thus improving the photocatalytic activity of the composite photocatalyst. Figure 2c–h
reveal CNM (1:2) as well as corresponding elemental mapping of C, N, S, and Mo, and
EDS of CNM (1:2). The mapping of SEM confirmed that the elements of C, N, S, and Mo
exist in CNM (1:2), and it indicated that g-C3N4 and MoS2 had been successfully combined.
In the process of MoS2 doping g-C3N4, a g-C3N4/MoS2 photocatalyst with more voids
was formed, which increased the area of the photocatalyst in contact with pollutants, and
increased the number of active sites on its surface, thus increasing its photocatalytic activity.

2.1.3. XPS

The X-ray photoelectron spectroscopy (XPS) spectra of and CNM (1:2) and used
CNM (1:2) are displayed in Figure 3, and the spectra of g-C3N4 were shown in previous
articles [30]. The survey spectra of CNM (1:2) and used CNM (1:2) are shown in Figure 3a,
the main elements are C, N, O, S and Mo, indicating g-C3N4 and MoS2 were successfully
combined. In Figure 3b, the C 1s spectrum of CNM (1:2) has three peaks at 288.2, 286.4,
and 284.8 eV; the 288.2 eV is attributed to O-C-N, the 286.4 eV is attributed to C-O, and the
284.8 eV belongs to C-C [48]. In the C 1s spectrum of used CNM (1:2), the peaks shifted
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to 288.8, 286.4 and 284.8 eV, respectively [49]. The N 1s of CNM (1:2) has three peaks at
404.3, 400.3 and 398.5 eV, which are attributed to N-H bonds, N-(C)3, and C = N-C [50].
Additionally, the N 1s peaks of the used CNM (1:2) were shifted to 404.5 eV (N-H), 401.3 eV
(C-N-H), and 399.2 eV (N-(C)3) [51], as shown in Figure 3c. The Mo 3d of CNM (1:2) had
four peaks at 235.1, 231.5, 228.1 and 225.4 eV, with the peaks corresponding to Mo6+, Mo
3d3/2, Mo 3d5/2 and S 2s, attributed to the 1T-phase MoS2 [52,53]. In the Mo 3d spectrum
of used CNM (1:2), the peaks shifted to 235.8, 232.3, 228.9, and 226.2 eV, respectively [45].
Figure 3e shows the S 2p spectra of CNM (1:2); it has three peaks at 168.2, 162.2, and 161
eV, which correspond to S2

2−, S 2p1/2, and S 2p3/2 [53]. In the S 2p spectrum of used CNM
(1:2), those peaks shifted to 169.1, 162.9, and 161.7 eV [45]. In Figure 3f, the presence of
Cr was not detected on the surface of the reused photocatalysts, which ensures that the
active sites on the surface of the photocatalyst were not covered. The XPS characterization
results again confirm that both g-C3N4 and MoS2 have been successfully compounded,
and Cr was not detected in the reused CNM (1:2), thus ensuring the excellent reusable
performance of the photocatalyst.

 

 

 

 

 

Figure 2. SEM images of samples: (a) g-C3N4, (b) CNM (1:2), (c) SEM image of CNM (1:2), and
corresponding elemental mapping of (d) C, (e) N, (f) S, and (g) Mo. (h) EDS spectrum of CNM (1:2).
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(a) (b) 

 
(c) (d) 

  
(e) (f) 

Figure 3. XPS spectra of CNM (1:2) and used CNM (1:2): (a) Survey spectra, (b) C 1s, (c) N 1s, (d) Mo
3d, (e) S 2p, (f) Cr 2p.

2.1.4. BET

The Brunauer–Emmett–Teller N2 adsorption–desorption isotherms of g-C3N4, MoS2
and CNM (1:2) are shown in Figure 4. The specific surface area and pore volumes of
g-C3N4, MoS2, and CNM (1:2) are listed in Table 1. The specific surface area of CNM (1:2)
(30.7214 m2·g−1) is higher than that of g-C3N4 (27.3882 m2·g−1) and MoS2 (10.5045 m2·g−1).
In addition, we found that the pore volumes of g-C3N4 (0.2385 cm3·g−1) and MoS2
(0.0332 cm3·g−1) are lower than that of CNM (1:2) (0.3498 cm3·g−1). The increase in specific
surface area and pore volume is beneficial to providing more photocatalytic active sites
and improving the activity of CNM (1:2).

Table 1. Specific surface area and pore volumes of g-C3N4, MoS2, and CNM (1:2).

Samples SBET (m2·g−1) VPore (cm3·g−1)

g-C3N4 27.3882 0.2385
MoS2 10.5045 0.0332

CNM (1:2) 30.7214 0.3498

282



Molecules 2024, 29, 637

 

Figure 4. N2 adsorption–desorption isotherms of g-C3N4, MoS2 and CNM (1:2).

2.1.5. UV–Vis Diffuse Reflectance Spectra

UV–vis diffuse reflectance spectra images of g-C3N4 and CNM (1:2) are displayed
in Figure 5a. g-C3N4 had an absorption edge at 450 nm, while the absorption edge of
CNM (1:2) was redshifted, and the absorption range was 200–800 nm. This indicates that
the doping of MoS2 could effectively improve the utilization ratio of the photocatalyst in
visible light, and the light absorption of the photocatalyst was enhanced, thus achieving the
purpose of improving the photocatalytic activity of CNM (1:2). The plots of the transformed
Kubelka–Munk function versus the photon energy of g-C3N4 and CNM (1:2) are shown
in Figure 5b. The value of the band gap can be calculated according to the formula
(ahv)1/2 = A(hv−Eg), hv = hc/λ; the results show that the band gaps of g-C3N4 and CNM
(1:2) are 2.72 and 2.31 eV, respectively. The doping of MoS2 is beneficial to narrowing the
band gap and reducing the recombination rate of photo-generated electrons and holes.

 
(a) (b) 

Figure 5. (a) UV–vis diffuse reflectance spectra. (b) Plots of the transformed Kubelka–Munk function
versus the photon energy of g-C3N4 and CNM (1:2).

2.1.6. PL Spectra

The separation and transfer ability of photo-excited carriers in the g-C3N4, MoS2 and
CNM (1:2) are measured with PL spectra. As displayed in Figure 6, the g-C3N4 and CNM
(1:2) exhibited broad peaks at 435 nm. g-C3N4 showed a stronger fluorescence emission
peak intensity, which indicates the higher recombination efficiency of the electron–hole
pairs. After adding MoS2, the CNM (1:2) showed a low PL intensity, the carrier separation
efficiency was enhanced, and the electron pairs’ separation rate was reduced in the CNM
(1:2) nanocomposite. Therefore, the results confirmed the photocatalytic performance of
CNM (1:2) increased.
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Figure 6. PL spectra of g-C3N4, MoS2, and CNM (1:2).

2.1.7. Transient Photocurrent Responses

The separation and transfer of photo-excited carriers on g-C3N4 MoS2 and CNM (1:2)
were investigated. The transient photocurrent spectrum of the samples is shown in Figure 7.
The CNM (1:2) showed the highest photocurrent density during the samples; it showed
that the separation efficiency of the photogenerated electrons and holes is significantly
improved after the doping MoS2. This result confirms that CNM (1:2) can effectively reduce
the recombination rate of electrons and holes, thereby increasing the photocatalytic activity
of the photocatalysts.

Figure 7. Transient photocurrent responses of g−C3N4 MoS2 and CNM (1:2).

2.2. Photocatalysis
2.2.1. Photocatalytic Performance of Different Photocatalysts

The removal rates and the pseudo-first-order reaction kinetics of Cr (VI) by g-C3N4,
MoS2, CNM (1:1), CNM (1:2), CNM (1:4), CNM (2:1), and CNM (4:1) were shown in
Figure 8a,b. In order to select the optimal ratio of g and m, we prepared photocatalysts with
different mass ratios, as shown in Figure 8a, the results show that doping with different
MoS2 masses has a great influence on the photocatalytic activity of the photocatalysts.
When the mass ratio of g-C3N4 to MoS2 was 2:1 (CNM (1:2)), it had the best rate of removal
of Cr (VI). At the same time, the pseudo-first-order reaction kinetics model shows that
the reaction rates of g-C3N4, MoS2, CNM (1:1), CNM (1:2), CNM (1:4), CNM (2:1) and
CNM (4:1) are, respectively, 0.0006, 0.0010, 0.0028, 0.0102, 0.0052, 0.0022, and 0.0018 min−1.
It was found that when the content of MoS2 was too high, the removal efficiency of
Cr (VI) was decreased. Excessive MoS2 made the charge transfer rate too fast, which
increases the recombination probability of photo-generated electrons and holes; therefore,
the photocatalytic activity decreased.
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Figure 8. (a) The removal of Cr (VI) by different photocatalysts. (b) Pseudo−first−order reaction
kinetics. (c) Photocatalytic removal of Cr (VI) under ultraviolet light. (d) Photocatalytic removal of Cr
(VI) under solar light. (e) Effect of pH. (f) Effect of initial concentration. (g) Effect of photocatalytic
dosage. (h) Recyclability of CNM (1:2).

In order to investigate the removal ability of photocatalysts, we explored the Cr (VI)
removal rate of photocatalysts under different forms of light illumination (ultraviolet light,
solar light, and visible light), and the results displayed in Figure 8c,d. The removal rate
of Cr (VI) by CNM (1:2) was 91.6% under the illumination of ultraviolet light, and the
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removal rate of Cr (VI) was 91% and 86% under solar light and visible light, respectively.
The results revealed that with the different forms of light irradiation, the photocatalytic
removal performance of Cr (VI) had a weak effect. At the same time, we investigated the
effects of pH value, initial concentration, and dosage on the removal rate (in Figure 8e–g),
The experimental results show that with the increase in the pH value, the reducibility of the
photocatalyst to Cr (VI) decreases gradually. When the solution is neutral or alkaline, the
removal rate of Cr (VI) reduced to 40%, but the removal rate is as high as about 65% under
weak acid conditions, which affirms that photocatalysts have a high application range.
The stability of the photocatalysts was experimentally assessed three times under visible
light (in Figure 8h), and the results showed that the CNM (1:2) photocatalysts still had
strong photocatalytic activity after multiple cycles. This effectively solves the shortcomings
of traditional photocatalysts that can only remove Cr (VI) under strong acid conditions
and provides data support for the practical engineering application of photocatalysts in
the future.

2.2.2. Scavenging Study

In order to investigate the main reactive radicals in the reactions, scavenger tests were
performed and the results are displayed in Figure 9a. In this study, ethylenediaminete-
traacetic acid disodium salt (EDTA−2Na), potassium persulfate (K2S2O8), and ascorbic
acid (C6H8O6) were used as the scavenger for scavenge holes (h+), electrons (e−), and
superoxide radicals (·O2

−), respectively. The test results showed that the removal of Cr (VI)
by the CNM (1:2) photocatalyst was significantly decreased after the addition of K2S2O8,
which implied that the e− played an important role in the removal of Cr (VI), and the results
displayed that the addition of ascorbic acid and EDTA-2Na have a slight influence on the
removal of Cr (VI), which shows that ·O2

− and h+ do not play a key role in the reaction.

 
(a) (b) 

Figure 9. (a) The effect of reactive scavengers. (b) Variation in Cr valence at different reaction times.

To evaluate the reaction mechanism of CNM (1:2)’s photocatalytic reduction of Cr
(VI), an inductively coupled plasma–mass spectrometer (ICP-MS) was used to analyze
the concentration of chromium. Ultraviolet-visible spectrophotometry was performed
to measure the concentration of Cr (VI), which can determine the valence state change
of chromium during the reaction (Figure 9b). The results show that the content of total
chromium did not change with the increase in reaction time, but the concentration of Cr (VI.)
decreased with the increase in light time. The presence of chromium in aqueous solution
mainly includes Cr (III) and Cr (VI), from which it can be inferred that with the increase
in reaction time, Cr (VI) in water is reduced to Cr (III). The content of total chromium in
the solution remains unchanged, which indicates that the Cr (VI) in the water is reduced
to Cr (III) by photocatalysis during the reaction process. Chromium is mainly present in
water in the form of minimally toxic Cr (III) instead of being adsorbed on the surface of the
photocatalyst; this means it will not form a buildup on the surface of the material and affect
the performance of the photocatalyst, which is beneficial for recycling of photocatalysts.
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2.2.3. Mechanisms of Photocatalysis

A possible photocatalytic mechanism of CNM (1:2) removal Cr (VI) is shown in
Figure 10. Additionally, the figure shows that under the excitation of light, a large number
of electron and hole pairs are generated on the surface of photocatalysts, which greatly
increases the activity of the photocatalyst for pollutant removal [54]. The band gap of CNM
(1:2) was significantly narrower than that of the g-C3N4 and MoS2, which is due to the
photoexcited electrons’ (e−) transition from the conduction band (CB) of g-C3N4 to the CB
of MoS2, and the holes’ (h+) transition from the valence band (VB) of MoS2 to the VB of
g-C3N4, which is beneficial to the narrowing of the band gap and reduces the recombination
rate of photo-generated electrons and holes. The photocatalyst can absorb more energy
under the same light conditions and be excited to generate more photo-generated electron–
hole pairs, thus improving the photocatalytic performance of CNM (1:2) and enhancing
the removal rate of Cr (VI) by CNM (1:2). This is due to Z-scheme heterojunction formed
between g-C3N4 and MoS2 [44]. The reaction equation is shown in Equations (1)–(4).

g-C3N4 + hv → g-C3N4 (e− + h+) (1)

g-C3N4 + MoS2 → g-C3N4 + MoS2(e−) (2)

MoS2 (e−) + O2 → MoS2 + ·O2
− (3)

Cr (VI) + e− → Cr (III) (4)

Figure 10. The mechanism for removal of Cr (VI) by CNM (1:2).

3. Materials and Methods

3.1. Materials

Thiourea (H2NCSNH2, AR) was purchased from Hengxing chemical preparation(Tianjin,
China), ammonium molybdate ((NH4)6Mo7O24·4H2O, AR) was acquired from Taishan
Chemical Plant (Shandong, China), urea (H2NCONH2, AR) was obtained from Tianjin
Zhiyuan chemical reagent co(Tianjin, China), ethylenediaminetetraacetic acid disodium
salt (EDTA-2Na), potassium persulfate (K2S2O8), ascorbic acid (C6H8O6), hydrochlo-
ric acid (HCL), and sodium hydroxide (NaOH) were obtained from Xilong scientific
(Guangzhou, China).

3.2. Preparation of Photocatalysts
3.2.1. Preparation of g-C3N4

g-C3N4 was prepared by the thermal polymerization method. Then, 20 g of urea were
loaded into a crucible and wrapped in tin foil, with a 5 ◦C·min−1 heating rate, before being
kept at 550 ◦C for 4 h. After cooling to room temperature, the yellow g-C3N4 was obtained,
using an agate mortar grind to obtain the powdered g-C3N4.
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3.2.2. Preparation of MoS2

The MoS2 was prepared by the hydrothermal method. Then, 0.4 g ammonium molyb-
date ((NH4)6Mo7O24·4H2O) and 0.8 g thiourea (H2NCSNH2) were added to 10 mL of
deionized water, stirred for 30 min, and ultrasound-treated for 30 min. The solution was
transferred to a hydrothermal reactor and heated for 10 h at 200 ◦C, after which the solu-
tion was cooled to room temperature and strained and washed with deionized water and
anhydrous ethanol 3 times, aiming to remove any impurities. The samples were kept at
60 ◦C for 12 h; the black MoS2 was obtained using an agate mortar to grind it into a powder
(which was bagged for later use).

3.2.3. Preparation of g-C3N4/MoS2 with Different Mass Ratios

g-C3N4/MoS2 with different mass ratios was prepared by the ultrasonic method. The
0.2 g g-C3N4 and 0.4 g MoS2 were added to 400 mL of deionized water and ultrasound-
treated for 180 min. The g-C3N4/MoS2 was obtained and denoted CNM (1:2); the CNM
(1:4), CNM (2:1), CNM (4:1), and CNM (1:1) were obtained in the same way, and the
different samples were obtained by changing the mass ratios of g-C3N4 and MoS2, as
shown in Figure 11.

Figure 11. The preparation process of photocatalysts.

3.3. Characterization of Photocatalysts

The crystal structures of the photocatalysts were characterized by X-ray diffraction
(XRD, Rigaku SmartLab SE, Rigaku Corp., Tokyo, Japan) with Cu-kα radiation. The
morphology and structure of the photocatalysts were determined using scanning electron
microscopy (SEM, TESCAN MIRA LMS, TESCAN CHINA, Ltd., Shanghai, China). X-ray
photoelectron spectroscopy (XPS, Thermo Scientific k-Alpha, Thermo Fisher Scientific Co.,
Ltd., Shanghai, China) was used to characterize the elemental composition and valence
state of the photocatalysts. The optical properties of photocatalysts were measured using
a UV–visible spectrophotometer (UV–vis, UV-3600i plus, Shimadzu Corp., Kyoto, Japan).
The surface area and pore size of photocatalysts were tested by the Brunauer–Emmett–Teller
method (BET, Micromeritics ASAP2460, Micromeritics Corp., Norcross, GA, USA). The
steady and transient photoluminescence spectra of photocatalysts were assessed using a
fluorescence spectrometer (PL, FLS980, Edinburgh Instruments Ltd., Shanghai, China). The
metal element content was tested using an inductively coupled plasma–mass spectrometer
(ICP-MS, PerkinElmer NexION 2000, Perkinelmer, MS, USA).

3.4. Photocatalytic Tests

The photocatalytic performance of g-C3N4, CNM (1:2), CNM (1:4), CNM (2:1), CNM
(4:1) and CNM (1:1) was tested in the photoreactor. A 300 W Xe lamp supported by CEL-
LAM with a cutoff filter (λ > 420 nm) was used as the source of solar light and visible light.
CEL-LAM 500 was the source of UV light, and the reaction took place at room temperature.
A 10 mg photocatalyst was put into the 100 mL Cr (VI) solution (20 mg·L−1), and the pH
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value was 3. The photocatalyst and the 20 mg·L−1 Cr (VI) solution were stirred in the dark
for 30 min to achieve adsorption–desorption equilibrium, and 2 mL of solution was taken
each time to analyze the concentration of Cr (VI). After turning on the light source, samples
were taken at 20, 40, 60, 80, 100, and 120 min, respectively. The same 2 mL of solution was
taken at a time and filtered using a biofilter membrane (0.45 μm) to obtain a filtrate without
photocatalyst. We then determined the water quality and amount of chromium (VI)-1,5
dtphenylcarbohydrazide using a spectrophotometric method (GB 7467-87) [55] to analyze
the concentration of hexavalent chromium. The removal rate (%) was calculated according
to Equation (5):

removal rate (%) =
C0 − Ct

C0
× 100% (5)

C0: the initial concentration of Cr (VI); Ct: the concentration of Cr (VI) at the corre-
sponding time.

4. Conclusions

Z-scheme g-C3N4/MoS2 nanocomposite heterojunctions were successfully synthe-
sized using an ultrasonic method and demonstrated efficient photocatalytic removal of
toxic Cr (VI) from water under UV, visible, and solar light irradiation. The nanocomposites,
especially those with the optimized 1:2 g-C3N4/MoS2 ratio, exhibited enhanced photoac-
tivity compared to pure g-C3N4, with over 90% Cr (VI) removal achieved. The superior
performance is attributed to the combined effects of the narrowed heterostructure band
gap, which enables visible light response, and the effective separation of photo-generated
electron–hole pairs at the interfaced junction between the two semiconductors. The results
showed that the MoS2 could be located at the g-C3N4, which was beneficial for the enhance-
ment of photocatalytic activity, owing to the g-C3N4/MoS2 nanocomposites having a broad
range of light response and the separation and transfer efficiencies of photo-generated
electron–hole pairs being improved. Overall, this work highlights the promise of ultrasoni-
cally synthesized g-C3N4/MoS2 nanocomposites for tackling the pressing environmental
challenge of heavy metal wastewater treatment using solar-driven photocatalysis. Fur-
ther optimization to translate this efficient lab-scale Cr (VI) remediation to real-world
applications should be pursued.
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Abstract: A mild, visible-light-induced, regioselective cascade sulfonylation-cyclization of 1,5-dienes
with sulfonyl chlorides through the intermolecular radical addition/cyclization of alkenes C(sp2)-H
was developed. This procedure proceeds well and affords a mild and efficient route to a range of
monosulfonylated pyrrolin-2-ones at room temperatures.

Keywords: regioselective; dienes; radical; cyclization; pyrrolin-2-ones

1. Introduction

Pyrrolin-2-ones, which constitute one of the most prominent classes of skeletons
exhibiting unique biological activities, are prevalent in a large number of biological
pharmaceutical molecules [1,2] and natural products, like chaetogline, violacein, and
hypomycine [3–6] (Figure 1). In this context, considerable effort has been focused in estab-
lishing such valuable frameworks, but most of these methods suffer from transition metals
or harsh reaction conditions [7–12]. Therefore, developing general and effective synthetic
methods for pyrrolin-2-ones and its derivatives with mild conditions has been attracting in-
creasing attention and largely promote progress in this area [13–18]. On the other hand, the
photoinduced radical cascade cyclization reaction has become a powerful tool to construct
N-containing heterocycles because of its extremely high efficiency, inherently green, infinite
availability, safety, and ease of operation [19–24]. However, such an efficient strategy for
the synthesis of pyrrolin-2-ones has rarely been reported [25].

 

Figure 1. Examples of compounds containing pyrrolin-2-ones.

Sulfones constitute an important class of functional groups in organic synthesis that
can participate in various chemical transformations [26,27] and that are found widely
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in the structures of natural products [28–30]. The introduction of sulfonyl functional
groups can cause molecules to exhibit unique biological activity [31,32]. In this regard, a
considerable amount of effort has been devoted to the development of efficient, simple,
and convenient methods for synthesizing sulfonyl-containing compounds [33–38]. Among
the many approaches, the difunctionalization of alkenes through a radical process has
been used to prepare several sulfone-containing compounds [39–48]. Sulfonyl chloride is a
readily available and easily handled source of the sulfonyl moiety and is commonly used to
generate sulfonyl radicals under visible light conditions; major advances have focused on
reactions with heteroaryl or aryl-tethered alkenes to produce sulfonyl-containing aromatic
compounds (Scheme 1a) [49–55]. Nevertheless, the reactions of vinyl-tethered alkenes
remain elusive [56,57].

 
Scheme 1. Radical cyclization of tethered alkenes. Challenge i: Regioselectivity of sulfone radical
addition; Challenge ii: Two pathway of cyclization; Challenge iii: 3,4-disulfonated pyrrolin-2-ones.

Considering the significance of pyrrolinones and the importance of sulfone moieties
in organic synthesis. Herein, we aimed to develop an unprecedented visible-light-induced
photoredox-catalyzed reaction of linear 1,5-dienes with sulfonyl chlorides via regioselective
sulfonylation and 5-endo cyclization to produce important pyrrolinones (Scheme 1b).
However, three challenges hinder the successful development of such a process: (i) The
selective addition of the sulfone radical between two carbon-carbon double bonds is
challenging. (ii) 6-Exo cyclization competes with the desired reaction and needs to be
restricted. (iii) The C=C bond in the target product continues to react with the sulfonyl
radical to afford 3,4-disulfonated pyrrolin-2-ones.

We then focused on the reaction of N-acetyl-N-(1-phenylvinyl)methacrylamide 1a and
p-toluenesulfonyl chloride 2a. To our delight, when the reaction was performed in the
presence of a catalytic amount of fac-Ir(ppy)3 and equivalent of Na2CO3 in CH2Cl2 under
irradiation with 20 W white LEDs (Light-Emitting Diodes) for 16 h, the target sulfonylated
pyrrolinone 3a could be isolated in 57% yield (Table 1, entry 1). Subsequently, other
photocatalysts, such as Ru(bpy)3Cl2 and eosin Y, were investigated, but all failed to obtain
product 3a (entries 2, 3). After examining various bases, such as Li2CO3 (59%), NaHCO3
(64%), K3PO4 (72%), and Na3PO4 (63%), K3PO4 was determined to be the best base (entries
4–8). A variety of solvents, including DCE (1,2-dichloroethane), CHCl3, acetone, toluene,
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THF (tetrahydrofuran), and EtOAc, were subsequently screened, but the yield of product
3a was not promoted (entries 9–14). Next, the amounts of K3PO4 were evaluated (entries
15, 16). Using 1.5 equiv. of K3PO4 improved the yield of product 3a by 79%. When the
light source was changed to 5 W white LEDs, product 3a was afforded in the same yield as
previously obtained (entries 15 vs. 17). The results of the control experiments showed that
visible light, photocatalyst [fac-Ir(ppy)3], and base K3PO4 were necessary for this reaction
(entries 18–20).

Table 1. Optimization of the reaction conditions a.

Entry Catalyst (1 mol%) Base (Equiv.) Solvent Yield b

1 fac-Ir(ppy)3 Na2CO3 (1.0) CH2Cl2 57%
2 Ru(bpy)3Cl2 Na2CO3 (1.0) CH2Cl2 trace
3 Eosin Y Na2CO3 (1.0) CH2Cl2 trace
4 fac-Ir(ppy)3 K2CO3 (1.0) CH2Cl2 66%
5 fac-Ir(ppy)3 Li2CO3 (1.0) CH2Cl2 59%
6 fac-Ir(ppy)3 NaHCO3 (1.0) CH2Cl2 64%
7 fac-Ir(ppy)3 K3PO4 (1.0) CH2Cl2 72%
8 fac-Ir(ppy)3 Na3PO4 (1.0) CH2Cl2 63%
9 fac-Ir(ppy)3 K3PO4 (1.0) DCE 55%

10 fac-Ir(ppy)3 K3PO4 (1.0) CHCl3 62%
11 fac-Ir(ppy)3 K3PO4 (1.0) Acetone 67%
12 fac-Ir(ppy)3 K3PO4 (1.0) Toluene 44%
13 fac-Ir(ppy)3 K3PO4 (1.0) THF 59%
14 fac-Ir(ppy)3 K3PO4 (1.0) EtOAc 32%
15 fac-Ir(ppy)3 K3PO4 (1.5) CH2Cl2 79%
16 fac-Ir(ppy)3 K3PO4 (2.0) CH2Cl2 79%

17 c fac-Ir(ppy)3 K3PO4 (1.5) CH2Cl2 79%
18 c ------ K3PO4 (1.5) CH2Cl2 0%
19 c fac-Ir(ppy)3 ------ CH2Cl2 16%
20 d fac-Ir(ppy)3 K3PO4 (1.5) CH2Cl2 0%

a Reaction conditions: 1a (0.1 mmol), 2a (0.2 mmol), and catalyst (1 mol%) in solvent (1 mL), which were irradiated
with 20 W white LEDs at room temperature under N2 for 16 h. b Isolated yields. c 5 W white LEDs was used.
d The reaction was conducted in darkness.

2. Results and Discussion

After obtaining the optimal reaction conditions, we embarked upon exploring the
substrate scope of 1,5-dienes. Different R1, R2, R3 and R4 groups of 1,5-dienes were tested
with p-toluenesulfonyl chloride 2a; the results are shown in Figure 2. Substrates with
halogen atoms (F, Cl, Br, and I) and electron-donating groups (Me and MeO) at the para-
positions of the benzene ring proceeded well to give target products 3b–3g and 3g–3h in
medium to good yields. Gratifyingly, the CO2Et group at the para-position of the benzene
ring furnished product 3f in an acceptable yield. The reactivity of substituents at the
meta- or ortho-position was also tested, achieving yields of products 3i–3l from 46% to
82%. Notably, substrates with an ethyl group at the β-position of the enamide moiety or
an n-butyl group at the α-position of the acrylamide moiety smoothly converted to the
corresponding product 3m or 3n in 85% yield or 62% yield. In addition, using propionyl
or isobutyryl as the nitrogen-protecting groups was viable for this reaction to give target
products 3o and 3p in considerable yields.
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Figure 2. Substrate Scope of 1,5-dienes. Reaction conditions: 1 (0.1 mmol), 2a (0.2 mmol), and Ir(ppy)3

(1 mol%) in CH2Cl2 (1 mL) were irradiated with 5 W white LEDs at room temperature under N2 for
16 h. The yields were isolated yields.

Next, we moved on to explore the generality of various sulfonyl chlorides (Figure 3).
Arylsulfonyl chlorides bearing electron-rich (Me, MeO, and t-Bu) groups at different posi-
tions worked well, giving corresponding sulfones 4b–4e in 66–84% yield. Electron-poor
arylsulfonyl chlorides, such as Br, I, CN, CF3, and NO2 groups on the benzene ring, allowed
the formation of product 4f–4j in 41% to 78% yield with the need for 20 W white LEDs
as the light source. It is noteworthy that arylsulfonyl chlorides having substituents at
the ortho-position were inferior to those at the para- or meta-position, mainly because
of the large steric hindrance of the ortho-position (4b vs. 4e and 4k vs. 4l). Remarkably,
2-thiophenesulfonyl chloride survived under the current conditions to achieve product
4m in 62% yield. Moreover, alkyl-substituted sulfonyl chlorides, such as cyclopropyl and
ethyl, were applicable for this reaction and transferred to 4n and 4o in 68% and 62% yield,
respectively.
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Figure 3. Substrate scope of sulfonyl chlorides. Reaction conditions: a mixture of 1a (0.1 mmol),
2 (0.2 mmol), and Ir(ppy)3 (1 mol%) in CH2Cl2 (1 mL), which were irradiated with 5 W white LEDs at
room temperature under N2 for 16 h. The yields were isolated yields. c 20 W white LEDs were used.

In order to further expand the practicality of the reaction, a gram scale reaction and
removal of OAc group of compound 4a were conducted. We were delighted to obtain the
sulfonylated pyrrolinone 4a in 78% yield with a prolonged time when the reaction was
taken on 1 mmol scale (Scheme 2, (1)). Furthermore, with the addition of n-BuLi in THF at
−78 ◦C, the compound 4a could smoothly remove the OAc group, which generated the
product 4aa in 84% yield (Scheme 2, (2)).

 

Scheme 2. Gram−scale reaction and removal of OAc group. (1): Gram-scale reaction; (2): Removal
of OAc group.
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To shed the possible mechanism of this visible-light-induced sulfonylation-cyclization
of 1,5-dienes, some control experiments were carried out (Scheme 3). When 2.0 equiv-
alents of TEMPO or 1,1-diphenylethylene was added to the reaction of 1,5-diene and
p-toluenesulfonyl chloride under standard conditions, the transformation was completely
suppressed, suggesting that a free-radical pathway may be involved in this sulfonylation-
cyclization reaction. In addition, visible-light irradiation on/off experiments were per-
formed on the model reaction, and the results show that a long-chain process was unlikely
to be involved in this reaction (see Supplementary Materials).

 
Scheme 3. Mechanistic studies. (1): TEMPO (2.0 equiv.) was added; (2): 1,1-diphenylethylene
(2.0 equiv.) was added.

According to the above experimental results and previous literature reports [13–18], we
propose a possible mechanism for visible-light-induced regioselective cascade sulfonylation-
cyclization of 1,5-dienes (Scheme 4). First, the photocatalyst [fac-Ir(ppy)3] under visible
light irradiation is excited to form the strongly reducing state *[fac-Ir(ppy)3]. A single
electron transfer between *[fac-Ir(ppy)3] and p-toluenesulfonyl chloride produces the p-
toluenesulfonyl radical and oxidation state [fac-Ir(ppy)3]+. Second, the p-toluenesulfonyl
radical was selectively added to the terminal carbon-carbon double bond of acrylamide of
1,5-diene, followed by a 5-endo cyclization to produce radical species II [58,59]. Although
5-endo cyclizations are often less favorable kinetically than their 4-exo cyclizations, the
switch from 4-exo to 5-endo mode can be achieved through specific properties of the Ts
radical [60,61]. The high regioselectivity can be explained by the reason that the rate of
sulfonyl radical addition to the carbo–carbon double bond of acrylamide is much greater
than to the enamine carbon–carbon double bond. Third, radical species II loses an electron
by the oxidation of photocatalyst [fac-Ir(ppy)3]+ to forge tertiary cation intermediate III
and to regenerate photocatalyst [fac-Ir(ppy)3] for the next turnover. Last, deprotonation of
cation intermediate III occurs in the presence of K3PO4, giving sulfonylated pyrrolinone
3a. However, since the presence of base is important for the reaction, it cannot be ruled
out that the radical II is directly deprotonated by the base to form radical anion, which is
oxidized by the photocatalyst [fac-Ir (ppy)3]+ [62]. It is notable that arylsulfonyl radicals are
prone to loss of SO2 to form aryl radicals, which could induce the cyclization of 1,5-dienes
in the same way as arylsulfonyl radicals, but the corresponding products have not been
found in this system [63–68].
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hv

Scheme 4. Proposed reaction mechanism.

3. Materials and Methods

3.1. General Considerations

All the reagents purchased from Leyan company were directly used. 1H-NMR and
13C-NMR spectra of the products were recorded on a Bruker FT-NMR 400M or 600M
spectrometer (Bruker Beijing Scientific Technology Co., Ltd., Beijing, China). Chemical
shifts spectra are given as δ in the units of parts per million (ppm) with reference to
tetramethylsilane (TMS). Multiplicities were indicated as follows: d (doublet); s (singlet);
t (triplet); q (quartet); m (multiplets); etc. Coupling constants are reported as a J value in
Hz. High-resolution mass spectral analysis (HRMS) of the products were collected on an
Agilent Technologies 6540 UHD Accurate-Mass Q-TOF LC/MS (ESI) instrument (Beijing
Agilent Technologies Co., Ltd, Beijing, China).

3.2. Typical Procedure for the Preparation of 3a

1,5-dienes 1a (0.1 mmol), sulfonyl chlorides 2a (0.2 mmol), fac-Ir(ppy)3 (1 mol%),
K3PO4 (1.5 equiv.), and CH2Cl2 (1 mL) were added into a dry 25 mL Schlenk tube containing
a magnetic stirring bar under nitrogen atmosphere, Then the mixture was stirred and
irradiated with 5 W white LEDs at room temperature for 16 h. After completing, the reaction
mixture was directly subjected to flash column chromatography (10–40% EtOAc/Petroleum
ether) to obtain the desired product 3a as a white solid (79% yield).

3.3. Procedure for the Synthesis of the Coupling Product 4aa

n-BuLi (2.5 M, 0.24 mmol) was slowly added to the solution of compound 4a (0.2 mmol)
and THF (8 mL) at −78 ◦C. After 15 min, the reaction increased to room temperature. After
completing, 8 mL water was added to quench the reaction and the mixture was extracted
with 10 mL dichloromethane 3 times. The combined dichloromethane phases were dried
over CaCl2, concentrated in vacuo and purified by flash column chromatography (30–40%
EtOAc/petroleum ether) to furnish the desired product 4aa as a white solid (84% yield).

1-Acetyl-3-methyl-5-phenyl-3-(tosylmethyl)-1H-pyrrol-2(3H)-one (3a): 1H NMR (600 MHz,
CDCl3) δ 7.71 (d, J = 8.3 Hz, 2H), 7.37–7.34 (m, 3H), 7.27 (d, J = 8.1 Hz, 2H), 7.24 (dd, J = 6.6,
3.0 Hz, 2H), 5.51 (s, 1H), 3.69 (d, J = 14.4 Hz, 1H), 3.46 (d, J = 14.4 Hz, 1H), 2.49 (s, 3H), 2.42
(s, 3H), 1.39 (s, 3H). δ 13C NMR (151 MHz, CDCl3) δ 179.60, 169.23, 145.06, 142.87, 136.57,
129.89, 128.50, 128.21, 127.88, 126.78, 115.54, 62.17, 47.76, 26.01, 24.57, 21.61.

1-Acetyl-5-(4-fluorophenyl)-3-methyl-3-(tosylmethyl)-1H-pyrrol-2(3H)-one (3b): 1H NMR
(400 MHz, CDCl3) δ 7.71 (d, J = 8.2 Hz, 2H), 7.29 (d, J = 8.1 Hz, 2H), 7.26–7.20 (m, 2H),
7.05 (t, J = 8.7 Hz, 2H), 5.53 (s, 1H), 3.69 (d, J = 14.3 Hz, 1H), 3.45 (d, J = 14.3 Hz, 1H), 2.50 (s,

299



Molecules 2023, 28, 5473

3H), 2.43 (s, 3H), 1.39 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 179.56, 169.33, 162.72 (J = 252 Hz),
145.15, 142.02, 136.61, 129.94, 128.85, 128.77, 128.14, 115.66, 115.06, 114.85, 62.22, 47.69, 26.05,
24.53, 21.63. 19F NMR (565 MHz, CDCl3) δ-112.68.

1-Acetyl-5-(4-chlorophenyl)-3-methyl-3-(tosylmethyl)-1H-pyrrol-2(3H)-one (3c): 1H NMR
(600 MHz, CDCl3) δ 7.70 (d, J = 8.3 Hz, 2H), 7.33 (d, J = 8.5 Hz, 2H), 7.29 (d, J = 8.0 Hz,
2H), 7.19 (d, J = 8.5 Hz, 2H), 5.56 (s, 1H), 3.68 (d, J = 14.3 Hz, 1H), 3.45 (d, J = 14.3 Hz, 1H), 2.50
(s, 3H), 2.43 (s, 3H), 1.39 (s, 3H). 13C NMR (151 MHz, CDCl3) δ 179.46, 169.26, 145.16, 141.90,
136.55, 134.39, 131.26, 129.94, 128.23, 128.13, 128.13, 116.05, 62.19, 47.74, 25.97, 24.48, 21.62.

1-acetyl-5-(4-bromophenyl)-3-methyl-3-(tosylmethyl)-1H-pyrrol-2(3H)-one (3d). 1H NMR
(600 MHz, CDCl3) δ 7.70 (d, J = 8.2 Hz, 2H), 7.49 (d, J = 8.4 Hz, 2H), 7.29 (d, J = 8.0 Hz,
2H), 7.13 (d, J = 8.4 Hz, 2H), 5.56 (s, 1H), 3.68 (d, J = 14.3 Hz, 1H), 3.44 (d, J = 14.3 Hz, 1H), 2.50
(s, 3H), 2.43 (s, 3H), 1.39 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 179.45, 169.27, 145.19, 141.95,
136.53, 131.74, 131.08, 129.96, 128.49, 128.14, 122.60, 116.10, 62.18, 47.77, 25.99, 24.47, 21.65.

1-Acetyl-5-(4-iodophenyl)-3-methyl-3-(tosylmethyl)-1H-pyrrol-2(3H)-one (3e). 1H NMR
(400 MHz, CDCl3) δ 7.69 (dd, J = 8.0, 2.4 Hz, 4H), 7.29 (d, J = 7.9 Hz, 2H), 6.99 (d, J = 7.6 Hz,
2H), 5.56 (s, 1H), 3.69 (d, J = 14.2 Hz, 1H), 3.45 (d, J = 14.3 Hz, 1H), 2.50 (s, 3H), 2.43 (s, 3H),
1.38 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 179.41, 169.24, 145.16, 141.99, 136.97, 136.44, 132.28,
129.93, 128.55, 128.11, 116.10, 94.28, 62.12, 47.75, 25.95, 24.44, 21.63.

Methyl-4-(1-acetyl-4-methyl-5-oxo-4-(tosylmethyl)-4,5-dihydro-1H-pyrrol-2-yl)benzoate (3f).
1H NMR (600 MHz, CDCl3) δ 8.03 (d, J = 8.3 Hz, 2H), 7.70 (d, J = 8.2 Hz, 2H), 5.61 (s, 1H),
3.93 (s, 3H), 3.70 (d, J = 14.4 Hz, 1H), 3.48 (d, J = 14.4 Hz, 1H), 2.52 (s, 3H), 2.42 (s, 3H), 1.40
(s, 3H). 13C NMR (151 MHz, CDCl3) δ 179.34, 169.17, 166.61, 145.19, 142.05, 137.21, 136.50,
129.95, 129.20, 128.14, 126.77, 116.93, 62.17, 52.20, 47.90, 25.85, 24.43, 21.62.

1-Acetyl-3-methyl-5-p-tolyl-3-(tosylmethyl)-1H-pyrrol-2(3H)-one (3g). 1H NMR (400 MHz,
CDCl3) δ 7.71 (d, J = 8.3 Hz, 2H), 7.27 (d, J = 8.1 Hz, 2H), 7.17 (d, J = 8.1 Hz, 2H), 7.13 (d,
J = 8.3 Hz, 2H), 5.49 (s, 1H), 3.69 (d, J = 14.4 Hz, 1H), 3.45 (d, J = 14.4 Hz, 1H), 2.47 (s, 3H),
2.42 (s, 3H), 2.38 (s, 3H), 1.39 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 179.68, 169.28, 145.03,
142.88, 138.45, 136.57, 129.90, 129.76, 128.62, 128.26, 126.71, 114.96, 62.18, 47.72, 26.09, 24.61,
21.62, 21.37.

1-Acetyl-5-(4-methoxyphenyl)-3-methyl-3-(tosylmethyl)-1H-pyrrol-2(3H)-one (3h). 1H NMR
(400 MHz, CDCl3) δ 7.71 (d, J = 8.3 Hz, 2H), 7.20–7.10 (m, 2H), 6.89 (d, J = 8.8 Hz, 2H), 5.45
(s, 1H), 3.84 (s, 3H), 3.69 (d, J = 14.3 Hz, 1H), 3.45 (d, J = 14.4 Hz, 1H), 2.48 (s, 3H), 2.42 (s, 3H), 1.38
(s, 3H). 13C NMR (101 MHz, CDCl3) δ 179.75, 169.41, 159.75, 145.04, 142.62, 136.59, 129.89, 128.25,
128.23, 125.05, 114.47, 113.35, 62.21, 55.32, 47.64, 26.17, 24.65, 21.63.

1-Acetyl-5-(3-bromophenyl)-3-methyl-3-(tosylmethyl)-1H-pyrrol-2(3H)-one (3i). 1H NMR
(600 MHz, CDCl3) δ 7.70 (d, J = 8.0 Hz, 2H), 7.47 (d, J = 7.7 Hz, 1H), 7.35 (s, 1H), 7.31 (d,
J = 8.0 Hz, 2H), 7.22 (t, J = 7.9 Hz, 1H), 7.16 (d, J = 7.7 Hz, 1H), 5.51 (s, 1H), 3.69 (d, J = 14.4 Hz,
1H), 3.47 (d, J = 14.4 Hz, 1H), 2.52 (s, 3H), 2.45 (s, 3H), 1.39 (s, 3H). 13C NMR (151 MHz, CDCl3)
δ 179.33, 169.17, 145.20, 141.52, 136.52, 134.71, 131.45, 129.99, 129.66, 129.33, 128.17, 125.56,
121.91, 116.51, 62.15, 47.79, 25.89, 24.43, 21.66.

1-Acetyl-3-methyl-5-m-tolyl-3-(tosylmethyl)-1H-pyrrol-2(3H)-one (3j). 1H NMR (400 MHz,
CDCl3) δ 7.74–7.66 (m, 2H), 7.28 (d, J = 7.9 Hz, 2H), 7.24 (d, J = 7.6 Hz, 1H), 7.16 (d, J = 7.6 Hz,
1H), 7.05 (s, 1H), 7.02 (d, J = 7.6 Hz, 1H), 5.49 (s, 1H), 3.69 (d, J = 14.3 Hz, 1H), 3.46 (d,
J = 14.4 Hz, 1H), 2.49 (s, 3H), 2.43 (s, 3H), 2.37 (s, 3H), 1.39 (s, 3H). 13C NMR (101 MHz,
CDCl3) δ 179.64, 169.22, 145.03, 142.97, 137.58, 136.58, 132.58, 129.92, 129.34, 128.26, 127.76,
127.32, 123.89, 115.35, 62.17, 47.76, 26.05, 24.58, 21.63, 21.46.

1-Acetyl-5-(2-chlorophenyl)-3-methyl-3-(tosylmethyl)-1H-pyrrol-2(3H)-one (3k). 1H NMR
(600 MHz, CDCl3) δ 7.78 (d, J = 8.0 Hz, 2H), 7.43 (s, 1H), 7.34 (dt, J = 14.4, 4.1 Hz, 5H), 5.68
(s, 1H), 3.66 (s, 1H), 3.44 (d, J = 14.2 Hz, 1H), 2.44 (d, J = 9.1 Hz, 6H), 1.45 (s, 3H). 13C NMR
(151 MHz, CDCl3) δ 178.67, 168.78, 145.16, 132.80, 129.98, 129.92, 129.82, 128.88, 128.11, 126.70,
116.75, 61.92, 47.61, 25.34, 24.43, 21.61. 1-Acetyl-3-methyl-5-o-tolyl-3-(tosylmethyl)-1H-pyrrol-
2(3H)-one (3l). 1H NMR (600 MHz, CDCl3) δ 7.78 (d, J = 8.0 Hz, 2H), 7.33 (d, J = 8.0 Hz,
2H), 7.28 (d, J = 7.4 Hz, 1H), 7.19 (dd, J = 15.2, 7.4 Hz, 2H), 5.58 (s, 1H), 3.67 (d, J = 14.0 Hz,
1H), 3.42 (d, J = 14.0 Hz, 1H), 2.48 (s, 3H), 2.43 (s, 3H), 2.26 (s, 3H), 1.41 (s, 3H). 13C NMR
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(151 MHz, CDCl3) δ 179.56, 168.91, 145.09, 136.91, 133.15, 129.98, 129.57, 128.60, 128.41,
128.00, 125.37, 115.27, 62.16, 47.39, 25.73, 24.93, 21.63, 19.80.

1-Acetyl-4-ethyl-3-methyl-5-phenyl-3-(tosylmethyl)-1H-pyrrol-2(3H)-one (3m). 1H NMR
(600 MHz, CDCl3) δ 7.76 (d, J = 7.9 Hz, 2H), 7.39 (t, J = 7.3 Hz, 2H), 7.36 (d, J = 7.2 Hz,
1H), 7.34–7.27 (m, 4H), 3.70 (d, J = 14.3 Hz, 1H), 3.49 (d, J = 14.3 Hz, 1H), 2.44 (s, 3H), 2.43 (s,
3H), 2.21 (dd, J = 15.2, 7.7 Hz, 1H), 1.94 (dd, J = 15.0, 7.5 Hz, 1H), 1.38 (s, 3H), 0.91 (t, J = 7.6 Hz,
3H). 13C NMR (151 MHz, CDCl3) δ 179.42, 169.08, 145.02, 137.67, 136.88, 132.56, 129.92, 128.32,
128.13, 128.00, 127.93, 126.10, 61.75, 50.46, 26.18, 24.64, 21.63, 18.04, 14.58.

1-Acetyl-3-butyl-5-phenyl-3-(tosylmethyl)-1H-pyrrol-2(3H)-one (3n). 1H NMR (600 MHz,
CDCl3) δ 7.70 (d, J = 8.1 Hz, 2H), 7.38–7.34 (m, 4H), 7.26 (d, J = 5.4 Hz, 5H), 5.42 (s, 1H), 3.69
(d, J = 14.4 Hz, 1H), 3.49 (d, J = 14.4 Hz, 1H), 2.49 (s, 3H), 2.41 (s, 3H), 1.75–1.67 (m, 2H),
1.27 (s, 3H), 1.11 (d, J = 11.6 Hz, 1H), 0.85 (t, J = 7.0 Hz, 3H). 13C NMR (151 MHz, CDCl3) δ
179.40, 169.09, 145.00, 143.77, 136.68, 132.82, 129.88, 128.48, 128.22, 127.90, 126.82, 114.00,
61.79, 51.71, 38.07, 26.05, 25.64, 22.60, 21.61, 13.75.

3-Methyl-5-phenyl-1-propionyl-3-(tosylmethyl)-1H-pyrrol-2(3H)-one (3o). 1H NMR (600 MHz,
CDCl3) δ 7.70 (d, J = 8.2 Hz, 2H), 7.38–7.33 (m, 3H), 7.27 (d, J = 5.6 Hz, 2H), 7.23 (dd, J = 6.5,
2.9 Hz, 2H), 5.51 (s, 1H), 3.70 (d, J = 14.4 Hz, 1H), 3.45 (d, J = 14.4 Hz, 1H), 2.95–2.81 (m, 2H),
2.41 (s, 3H), 1.39 (s, 3H), 1.14 (t, J = 7.3 Hz, 3H). 13C NMR (151 MHz, CDCl3) δ 179.43, 173.23,
145.03, 143.01, 136.60, 132.85, 129.87, 128.48, 128.22, 127.93, 126.70, 115.49, 62.16, 47.83, 31.58,
24.63, 21.62, 8.33.

1-Isobutyryl-3-methyl-5-phenyl-3-(tosylmethyl)-1H-pyrrol-2(3H)-one (3p). 1H NMR (600 MHz,
CDCl3) δ 1H NMR (600 MHz, CDCl3) δ 7.69 (d, J = 8.3 Hz, 2H), 7.36 (dd, J = 5.0, 1.8 Hz, 3H),
7.24 (d, J = 8.0 Hz, 2H), 7.19 (dd, J = 6.5, 3.1 Hz, 2H), 5.49 (s, 1H), 3.70 (d, J = 14.4 Hz, 1H),
3.66 (s, 1H), 3.46 (d, J = 14.4 Hz, 1H), 2.40 (s, 3H), 1.40 (s, 3H), 1.24 (d, J = 6.9 Hz, 3H), 1.18 (d,
J = 6.8 Hz, 3H). 13C NMR (151 MHz, CDCl3) δ 178.91, 176.67, 144.97, 143.15, 136.68, 132.81,
129.86, 128.49, 128.18, 128.05, 126.22, 115.31, 62.11, 48.11, 35.57, 24.69, 21.62, 18.60, 18.37.

1-Acetyl-3-methyl-5-phenyl-3-(phenylsulfonylmethyl)-1H-pyrrol-2(3H)-one (4a). 1H NMR
(600 MHz, CDCl3) δ 7.84 (d, J = 7.6 Hz, 2H), 7.63 (t, J = 7.4 Hz, 1H), 7.49 (t, J = 7.8 Hz, 2H),
7.37–7.33 (m, 3H), 7.24 (dd, J = 6.4, 2.6 Hz, 2H), 5.50 (s, 1H), 3.71 (d, J = 14.4 Hz, 1H), 3.49 (d,
J = 14.4 Hz, 1H), 2.51 (s, 3H), 1.41 (s, 3H). 13C NMR (151 MHz, CDCl3) δ 179.58, 169.29, 143.05,
139.60, 133.94, 132.63, 129.30, 128.54, 128.17, 127.92, 126.76, 115.37, 62.13, 47.78, 26.07, 24.53.

1-Acetyl-3-((4-methoxyphenylsulfonyl)methyl)-3-methyl-5-phenyl-1H-pyrrol-2(3H)-one (4b).
1H NMR (600 MHz, CDCl3) δ 7.74 (d, J = 8.8 Hz, 2H), 7.42–7.32 (m, 3H), 6.91 (d, J = 8.9 Hz,
2H), 5.50 (s, 1H), 3.84 (s, 3H), 3.70 (d, J = 14.4 Hz, 1H), 3.45 (d, J = 14.4 Hz, 1H), 2.50 (s,
3H), 1.39 (s, 3H).13C NMR (151 MHz, CDCl3) δ 179.60, 169.30, 163.90, 142.80, 132.71, 130.90,
130.46, 128.50, 127.90, 126.77, 115.66, 114.45, 62.36, 55.73, 47.80, 26.04, 24.64.

1-Acetyl-3-((4-tert-butylphenylsulfonyl)methyl)-3-methyl-5-phenyl-1H-pyrrol-2(3H)-one (4c).
1H NMR (600 MHz, CDCl3) δ 7.73 (d, J = 8.5 Hz, 2H), 7.47 (d, J = 8.5 Hz, 2H), 7.38–7.32 (m,
3H), 7.21 (dd, J = 3.9, 1.8 Hz, 2H), 5.45 (s, 1H), 3.71 (d, J = 14.4 Hz, 1H), 3.48 (d, J = 14.4
Hz, 1H), 2.50 (s, 3H), 1.40 (s, 3H), 1.32 (s, 9H). 13C NMR (151 MHz, CDCl3) δ 179.57, 169.24,
157.94, 142.81, 136.43, 132.64, 128.49, 128.04, 127.88, 126.73, 126.32, 115.56, 62.07, 47.75, 35.27,
31.02, 26.10, 24.55.

1-Acetyl-3-methyl-5-phenyl-3-((m-tolylsulfonyl)methyl)-1,3-dihydro-2H-pyrrol-2-one (4d).
White solid; mp 136.3–138.0 ◦C; 1H NMR (600 MHz, CDCl3) δ 7.62 (d, J = 11.2 Hz, 2H),
7.41 (d, J = 7.6 Hz, 1H), 7.39–7.33 (m, 4H), 7.24 (dd, J = 6.6, 2.9 Hz, 2H), 5.46 (s, 1H), 3.71 (d,
J = 14.4 Hz, 1H), 3.48 (d, J = 14.4 Hz, 1H), 2.53 (s, 3H), 2.32 (s, 3H), 1.40 (s, 3H). 13C NMR
(151 MHz, CDCl3) δ 179.65, 169.31, 143.07, 139.70, 139.47, 134.73, 132.68, 129.17, 128.54,
128.48, 127.93, 126.77, 125.22, 115.33, 62.13, 47.79, 26.08, 24.51, 21.19. HRMS (ESI, m/z):
Calcd. For C21H21NSO4Na [M + Na]+ 406.1083, found: 406.1085.

1-Acetyl-3-(((2-methoxyphenyl)sulfonyl)methyl)-3-methyl-5-phenyl-1,3-dihydro-2H-pyrrol-2-
one (4e). White solid; mp 123.4–125.0 ◦C; 1H NMR (600 MHz, CDCl3) δ 7.76 (dd, J = 7.8,
1.7 Hz, 1H), 7.59–7.53 (m, 1H), 7.34–7.29 (m, 3H), 7.12 (dd, J = 6.5, 3.1 Hz, 2H), 7.03 (d,
J = 8.3 Hz, 1H), 6.95 (t, J = 7.6 Hz, 1H), 5.37 (s, 1H), 4.02 (s, 3H), 3.95 (d, J = 14.5 Hz, 1H), 3.77
(d, J = 14.6 Hz, 1H), 2.47 (s, 3H), 1.39 (s, 3H). 13C NMR (151 MHz, CDCl3) δ 179.69, 169.24,
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157.38, 142.70, 135.86, 132.68, 130.67, 128.39, 127.79, 127.19, 126.65, 120.87, 115.64, 112.35,
60.13, 56.47, 47.69, 26.00, 24.55. HRMS (ESI, m/z): Calcd. For C21H21NO5SNa [M + Na]+

422.1033, found: 422.1038.
1-Acetyl-3-((4-bromophenylsulfonyl)methyl)-3-methyl-5-phenyl-1H-pyrrol-2(3H)-one (4f).

1H NMR (400 MHz, CDCl3) δ 7.67 (d, J = 8.0 Hz, 2H), 7.61 (d, J = 7.9 Hz, 2H), 7.36 (s, 3H),
7.22 (s, 2H), 5.48 (s, 1H), 3.70 (d, J = 14.4 Hz, 1H), 3.46 (d, J = 14.3 Hz, 1H), 2.52 (s, 3H), 1.39
(s, 3H). 13C NMR (101 MHz, CDCl3) δ 179.45, 169.28, 143.22, 138.49, 132.66, 132.50, 129.75,
129.44, 128.67, 128.01, 126.71, 115.17, 62.20, 47.77, 26.03, 24.57. HRMS (ESI, m/z): Calcd. For
C20H18NO4SBrNa [M + Na]+ 470.0032, found: 470.0035.

1-Acetyl-3-((4-iodophenylsulfonyl)methyl)-3-methyl-5-phenyl-1H-pyrrol-2(3H)-one (4g). 1H
NMR (600 MHz, CDCl3) δ 7.84 (d, J = 8.3 Hz, 2H), 7.52 (d, J = 8.4 Hz, 2H), 7.37 (d, J = 1.6 Hz,
3H), 7.22 (d, J = 3.6 Hz, 2H), 5.49 (s, 1H), 3.70 (d, J = 14.4 Hz, 1H), 3.46 (d, J = 14.4 Hz, 1H),
2.52 (s, 3H), 1.40 (s, 3H). 13C NMR (151 MHz, CDCl3) δ 179.41, 169.25, 143.17, 139.09, 138.63,
132.47, 129.49, 128.65, 127.99, 126.69, 115.16, 102.04, 62.12, 47.73, 26.03, 24.58.

4-(((1-Acetyl-3-methyl-2-oxo-5-phenyl-2,3-dihydro-1H-pyrrol-3-yl)methyl)sulfonyl)benzonitrile
(4h). White solid; mp 189.4–191.5 ◦C; 1H NMR (600 MHz, CDCl3) δ 7.94 (d, J = 8.1 Hz, 2H),
7.76 (d, J = 8.1 Hz, 2H), 7.38 (s, 3H), 7.22 (d, J = 3.2 Hz, 2H), 5.43 (s, 1H), 3.72 (d, J = 14.4 Hz,
1H), 3.52 (d, J = 14.4 Hz, 1H), 2.55 (s, 3H), 1.41 (s, 3H). 13C NMR (151 MHz, CDCl3) δ 179.31,
169.26, 143.63, 143.57, 133.03, 132.35, 128.87, 128.79, 128.06, 126.61, 117.72, 116.90, 114.77, 62.11,
47.75, 26.05, 24.39. HRMS (ESI, m/z): Calcd. For C21H18N2O4SNa [M + Na]+ 417.0879, found:
417.0883.

1-Acetyl-3-methyl-5-phenyl-3-((4(trifluoromethyl)phenylsulfonyl)methyl)-1H-pyrrol-2(3H)-one
(4i). 1H NMR (400 MHz, CDCl3) δ 7.96 (d, J = 7.7 Hz, 2H), 7.74 (d, J = 7.7 Hz, 2H), 7.37 (s, 3H),
7.21 (s, 2H), 5.45 (s, 1H), 3.74 (d, J = 14.4 Hz, 1H), 3.52 (d, J = 14.4 Hz, 1H), 2.52 (s, 3H), 1.41 (s,
3H). 13C NMR (101 MHz, CDCl3) δ 179.35, 169.30, 143.37, 142.98, 135.63 (J = 32 Hz), 132.38,
128.86, 128.74, 128.03, 126.63, 126.48 (J = 3 Hz), 125.28 (J = 250 Hz), 114.99, 76.75, 62.08, 47.74,
26.03, 24.53. 19F NMR (565 MHz, CDCl3) δ-63.25.

1-Acetyl-3-methyl-3-((4-nitrophenylsulfonyl)methyl)-5-phenyl-1H-pyrrol-2(3H)-one (4j). 1H
NMR (400 MHz, CDCl3) δ 8.29 (d, J = 8.1 Hz, 2H), 8.01 (d, J = 8.3 Hz, 2H), 7.37 (s, 3H), 7.22
(d, J = 3.7 Hz, 2H), 5.44 (s, 1H), 3.74 (d, J = 14.3 Hz, 1H), 3.54 (d, J = 14.4 Hz, 1H), 2.55 (s,
3H), 1.41 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 179.29, 169.27, 150.85, 145.06, 143.63, 132.28,
129.62, 128.80, 128.06, 126.57, 124.44, 114.68, 62.16, 47.75, 26.05, 24.38.

1-Acetyl-3-((3-chlorophenylsulfonyl)methyl)-3-methyl-5-phenyl-1H-pyrrol-2(3H)-one (4k).
1H NMR (400 MHz, CDCl3) δ 7.82 (s, 1H), 7.72 (d, J = 7.3 Hz, 1H), 7.60 (d, J = 7.8 Hz, 1H),
7.43 (t, J = 7.9 Hz, 1H), 7.36 (s, 2H), 7.26 (s, 2H), 5.49 (s, 1H), 3.72 (d, J = 14.4 Hz, 1H), 3.50
(d, J = 14.4 Hz, 1H), 2.55 (s, 3H), 1.41 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 179.45, 169.26,
143.35, 141.29, 135.56, 134.13, 132.44, 130.61, 128.60, 128.13, 127.96, 126.70, 126.27, 114.91,
62.13, 47.75, 26.08, 24.45.

1-Acetyl-3-((2-chlorophenylsulfonyl)methyl)-3-methyl-5-phenyl-1H-pyrrol-2(3H)-one (4l).
1H NMR (400 MHz, CDCl3) δ 7.91 (d, J = 7.7 Hz, 1H), 7.52 (d, J = 6.7 Hz, 2H), 7.33 (s, 3H),
7.26–7.20 (m, 1H), 7.13 (d, J = 3.3 Hz, 2H), 5.29 (s, 1H), 3.92 (s, 2H), 2.53 (s, 3H), 1.40 (s, 3H).
13C NMR (101 MHz, CDCl3) δ 179.38, 169.33, 143.22, 137.02, 134.93, 132.62, 132.48, 131.84,
128.52, 127.86, 127.46, 126.52, 115.06, 60.08, 47.68, 26.05, 24.38.

1-Acetyl-3-methyl-5-phenyl-3-((thiophen-2ylsulfonyl)methyl)-1H-pyrrol-2(3H)-one (4m). 1H
NMR (600 MHz, CDCl3) δ 7.70 (d, J = 4.4 Hz, 1H), 7.62 (d, J = 3.0 Hz, 1H), 7.40–7.33 (m,
3H), 7.26 (d, J = 4.9 Hz, 2H), 7.11–7.02 (m, 1H), 5.59 (s, 1H), 3.82 (d, J = 14.4 Hz, 1H), 3.59
(d, J = 14.4 Hz, 1H), 2.53 (s, 3H), 1.43 (s, 3H). 13C NMR (151 MHz, CDCl3) δ 179.45, 169.26,
143.15, 140.70, 134.67, 134.58, 132.61, 128.55, 127.92, 126.84, 115.19, 63.58, 47.89, 26.09, 24.46.

1-Acetyl-3-(cyclopropylsulfonylmethyl)-3-methyl-5-phenyl-1H-pyrrol-2(3H)-one (4n). 1H
NMR (600 MHz, CDCl3) δ 7.36–7.33 (m, 3H), 7.28 (dd, J = 6.5, 2.9 Hz, 2H), 5.72 (s, 1H), 3.62
(d, J = 14.0 Hz, 1H), 3.41 (d, J = 14.0 Hz, 1H), 2.57 (s, 3H), 2.41–2.36 (m, 1H), 1.47 (s, 3H),
1.28–1.25 (m, 1H), 1.21 (dd, J = 4.8, 1.8 Hz, 1H), 1.05–1.01 (m, 2H). 13C NMR (151 MHz,
CDCl3) δ 179.93, 169.38, 143.37, 132.73, 128.53, 127.93, 126.93, 115.39, 59.87, 47.49, 31.27,
26.11, 24.19, 5.35, 5.14.
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1-Acetyl-3-((ethylsulfonyl)methyl)-3-methyl-5-phenyl-1,3-dihydro-2H-pyrrol-2-one (4o).
Amorphous solid; 1H NMR (600 MHz, CDCl3) δ 7.37–7.32 (m, 3H), 7.28 (dd, J = 6.6,
3.0 Hz, 2H), 5.69 (s, 1H), 3.49 (d, J = 13.9 Hz, 1H), 3.33 (d, J = 13.9 Hz, 1H), 2.98 (d, J = 7.5 Hz,
2H), 2.57 (s, 3H), 1.46 (s, 3H), 1.38 (t, J = 7.5 Hz, 3H). 13C NMR (151 MHz, CDCl3) δ 179.90,
169.36, 143.63, 132.75, 128.55, 127.93, 126.97, 115.02, 57.84, 49.54, 47.30, 26.11, 24.15, 6.57.
HRMS (ESI, m/z): Calcd. For C16H19NSO4Na [M + Na]+ 344.0927, found: 344.0932.

3-Methyl-5-phenyl-3-((phenylsulfonyl)methyl)-1,3-dihydro-2H-pyrrol-2-one (4aa). White
solid; mp 186.5–188.4 ◦C; 1H NMR (600 MHz, CDCl3) δ 8.60 (s, 1H), 7.83 (d, J = 7.3 Hz, 2H),
7.60 (t, J = 7.5 Hz, 1H), 7.48–7.42 (m, 6H), 7.39 (dd, J = 8.2, 5.6 Hz, 1H), 5.75 (d, J = 1.8 Hz,
1H), 3.61 (d, J = 14.3 Hz, 1H), 3.50 (d, J = 14.3 Hz, 1H), 1.44 (s, 3H). 13C NMR (151 MHz,
CDCl3) δ 182.28, 139.99, 139.92, 133.78, 129.49, 129.35, 129.08, 128.94, 128.18, 124.94, 107.88,
77.24, 77.03, 76.82, 61.68, 48.27, 23.52. HRMS (ESI, m/z): Calcd. For C18H17NO3SNa
[M + Na]+ 350.0821, found: 350.0827.

(2-Tosylethene-1,1-diyl)dibenzene. 1H NMR (600 MHz, CDCl3) δ 7.47 (d, J = 8.1 Hz, 2H),
7.37 (dd, J = 14.0, 7.4 Hz, 2H), 7.30 (t, J = 7.6 Hz, 4H), 7.20 (d, J = 7.6 Hz, 2H), 7.15 (d,
J = 8.1 Hz, 2H), 7.10 (d, J = 7.4 Hz, 2H), 6.99 (s, 1H), 2.38 (s, 3H). 13C NMR (151 MHz,
CDCl3) δ 154.71, 143.76, 139.26, 138.63, 135.59, 130.23, 129.79, 129.34, 128.98, 128.85, 128.65,
128.58, 128.22, 127.82, 127.71, 126.05, 21.58.

4. Conclusions

In conclusion, we developed a visible-light-induced, regioselective cascade sulfonyla-
tion/cyclization of 1,5-dienes with sulfonyl chlorides. A variety of structurally significant
pyrrolinones with important classes of sulfonyl group patterns were obtained in medium
to high yields. This methodology features sulfonyl radical addition/cyclization of alkenes
C(sp2)-H with high regioselectivity under very mild conditions and tolerated broad func-
tional groups.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28145473/s1. Section S1, General information. Section
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of compound 4aa. Section S4, The Transformation with the Light ON/OFF over Time. Section S5,
The radical trapping reaction residue. Section S6, NMR spectra for the products.
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Abstract: Two-dimensional van der Waals heterostructures have good application prospects in solar
energy conversion due to their excellent optoelectronic performance. In this work, the electronic
structures of Sc2CF2/Sc2CCl2, Sc2CF2/Sc2CBr2, and Sc2CCl2/Sc2CBr2 heterostructures, as well as
their properties in photocatalysis and IIphotovoltaics, have been comprehensively studied using the
first-principles method. Firstly, both of the three thermodynamically and dynamically stable het-
erostructures are found to have type-II band alignment with band gap values of 0.58 eV, 0.78 eV, and
1.35 eV. Meanwhile, the photogenerated carriers in Sc2CF2/Sc2CCl2 and Sc2CF2/Sc2CBr2 heterostruc-
tures are predicated to follow the direct Z-scheme path, enabling their abilities for water splitting.
As for the Sc2CCl2/Sc2CBr2 heterostructure, its photovoltaic conversion efficiency is estimated to
be 20.78%. Significantly, the light absorption coefficients of Sc2CF2/Sc2CCl2, Sc2CF2/Sc2CBr2, and
Sc2CCl2/Sc2CBr2 heterostructures are enhanced more than those of the corresponding monolayers.
Moreover, biaxial strains have been observed to considerably tune the aforementioned properties
of heterostructures. All the theoretical results presented in this work demonstrate the application
potential of Sc2CX2/Sc2CY2 (X, Y = F, Cl, Br) heterostructures in photocatalysis and photovoltaics.

Keywords: Sc2CX2/Sc2CY2 (X, Y = F, Cl, Br) heterostructures; first-principles calculations; direct
Z-scheme photocatalyst; photovoltaic applications

1. Introduction

With the depletion of traditional fossil fuels and the escalating global energy crisis, it is
imperative and urgent to explore green and renewable energy sources. The use of semicon-
ductor materials in applications such as photocatalysis or solar cells to convert abundant
solar energy into clean power holds significant promise [1]. For instance, Fujishima and
Honda were pioneers in demonstrating that TiO2 could serve as a photocatalyst for water
splitting [2]. Nevertheless, the efficiency of TiO2 in converting solar energy to hydrogen is
hindered by its wide band gap and high rate of carrier recombination. Chapin et al. were
the first to create a solar cell using single-crystal silicon as the primary material. However,
the photoelectric conversion efficiency (PCE) was disappointingly low, measuring only
6% [3]. As a result, the quest for suitable materials for photocatalysis and photovoltaics has
been a prominent research area for a considerable period of time.

The discovery of graphene has sparked researchers’ interest in two-dimensional (2D)
materials [4,5]. The 2D materials demonstrate amazing properties, including high carrier
mobility, a semiconducting band gap, prominent catalytic activities, and abundant active
sites. Therefore, they can be utilized in the fields of photocatalytic water splitting and
photovoltaics. At present, many 2D materials have been synthesized experimentally or the-
oretically, such as transition metal carbides/nitrides (MXenes) [6], transition metal dichalco-
genides (TMDCs) [7], hexagonal boron nitride (h-BN) [8], black phosphorus (BP) [9], and
silicene [10]. However, 2D materials have a large band gap, poor light absorption capacity,
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and a high carrier recombination rate, thereby leading to low efficiency. Therefore, various
strategic techniques such as doping [11], metal loading [12], and constructing heterostruc-
tures have been proposed. Among these strategies, constructing van der Waals (vdW)
heterostructures with type-II band alignment has promising applications in the fields of
photocatalytic water splitting and solar cells due to the lower exciton binding energy and
enhanced optical absorbance compared to monolayers [13]. In type-II heterostructures,
the photogenerated electron–hole pairs are separated onto different monolayers, which
significantly reduces the carrier recombination rate. With the deepening of research, direct
Z-scheme heterostructures can be designed by selecting two appropriate monolayer materi-
als. In the Z-scheme heterostructure, photogenerated electrons and holes accumulate on the
surfaces of distinct monolayers. The Z-scheme heterostructure not only possesses a strong
redox ability to drive photocatalytic reactions but also provides active sites for spatially
separated oxidation and reduction processes [14]. This mechanism significantly enhances
the efficiency of water splitting in the heterostructure. According to previous research,
the narrow band gap of the direct Z-scheme heterostructures can achieve a broader range
of solar energy harvesting [15]. The Z-scheme heterostructures show great promise in
photocatalytic water splitting, photocatalytic reduction of carbon dioxide, and environmen-
tal remediation [16,17]. In recent years, more and more Z-scheme heterostructures have
been discovered and studied. Indeed, examples such as the WO3/Bi2MoO6 heterostruc-
ture [18], β-SnSe/HfS2 heterostructure [19], GaSe/ZrS2 heterostructure [20], MoSTe/g-GeC
heterostructure [21], GeC/BSe heterostructure [22], and SnC/PtS2 heterostructure [23] all
represent direct Z-scheme heterostructures.

On the other hand, MXenes have been widely explored in applications such as photo-
catalysts, solar cells, heavy-metal removal, battery anodes, and electromagnetic interfer-
ence shielding. MXenes are produced from their corresponding MAX phases, where M
represents an early transition metal, A represents a group of IIIA or IVA elements, and X
represents a C or N atom [24]. MXenes have attracted increasing attention due to their excel-
lent stability and large specific surface area. In the field of photocatalysis, heterostructures
based on MXenes, such as Cs2AgBiBr6/Ti3C2Tx [25], Hf2CO2/WS2 [26], AsP/Sc2CO2 [27],
and Sc2CF2/MoSSe [28], exhibit superior electronic properties. For the application of
solar cells, Wen et al. demonstrated that the PCE of Hf2CO2/MoS2 and Zr2CO2/MoS2
heterostructures in solar cell applications was 19.75% and 17.13%, respectively [29]. The
PCE of Ti2CO2/Zr2CO2 and Ti2CO2/Hf2CO2 heterostructures reaches 22.74% and 19.56%,
respectively [30]. This indicates that MXenes have promising potential for applications
as photovoltaic materials. Pure Sc2C exhibits metallic properties; however, after func-
tionalization by F, Cl, and Br atoms, Sc2CF2, Sc2CCl2, and Sc2CBr2 exhibit semiconductor
characteristics with band gaps of 1.85 eV, 1.70 eV, and 1.54 eV, respectively [31]. As a mem-
ber of MXenes, Sc2CX2 (X = F, Cl, Br) exhibits kinetic and thermal stabilities, which have
potential applications in photocatalytic water splitting and solar cells [32]. However, the
Sc2CF2 monolayer cannot facilitate the oxygen evolution reaction (OER) because its valence
band maximum (VBM) is higher than that of EO2/H2O. For Sc2CCl2 and Sc2CBr2 mono-
layers, the conduction band minimum (CBM) is lower than EH+/H2, which renders them
unable to meet the requirements for the HER. The construction of heterostructures using
Sc2CF2, Sc2CCl2, and Sc2CBr2 not only addresses the mentioned deficiency of materials but
also shows significant potential for photocatalytic and optoelectronic applications. Zhang
et al. investigated the electrical and optical properties of Sc2CF2/WSSe heterostructures and
found that they have the potential for water splitting [33]. In addition, Sun et al. revealed
that the PCE of the Sc2CCl2/SiS2 heterostructure can reach 23.20%, indicating promising
prospects for application in the field of solar cells [34]. It is noteworthy that the VBM and
CBM of the Sc2CF2 monolayer are higher than those of the Sc2CCl2 (or Sc2CBr2) monolayer,
and the VBM and CBM of the Sc2CBr2 monolayer are higher than those of the Sc2CCl2
monolayer. This indicates that the Sc2CF2/Sc2CCl2, Sc2CF2/Sc2CBr2, and Sc2CCl2/Sc2CBr2
heterostructures may have a type-II band alignment. In addition, the CBM in Sc2CCl2 (or
Sc2CBr2) and the VBM in Sc2CF2 are very close. This suggests that photogenerated carrier
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transfer in the Sc2CF2/Sc2CCl2 and Sc2CF2/Sc2CBr2 heterostructures may follow the Z-
scheme pathway. Therefore, it is worthwhile to study the Sc2CF2/Sc2CCl2, Sc2CF2/Sc2CBr2,
and Sc2CCl2/Sc2CBr2 heterostructures. Their potential applications in photocatalytic water
splitting and solar cells show great promise.

In this paper, three types of monolayers, namely Sc2CF2, Sc2CCl2, and Sc2CBr2, were suc-
cessfully vertically stacked to create Sc2CF2/Sc2CCl2, Sc2CF2/Sc2CBr2, and Sc2CCl2/Sc2CBr2
heterostructures. The stacking geometries, electronic, and optical properties of the het-
erostructures have been systematically studied based on first-principles calculations. Ac-
cording to band edge alignment and charge carrier transfer processes, the Sc2CF2/Sc2CCl2
and Sc2CF2/Sc2CBr2 heterostructures were found to have a direct Z-scheme band align-
ment, making them promising for photocatalytic water splitting applications. On the other
hand, the Sc2CCl2/Sc2CBr2 heterostructure showed potential for use in solar cells, with a
notable PCE of 20.78%. The present findings indicate that Sc2CX2/Sc2CY2 (X, Y = F, Cl, Br)
heterostructures have the potential for application in solar energy conversion.

2. Computation Details

In this paper, all calculations are carried out using the projection enhanced wave
method based on density functional theory (DFT) [35], as implemented in the Vienna Ab
initio Simulation Package (VASP5.4.4) [36]. Electron–ion interactions were explained using
the projected augmented wave pseudopotential (PAW), while the exchange potential and
the correlation potential were described using the generalized gradient approximation
(GGA) with Perdew–Burke–Ernzerhof (PBE) functional [37]. The valence electron config-
urations of Sc, C, F, Cl, and Br atoms are 3p63d14s2, 2s22p2, 2s22p5, 3s23p5, and 4s24p5,
respectively. The energy cutoff for obtaining the relaxed lattice vector and atomic positions
was set to 500 eV. All geometrical structures were relaxed until the forces and energy on
each atom converged to 0.01 eV Å−1 and 10−5 eV, respectively. For the calculation of het-
erostructures, we utilized the DFT-D3 method to treat the interlayer vdW interaction [38].
The K-point grid for energy convergence was set to 15 × 15 × 1 for structural optimization.
A vacuum layer of 20 Å was arranged along the z-axis to eliminate interactions between ad-
jacent layers. The Heyd–Scuseria–Ernzerh (HSE06) hybrid functional was used to calculate
accurate electronic and optical properties [39]. The thermal stability of the Sc2CF2/Sc2CCl2,
Sc2CF2/Sc2CBr2, and Sc2CCl2/Sc2CBr2 heterostructures was further evaluated through
ab initio molecular dynamics (AIMD) simulations with the NVT ensemble [40,41]. AIMD
simulations were performed using a 4 × 4 × 1 supercell at 300 K. In our AIMD simulation,
a total simulation time of 6 ps with a time step of 1 fs was set.

3. Results and Discussion

The structural parameters and electronic properties of Sc2CX2 (X = F, Cl, Br) were
initially studied. The atomic structures of optimized Sc2CX2 (X = F, Cl, Br) monolayers are
displayed in Figure 1a. The lattice constant of the Sc2CF2 monolayer was determined to
be 3.235 Å, which closely matches the theoretical value of 3.26 Å, as reported by Khang
et al. [42]. The corresponding result of 3.422/3.499 Å for the Sc2CCl2/Sc2CBr2 monolayer
is close to the previous theoretical value of 3.42/3.507 Å [31,43]. When the surface groups
change from F to Br, the lattice parameters increase slightly due to the increase in the
halogen atomic radius [31]. In addition, the band structures of the Sc2CX2 (X = F, Cl, Br)
monolayers were calculated using the HSE06 method, as displayed in Figure 1b–d. It
can be distinctly observed that the band shapes are fundamentally the same, despite the
differences in band gap values. Moreover, we can observe that Sc2CX2 (X = F, Cl, Br)
monolayers are all indirect band gap semiconductors. The CBM and VBM of the Sc2CX2
(X = F, Cl, Br) monolayers are located at the M point and Γ point, with corresponding
band gaps of 1.80 eV, 1.70 eV, and 1.55 eV, respectively. All band gap values are in good
agreement with the earlier reports, with percentage differences of less than 2% [32,44,45].
The results verify the rationality of our approach and parameterization.
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Figure 1. (a) Top view, side view, and bottom view of single-layer Sc2CX2 (X = F, Cl, Br). The band
structures of (b) Sc2CF2, (c) Sc2CCl2, and (d) Sc2CBr2 monolayers.

Then, the structural properties of Sc2CF2/Sc2CCl2, Sc2CF2/Sc2CBr2, and Sc2CCl2/
Sc2CBr2 heterostructures were researched in pursuit of the most stable configuration. There
are three typical stacking configurations for all three heterostructures, i.e., A, B, and C,
as illustrated in Figure 2. The structure coordinate information (POSCAR) is provided
in Table S1. Table 1 presents various parameters associated with different stackings. For
each heterostructure, the lattice constants of the three configurations closely match the
lattice constants of the corresponding monolayer. In order to assess the stability of the
heterostructures and determine the most stable configurations, the binding energy (Eb)
values of all configurations are computed as follows:

Eb =
EH − ESc2CX2 − ESc2CY2

S0

where EH represents the energy of the Sc2CF2/Sc2CCl2, Sc2CF2/Sc2CBr2, and Sc2CCl2/
Sc2CBr2 heterostructures, respectively. Here, S0 represents the interface area, while ESc2CX2

and ESc2CY2 represent the energy of the Sc2CF2, Sc2CCl2, and Sc2CBr2 monolayers, re-
spectively. From Table 1, we can see that the minus Eb values for all stacking configu-
rations manifest that the interface formation is exothermic, which is favorable for their
preparation [46]. Clearly, for Sc2CF2/Sc2CCl2, Sc2CF2/Sc2CBr2, and Sc2CCl2/Sc2CBr2 het-
erostructures, stacking-B exhibits the smallest Eb of −35.67 meV·Å−2, −28.53 meV·Å−2, and
−19.96 meV·Å−2, indicating that stacking-B is the most stable among the three stacking con-
figurations. In addition, this value is smaller than the previously reported C2N/ZnSe het-
erostructure (−12.1 meV·Å−2) [47] and BiTeCl/GeSe heterostructure (−11.07 meV·Å−2) [48],
revealing that Sc2CF2/Sc2CCl2, Sc2CF2/Sc2CBr2, and Sc2CCl2/Sc2CBr2 are vdW het-
erostructures. Thus, only the stacking-B heterostructure was taken into consideration in all
the following calculations. Indispensably, AIMD simulations are performed to validate the
thermodynamic stability of the heterostructure. As depicted in Figure S1, the geometrical
structures of the Sc2CF2/Sc2CCl2, Sc2CF2/Sc2CBr2, and Sc2CCl2/Sc2CBr2 heterostructures
remained stable during the 6 ps simulation at a temperature of 300 K. No bonds were
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broken, and the energy fluctuation was minimal, indicating that each heterostructure is
sufficiently stable at room temperature. Furthermore, to verify the dynamical stability of the
Sc2CF2/Sc2CCl2, Sc2CF2/Sc2CBr2, and Sc2CCl2/Sc2CBr2 heterostructures, we calculated
their phonon spectrum with a 3 × 3 × 1 supercell and implemented them in the PHONOPY
code with the density functional perturbation theory (DFPT), as shown in Figure S2. It can
be seen that there are some insignificant imaginary frequencies near the G-point. This phe-
nomenon also exists in the phonon spectra of some experimentally prepared 2D materials,
but the imaginary frequency near the G-point can be ignored [49–51]. This phenomenon
may be attributed to inadequate computational accuracy, which can be eliminated by creat-
ing a larger supercell or setting a higher parameter accuracy. Thus, the Sc2CF2/Sc2CCl2,
Sc2CF2/Sc2CBr2, and Sc2CCl2/Sc2CBr2 heterostructures are dynamically stable.

Figure 2. Top, side, and bottom views of the Sc2CF2/Sc2CCl2 heterostructure with three differ-
ent stacking configurations of A, B, and C. The stacking configurations of Sc2CF2/Sc2CBr2 and
Sc2CCl2/Sc2CBr2 heterostructures are similar to those of the Sc2CF2/Sc2CCl2 heterostructure.

The projected band structures of Sc2CF2/Sc2CCl2, Sc2CF2/Sc2CBr2, and Sc2CCl2/
Sc2CBr2 heterostructures were calculated based on the HSE06 hybrid functional, as de-
picted in Figure 3a–c. It can be found that the Sc2CF2/Sc2CCl2, Sc2CF2/Sc2CBr2, and
Sc2CCl2/Sc2CBr2 heterostructures all show the characteristics of semiconductors with indi-
rect band structures. The VBM and CBM are located at the M point and Γ point, with band
gaps of 0.58 eV, 0.78 eV, and 1.35 eV, respectively. Compared with the band gaps of mono-
layers, the significantly reduced band gaps of heterostructures are due to the interaction of
vdW forces, which lead to a change in the band structure upon contact [21]. It should be
noted that the smaller band gap of Sc2CF2/Sc2CCl2 and Sc2CF2/Sc2CBr2 heterostructures
can lead to improved optical absorption performance during the photocatalytic reaction
process. In addition, we can clearly see that the VBM and CBM of the three heterostructures
are each occupied by two monolayers, demonstrating an inherent type-II heterostructure.
Among them, the VBM of Sc2CF2/Sc2CCl2 and Sc2CF2/Sc2CBr2 heterostructures is mainly
attributed to the Sc2CF2 monolayer, while the CBM mainly comes from the Sc2CCl2 (or
Sc2CBr2) monolayer. Hence, electrons mainly occupy Sc2CCl2 (or Sc2CBr2), while holes
mainly occupy Sc2CF2. Similarly, the VBM of the Sc2CCl2/Sc2CBr2 heterostructure is
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mainly contributed by the Sc2CBr2 layer, whereas the CBM is entirely dominated by the
Sc2CCl2 layer. It is certain that the type-II band structures can separate the photoexcited
electrons and holes into different monolayers, which is conducive to reducing the carrier
recombination rate. This separation can improve the utilization of photogenerated carriers
and extend their lifetime [44].

Table 1. The lattice constants, layer spacing (d), and binding energy (Eb) of three possible stackings in
Sc2CF2/Sc2CCl2, Sc2CF2/Sc2CBr2, and Sc2CCl2/Sc2CBr2 heterostructures.

System Configuration
Lattice Constants

a (Å)
d (Å) Eb (meV*Å−2)

Sc2CF2 - 3.235 - -
Sc2CCl2 - 3.422 - -
Sc2CBr2 - 3.499 - -

Sc2CF2/Sc2CCl2
A 3.321 2.74 −35.06
B 3.320 3.13 −35.67
C 3.321 2.69 −34.77

Sc2CF2/Sc2CBr2

A 3.356 2.84 −27.74
B 3.356 3.24 −28.53
C 3.357 2.81 −27.35

Sc2CCl2/Sc2CBr2

A 3.458 3.23 −19.36
B 3.458 3.62 −19.96
C 3.459 3.20 −18.90

Figure 3. The projected band alignments of the (a) Sc2CF2/Sc2CCl2 heterostructure,
(b) Sc2CF2/Sc2CBr2 heterostructure, and (c) Sc2CCl2/Sc2CBr2 heterostructures. (d–f) The PDOS
of the Sc2CF2/Sc2CCl2, Sc2CF2/Sc2CBr2, and Sc2CCl2/Sc2CBr2 heterostructures. (g–i) The visualiza-
tion of band decomposed charge density for Sc2CF2/Sc2CCl2, Sc2CF2/Sc2CBr2, and Sc2CCl2/Sc2CBr2

heterostructures, respectively.

In addition, Figure 3d–f shows the projected density of states (PDOS) of the Sc2CF2/
Sc2CCl2, Sc2CF2/Sc2CBr2, and Sc2CCl2/Sc2CBr2 heterostructures, respectively. From
Figure 3d, it can be seen that in the Sc2CF2/Sc2CCl2 heterostructure, the peak with the
highest energy below the Fermi level mainly originates from the Sc and C atoms in Sc2CF2,
while the peak with the lowest energy above the Fermi level is mainly contributed by the
Sc atom in Sc2CCl2. This shows that the VBM of the Sc2CF2/Sc2CCl2 heterostructure is
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contributed by the Sc2CF2, while the CBM is contributed by the Sc2CCl2. As shown in
Figure 3e, the VBM of the Sc2CF2/Sc2CBr2 heterostructure is mainly contributed by the Sc
and C atoms of Sc2CF2, while the CBM mainly comes from the Sc atom of Sc2CBr2. This
indicates that the VBM of the Sc2CF2/Sc2CBr2 heterostructure comes from the electronic
states of Sc2CF2, while the CBM comes from the electronic states of Sc2CBr2. In Figure 3f,
we can clearly observe that the CBM of the Sc2CCl2/Sc2CBr2 configuration is contributed
by the Sc atom of Sc2CCl2. However, the VBM is not only contributed by the Sc and C atoms
but also by the Br atom. This shows that the VBM of the Sc2CCl2/Sc2CBr2 heterostructure
originates from the Sc2CBr2 monolayer, while the CBM comes from the Sc2CCl2 monolayer.
In addition, the orbitals of the C atom and Sc atom are completely hybridized. This PDOS
result further confirms that the CBM and VBM of Sc2CF2/Sc2CCl2, Sc2CF2/Sc2CBr2, and
Sc2CCl2/Sc2CBr2 heterostructures are located on different monolayers.

In Figure 3g–i, we displayed the band decomposed charge densities of the VBM and
CBM in Sc2CF2/Sc2CCl2, Sc2CF2/Sc2CBr2, and Sc2CCl2/Sc2CBr2 heterostructures, respec-
tively. In Sc2CF2/Sc2CCl2 and Sc2CF2/Sc2CBr2 heterostructures, it can be observed that
the VBM is located in Sc2CF2, while the CBM is located in Sc2CCl2 (or Sc2CBr2). Consistent
with the above analysis, the VBM and CBM of the Sc2CCl2/Sc2CBr2 heterostructure are
located on the lower layer (Sc2CBr2) and upper layer (Sc2CCl2), respectively. There is no
charge density overlap between the VBM and CBM, indicating that heterostructures like
Sc2CF2/Sc2CCl2, Sc2CF2/Sc2CBr2, and Sc2CCl2/Sc2CBr2 can effectively separate electrons
and holes [52].

The above analysis shows that the Sc2CF2/Sc2CCl2, Sc2CF2/Sc2CBr2, and Sc2CCl2/
Sc2CBr2 heterostructures exhibit staggered type-II band alignment. This structure can
promote the effective separation of holes and electrons, reduce the carrier recombination
rate, and play an important role in photocatalytic water splitting and optoelectronic devices.

The difference in work functions between two semiconductors can lead to charge
redistribution and the formation of an electric field at the interface. This electric field will
determine the transfer process of photogenerated charges. Thus, the work functions of the
Sc2CF2, Sc2CCl2, and Sc2CBr2 monolayers, as well as the Sc2CF2/Sc2CCl2, Sc2CF2/Sc2CBr2,
and Sc2CCl2/Sc2CBr2 heterostructures, are calculated using the following formula:

Φ = Evac − EF

in which Evac and EF represent the vacuum level and Fermi level, respectively. As shown
in Figure S3a–c, Sc2CF2, Sc2CCl2, and Sc2CBr2 monolayers exhibit a fixed work function
of 5.02 eV, 5.86 eV, and 5.48 eV, respectively, due to their highly symmetrical crystal struc-
ture [28]. Compared to Sc2CCl2 and Sc2CBr2 monolayers, the Sc2CF2 monolayer exhibits
a smaller work function and a higher Fermi level. Thus, in the Sc2CF2/Sc2CCl2 and
Sc2CF2/Sc2CBr2 heterostructures, free electrons can migrate from Sc2CF2 to Sc2CCl2 (or
Sc2CBr2) until their Fermi levels reach equilibrium. As shown in Figure 4a,b, the work
functions of the Sc2CF2/Sc2CCl2 and Sc2CF2/Sc2CBr2 heterostructures are 5.19 eV and
4.99 eV, respectively. At the same time, there are potential drops of 5.43 eV and 3.25 eV
at the Sc2CF2/Sc2CCl2 and Sc2CF2/Sc2CBr2 heterostructures, indicating the presence of
a built-in electric field at the interface of the heterostructures [52]. It also indicates that
electrons are inclined to flow to Sc2CCl2 (or Sc2CBr2) monolayers. The built-in electric field
will create a driving force to promote the combination of photogenerated electron–hole
pairs between the electrons in the CBM of Sc2CCl2 (or Sc2CBr2) and the holes in the VBM
of Sc2CF2. As displayed in Figure 4c, the difference in monolayer work function leads to
the transfer of electrons from Sc2CBr2 to Sc2CCl2, causing a decline in the Fermi level in
Sc2CCl2 and Sc2CBr2. The work function of the heterostructure in the final equilibrium
state is 5.34 eV. Moreover, a potential drop of 2.12 eV is found across the interface. This is
proof of a built-in electric field at the interface of the Sc2CCl2/Sc2CBr2 heterostructure.
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Figure 4. (a–c) The electrostatic potential along the z-axis direction of Sc2CF2/Sc2CCl2,
Sc2CF2/Sc2CBr2, and Sc2CCl2/Sc2CBr2 heterostructures. (d–f) The plane-averaged charge den-
sity difference of Sc2CF2/Sc2CCl2, Sc2CF2/Sc2CBr2, and Sc2CCl2/Sc2CBr2 heterostructures. The
insert is the 3D view of the charge density difference, where the yellow and blue represent the regions
of electron accumulation and depletion, respectively.

During the formation of a heterostructure, the charge near the interface will be redis-
tributed due to the presence of interlayer interactions. In order to explore the charge transfer
mechanism of Sc2CF2/Sc2CCl2, Sc2CF2/Sc2CBr2, and Sc2CCl2/Sc2CBr2 heterostructures,
the planar averaged charge density difference and 3D differential charge density difference
were calculated using the following equation:

Δρ = ρhet − ρSCX − ρSCY,

where the ρhet stand for the density of Sc2CF2/Sc2CCl2, Sc2CF2/Sc2CBr2, and Sc2CCl2/
Sc2CBr2 heterostructures, and the ρSCX and ρSCY represent the corresponding densities of
Sc2CF2, Sc2CCl2, and Sc2CBr2 monolayers. As shown in Figure 4d,e, for Sc2CF2/Sc2CCl2
and Sc2CF2/Sc2CBr2, it can be clearly seen that a large number of negative charges are
assembled in the side of Sc2CCl2 (or Sc2CBr2) monolayers, while positive charges cluster
on the side of Sc2CF2. This leads to the formation of a built-in electric field from Sc2CF2
to Sc2CCl2 (or Sc2CBr2). As shown in Figure 4f, the electrons at the interface are depleted
near the Sc2CBr2 monolayer and accumulate at the Sc2CCl2 monolayers, forming a built-in
electric field from Sc2CBr2 to Sc2CCl2. In addition, the Bader charges obtained indicate
that about 0.0072 |e| (0.0052 |e|) are transferred from the Sc2CF2 monolayer to the
Sc2CCl2 (or Sc2CBr2) monolayers in the case of the Sc2CF2/Sc2CCl2 (Sc2CF2/Sc2CBr2)
heterostructure. Furthermore, around 0.0018 |e| is transferred from Sc2CBr2 to Sc2CCl2
within the Sc2CCl2/Sc2CBr2 heterostructure.

In addition to the band gap value, the band edge alignment is also a crucial parameter
for evaluating the application of the heterostructure. Therefore, we computed the band
alignments of Sc2CF2, Sc2CCl2, and Sc2CBr2 monolayers, as well as the Sc2CF2/Sc2CCl2,
Sc2CF2/Sc2CBr2, and Sc2CCl2/Sc2CBr2 heterostructures, using the method suggested by
Toroker et al. [53]. Figure 5a reveals that the VBM of the Sc2CF2 monolayer exceeds that
of EO2/H2O. The Sc2CCl2 and Sc2CBr2 monolayers exhibit very similar characteristics
in their band edge alignments, with both CBM being lower than the energy level of
EH+/H2. Based on the aforementioned analysis, the band positions of the Sc2CF2, Sc2CCl2,
and Sc2CBr2 monolayers are unsuitable for photocatalysis. For the Sc2CF2/Sc2CCl2 and
Sc2CF2/Sc2CBr2 heterostructures, the VBM and CBM of the Sc2CF2 layer are higher than
those of the Sc2CCl2 (or Sc2CBr2) layer, further affirming that the heterostructure exhibits
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a type-II band alignment. For the Sc2CCl2/Sc2CBr2 heterostructure, both the VBM and
CBM of Sc2CBr2 exceed those of the Sc2CCl2 layer, indicating a type-II band alignment. The
CBM of Sc2CCl2 is lower than that of EH+/H2, making the Sc2CCl2/Sc2CBr2 heterostructure
unsuitable for photocatalytic water splitting reactions.

Figure 5. (a) The band position of monolayers and heterostructures. (b) Charge transfer mechanism
of Sc2CF2/Sc2CX2 (X = Cl, Br). (c) Schematic diagram illustrating the migration of photogenerated
electrons and holes at the Sc2CCl2/Sc2CBr2 heterostructure.

The photocatalytic water splitting reaction mechanism of Sc2CF2/Sc2CX2 (X = Cl, Br)
is shown in Figure 5b. In general, three possible processes are considered here: 1© The
photoexcited holes at the VBM of Sc2CF2 recombine with electrons at the CBM of Sc2CCl2
(or Sc2CBr2), which represents a direct Z-scheme transfer path (indicated by the green line
with double-headed arrows). 2©– 3© Photogenerated electrons at the CBM of Sc2CF2 migrate
to the CBM of Sc2CCl2 (or Sc2CBr2), while photogenerated holes at the VBM of Sc2CCl2 (or
Sc2CBr2) migrate to the VBM of Sc2CF2. This migration follows a traditional type-II path
(indicated by gray lines with arrows). Electronic property analysis shows that the band
alignments of the Sc2CF2/Sc2CX2 (X = Cl, Br) heterostructure are made up of the CBM of the
Sc2CCl2 (or Sc2CBr2) layer and the VBM of the Sc2CF2 layer. Compared to the band gap of
two monolayers, the heterostructure has a smaller band gap (Figure 5a), indicating a higher
rate of photogenerated electron–hole pair recombination at the interface compared to the
rate of intralayer recombination. Meanwhile, due to the built-in electric field from Sc2CF2 to
Sc2CCl2 (or Sc2CBr2), the recombination of photogenerated electrons in the CBM of Sc2CCl2
(or Sc2CBr2) and photogenerated holes in the VBM of Sc2CF2 is accelerated, promoting the
recombination of path 1© carriers. In addition, electrons have varying additional potential
energies at different points in the space charge region, a phenomenon known as energy
band bending [54]. The positive charge on the Sc2CCl2 (or Sc2CBr2) is repelled by the
holes on the Sc2CF2, causing the energy band to bend downward. Correspondingly, as the
electrons move, the energy bands of the Sc2CF2 bend upward, forming a potential barrier
at the interface. Due to the presence of built-in electric fields and potential barriers, the
transfer of electrons from the CBM of Sc2CF2 to the CBM of Sc2CCl2 (or Sc2CBr2), as well
as the transfer of holes from the VBM of Sc2CCl2 (or Sc2CBr2) to the VBM of Sc2CF2, are
suppressed. Therefore, electron transfer in paths 2© and 3© is repressed. After absorbing
photon energy, the electrons are excited to the CBM, while the holes remain in the VBM.
Due to the obstruction of path 2© and path 3©, photogenerated electrons gather in the
CBM of Sc2CF2, while photogenerated holes gather in the VBM of Sc2CCl2 (or Sc2CBr2),
which facilitates the efficient separation of photogenerated carriers and prolongs their
lifetime [23]. Therefore, it is difficult for electrons and holes to transfer following the type-II
pathway, and the Sc2CF2/Sc2CX2 heterostructure should be used as the photocatalyst for
the Z-scheme. According to the above analysis, the Sc2CF2 layer exhibits a higher reduction
ability. Photogenerated electrons and hydrogen ions undergo a reduction reaction on the
CBM of the Sc2CF2 layer to produce hydrogen. Meanwhile, in the highly oxidizing Sc2CCl2
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(or Sc2CBr2) layer, the photogenerated holes on the VBM react with hydroxyl groups to
produce oxygen, thereby improving the photocatalytic performance.

Differently, the Sc2CCl2/Sc2CBr2 heterostructure is not suitable as a photocatalyst
due to the fact that the CBM is lower than the energy level of EH+/H2 (Figure 5a). How-
ever, they can function as absorption layers for solar cells. As shown in Figure 5c, the
conduction band offset and valence band offset between the Sc2CCl2 and Sc2CBr2 layers
are 0.11 eV and 0.40 eV, respectively. Therefore, under the influence of valence band offset,
the photogenerated holes in the Sc2CCl2 layer tend to jump to the VBM of the Sc2CBr2
layer. Simultaneously, due to the lower CBM energy of Sc2CCl2 in the Sc2CCl2/Sc2CBr2
heterostructure, photogenerated electrons tend to move to the CBM of Sc2CCl2, resulting
in a type-II band alignment. The very small conduction band offset can improve the energy
conversion efficiency of the solar cell, while the large valence band offset limits the electrons
in the Sc2CCl2 monolayer and the holes in the Sc2CBr2 monolayer [55]. Therefore, the rate
of electron hole recombination will decrease, and the lifetime of photogenerated carriers
will be extended. This will promote the formation of indirect excitons, which can be utilized
in optoelectronic devices.

Considering that the construction of vdW heterostructures is an effective approach to
enhance optical absorption and achieve excellent photovoltaic performance, therefore, to an-
alyze the optical properties of the Sc2CF2/Sc2CCl2, Sc2CF2/Sc2CBr2, and Sc2CCl2/Sc2CBr2
heterostructures, we calculated the optical absorption of the Sc2CF2 monolayer, Sc2CCl2
monolayer, Sc2CBr2 monolayer, and the Sc2CF2/Sc2CCl2, Sc2CF2/Sc2CBr2, and Sc2CCl2/
Sc2CBr2 heterostructures, as shown in Figure 6a–c. Among them, the optical absorption
coefficient is determined by the following equation [56]:

α(ω) =
√

2ω

√√
ε2

1(ω) + ε2
2(ω)− ε1(ω)

where ε1(ω) and ε2(ω) represent the real and imaginary parts of the complex dielectric
function ε(ω), respectively. As illustrated in Figure 6a, we found that, compared to
monolayers Sc2CF2 and Sc2CCl2, the Sc2CF2/Sc2CCl2 heterostructure has a wide absorption
range from UV light to visible light due to its reduced band gap. It can be seen that the
optical absorption coefficient of the Sc2CF2/Sc2CCl2 heterostructure is much larger than
that of Sc2CF2 and Sc2CCl2 in both the UV and visible light ranges. More importantly, the
Sc2CF2/Sc2CCl2 heterostructure shows a high absorption coefficient in the visible light
region, reaching up to 2.53 × 105 cm−1 at a wavelength of 410 nm. The enhancement
of the optical absorption coefficient is mainly due to the interlayer coupling between
two monolayers of the Sc2CF2/Sc2CCl2 heterostructure [57]. Therefore, it is expected
that the Sc2CF2/Sc2CCl2 heterostructure can act as an efficient visible light-harvesting
photocatalyst. As can be seen from Figure 6b, compared with the Sc2CF2 monolayer and
Sc2CBr2 monolayer, the significantly increased optical absorption in the UV and visible light
regions of the Sc2CF2/Sc2CBr2 heterostructure is due to the interlayer coupling [58]. At the
same time, compared with the Sc2CF2 monolayer and Sc2CBr2 monolayer, the increase in
the optical absorption range of the Sc2CF2/Sc2CBr2 heterostructure is on account of the
decrease in the band gap. Therefore, compared to the Sc2CF2 and Sc2CBr2 monolayers, the
Sc2CF2/Sc2CBr2 heterostructure exhibits superior optical absorption performance, enabling
efficient solar energy harvesting.

Light-absorbing materials not only need to have a suitable electronic structure but
also need to have the ability to harvest solar light. Therefore, it is of great significance
to study the optical properties of the Sc2CCl2/Sc2CBr2 heterostructure. The calculated
absorption spectra of Sc2CCl2 and Sc2CBr2 monolayers, as well as the Sc2CCl2/Sc2CBr2
heterostructure, are shown in Figure 6c. In the UV and visible regions, the absorption
intensity of Sc2CCl2 and Sc2CBr2 monolayers is weak. However, the absorption peak
of the Sc2CCl2/Sc2CBr2 heterostructure in the visible region is nearly 2.33 × 105 cm−1,
which is 1.71 times that of the Sc2CCl2 monolayer. The enhancement of the optical absorp-
tion coefficient is mainly due to the interlayer coupling between two monolayers of the
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Sc2CCl2/Sc2CBr2 heterostructure [58]. Compared to both monolayers, the absorption range
of the Sc2CCl2/Sc2CBr2 heterostructure increases due to its reduced band gap. Therefore, it
can be concluded that the Sc2CCl2/Sc2CBr2 heterostructure would be a promising material
for solar cells.

Figure 6. (a–c) Optical absorption coefficient as a function of energy for the Sc2CF2/Sc2CCl2,
Sc2CF2/Sc2CBr2, and Sc2CCl2/Sc2CBr2 heterostructures, along with their respective isolated
monolayers. (d) PCE as a function of donor band gap and conduction band offset of the
Sc2CCl2/Sc2CBr2 heterostructure.

For device applications, in addition to the electronic and optical properties of the
Sc2CCl2/Sc2CBr2 heterostructure analyzed above, such as limited band gaps, strong solar
light-harvesting capabilities, and easy separation of electrons and holes with type-II band
alignment, the ability to convert photon energy into electricity is also critical for solar cell
applications. We use the method developed by Scharber et al. to calculate the PCE of solar
cells, and its formula is as follows [59]:

η =
JscVocβFF

Psolar
=

0.65(Ed
g − ΔEc − 0.3)

∫ ∞
Ed

g

JPh(h̄ω)

h̄ω d(h̄ω)∫ ∞
0 JPh(h̄ω)d(h̄ω)

where 0.65 represents the band fill factor, Ed
g stands for the optical band gap of the

donor, and ΔEc represents the conduction band offset (CBO). The open circuit voltage
is Ed

g − ΔEc − 0.3, and JPh(h̄ω) is the 1.5 AM solar energy flux at the photon energy (h̄ω).
As shown in Figure 6d, the calculated PCE of the Sc2CCl2/Sc2CBr2 heterostructure is about
20.78% (highlighted by the red star), which surpasses that of many other heterostructures,
such as GeSe/AsP (16%) [13], InS/InSe (13.17%) [60], Hf2CO2/MoS2 (19.75%) [29], and
MoS2/BP (20.42%) [61] heterostructures (highlighted by the green circle). Thus, we con-
clude that the Sc2CCl2/Sc2CBr2 heterostructure is more promising and competitive for 2D
vdW heterostructure solar cells.

Strain engineering is an effective method to change the structural, electronic, and
magnetic properties of 2D materials [62]. In addition, strain is unavoidable in industrial
production, which comes from bending, external loads, and lattice mismatch [46]. Applying
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a biaxial strain will alter the band structure of the heterostructure and affect its photocat-
alytic and photovoltaic performance [42,45]. Then, the effects of in-plane biaxial strain
on the electronic properties of Sc2CF2/Sc2CCl2, Sc2CF2/Sc2CBr2, and Sc2CCl2/Sc2CBr2
heterostructures are systematically studied. Here, the inner-layer biaxial strain (εin) is
defined by εin = [(L − L0)/L0] × 100%, where L and L0 are the lattice constants before and
after the strain application, respectively. The applied strains η are −8%, −6%, −4%, −2%,
2%, 4%, 6%, and 8%, respectively. A negative value of η means that compressive strain is
applied to the heterostructure. When η is positive, it indicates that tensile strain is applied
to the heterostructure.

As shown in Figure S4, the electronic properties of the Sc2CF2/Sc2CCl2 heterostructure
are significantly changed by applying biaxial strain. Compared with the Sc2CF2/Sc2CCl2
heterostructure without strain (Figure 3a), the applied strain changes the band gap of
the heterostructure. From Figure 7a, it can be seen that when the compressive strain is
−8%, −6%, −4%, and −2%, the band gap of the heterostructure decreases to 0.36, 0.39 eV,
0.46 eV, and 0.52 eV, respectively. Among them, the positions of the CBM and VBM have
not changed and are still located at the high symmetry points M and Γ, as shown in
Figure S4a–d. When the tensile strains are +2%, +4%, +6%, and +8%, respectively, the band
gaps of the heterostructure increase to 0.62 eV, 0.66 eV, 0.72 eV, and 0.75 eV, respectively.
The positions of the CBM and VBM are still located at the high symmetry points M and Γ,
respectively (Figure S4e–h). With the increase in strain, the CBM of the Sc2CCl2 monolayer
gradually moves away from the Fermi level, causing an increase in the band gaps. It can
be seen from Figure 7b that the Sc2CF2/Sc2CCl2 heterostructure maintains a type-II band
alignment throughout the strain. As for the band edge, all the heterostructures maintained
photocatalytic activity under strain.

Figure 7. The (a) band gaps and (b–d) band alignment of strained Sc2CF2/Sc2CCl2, Sc2CF2/Sc2CBr2,
and Sc2CCl2/Sc2CBr2 heterostructures.

The electronic properties of the Sc2CF2/Sc2CBr2 heterostructure changed significantly
when biaxial strain was applied, as shown in Figure S5. In contrast to the strain-free
Sc2CF2/Sc2CBr2 heterostructure (Figure 3b), applying strain not only alters the band gaps
of the heterostructure but also changes the band alignment of the heterostructure. As can
be seen from Figure 7a, the band gaps of the Sc2CF2/Sc2CBr2 heterostructure decrease to
0.31 eV, 0.66 eV, and 0.77 eV when the compression strain is −6%, −4%, and −2%, with
the CBM and VBM located at highly symmetric points M and Γ (Figure S5b–d). However,
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when the compressive strain increases to −8%, the band gap of the Sc2CF2/Sc2CBr2 het-
erostructure decreases to 0 eV. This indicates that the heterostructure transitions from an
indirect band gap semiconductor to a metal under −8% compressive strain because the
CBM (VBM) moves below (above) the Fermi level, as shown in Figure S5a. When the
tensile strain was +2%, +4%, +6%, and +8%, the CBM and VBM were located at highly
symmetric points M and Γ, with band gaps increasing to 0.79 eV, 0.80 eV, 0.81 eV, and
0.82 eV, respectively, as shown in Figure S5e–h. From Figure 7c, when the compressive
strain is between −6% and −4%, the VBM of the Sc2CBr2 layer is positioned at a higher
energy level than that of the VBM of the Sc2CF2 layer. Consequently, the VBM of the
Sc2CF2/Sc2CBr2 heterostructure shifts from the Sc2CF2 layer to the Sc2CBr2 layer, leading
to a transition from type-II to type-I. In addition, when the compression strain is −2%, the
VBM of Sc2CBr2 is higher than that of EO2/H2O, which is unfavorable for the photocatalytic
reaction. By analyzing the band structure of the Sc2CF2/Sc2CBr2 heterostructure under
strain, it is considered that the strain affects the relative position of atoms as well as the
bonding properties and strength of the atoms, leading to a change in the band structure.
The band alignment of the Sc2CF2/Sc2CBr2 heterostructure can be changed from type-I to
type-II under different strain conditions.

For the Sc2CCl2/Sc2CBr2 heterostructure, the applied biaxial strain range is still
−8%~8%. As shown in Figure S6, it is noteworthy that under −8%~6% biaxial strains,
the heterostructures consistently maintain type-II banding and retain indirect band gap
characteristics. As displayed in Figure 7a, the band gaps of the Sc2CCl2/Sc2CBr2 het-
erostructure decrease to 0.17 eV, 0.55 eV, 0.88 eV, and 1.14 eV when compressive strain
is applied. As the tensile strain increases, the band gap also increases, reaching 1.53 eV,
1.67 eV, 1.79 eV, and 1.88 eV, respectively. Under −8%~6% biaxial strains, the CBM and
VBM are still contributed by Sc2CCl2 and Sc2CBr2, located at the M and Γ points, respec-
tively, as depicted in Figure 7d. Unlike these changes, under the tensile strain of 8%, the
CBM of the Sc2CCl2 layer becomes higher than the CBM of the Sc2CBr2 layer. Thus, the
CBM of the Sc2CCl2/Sc2CBr2 heterostructure shifts from the Sc2CCl2 layer to the Sc2CBr2
layer, leading to a type-II to type-I transformation. In addition, we calculated the PCE
values of the Sc2CCl2/Sc2CBr2 heterostructure under various biaxial strains, as illustrated
in Figure 6d (highlighted by the black star). From Figure S7, we can see that a maximum
PCE of 20.07% can be achieved under 2% tensile strain.

4. Conclusions

In summary, based on density functional theory calculations, we have systematically
explored the electronic structure and optical properties towards photocatalytic water split-
ting as well as the photovoltaic applications for Sc2CF2/Sc2CCl2, Sc2CF2/Sc2CBr2, and
Sc2CCl2/Sc2CBr2 vdW heterostructures. AIMD simulation and phonon spectrum results
show that the Sc2CF2/Sc2CCl2, Sc2CF2/Sc2CBr2, and Sc2CCl2/Sc2CBr2 heterostructures are
thermally and dynamically stable. Sc2CF2/Sc2CCl2, Sc2CF2/Sc2CBr2, and Sc2CCl2/Sc2CBr2
heterostructures exhibit type-II band alignments with the CBM and VBM located in different
monolayers. By further analyzing the band alignment and charge carrier transfer processes,
the Sc2CF2/Sc2CCl2 and Sc2CF2/Sc2CBr2 heterostructures exhibit a direct Z-scheme pho-
tocatalyst. These properties can effectively separate the photogenerated carriers, making
them suitable for photocatalytic water splitting. Remarkably, a PCE of 20.78% can be
achieved for the Sc2CCl2/Sc2CBr2 heterostructure, which is higher than that of many other
reported heterostructures. In addition, all the heterostructures exhibit excellent optical ab-
sorption coefficients in both the visible and UV regions, reaching the order of 105 cm−1. This
theoretical work demonstrates that the Sc2CX2/Sc2CY2 (X, Y = F, Cl, Br) heterostructures
are promising candidates for applications in photocatalytic and photovoltaic devices.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/molecules29122898/s1, Table S1: The structure coordinate information
(POSCAR) of the Sc2CF2/Sc2CCl2 heterostructure with three different stacking configurations. The
POSCAR of Sc2CF2/Sc2CBr2 and Sc2CCl2/Sc2CBr2 heterostructures are the same as those of the
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Sc2CF2/Sc2CCl2 heterostructure; Figure S1: (a–c) AIMD fluctuations of the total energy for the
Sc2CF2/Sc2CCl2, Sc2CF2/Sc2CBr2, and Sc2CCl2/Sc2CBr2 heterostructures at 300 K with 6ps. The
insets are top and side views of the final structures in the AIMD simulation; Figure S2: (a–c) Phonon
dispersion structures of the Sc2CF2/Sc2CCl2, Sc2CF2/Sc2CBr2, and Sc2CCl2/Sc2CBr2 heterostruc-
tures; Figure S3: Electrostatic potential for (a) Sc2CF2, (b) Sc2CCl2, and (c) Sc2CBr2 monolayers;
Figure S4: Relation between band gap of the Sc2CF2/Sc2CCl2 heterostructure and biaxial strain;
Figure S5: The projected band structures of the Sc2CF2/Sc2CBr2 heterostructure under different
vertical strains; Figure S6: Energy bands of the Sc2CCl2/Sc2CBr2 heterostructure under different
strains; Figure S7: The PCE of the Sc2CCl2/Sc2CBr2 heterostructure with different strains.
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Abstract: This study investigates the stability, electronic structure, and optical properties of the
GaN/g-C3N4 heterojunction using the plane wave super-soft pseudopotential method based on first
principles. Additionally, an external electric field is employed to modulate the band structure and
optical properties of GaN/g-C3N4. The computational results demonstrate that this heterojunction
possesses a direct band gap and is classified as type II heterojunction, where the intrinsic electric field
formed at the interface effectively suppresses carrier recombination. When the external electric field
intensity (E) falls below −0.1 V/Å and includes −0.1 V/Å, or exceeds 0.2 V/Å, the heterojunction
undergoes a transition from a type II structure to the superior Z-scheme, leading to a significant
enhancement in the rate of separation of photogenerated carriers and an augmentation in its redox
capability. Furthermore, the introduction of a positive electric field induces a redshift in the absorption
spectrum, effectively broadening the light absorption range of the heterojunction. The aforementioned
findings demonstrate that the optical properties of GaN/g-C3N4 can be precisely tuned by applying
an external electric field, thereby facilitating its highly efficient utilization in the field of photocatalysis.

Keywords: first principles; GaN/g-C3N4; optical properties; external electric field

1. Introduction

Photocatalytic technology, which harnesses solar energy, has been widely applied
in various domains including air purification, water splitting for hydrogen production,
and self-cleaning capabilities [1–3]. The essence of photocatalytic technology lies in the
development of efficient photocatalysts. However, the utilization efficiency of visible light
by conventional photocatalysts such as TiO2 [4], ZnO [5], and WO3 [6] remains significantly
low, falling below 5% [7]. Consequently, current research endeavors to enhance the light
absorption range of photocatalysts in the visible spectrum while simultaneously augment-
ing their efficiency and stability during photocatalytic reactions [8]. Two-dimensional
photocatalysts, such as g-C3N4 [9,10], TiS3 [11], and TiS2 [12], demonstrate a remarkable
responsiveness to visible light and exhibit exceptional catalytic efficiency, surpassing tra-
ditional photocatalysts such as TiO2 [13]. Its extensive specific surface area facilitates the
formation of additional reactive sites, leading to a significant enhancement in photocatalytic
performance [14,15]. However, the rapid recombination of photogenerated carriers and
the limited range of light absorption continue to pose significant challenges in enhancing
the photocatalytic efficiency of g-C3N4 [16]. Currently, the construction of heterojunctions
represents a promising strategy for enhancing the efficiency of photocatalysts. The key
factor of heterojunctions as excellent photocatalysts is the formation of a built-in electric
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field at their interface, which effectively mitigates the rapid recombination of photogener-
ated carriers and optimizes the optical properties of these systems [17,18]. The hydrogen
production rates of the three g-C3N4-based heterojunctions, g-C3N4/SiOC, g-C3N4/WS2,
and g-C3N4/CeO2, presented in Table 1 exhibit a significant enhancement compared to that
of single-layer g-C3N4, with an impressive efficiency increase ranging from 46 to 93 times.
This finding strongly indicates that the photocatalytic efficiency can be greatly enhanced by
constructing g-C3N4-based heterojunctions. The band gap of these three heterojunctions is
smaller than that of monolayers, indicating a significant alteration in the heterojunction
structure compared to single layers. Furthermore, all three heterojunctions exhibit a type
II band alignment, which is observed to significantly enhance photocatalytic efficiency
compared to single-layer g-C3N4.

Table 1. Hydrogen production rate (H), band gap (Eg), and band structure type in g-C3N4-based
heterojunctions.

Photocatalysts H (μmol g−1 h−1) Eg (eV) Band Structure Type

Layer g-C3N4 [19] 2.82 2.70 /
g-C3N4/SiOC [20] 1020 2.64 Type II
g-C3N4/WS2 [21] 599.7 2.30 Type II
g-C3N4/CeO2 [22] 229.75 2.06 Type II

Data in Table 1 were determined through experimental measurements.

After analyzing the experimental results, it can be concluded that type II heterojunc-
tions based on g-C3N4 exhibit superior photocatalytic efficiency compared to single-layer
g-C3N4. Therefore, when selecting efficient photocatalysts, emphasis should be placed
on g-C3N4-based type II heterojunctions. The band structure of the type II heterojunction
is staggered, encompassing two distinct semiconductor materials, one of which must be
satisfied as an oxidized type with a sufficiently low valence band position, and the other
semiconductor as a reduced type with a sufficiently high conduction band position. Figure 1
illustrates the band alignment of g-C3N4 and confirms its adequately high conduction band
position [23–25]. Accordingly, only another two-dimensional monolayer semiconductor
needs to be chosen while ensuring its lower valence band position. Through screening, GaN
was identified as meeting these criteria (refer to Figure 1) [26]. Based on this hypothesis,
forming heterojunctions between GaN and g-C3N4 will lead to enhanced photocatalytic
efficiency for type II heterojunctions.

 
Figure 1. Schematic diagram illustrating the band alignment between a single layer of g-C3N4 [20]
and GaN [27].

Consequently, it is plausible to anticipate the successful realization of type II GaN/g-
C3N4. In this study, we employ first principle calculations to construct GaN/g-C3N4
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and investigate its electronic structure and optical properties. Our findings unveil the
significant potential of this heterojunction in photocatalysis, providing theoretical support
for advancing efficient and stable photocatalysts. These results contribute to the application
and further development of photocatalysis technology.

However, the photocatalytic efficiency of the heterojunction remains limited due to
the high probability of recombination between photogenerated electron–hole pairs and
the excessive loss of photogenerated carriers [28,29]. The band edge positions of the
heterojunction can be precisely tuned by applying an external electric field and carefully
adjusting its intensity and direction, leading to a notable enhancement in its photocatalytic
performance. The proposed approach introduces novel concepts and methodologies that
make a significant contribution to the advancement of photocatalytic materials, enhancing
their efficiency and stability [30,31]. The influence of an external electric field on the
electronic structure of the SeZrS/SeHfS heterojunction was investigated by Yang et al. [32].
Their findings demonstrate that the application of an electric field with an intensity below
−0.2 V/Å or above 0.2 V/Å induces a transition from a type I to a type II heterojunction,
resulting in interlaced bands. This transition significantly facilitates the efficient separation
of photogenerated carriers, thereby enhancing photocatalytic efficiency. Zhao et al. [33]
utilized an external electric field to modulate the electronic structure of a PtSe2/ZrSe2
heterojunction, resulting in a tunable band gap within the range of 0–0.25 eV. The bandgap
initially widens and then rapidly narrows as the external electric field shifts from negative
to positive values, promoting electron transitions. Moreover, under specific ranges of
electric field intensity (−0.05 V/Å < E < 0.01 V/Å and −0.17 V/Å < E < 0.22 V/Å), the
heterojunction type transforms from type I to type II, leading to enhanced photocatalytic
performance. The aforementioned statement underscores the capacity of an external electric
field to manipulate the migration pathways of photogenerated carriers, fine-tune the band
alignment of the heterojunction, and optimize the photocatalytic process. Ultimately,
this enhancement in heterojunction photocatalytic efficiency confers evident advantages.
Consequently, the objective of this study is to construct GaN/g-C3N4 utilizing the first
principle method and to manipulate its optical properties through the introduction of an
external electric field. Our aim is to provide novel perspectives and theoretical models that
will advance the development of highly efficient photocatalytic materials.

2. Model Structures and Stability

The present study meticulously constructed a comprehensive model GaN/g-C3N4,
comprising a total of 46 atoms (as depicted in Figure 2). First, the bulk phases of g-C3N4
and GaN were cut along the (001) plane to obtain two-dimensional g-C3N4 (a = b = 4.779 Å)
and GaN (a = b = 3.210 Å). Then, based on lattice matching, the single layers of both
phases were expanded to form g-C3N4 (2 × 2 × 1) and GaN (3 × 3 × 1), ultimately
constructing a heterojunction with g-C3N4 as the bottom layer. To effectively mitigate the
impact of interlayer coupling, a substantial vacuum layer measuring 20 Å was deliberately
incorporated along the c-axis direction.

(a) (b) (c)

GaN C
Figure 2. Structure model top views of (a) GaN supercell, (b) g-C3N4 supercell, and (c) GaN/g-C3N4

heterojunction.
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After conducting meticulous calculations, it was conclusively determined that the
lattice mismatch rate between GaN and g-C3N4 in the heterojunction is a mere 0.9%. This
result unequivocally demonstrates the feasibility of establishing a stable heterojunction
between these two materials. The three GaN/g-C3N4 models depicted in Figure 3 exhibit
distinct stacking patterns: Model I shows precise alignment of the N-Ga ring of the GaN
layer above the N-C ring of g-C3N4, as seen in Figure 3a; Model II features accurate
positioning of the N atom of the GaN layer over that of the g-C3N4 layer, as shown in
Figure 3b; and Model III positions the N atom of the GaN layer at the center of the N-C
ring in the g-C3N4 layer, as illustrated in Figure 3c. Additionally, we have accurately
computed the total energies by employing TS and Grimme dispersion correction methods,
respectively, as summarized in Table 2. The calculation results show that the total energy
value calculated by the TS method is lower, thereby showing that the TS method provided a
more accurate reflection of the physical nature of intermolecular dispersion. Consequently,
the calculation results are based on the TS method. Analyzing the total energy across
three different modes reveals that model III exhibits the lowest calculated total energy
using the TS method, which indicates its superior stability. Therefore, we chose model III
as the structural model for GaN/g-C3N4 in this paper.

(c)

GaN C

(a) (b)

Figure 3. Three modes of GaN/g-C3N4 heterojunction (a) Model I, (b) Model II, (c) Model III. Red
dashed circles represent the alignment of GaN single-layer and g-C3N4 single-layer stacks.

Table 2. Total energy of GaN/g-C3N4 heterojunctions obtained for three stacking methods using TS
and Grimme dispersion correction methods.

Methods Model I (eV) Model II (eV) Model III (eV)

TS −28,134.0639 −28,134.0486 −28,134.0806
Grimine −28,134.0480 −28,134.0237 −28,134.0534

To study the structural stability of GaN/g-C3N4, we calculated the binding energy at
various interlayer distances. The expression for this binding energy (Ecoh) is as follows [34]:
Ecoh = ET(GaN/g-C3N4) − ET(GaN) − ET(g-C3N4), where the total energies of the GaN/g-
C3N4, the monolayer GaN, and the monolayer g-C3N4 are denoted as ET(GaN/g-C3N4),
ET(GaN), and ET(g-C3N4), respectively. The presence of a negative binding energy signifies
the inherent stability of the heterojunction structure [35]. The heterojunction structure is
considered stable when the interlayer distance reaches 3.6 Å, as depicted in Figure 4a, with
a corresponding minimum binding energy of −2.960 meV/Å2.

To further validate the thermal stability of GaN/g-C3N4, we employed the DS-PAW
(version 2023a) [36] first principle plane wave calculation software to conduct ab initio
molecular dynamic (AIMD) simulations of the system at 300 K (equivalent to room temper-
ature), as depicted in Figure 4b. After 8000 calculation steps within a timeframe of 8 ps,
the system exhibits remarkable stability. The structural integrity remains intact without
any chemical bond breakage, accompanied by minimal energy fluctuations. These find-
ings underscore the exceptional thermodynamic stability of the heterojunction system at
300 K [37,38].
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Figure 4. (a) The relationship between the binding energy of GaN/g-C3N4 and the interlayer spacing
d; (b) The energy variation in GaN/g-C3N4 during the AIMD simulation lasting for 8 ps at 300 K,
with the inset showing the top view of the final structure from the AIMD simulation. The illustrations
shown in (a) depict gray balls representing Ga atoms, purple balls representing N atoms, and pink
balls representing C atoms. The illustrations in (b) show green balls representing Ga atoms, gray
balls representing N atoms, and brown balls representing C atoms.

The lattice mismatch energy (Emiscoh) associated with the GaN/g-C3N4 is expressed by
the following equation [39]: Emiscoh = E(g-C3N4)a1 + E(GaN)a2 − E(g-C3N4)a1′ − E(GaN)a2′
where the total energies of the monolayer g-C3N4 and GaN supercells are denoted as E(g-
C3N4)a1 and E(GaN)a2, respectively, when their lattice constants are set to a. Furthermore,
E(g-C3N4)a1′ represents the total energy of the monolayer g-C3N4 with a lattice constant of
a1′ , while E(GaN)a2′ indicates the total energy of the monolayer GaN with a lattice constant
of a2′ . The lattice mismatch energy of the GaN/g-C3N4 is calculated to be −1.230 meV/Å2,
indicating its remarkable stability. To further investigate the interaction forces at the
interfaces of the heterojunction, we introduced the van der Waals energy (ΔEvdw) [40] as a
powerful tool for analyzing this particular heterojunction. The mathematical formulation
of this energy can be expressed as follows: ΔEvdw = |Ecoh| + |Emiscoh|, the absolute value
of the binding energy for the heterojunction, denoted as |Ecoh|, and the absolute value of
the lattice mismatch energy within the system, denoted as |Emiscoh|, are crucial factors in
this study. Notably, a van der Waals energy measurement of 4.19 meV/Å2 indicates that
the interaction force between interfaces is primarily governed by van der Waals forces.

3. Analysis and Discussion

3.1. Electronic Structure and Optical Properties
3.1.1. Energy Band Structure and Electronic Density of States

This study presents a comprehensive analysis of the band structure and electron
density of states for monolayer g-C3N4, monolayer GaN, and the GaN/g-C3N4, as illus-
trated in Figures 5 and 6. Based on the presented data, this study focuses on the energy
range spanning from −3 to 5 eV, with the Fermi level serving as the reference point at
0 eV. Moreover, the conduction band minimum and valence band maximum are both
located at the identical symmetry point Γ, indicating a direct electron transition in both
systems. Additionally, precise calculations demonstrate that monolayer GaN possesses a
bandgap width (Eg) of 2.146 eV, which closely aligns with the calculated value of 2.138 eV
by Yi et al. [27], exhibiting an error margin of only 0.37%. Conversely, monolayer g-C3N4
exhibits a narrower gap at 1.568 eV, deviating from the calculated result of 1.62 eV by
Oreshonkov et al. [41] with a discrepancy of 3.2%. The electron density of state (DOS) dia-
gram on the right provides evidence that N-2p states make up most of the valence band in
monolayer GaN, accompanied by a minor contribution from Ga-4p states. Moreover, both
the conduction band and a portion of the valence band in monolayer GaN are primarily
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influenced by N-2s states, consistent with observations made in its corresponding band
structure diagram.
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Figure 5. Energy band diagrams (left) and partial DOS diagrams (right) of monolayer GaN (a);
monolayer g-C3N4 (b).
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Figure 6. GaN/g-C3N4 heterojunction: (a) energy band structure diagram; (b) DOS diagram.

The band structure diagram of the GaN/g-C3N4 is depicted in Figure 6a, where the
valence band maximum (VBM) and conduction band minimum (CBM) coincide at the
same Γ point, indicating a direct bandgap nature with an energy value of 1.842 eV. This
finding aligns consistently with previously reported literature values [42]. The CBM of
GaN/g-C3N4 is predominantly determined by g-C3N4, while the VBM is primarily con-
tributed by GaN, indicating a type-II alignment in GaN/g-C3N4. The present finding is
in line with the experimental outcomes reported by Sarkar et al. [26]. Compared to mono-
layer systems, the two materials in GaN/g-C3N4 exhibit overlapping but maintain their
respective independent electronic constructions. The combination of different materials in
this process allows for the utilization of complementary advantages and the optimization
of performance. Additionally, the interaction at the heterojunction interface significantly
enhances the efficiency of separating photon-generated carriers.

The conduction band of the heterojunction is primarily contributed to by C-2p and
N-2p states near the Fermi level, while the valence band predominantly consists of N-2p
and Ga-4p states, as depicted in Figure 6b. The conduction band of the heterojunction is
primarily contributed to by C-2p and N-2p states near the Fermi level, while the valence
band predominantly consists of N-2p and Ga-4p states, as illustrated in Figure 6b, which
can be attributed to the proximity of the valence band to the Fermi level, facilitating
electron transitions from the valence band to the conduction band. Moreover, there exists
an energy level overlap between the orbitals of both materials, indicating a significant
hybridization of orbitals between Ga atoms and N atoms, which promotes electron transfer
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from Ga-4p states to N-2p states, resulting in electron accumulation at N atoms located at
the heterojunction interface.

3.1.2. Work Function and Effective Mass

The work function (Φ) represents the minimum energy required for electrons to
transition from the interior of a semiconductor to its surface. In this study, we conducted
calculations to determine work functions for monolayer g-C3N4, monolayer GaN, and
GaN/g-C3N4. The calculation formulation is outlined as follows [43]: Φ = Evac − Efer. Here,
the symbol Evac denotes the vacuum energy level, while Efer signifies the Fermi energy
level. As depicted in Figure 7, the Φ of monolayer GaN and monolayer g-C3N4 are 5.956 eV
and 4.097 eV, respectively, reaffirming the findings reported in the existing literature [44].
Compared to the GaN monolayer system, the Φ of the GaN/g-C3N4 was reduced to
5.500 eV, indicating enhanced electron excitation at the interface of this heterojunction. By
comparing the minimum potential energy of GaN and g-C3N4, a potential difference of
1.676 eV between them is observed. It is deduced that an inherent electric field forms in
the heterojunction, with its direction pointing from the g-C3N4 layer towards the GaN
layer. Such an electric field facilitates to improve carrier mobility and efficient separation of
photo-generated electron–hole pairs at the interface, ultimately resulting in a significant
enhancement of photocatalytic performance for the heterojunction [45].
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Figure 7. Work function diagrams of (a) GaN; (b) g-C3N4; and (c) GaN/g-C3N4 heterojunction (The
vacuum energy level in this article is assumed to be at the reference point of 0 eV).

To gain a more comprehensive understanding of the migration behavior of electrons
and holes, this study conducts an analysis by calculating the effective masses (me*, mh*)
and their ratio D = me*/mh*, for monolayer GaN, monolayer g-C3N4, and GaN/g-C3N4.
The calculation results, expressed by formulas as follows [46], are presented in Table 3:

m* = �
2/(

∂2E
∂k2 )

Table 3. Effective masses of single-layer GaN, single-layer g-C3N4, and GaN/g-C3N4.

System me* mh* D (me*/mh*)

GaN 0.56 0.55 0.98
g-C3N4 0.58 0.62 1.07

GaN/g-C3N4 0.67 1.29 1.93

Here, the ∂2E/∂k2 represents the second-order derivative of the E–K curve. The ef-
fective masses (me* and mh*) of GaN/g-C3N4 are found to be 0.67 and 1.29, respectively;
these values increase compared to those observed in the single-layer. The D value generally
denotes the degree of separation between electrons and holes, effectively characterizing
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disparities between electrons and holes within a given system. A high D value indicates a
significant degree of separation between electrons and holes within the system, resulting in
an increased number of available electrons and holes for participation in photocatalytic
water splitting reactions. In comparison to monolayer systems, GaN/g-C3N4 exhibits
the highest D value, indicating a preference for holes and reducing the likelihood of
electron–hole recombination. These findings suggest that the construction of heterojunc-
tion significantly enhances the efficiency of electron–hole separation, thus anticipating a
substantial improvement in its photocatalytic performance.

3.1.3. Difference in Charge Density

In order to gain a more comprehensive understanding of the charge redistribution
occurring at the heterojunction interface, this study employs formula [47] Δρ = ρ(GaN/g-
C3N4) − ρ(GaN) − ρ(g-C3N4) to determine the planar-averaged differential charge den-
sity for GaN/g-C3N4. The charge densities of the GaN/g-C3N4, monolayer GaN, and
monolayer g-C3N4, respectively, represent ρ(GaN/g-C3N4), ρ(GaN) and ρ(g-C3N4). As
illustrated in Figure 8, a depletion of charge occurs in the GaN layer while a correspond-
ing accumulation takes place in the g-C3N4 layer at the interface of GaN/g-C3N4. This
migration of charges from the GaN layer to the g-C3N4 layer generates an internal electric
field that is directed from the g-C3N4 towards the GaN region. The interface between GaN
and g-C3N4 induces a reorganization of electron distribution. Electrons migrate from GaN
towards g-C3N4, resulting in the establishment of a built-in electric field at the interface.
The inherent electric field effectively facilitates the spatial separation of photogenerated
electrons and holes, thereby significantly mitigating their recombination probability. Con-
sequently, a higher proportion of photogenerated electrons and holes can be involved in
photocatalytic reactions, thus substantially advancing the photocatalytic efficiency of the
catalyst [48].
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Figure 8. Plane-averaged differential charge density diagram of GaN/g-C3N4. The inset presents
a three-dimensional diagram illustrating the differential charge density, with the yellow region
indicating electron accumulation and the cyan region representing electron depletion.

3.2. Photocatalytic Performance

The optical absorption coefficient of GaN/g-C3N4 exhibits a remarkable enhancement
within the visible light range, as illustrated in Figure 9. In comparison to monolayer g-C3N4,
GaN/g-C3N4 demonstrates a significant red shift towards lower energy levels, indicating
an augmented light-responsive capacity. These findings suggest that the incorporation of
GaN into g-C3N4 can significantly enhance the optical absorption characteristics of this
system.
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Figure 9. Absorption spectra of monolayer GaN, monolayer g-C3N4, and GaN/g-C3N4.

The CBM and VBM of single-layer GaN are −3.674 eV and −5.811 eV, respectively, as
illustrated in Figure 10. Similarly, the CBM and VBM of single-layer g-C3N4 are −3.084 eV
and −4.649 eV, respectively. The relative positions of single-layer GaN and g-C3N4 in the
band edge alignment diagram (Figure 10) are consistent with the experimental measure-
ments in Figure 1. During the formation of a heterojunction, electron redistribution occurs
at the interface between a single-layer GaN and g-C3N4, resulting in downward movement
of their energy bands relative to the vacuum level. However, it is important to note that the
CBM and VBM of g-C3N4 still remain at higher energy levels compared to those of GaN,
leading to the formation of a staggered band structure known as type II. Therefore, our
calculation results indicate that GaN/g-C3N4 is a type II heterojunction.

Figure 10. Band edge positions of GaN, g-C3N4, and GaN/g-C3N4 heterojunction for water oxidation
and reduction. In the diagram, the green dashed line represents the energy level of H+/H2, while the
blue dashed line corresponds to the energy level of O2/H2O.

3.3. External Electric Field

Extensive research has demonstrated that the bandgap and properties of heterojunction
structures can be modulated by an external electric field. Therefore, in this study, we
introduce an external electric field perpendicular to the planar surface of GaN/g-C3N4
along the c-direction. Figure 11a shows the variation in band edge positions of GaN/g-
C3N4 under the electric field intensity range from −0.3 V/Å to 0.3 V/Å for water oxidation
and reduction, wherein the valence band maximum (VBM) and conduction band minimum
(CBM) of GaN and g-C3N4 are determined using formulae [49], which are expressed as
follows: EVBM = χ − Eelec + 0.5 Eg, ECBM = EVBM − Eg, wherein Eelec represents a constant
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value relative to the H electrode (Eelec = 4.5 eV), Eg denotes the bandgap of the system, and
χ signifies the average electronegativity of the constituent atoms within the system [50].
According to the settlement outcome of the equations, the application of an electric field
ranging from −0.1 V/Å to 0.2 V/Å sustains a higher CBM level for g-C3N4 compared to
GaN while simultaneously maintaining a lower VBM. The aforementioned observation
suggests that GaN/g-C3N4 possesses a staggered band structure. Furthermore, the CBM
is positioned higher than the potential of H+/H2, while the VBM is situated lower than
the potential of O2/H2O. The above-mentioned characteristics suggest that GaN/g-C3N4
can be classified as a type II heterojunction. When the electric field intensity falls below
−0.1 V/Å or exceeds 0.2 V/Å, GaN/g-C3N4 still has a staggered band structure. However,
the CBM and VBM of GaN/g-C3N4 are not fully straddled above and below the redox
potential. Therefore, under electric field intensity, E ≤ −0.1 V/Å or E > 0.2 V/Å, GaN/g-
C3N4 is not a type II heterojunction, but a Z-scheme heterojunction.

0.3 0.2 0.1 0.0 0.1 0.2 0.3
8

7

6

5

4

3

2

type Ztype 

O2/H2O

Electeic field (V/Å)

 GaN CBM

 GaN VBM

 g-C3N4 CBM

 g-C3N4 VBM

E
ne

rg
y 

(e
V

)

H+/H2

type Z

(a)

7.0

6.5

6.0

5.5

5.0

4.5

4.0

3.5

0.0
(b)

if type Z

O2

H+

(ii)

Eg

VBO

CBO

O2/H2O

H+/H2

h+h+h+h+

Eg

Eg

Ef

=5.254 eV

e- e- e- e-
e- e- e- e-

e- e- e- e-
e- e- e- e-

h+h+h+h+

h+h+h+h+

(i)H2

H2O

Vacuum

-0.2 (V/Å) Electric field

G
aN

O2

g-
C 3
N
4

H2O

VBO

CBO

h
E

 
s N

H
E

H+

if type 

Eg

H2

h+h+h+h+

g-
C 3
N
4

G
aN

Figure 11. (a) Diagram illustrating the variation in band edge positions of GaN/g-C3N4 under
the influence of sequential external electric fields for water oxidation and reduction; (b) Schematic
representation illustrating the photocatalytic electron migration mechanism following heterojunction
band edge alignment under an applied electric field intensity of −0.2 V/Å. The orange rectangle
represents CB, and the blue rectangle represents VB. b(i) shows the assumed electron migration
pathway of GaN/g-C3N4 as Type II, while b(ii) shows the assumed electron migration pathway of
GaN/g-C3N4 as Type Z. The vacuum energy level is defined as zero eV, with the green dashed line
representing oxidation potential and the blue dashed line representing reduction potential.

Subsequently, we elucidate the intrinsic mechanism of this Z-type heterojunction by
considering GaN/g-C3N4 under a specific applied electric field strength (E = −0.2 V/A) as
an illustrative example. Based on the aforementioned analysis, it is evident that the GaN/g-
C3N4 structure exhibits a bandgap spanning characteristic, as illustrated in Figure 11b(i),
suggesting its potential as a type II heterojunction [51]. However, the VBM of g-C3N4 is
over the position of the water oxidation potential, thereby impeding hole transfer from
the VBM of GaN to g-C3N4 and rendering it incapable of meeting the conditions required
for water decomposition. This observation result negates the rationality of considering
g-C3N4 as a type II heterojunction. Therefore, as illustrated in Figure 11b(ii), the electron
transfer path occurs from the CBM of GaN with a lower reduced capacity to the VBM
of g-C3N4 with a lower oxidized capacity, guided along a specific “Z”-type pathway,
facilitating carrier recombination. Meanwhile, the electrons at the CBM of g-C3N4 with a
higher reduced capacity and holes at the VBM of GaN with a higher oxidized capacity are
selectively retained, facilitating effective spatial segregation of redox sites and improving
the reactivity of the heterojunctions in the photocatalytic reaction. This new electron
migration mechanism is termed as a direct Z-scheme [52]. According to this methodology,
Z-scheme heterojunctions are formed in all GaN/g-C3N4 systems under specific electric
fields (E ≤ −0.1 V/Å, E > 0.2 V/Å), as illustrated in Figure 11a.
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The potential energy difference values (ΔPs) between the CBM of g-C3N4 and VBM of
GaN were calculated based on the data presented in Figure 11a. The corresponding results
are summarized in Table 4. It is observed from the table that the Z-scheme systems exhibit a
higher ΔP compared to type II systems. The Z-type material exhibits a higher potential for
photo-generated electrons compared to type II materials, thereby enhancing its reduction
ability. Simultaneously, the Z-type material demonstrates a lower potential for holes in
comparison to type II materials, leading to an augmented oxidation ability. ΔP serves as
the underlying rationale for the enhanced separation of photogenerated carriers and redox
capacity exhibited by Z-type heterojunctions when compared to type II heterojunctions.

Table 4. Potential difference across GaN/g-C3N4 under varying electric fields.

Electric Field (V/Å) −0.3 −0.2 0.3 −0.1 0 0.1 0.2

Type Z Z Z Z II II II

ΔP (eV) 2.544 2.550 2.620 2.525 2.245 2.369 2.335

The Z-type heterojunctions, as illustrated in Figure 12, exhibit significant redshifts
compared to the type II heterojunctions. The redshift and absorption coefficients of Z-
type heterojunction are notably enhanced at external electric field intensities of 0.2 V/Å
and 0.1 V/Å, respectively. This observation aligns with the preamble comprehensive
discussion on the Z-scheme GaN/g-C3N4, where its superior oxidation–reduction capacity
has emerged as a pivotal factor in enhancing light absorption and improving photocatalytic
activity.
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Figure 12. The absorption spectrum of GaN/g-C3N4 heterojunctions under the influence of different
external electric field, with solid lines representing z-scheme heterojunctions and dashed lines
representing type II heterojunctions.

4. Materials and Methods

The Vienna Ab initio Simulation Package (VASP 6.3) [53] based on density functional
theory (DFT) [54] was employed in this study to investigate GaN/g-C3N4. Specifically,
we selected the Perdew–Burke–Ernzerhof (PBE) exchange-correlation functional coupled
with the generalized gradient approximation (GGA) [55] for our calculations. To accurately
account for dispersion interactions, both the TS (Tkatchenko-Scheffler) [56] and DFT-D3 [57]
methodologies were utilized. Notably, a plane wave cutoff energy of 500 eV was set, and a
Monkhorst-Pack [58] scheme with a K-point grid of 3 × 3 × 1 was employed (Figure S1).
Additionally, the self-consistent field (SCF) of 2 × 10−6 eV/atom was chosen to ensure the
result precision.
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5. Conclusions

First principle analysis was employed to investigate the electronic structure and
optical properties of GaN/g-C3N4 heterojunctions under external electric fields in this
study. The calculations revealed that GaN/g-C3N4 exhibits a lower lattice mismatch.
AIMD simulations demonstrated minimal total energy fluctuations at 300 K, indicating
robust thermodynamic stability and structural integrity. The GaN/g-C3N4 heterojunction
displays a direct bandgap of 1.842 eV and exhibits a type II heterojunction configuration.
The electron migration occurs from the GaN layer to the g-C3N4 layer, leading to the
establishment of an intrinsic electric field directed towards the GaN layer. When the
strength of the applied external electric field falls below 0.1 V/Å or exceeds 0.2 V/Å,
the band structure of GaN/g-C3N4 can transition from a type II heterojunction to a Z-
type heterojunction. Compared to type II materials, the Z-type material exhibits a higher
potential for photo-generated electrons, which enhances its reduction ability. Additionally,
it demonstrates a lower potential for holes in comparison to type II materials, resulting
in an augmented oxidation ability. At external electric field intensities of 0.2 V/Å and
0.1 V/Å, respectively, the redshift and absorption coefficients of the Z-type heterojunction
undergo significant enhancements. In conclusion, a precise manipulation of the external
electric field can profoundly influence and optimize both band structure alignment and
photocatalytic performance in these heterojunctions.
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Abstract: Carbon nitrides can form coordination compounds or metallic oxides in the presence of
transition metals, depending on the reaction conditions. By adjusting the pH to basic levels for mild
synthesis with metals, composites like g-C3N4-M(OH)x (where M represents metals) were obtained
for nickel (II) and manganese (II), while copper (II) yielded coordination compounds such as Cu-g-
C3N4. These materials underwent spectroscopic and electrochemical characterization, revealing their
photocatalytic potential to generate superoxide anion radicals—a feature consistent across all metals.
Notably, the copper coordination compound also produced significant hydroxyl radicals. Leveraging
this catalytic advantage, with band gap energy in the visible region, all compounds were activated
to disinfect E. coli bacteria, achieving total disinfection with Cu-g-C3N4. The textural properties
influence the catalytic performance, with copper’s stabilization as a coordination compound enabling
more efficient activity compared to the other metals. Additionally, the determination of radicals
generated under light in the presence of dicloxacillin supported the proposed mechanism and
highlighted the potential for degrading organic molecules with this new material, alongside its
disinfectant properties.

Keywords: coordination compounds; disinfection; degradation; carbon nitride

1. Introduction

Carbon nitrides have gained significant importance owing to their high physicochemi-
cal stability and low toxicity, making them suitable for applications in photocatalysis for
environmental remediation and various emerging technologies [1–3]. However, certain
thermodynamic properties of g-C3N4, such as its lipid-soluble character and the potential
aggregation of its layers through hydrophobic interactions, along with considerations
related to surface geometry, introduce some limitations in its electronic properties.

Notably, these compounds exhibit a high electronic recombination index, diminishing
their capacity to generate electron-hole pairs. Additionally, the positioning of energy levels
concerning redox potentials and the proper alignment of energy bands are critical factors
influencing their efficiency and photochemical performance [4,5]. Several alternatives
currently exist to enhance the optoelectronic properties of g-C3N4. For instance, the
synthesis of heterojunctions has the potential to facilitate the efficient transfer of charge
carriers between materials, mitigating undesired recombination and thereby improving the
photocatalytic process [6–8].

Alternatively, the coordination of g-C3N4 with transition metals as composite or
doping can broaden the absorption spectrum, creating active centers within the polymer
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mesh that facilitate light absorption, promote efficient charge transfer, and consequently
increase the generation of electron-hole pairs [9–11].

Coordination with metals introduces new energy levels within the electronic structure
of g-C3N4, influencing the position of electronic states. The stacking of graphitic carbon
nitride allows coordination to metal centers through the nitrogen’s lone electron pairs, in
contrast to graphene. This can enhance its photocatalytic properties and charge transfer
to a metal or an organic molecule. Metals such as Ni, Cu, and Mn, for example, can
facilitate charge transfer in the materials, with their ions having the potential to be included
in electron-rich cavities on the material’s surface, providing a platform for stabilizing
transition metals, even on their surface [12–16], Scheme 1a, Table S1 [13,17–27]. Previous
research suggests that amino groups play a role in facilitating the transfer of photogenerated
electrons. At the same time, metal ions, owing to their lower work function, can extract
photogenerated electrons from semiconductors. In this scenario, coordination doping could
potentially result in a synergistic effect between the amino groups and metal ions.

(b) 

(a) 

Scheme 1. (a) Electronic effect of metal ions on electronic properties in g-C3N4. (b) Electronic condition
of g-C3N4 reported vs. generation of ROS.
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Moreover, the generation of reactive oxygen species (ROS), such as hydroxyl radicals
(•OH) and hydrogen peroxide (H2O2), can be achieved. For instance, Cu is effective in
producing •OH, while Ni and Mn can contribute to other ROS species. Consequently,
by integrating the generation of ROS with the enhanced photocatalytic properties of the
coordinated material, it becomes possible for electron-hole pairs and photogenerated •OH
radicals to infiltrate the bacterial cell wall. This intrusion, upon breaking the cell wall,
leads to the deterioration and leakage of the cell cytoplasm, ultimately causing bacterial
death [28–32]. To generate these species, the electrochemical potentials of the valence and
conduction bands must energetically allow the oxidation reactions in the water molecule’s
hole and the reduction of oxygen in the conduction band, as shown in Scheme 1b.

Following the previous context, the present study investigated the effect of nickel (II),
manganese (II), and copper (II) coordination on the g-C3N4 template, considering different
arrangements for coordinating electron pairs of nitrogen atoms available in the structure
and its co-precipitation with metallic hydroxide using soft synthesis. Subsequently, the
disinfection activity against E. coli 25922 on the surface was evaluated for each of the
characterized compounds, and finally, the best material was selected for the degradation of
a recalcitrant antibiotic in hospital wastewater (dicloxacillin). Additionally, the improved
photocatalytic properties of the copper modification in the presence of dicloxacillin were
shown to be correlated, theoretically contributing to the adsorption equilibrium of the
system versus the degradation for possible interactions of copper with the matrix and
the contaminant.

2. Results

2.1. Morphology and Spectroscopic Characterization of g-C3N4 and Modified Materials with
Copper (II), Manganese (II), and Nickel (II)

Figure S1 depicts the DRX diffraction patterns for g-C3N4 and modified products with
divalent cations. To consider a fully polymerized tri-s-triazine-based g-C3N4, a structure
was generated starting from the unit cell proposed by Teter and Hemley. In this study, the
same reflections were also observed for the tris-triazine-based structure except for a shift
towards lower angles [33].

In Figure S2a,b, the condition’s reaction to basic pH evidenced different electronic
spectra for each metal transition modification, finding different effects in their relationship
with g-C3N4. Likewise, the lamp identified as adequate for the photocatalytic posterior
analyses overlapped the day lamp emission spectrum (Sylvania lamps FT5T8 8500 K
(40 cm length) and emitted wavelengths between 400 and 700 nm, as this range warranted
the best conditions for interaction for all the materials. The function of the previous
information was carried out for the optimization structures for all compounds using
BIOVIA Material Studio 2017 (MS2017)—Compass II Forcefield. Energetic parameters were
evaluated for structures with two coordination environments: copper (II) modification
(bonding to N-aliphatic), manganese (II), and nickel (II) (bonding to N-aromatic) and
high hydroxide presence, Figure S3. For hydroxide metallics, the X-ray structures that are
reported and compared in Figure S1 were used. Figure S4a–d depicts the morphology and
microstructure of the g-C3N4 samples that were revealed by SEM and TEM. The products
investigated using SEM exhibited aggregated morphologies and hydroxide presence in
nickel and manganese (II) modifications for layers. The TEM micrographs revealed that the
g-C3N4 has a lamellar, sheet-like structure (Figure S4e), as has been reported previously.
However, Ni-g-C3N4, as shown in Figure S4f, appeared to have aggregated particles, which
contained many smaller crystals.

In Table 1, an elemental surface analysis was quantified from the SEM results to estab-
lish the nature of the bond to the metal ion in the function of the stoichiometric relationship.
Table 2 lists the results of the leaching studies with the detection of ionic chromatography.
These results investigated the stability of the compounds in aqueous solution.
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Table 1. Elemental surface analysis with SEM–EDS.

Material

Theoretical
Metal

Amount
(%)

Metal
(%)

Carbon
(%)

Nitrogen
(%)

Oxygen
(%)

g-C3N4 --- --- 47.79 46.32 5.31
Ni-g-C3N4 8.23 4.89 42.36 41.42 11.1
Mn-g-C3N4 9.25 7.33 41.83 36.4 13.87
Cu-g-C3N4 12.42 15.09 31.7 39.63 13.24

Table 2. Aqueous solution stability (ionic chromatographic detection).

Sample
Concentration

(ppm)

Ni-g-C3N4 0
Mn-g-C3N4 0.572
Cu-g-C3N4 0

Table 3 reports the PC (Potential Charge) using dynamic scattering light, which showed
a residual negative charge for the graphitic nitride. After modification with metal transi-
tions, there were significant effects on surface charge.

Table 3. Z-average (nm) particle size and PC for g-C3N4 and modified materials.

g-C3N4 Cu-g-C3N4 Ni-g-C3N4 Mn-g-C3N4

z-average
(nm) 2561 3714 2257 1309

PC −27.71 −14.98 −21.94 −29.64

The microstructure of the g-C3N4 and modified materials was studied via nitrogen-
conducting adsorption–desorption experiments, and the results are displayed in Figure S5.
All materials exhibited some degree of hysteresis related to a type IV isotherm. An in-depth
analysis of these hysteresis indicated that all the materials presented a distinctive, plate-
shaped pore system. The pores’ properties, hysteresis degree (%), and fractal dimensions
were reported in Table 4.

Table 4. Pore properties in the adsorption of N2.

Material

Pore
Volume (cm3/g)

Pore Amount (%)
Pore

Width (Å)
Hysteresis
Degree (%)

Fractal
Dimension

Micropore Mesopore Micropore Mesopore Micropore Mesopore

g-C3N4 0.023 0.103 13.5 86.5 10.1 51.1 1.3 2.47
Ni-g-C3N4 0.037 0.078 25.5 74.5 12.1 51.1 24.4 2.58
Mn-g C3N4 0.015 0.157 7.1 92.9 12.7 51.1 4.2 2.42
Cu-g-C3N4 0.013 0.120 7.8 92.2 12.1 53.4 9.8 2.48

X-ray photoelectron spectroscopy (XPS) was employed to investigate the surface
chemical compositions. The full survey XPS spectrum (Figure S6a) showed the presence
of Ni, Mn, and Cu at the first inflection point; it was possible to find the band gap energy
values of the modified materials, which were 2.70, 2.09, and 1.50 eV for the Cu-g-C3N4,
Mn-g-C3N4, and Ni-g-C3N4, respectively. Compared with the theoretical band gap energy
of the g-C3N4, which is 2.65 eV, the introduction changed the band gap width because it
forces the creation of new electronic transitions with the d orbitals of the transition metals
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and the π orbitals of the carbon nitride [34]. Figure S6b–d depicts the contributions for N1s,
O1s, and Mn 2p.

2.2. Electrochemical Characterization of g-C3N4 and Copper (II)-, Manganese (II)-, and Nickel (II)-
Modified Materials

Samples were deposited on fluorine-doped tin oxide (FTO) as a transparent substrate,
and cyclic voltammetry (CV) diagrams were initially created with light, Figure 1. For the
CV measurements, the scanning rate was kept at 20 mV s−1. The tests were performed
in three cycles between −1.5 V and +1.5 V for Cu-g-C3N4, Ni-g-C3N4, and Mn-g-C3N4,
and between −2.2 V and 2.2 V for g-C3N4, as the supporting electrolyte: [Na2SO4] = 0.1 M.
It was observed that the material exhibited an optical band gap, where the potential
of the anodic and cathodic peak shifts with the interaction of light for these materials,
demonstrating photoactivity or the presence of a photo response within the visible regions.
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Figure 1. Cyclic voltammetry curves for (a) Cu-g-C3N4, Ni-g-C3N4, (b) Mn-g-C3N4, and (c) Ni-g-C3N4.
Experimental conditions: sweep rate = 20 mV/s; window potential = −1.5 V and 0.0 V, supporting
electrolyte: [Na2SO4] = 0.1 M; and [H2O2] = 0.01 M. (d) Chronoamperometry curves for Cu-g-C3N4,
Mn-g-C3N4, and Ni-g-C3N4. Experimental conditions: V = 0.5 V; time = 15 min; supporting electrolyte:
[Na2SO4] = 0.1 M; and [H2O2] = 0.01 M. The ↓ corresponds to first oxidation process.

The potential versus current plots of the carbon nitride show that the cathodic peaks
shifted in metal-modified materials. It is worth noting that in the voltammogram with
copper, copper (II) underwent electrochemical reduction to copper (I), demonstrating the
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presence of this oxidation state. However, this methodology was not entirely suitable for
estimating the position of the valence and conduction bands. For this reason, Electrochemi-
cal Impedance Spectroscopy (EIS) measurements using the Mott–Schottky method were
depicted to understand this mechanism.

2.3. Photocatalytic Disinfection against E. coli 25922 Using g-C3N4 and Modified Materials with
Copper (II), Manganese (II), and Nickel (II)

To discern the contribution of the hydroxides of the respective metals independently,
their antimicrobial activity against the E. coli strain was estimated simultaneously with
their respective composites consisting of carbon nitrides alternated with metal hydroxides
as explained previously, using the best time treatment (20 min). The hydroxide moieties
showed antimicrobial activity as follows: Cu(OH)2 > Mn(OH)2 > Ni(OH)2. With a difference
between them of 3 Log units, these are not greater than the activity of each of the g-C3N4,
Figure 2a. Figure 2b depicts the disinfection kinetic for g-C3N4, its modifications with metal
transitions, and photolysis control in the range visible.

100

101

102

103

104

105

106

100

101

102

103

104

C
FU

 / 
cm

 

g-C3N4/Cu
 Cu(OH)2

g-C3N4-Cu Cu(OH)2

g-C3N4

C
FU

 / 
cm

 

 g-C3N4/Mn
 Mn(OH)2

 g-C3N4/Ni
 Ni(OH)2

 g-C3N4/Cu
 Cu(OH)2

 g-C3N4

Cu(OH)2g-C3N4-CuNi(OH)2g-C3N4-NiMn(OH)2g-C3N4-Mn

-10 0 10 20 30 40 50 60 70
10-1

100

101

102

103

104

105

106

C
FU

 / 
m

L 

Time (min)

 g-C3N4/Mn
 g-C3N4/Ni
 g-C3N4/Cu
 g-C3N4

 Photolysis

(a) 

(b) 

Figure 2. (a) Photodisinfection using hydroxides of metal ions versus materials with g-C3N4 after
20 min of exposure with a Xenon lamp. (b) Kinetic disinfection for g-C3N4 and modified materials
with copper, manganese, and nickel against E. coli 25922 (Time = −15–60 min).

2.4. Understanding the Disinfection Mechanism of Cu-g-C3N4

It is particularly useful in the study of semiconducting electrodes to provide infor-
mation about the charge transfer and separation process. The scans shown in Figure 3
were recorded in the potential window from −1.0 V to 0.5 V (vs. Ag/AgCl) with an in-
crement of 0.05 V at 10 Hz frequency. The principle behind the Mott–Schottky method

342



Molecules 2024, 29, 3775

is based on the relationship between the capacitance of the space charge of a semicon-
ductor electrode and the applied potential. When a positive potential is applied to the
semiconductor electrode in an electrolytic solution, a space charge region is established
at the semiconductor–electrolyte interface. The variation in capacitance of this region as
a function of potential is known as the Mott–Schottky curve. By analyzing this curve,
several key pieces of information can be extracted: (i) the position of the flat band potential
or conduction band of the semiconductor within the solution, (ii) carrier density in the
semiconductor, (iii) the direction of the slope of the curve, indicating whether the carriers
are electrons or holes, and (iv) the conduction band and valence band. Figure 3a depicts the
Nyquist diagrams and Mott–Schottky plot. The impedance curve is a semi-circular curve
that shows that the process of a three-electrode system is controlled by charge transfer.
A smaller semi-circular arc of impedance indicates a faster electron transfer rate on the
material’s surface and a more probable electrochemical redox reaction; therefore, it indi-
cates a decrease in charge–transfer resistance [35]. Likewise, calculating for Mott–Shottky
plots is commonly used to determine the flat band potential of the semiconductor catalysts,
and these are shown in Figure 3b. In conclusion, regarding valence and conduction bands
associated with impedance study, Figure 3c depicts these electrochemical potentials in
relationship with the hydroxyl, anion superoxide formation.

Figure 3. Cont.

343



Molecules 2024, 29, 3775

 

 

Figure 3. Electrochemical characterization of g- C3N4 and modified materials with copper (II),
manganese (II), and nickel (II), (a). Nyquist diagrams, (b). Mott–Schottky plot, (c). Bands (conduction
and valence) diagram construed for authors.

To confirm the presence of hydroxyl radicals in Cu-g-C3N4, as confirmed by electro-
chemical studies, scavengers like methanol (targeting hydroxyl radicals) and potassium
iodide (targeting hole oxidation) were used to understand the mechanism linked to this
disinfection property as compared to other materials. However, the methanol disinfection
activity is well-known, complicating the interpretation of kinetic disinfection in bacterial
studies. Organic molecules such as dicloxacillin are sensitive to reactive oxygen species
(ROS) and, therefore, are used to examine the kinetics of degradation and to determine
the evolution of ROS; the photolysis control was considered for this molecule, Figure 4a,b.
Posteriorly, the scavengers (KI: holes specific; Methanol: •OH specific) were used to reveal
the production of the ROS for the best material for the disinfection properties of Cu-g-C3N4.

This type of interaction with metal ions can modify the local electronic structure,
facilitating the transfer of electrons between the orbital metals and the nitrogen atom. As
described previously, copper is found around the aliphatic nitrogen located at the periph-
ery of the carbon nitride. To understand if the interaction between the N-triazine and
N-aliphatic represents lower energy in the system and low leaching, computational calcula-
tions were performed by comparing the structure of nitride with coordinated copper at the
metal periphery, around the N-triazines, exerting an electrostatic adsorption interaction,
Figure 5a. This resulted in the best structure of copper for interacting with dicloxacillin in
the adsorption studies, Figure 5b.
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Figure 4. (a). Photolysis of DXC to Xenon Lamp, (b). Photodegradation using Cu-g-C3-N4 and g-C3-N4
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for •OH radical and h+ activation.
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(b) 

Figure 5. (a) Theoretical calculations for a system composed of g-C3-N4, Cu-g-C3-N4 (physisorption),
CuN-g-C3N4 (Cu-coordinated N-triazine), and CuNH-g-C3N4 (Cu-coordinated N-aliphatic). (b) CuNH-
g-C3N4 (Cu-coordinated, N-aliphatic-interacting DCX molecule). Color code structure: blue color
(nitrogen atom), red (oxygen atom), grey (carbon atom), white (hydrogen atom), purple (negative
density charge), green (positive density charge), and dark green (chlorine atom).

3. Discussion

Figure S1 presents, for instance, the (210) reflection observed at 2θ = 11.5◦, (101) at
2θ = 17.54◦, and (002) at 2θ = 27.78◦, corresponding to the tris-triazine ring. The modi-
fications related to the metal ion depend intrinsically on their ability to coexist in their
hydroxylated form at the working basic pH. For example, in the case of nickel, the structure
was greatly modified, having a significant contribution from the planes (001) (100) (101)
corresponding to Ni(OH)2 [36]. Likewise, but to a lesser extent, this phenomenon was
observed for copper and manganese. Conversely, the (210) plane corresponded to the
orthorhombic reflection, which was associated with the alignment of the aromatic layers. In
the case of copper, the plane remains like the g-C3N4 material, showing a slight distortion
in the conformation of the aromatic rings. This suggests that the copper ion has little effect
on the planar structure and can be located on the periphery of the nitride template, located
in the N-aliphatic fragment. On the other hand, nickel (II) and manganese (II) had a large
contribution to the N-N-triazine structure, and, consequently, the relationship between the
I210/I002 planes distorted the aromatic rings of the triazines, which are known to have an
AA stacking.

In Figure S2a,b, the Mn-g-C3N4 spectra presented a highly symmetric D4h coordina-
tion environment and a large planar ð electron system around 400 nm. The former gave
rise to d-orbital degeneracy or near-degeneracy and the possibility of high spin multiplicity.
In this case, the metal dx2-y2 orbital, which by convention points at the N-N-triazine, is
predicted to be quite high in energy [37]. For copper (II) the electronic spectra were very
different to homologs with manganese (II) and nickel (II); the band to 440 nm was related
to tetrahedral environments [38]. Finally, nickel (II) presented few electronic changes; it
suggested modifications in the structure due to the pH and the hydroxyl compounds in the
solution. To approach this information, the lamps in the visible region were selected for the
posterior analyses.

In Figure S3a–d, the structure with low energy for copper (II) is suggested for Cu-N-
aliphatic. In contrast, in the manganese (II) structure, there are moderate contributions
of hydroxides, but nickel stability is governed by the hydroxides nickel (II) [39,40]. This
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preliminary structure allows suggested different electronic properties for all modifications
in relationship with carbon nitride.

In Figure S4a–d for copper micrographs, a greater distribution of the metal ion is
observed, which is consistent with homogeneous coordination of the material on the
periphery of the carbon nitride. Conversely, nickel- and manganese-modified materials
showed a metal distribution into spots, which may be attributed to the alternation between
metal hydroxides and the carbon nitride template [41]. The TEM images suggest that Ni
(OH)2 crystals are stacked with the g-C3N4, as proposed previously. The diffraction pattern
shows the characteristic planes of (100), (001), and (101) attributed to nickel hydroxide in
the region associated with this structure, Figure S4e,f.

In Table 1, the presence of copper in carbon nitride increases the percentage of oxygen
on the surface (EDS analysis), suggesting a prevalent coordination of water molecules from
the metal surface and the environment under mild reaction conditions, after the polymer-
ization of urea. The stoichiometric relationship associated with hydroxides on the surface
is few, as suggested by these results. These water molecules may complete the coordination
sphere of the copper metal ion. In contrast, modification with nickel and manganese shows
that the percentage of oxygen increases concerning the metal percentage in a 2:1 stoichiom-
etry (oxygen: metal), suggesting the presence of hydroxides in the systems containing
these two metals. Interestingly, for nickel, there was a slight variation in the percentage of
carbon and nitrogen as compared to carbon nitride, suggesting that this graphitic structure
is alternated with nickel (II) hydroxide. On the other hand, the metal leaching capability
in an aqueous solution rendered the Ni-g-C3N4 and Cu-g-C3N4 materials fully stable in
solution. However, the manganese compound presents moderate leaching, which is above
the range put forth by the regulatory agencies (0.12 mg/L) [42], Table 2.

On the other hand, the DLS suggests deprotonation of oxygenated groups on the pe-
riphery for g-C3N4. However, the modification with nickel (II) and manganese (II) followed
the hydroxyl group’s surface. Surprisingly, the copper-modified material exhibited a more
positive value in the residual potential of the system, which is explained by the metal coor-
dination on the material’s periphery compensating for the innate surface charge of carbon
nitride. Likewise, the particle size increases with copper (II) modification, which is related
with the disposition surface for g-C3N4 with a metal ion coordinated in the N-N-aliphatic,
which does not limit the electronic effect of N-triazine and its availability, Table 3.

Figure S5, the g-C3N4, Mn-g-C3N4, and g-C3N4-Cu isotherms belonged to the H3-type
isotherm, indicating a parallel and narrow plate-shaped pore conformation. Conversely,
g-C3N4-Ni depicted an H4-type isotherm, suggesting a prevalent slit/wedge-shaped pore
conformation. Particularly, Ni-g-C3N4, and to a lesser degree Cu-g-C3N4, showed a p-
stacking of the g-C3N4 due to the tensile strength effect [43]. The specific surface areas
of g-C3N4, Ni-g-C3N4, Mn-g-C3N4, and Cu-g-C3N4 were estimated to be 52.7 m2 g−1,
80.9 m2 g−1, 51.4 m2 g−1, and 47.4 m2 g−1 respectively. The presence of manganese
had a negligible effect on the surface area of the graphitic carbon nitride, as previously
mentioned. On the contrary, the surface area of nickel carbon nitride was high due to the
presence of hydroxide moieties alternated on the surface, disrupting the 3D structure of
the graphitic nitride. This effect was also noticed on the surface roughness as expressed
by the fractal dimension, evidencing the presence of co-structures on surfaces such as
hydroxides (Table 4). Likewise, the copper-modified materials’ roughness was comparable
to that of carbon nitride, presuming the limited presence of surface hydroxides forming a
coordination of the metallic center at the periphery of the structure. In the case of copper,
the charge potential was affected by the coordination of the metal center, resulting in a large
particle size. All materials were characterized as having a prevalent mesoporous system.
However, the presence of nickel metal decreased the degree of mesoporosity and increased
the micropore degree and width. This is explained by the presence of nickel hydroxides in
the material. On the other hand, copper and manganese ions slightly increased the degree
of microporosity since these metals coordinate the free electron pairs of nitrogen.
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Figure S6 illustrates peaks corresponding to N1’s and O1’s orbitals within the 200 and
400 eV range. In the case of Cu-g-C3N4, the peaks observed at 400.4, 398.9, and 399.8 eV
can be assigned to the bridging N atoms in N(C)3 groups, and the sp2-hybridized nitrogen
triazine rings of C-N=C and the Cu-NH bond respectively, indicating that the Cu forms
a coordination complex with the final amines of the carbon nitride network. Conversely,
the Ni-g-C3N4 and g-C3N4 peaks at N1s at 401.1 eV suggest the presence of free amino
groups (C-N-H) present in the material, suggesting that the formation of the coordination
complex of these metals occurs in the triazine rings and 398.3 eV, Figure S6b [44]. From
these results, we found the location of the metal in the g-C3N4 network. These findings
are consistent with the XRD pattern, indicating a tris-triazine structure in g-C3N4, with
metal ions interacting with its amine groups. Specifically, copper tends to interact with
nitrogen aliphatic regions, as evidenced by XPS showing a greater exposure of triazine
groups on the surface. In contrast, manganese ions interact with triazine groups, leading
to the exposure of amine aliphatic groups. The O1’s orbital demonstrates the influence
of metal centers on g-C3N4, resulting in an energy shift from 531.16 eV to 534.07 eV for
copper with water molecules and hydroxide contributions, Figure S6c. For the Mn 2p
orbital, we found two contributions at 641 and 645 eV [45] corresponding to Mn-N and
Mn-O, suggesting Mn(OH)2 and M-N-triazine, Figure S6d.

Figure 1 shows CV results for all the modified materials and bare g-C3N4. All mea-
surements were conducted at pH 5.4. According to the Pourbaix diagram for Cu, the main
species at work pH is Cu(II). In Figure 1a, there is a reduction peak at 0.33 V associated with
the oxidation of Cu (I) to Cu (II), and a cathodic peak at −1.44 attributed to the reduction
of Cu (II) to Cu (I). Similar peaks in the CV of Mn-g-C3N4 (Figure 1b) and Ni-g-C3N4
(Figure 1c), specifically, anodic peaks at 1.03 V and 0.21 V, are linked to the oxidation of
Mn (II) to Mn (IV) and Ni (II) to Ni (III), respectively, according to their Pourbaix diagram.
Additionally, cathodic peaks at −0.97 V and −0.73 V are associated with the reduction
of the metal species [46–49]. In Figure 1d, the Cu-gC3N4 photocurrent carriers were recy-
clable and stable under the on–off cycles, and it had the highest photocurrent. In contrast,
for Mn-g-C3N4 and Ni-g-C3N4, the photocurrent changed with every on–off switch. As
discussed in the previous chapter, the Cu dispersion over the g-C3N4 template was more
homogeneous than in Mn-g-C3N4 and Ni-g-C3N4, and the presence of hydroxides affects
the flow of the photocarriers over the photocatalyst surface, thereby altering the behavior
of these materials.

From the spectroscopic, textural, and electrochemical characterization of new materials
under soft synthesis, the disinfection against E. coli was determined. Figure 2 shows that
the activity of the nitride structures is independent of that of the metal hydroxide, probably
given that the generation of ROS in the interaction of g-C3N4 with the metal is more effective
in oxidation processes. The Cu-g-C3N4 performed a complete disinfection concerning g-
C3N4 and modified materials with manganese and nickel (II). Therefore, Cu in terms of
electrical conductivity is more effective than Mn and Ni. This phenomenon is explained by
the ability of a metal to participate in redox reactions and release electrons. Copper can be
present in ionic forms, such as Cu (II), which can effectively participate in redox reactions
and induce the formation of ROS [50]. In contrast, nickel and manganese tend to form more
stable oxidation states which are not as likely to participate in redox reactions that generate
ROS. Thus, when a metallic ion is integrated into a carbon nitride network, the nitrogen
atoms can act as electron-pair donors to form coordination bonds with the metallic ion. This
type of interaction can modify the local electronic structure, facilitating the electron transfer
between the orbital metals and the nitrogen atom. The metallic ion in carbon nitride serves
as a catalyst and provides active sites on the surface for oxidation reactions, these sites
may have available electrons in their electronic structure. In the presence of molecular
oxygen (O2), this structure adsorbs oxygen molecules on the surface [51]. Electrons from
the orbital metal can be transferred to oxygen: this electron transfer can occur due to the
electrical potential difference between the metal ionic and the adsorbed species. Adsorbed
oxygen captures electrons that could reduce them to superoxide species (O2

•−) [52]. The
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nonbonding orbitals, also called nonbonding electron pairs, can donate electrons without
breaking coordination bonds. In other cases, the electronic distribution can change without
breaking coordination bonds through the phenomenon of resonance. Electrons can “move”
between different positions without changing the connectivity of the coordination bond [53].
On the other hand, the carbons of the triazine ring may play a significant role in donating
electrons to the dopant metal. Triazine is a molecule that contains nitrogen and carbon
atoms in a heterocyclic ring. Electrons from the carbon atoms in the ring can participate in
the transfer of electrons through sigma bonds, stabilizing the structure, and the stability of
the ring can influence the donation of electrons to the metal ion [54]. The sp2 hybridization
gives rise to an unhybridized p-orbital perpendicular to the plane of the triazine ring. This
unhybridized p orbital may contain π electrons, which are more available to participate in
electron donation processes. Thus, the presence of π electrons in sp2 hybridization may
allow the ring carbon atoms to participate in redox reactions, since these electrons can be
more easily transferred to other chemical species including ionic metals.

Figure 3a,b is used to understand the nature and origin of ROS species with the mate-
rials that are semiconductors. Figure 3a shows that Cu- g-C3N4 has the lowest impedance
resistance. This indicates the fastest electron transfer rate, enhancing the separation effi-
ciency of photogenerated carriers. The transfer of charges across the interface between the
semiconductor and the solution becomes easier, leading to an increase in the photocurrent
and a better chemical catalytic performance [55] as compared to the other three materi-
als [56]. The curves of g-C3N4, Cu-g-C3N4, Ni-g-C3N4, and Mn-g-C3N4-Cu are depicted
in Figure 3b. The electrochemical system can be described by the Randles circuit (inset in
Figure 3a), where R1 is the resistance owing to the passage of electrons between the surface
of the material to the reference electrode, R2 is due to the charge transfer resistance of the
redox couple, W1 is denoted as the Warburg impedance that takes into account diffusion
of electroactive species towards the electrode, and C1 corresponded to the non-faradaic
capacitance of the g-C3N4. The flat band potentials were −0.49697, −0.53287, −0.37109,
and −0.37105 eV for Ni-g-C3N4, Mn-g-C3N3, Cu-g-C3N4, and g-C3N4, respectively. It can
be observed that the introduction of the transition metal as a complex into the g-C3N4
framework modified the position of the conduction band. From the thermodynamics
standpoint, a more negative conduction band position suggests a major reduction potential.
This is translated into a higher production of superoxide anion radical (−0.33 eV) [57].

Knowing the band gap and the conduction band of the materials, it can be calculated
the valence bands which were 1.0030, 1.5571, 2.3289, and 2.2790 eV for the Ni-g-C3N4,
Mn-g-C3N4, Cu-g-C3N4, and g-C3N4, respectively. According to the previous results, it
can be inferred that the oxidative potential is not enough to generate hydroxyl radicals
(2.30 eV), even with the addition of the transition metal in the g-C3N4, manganese, and
nickel systems, as is shown in Figure 3c. However, the valence band for band Cu-g-C3N4
was enough to produce hydroxyl radicals showing the capacity of all materials to generate
superoxide anion radical, which is an ROS with a high redox potential for degrading
membrane microorganisms.

In the same context, the dicloxacillin (DCX) molecule was used against scavengers
to verify the ROS production. This molecule exhibited minimal degradation through
photolysis within a 60 min timeframe, Figure 4a [58]. Figure 4b demonstrates that the
adsorption of DCX is reduced when utilizing g-C3N4 and its copper-modified counterpart.
DCX, when at a circumneutral pH, presents a deprotonated carboxylic group, resulting
in reduced adsorption owing to the negative potential charge (PC) of the materials. Light
exposure significantly influences degradation, with full degradation occurring around
10 min, possibly due to light-activated reactive oxygen species (ROS). To explore the
relationship between ROS production, specifically •OH radical and h+ activation, scavenger
experiments with methanol and potassium iodide (KI) were conducted in the presence
of DCX. The degradation kinetics were hindered in the presence of high concentrations
of methanol, which acted as a scavenger for DCX degradation. Conversely, KI blocked
approximately 15% of the degradation process, indicating direct oxidation by h+, Figure 4c.
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These findings are consistent with the positions observed in the valence and conduction
bands obtained from the Mott–Schottky plot. Overall, these results suggest that •OH
radicals and h+ play significant roles in both disinfection and degradation processes.

Finally, to comprehensively investigate the stability of the copper compound, theo-
retical calculations were carried out, as shown in Figure 5a. The HOMO with low energy
corresponds with metal ions coordinated to nitrogen aliphatic, as was suggested in the
spectroscopic characterization. The metal ion presence in the environment of carbon nitride
decreased energy levels and compensated for the charge-negative surface. The geometry
around copper is suggested to have a tetrahedral geometry, which is congruent with elec-
tronic spectra in the solid state [59]. Additionally, it has low stability for a structure with
Cu-N-tris triazine. The interaction of the DXC with Cu-g-C3N4 coordinated the N- aliphatic
can be explained as the DCX interacting with de sp2-hybridization to increase the active
places for the catalyst, Figure 5b.

4. Materials and Methods

4.1. Reagents

Dicloxacillin (DCX) was provided by Sinopharm Laboratories. Urea was provided by
Analytical Standards M&B Laboratory Chemicals (Cape Town, South Africa). Nickel chlo-
ride hexahydrate and cupric chloride dihydrate were provided by Loba Chemie Laboratory
Reagents (Colaba, India) and Fine Chemicals (Cape Town, South Africa). Manganous
chloride tetrahydrate was provided by Baker (Melbourne, Australia). Reagent sodium
hydroxide pellets, fluorine-doped tin oxide sheets, perchloric acid, sodium sulfate, hydro-
gen peroxide, formic acid, and acetonitrile were provided by Merk (Darmstadt, Germany).
Nitrogen liquid was purchased from Genex (Sydney, Australia).

4.2. Modification of g-C3N4 Synthesis

Bulk g-C3N4 was prepared by pyrolyzing urea. Urea (10.0 g) was heated to 550 ◦C
in an atmosphere-controlled oven at a heating rate of 100 ◦C h−1. This pyrolysis was
conducted for 3 h, followed by cooling until reaching room temperature. The resulting
powder was purified with water and dried at 80 ◦C.

Modified g-C3N4 were prepared in a reflux system. Briefly, 0.067 g of the metal salt
(copper, nickel, or manganese) was diluted in 50 mL of distilled water and was put in reflux
for 0.75 h at 100 ◦C. Subsequently, 0.2 g of g-C3N4 was added to the reflux system and
allowed to react for 1 h. The reaction mixture was allowed to cool down and the pH was
adjusted with concentrated NaOH equimolar until reaching a pH of 10. Finally, it was
filtered by gravity and allowed to dry passed through paper (75 μm).

4.3. Physicochemical and Spectroscopic Characterization

The catalyst surface morphology was observed by Transmission Electron Microscopy
(TEM) using an S-4800 HITACHI at an acceleration voltage of 160 kV (Hitachi, Tokyo, Japan).
The crystal structures were analyzed using an X-ray powder diffractometer (Model XPert
pro-MPD, Medellín, Colombia). Copper X-ray diffraction (XRD) patterns were collected
between 5◦ and 80◦ at a scan rate of 4◦ min−1 and an incident wavelength of 0.15406 nm
(Cu-Kα). X-ray photoelectron spectroscopy (XPS) patterns were recorded using a PHI5300
Software ESCALAB system SID-10148252, LAXPS software with Mg Kα radiation. Pore size
distribution and specific surface areas were obtained using Quantasorb equipment (Nova
1200e, Quanta chrome, Boynton Beach, FL, USA) employing nitrogen gas as adsorbate.
The sorption isotherms were determined at relative pressures from 0.03 to 0.95. Dynamic
Light Scattering (DLS) (ISO13321) range 0.3 nm–10 mm, humidity via. DRX AERIS High
score. Scanning Electron Microscopy (ASTM E1508-12/ASTM E 766 14, 2019, M Committee
E04 on Metallography, and is the direct responsibility of Subcommittee E04.11 on X-ray
and Electron Metallography, USP<1181> [59]. The solid-state diffuse reflectance spectrum
and the solution phase electronic spectrum were recorded on a Shimadzu UV-2401 PC
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spectrophotometer (Shimadzu, Tokyo, Japan) Agilent 8453 diode array spectrophotometer
(Agilent, Santa Clara, CA, USA), respectively.

4.4. Electrochemical Characterization

Electrochemical Impedance Spectroscopy (EIS) and Cyclic voltammetry (CV) were
performed using a PalmSens5, 2004–2022 Palm Sens BV Version 5.9.4206 Build 30281t
electrochemical station coupled with a conventional three-electrode system composed of a
working electrode holding the material, a counter electrode of Ir, and a reference electrode
of Ag/AgCl/KCl under the Xenon lamps (60 W). Each working electrode was prepared
using the impregnation method on FTO-coated glass slides (30 mm × 20 mm × 2 mm size)
obtained from a commercial supplier (TechInstro, Nagpur, India). Before each experiment,
the FTO sheets were soaked with HOCl4 at (1 × 10−3 M) for 1 h. Approximately, 0.2 g of
each material (g-C3N4, Ni-g-C3N4-, Mn-g-C3N4 or Cu-g-C3N4) was suspended in 10 mL of
water, and the FTO sheet was immersed in each suspension for 30 s, followed by drying
on a spin-coater. This process was repeated five times to get a complete FTO coating. The
FTO-coated sheet was then calcinated in a gas control oven at 500 ◦C for 1 h. The latter
process was repeated twice to guarantee a complete material deposition on FTO sheets.
Mott–Schottky analyses were performed at a frequency of 10 Hz using an amplitude of
10 mV at several potentials. To the electrolyte (Na2SO4) was added H2O2 with a finality of
oxidizing the hole.

4.5. Reaction System

The photocatalytic processes were carried out in a homemade aluminum reflective
reactor containing four sunlight lamps (Sylvania FT5T8 8500 K 40 cm length, Medellín,
Colombia) that emitted wavelengths between 400 and 700 nm. The photocatalytic processes
were conducted at 60 W of light power. Antibiotic solutions (50 mL) were placed in beakers
under constant stirring and samples were periodically taken for the analyses.

4.6. E. coli 25922 Photodisinfection

Inoculation process for the E. coli ATCC 25922 strain: Before each experiment, the bac-
terial growth culture medium was prepared by dispersing 23.5 g of HIMEDIA Plate Count
Agar (PCA) in 1L of distilled millipore water. This PCA medium was dissolved, heated to
boiling, and sterilized by autoclaving at 15 psi of pressure for 20 min. Subsequently, the
medium was cooled to 57 ± 2 ◦C, and 19 ± 1 mL portions were poured into 100 × 15 mm
sterile Petri dishes. Immediately, the culture medium underwent sterilization under UV
radiation for 10 min.

The E. coli ATCC 25922 bacterial strain utilized in this study is part of the microbiolog-
ical collection of the Research Group in Basic and Applied Microbiology (MICROBA). A stock
suspension of 5 × 108 Forming Colony Units (FCU)/mL was prepared as follows: E. coli
(ATCC 25922) was retrieved from glycerol at −20 ◦C using a loop. It was then streaked
on agar contained in a petri dish, which was incubated for 18 h at 37 ◦C. Afterward, one
colony was suspended in 5 mL of H2O and stirred using a vortex mixer. This dispersion
was analyzed at 540 nm using a Shimadzu spectrophotometer at 568 nm. A concentration
of 108 FCU/mL was adjusted to an absorbance of 0.7.

A closed photoreaction system with temperature control composed of a 2.2 kW Xenon
lamp and two vortex systems equipped with a petri dish was used. This system allows
for a high interaction with light and materials. In all cases, under dark conditions, 150 mL
of distilled water was mixed with 1 mL of the previously described bacterial suspension
to obtain a final concentration of 5 × 106 CFU/mL, which was confirmed experimentally.
Then, 150 mg/L of the chosen photocatalyst was added and stirred at 250 rpm. The lamp
was turned on 15 min later, and a second sample was taken. From that time onward,
sampling was conducted at various intervals (t = −15, 0, 5, 10, 20, 30, 60 min). The
samples were diluted (1/10) successively in saline solution when necessary (105–102 CFU
microorganisms). In all cases, the extracted bacterial suspensions were spread on plate
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count agar and incubated for 24 h. The number of CFUs was manually counted, and the
CFU/mL was calculated. Each experiment was conducted at least in duplicate.

4.7. Dicloxacillin Degradation

Quantitative analyses of dicloxacillin were carried out using a UHPLC, Thermosci-
entific Dionex UltiMate 3000 instrument, equipped with an Acclaim 120 RP C18 column
(5 μm, 4.6 × 150 mm) and a photodiode array detector (Thermo Fisher Scientific, Waltham,
MA, USA). The wavelength of detection was 270 nm and the injection volume was 20 μL.
The mobile phase was composed of a mixture of formic acid (10 mmol L−1, pH 3.0) and
acetonitrile at a 50:50 ratio, 0.7 mL min−1).

To identify the metals’ leaching, ionic chromatography was carried out with a brochure:
MagIC Net and column Metro A. The injection volume was 10 μL and mixtures of nitric acid
(2 mmol L−1)/oxalic acid (0.5 mmol L−1) were used as mobile phase, conductivity detectors.

4.8. Theoretical Approximations of g-C3N4 and Modified Materials with Copper (II)

Computational modeling was carried out to get some information about the interaction
of carbonous material with dicloxacillin and the calculations of density function theory
parameters (ELUMO, and EHUMO). Starting from the experimental structural data within the
BIOVIA Material Studio 2017 (MS2017) that was obtained using Compass II Forcefield [60],
we created the Cu-g C3N4 for the function of spectroscopic characterization. A solid
solution using water as a solvent at 100 K was considered. The module adsorption locator
included within the commercial modeling software 7.0 MS2017, 2020 was used for the
computational studies. BIOVIA Forcite is an advanced classical molecular mechanic tool,
designed to work with a wide range of force fields, allowing for fast energy calculations
and reliable geometry optimizations of molecules and periodic systems. In our study,
Forcite was used to optimize the geometry of DXC and g-C3N4. In this sense, the BIOVIA
adsorption location module was employed, which is based on simulated annealing, a
metaheuristic algorithm for locating a good approximation to the global minimum of a
given function of a large search space. This allows for the identification of the possible
adsorption configurations by carrying out Monte Carlo searches of the configurational space
of the selected surface–model molecular systems, as the temperature is slowly decreased.
To identify additional local minimum energy, the process was repeated several times.

5. Conclusions

The availability of the tris-triazine template to be photoactivated and transport elec-
trons from the valence band to the conduction band was mediated by the availability of
π-unsaturation. Manganese- and nickel-modified materials contained a M-g-C3N4/M(OH)2
composite which stabilized and blocked the active sites and prevented light from penetrat-
ing the carbon nitride template, affecting disinfection and drug degradation. However, in
the copper-modified material Cu-g-C3N4 the stabilization of an electronic transition corre-
sponded to a D4h environment around the metal center, with interaction in N-aliphatic.
Copper-modified materials were evenly distributed due to the availability of bonds in
target sections such as the periphery. This slight modification demonstrated that the copper
compound can generate hydroxyl radicals and radical anion superoxide, different from
other modifications. The radical hydroxyl can be generated in the h+ as was demonstrated
with the KI scavenger. The material g-C3N4 modified with copper (II) was an excellent
photocatalyst for disinfecting E. coli but also was able to degrade dicloxacillin in the pres-
ence of light. It offers another opportunity for this material in the fields of degradation
of organic molecules. Definitively, the hydroxides in the structures modified with the
transition metals do not make important contributions to the disinfection against this
microorganism; their role may be structural. It wass concluded that a transition metal
coordinated in the N-aliphatic of carbon nitride allows a better electron transfer for the
generation of ROS. Conversely, interaction with N-tris triazine can hinder interaction. This
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soft synthesis opens the opportunity to explore new transition metals by interacting with
carbon nitride to degrade organic molecules and enrich disinfection processes.
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Abstract: Biological neural circuits are based on the interplay of excitatory and inhibitory
events to achieve functionality. Axons form long-range information highways in neural
circuits. Axon pruning, i.e., the removal of exuberant axonal connections, is essential in
network remodeling. We propose the photocatalytic growth and chemical dissolution of
gold lines as a building block for neuromorphic computing mimicking axon growth and
pruning. We predefine photocatalytic growth areas on a surface by structuring titanium
dioxide (TiO2) patterns. Placing the samples in a gold chloride (HAuCl4) precursor solution,
we achieve the controlled growth of gold microstructures along the edges of the indium
tin oxide (ITO)/TiO2 patterns under ultraviolet (UV) illumination. A potassium iodide
(KI) solution is employed to dissolve the gold microstructures. We introduce a real-time
monitoring setup based on an optical transmission microscope. We successfully observe
both the growth and dissolution processes. Additionally, scanning electron microscopy
(SEM) analysis confirms the morphological changes before and after dissolution, with
dissolution rates closely aligned to the growth rates. These findings demonstrate the
potential of this approach to emulate dynamic biological processes, paving the way for
future applications in adaptive neuromorphic systems.

Keywords: photocatalytic deposition; chemical dissolution; gold; titanium dioxide;
potassium iodide solution; indium tin oxide; neuromorphic engineering; transmission
optical microscopy

1. Introduction

Neuromorphic engineering focuses on developing advanced computational systems
by drawing inspiration from the structure and processes of biological neural networks, with
the goal of achieving improved efficiency [1]. In neural networks, neuronal connections
are dynamically and continuously reorganized. These connections evolve over different
time scales: rapid synaptic plasticity results in localized adjustments at synapses between
neurons, while slower processes, such as axon growth and pruning, occur throughout
the broader network. Building on the dynamic reorganization of neuronal connections,
axon growth represents a critical phase of neural network development, where intrinsic
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genetic programs and extracellular signals work in concert to extend axons toward their
target regions, forming the foundational pathways for neural circuitry [2,3]. Many studies
have focused on replicating rapid synaptic plasticity using memristive devices, given
their unique ability to enable in-memory computing [4,5]. Ongoing research continues
to investigate neuronal connections at a global scale within biological neural networks,
while simultaneously developing innovative methods to integrate these mechanisms into
next-generation bio-inspired systems [6].

Recent advances in neuromorphic engineering have increasingly focused on nanowire
networks that exhibit memristive properties, which are being explored for their ability to
emulate the dynamic and adaptable behavior of synapses in biological neural networks.
These networks are gaining attention for their potential to enhance computational efficiency
by replicating both short-term synaptic plasticity and long-term memory storage, paving
the way for the integration of such systems into bio-inspired computing architecture [7–9].
These networks are naturally self-organizing, with nanowires forming conductive, one-
dimensional (1D) pathways. The intricate topology of these networks results in collective
switching behaviors, making them highly compatible with memristive architecture. In
biological neural networks, the ability to dynamically regulate stimuli and control the
formation and dissolution of connections is a key feature for adaptive functionality [10–12].

Axonal pruning is a critical process in the development and remodeling of neural
networks, wherein excess or improperly connected axons are selectively eliminated to refine
the neural circuitry, ensuring the optimal function of the nervous system [13]. This process
occurs primarily during developmental stages, but also plays a role in adult neuroplasticity,
where axonal pruning helps to fine-tune neural pathways based on learning, experience,
and environmental stimuli [13]. Mechanistically, axonal pruning is regulated by molecular
signals that induce synaptic weakening and the targeted retraction of axons, a process that
parallels cellular processes, like apoptosis, ultimately contributing to the structural and
functional optimization of neural circuits [14]. In the early stages, attempts to replicate the
global interactions within neuronal assemblies were made by exploring global connectivity
through electrolyte gating in liquid media [15].

We focus on the gradual formation of one-dimensional, long-range connections, which
have the potential to enable adaptive modifications in network topology. This aspect of
the research aims to mimic axonal growth through the photocatalytic deposition of con-
ductive gold lines onto ultraviolet (UV) light-activated titanium dioxide (TiO2) substrates.
Additionally, we explore the pruning of these axonal-like structures by the chemical dis-
solution of the grown gold lines using a potassium iodide (KI) solution, simulating the
axonal pruning process. Chemical dissolution was chosen as it allows for a gradual loss of
conductivity in continuous gold lines due to the reduction in the gold line diameter. Once
the gold coverage falls below the percolation threshold, conductivity is lost completely.
With gold growth, the percolation threshold may be reached again, regaining conductivity.
Therefore, this approach promises a reversible, stimulus-dependent growth and pruning
of network connections during the learning process mimicking the situation in biological
neural networks. Here, it is recognized that the density of the human dendrite network
increases from birth to the age of 2 years old [16]. Subsequently, the density decreases
again, which is associated with network consolidation during learning.

TiO2 is widely utilized as a semiconductor photocatalyst due to its high photocatalytic
efficiency, ease of fabrication, cost-effectiveness, non-toxic nature, and robust chemical
stability [17–19]. Considering the critical role of TiO2 as a semiconductor photocatalyst
with excellent optical properties, recent studies have demonstrated its ability to facilitate
photocatalytic processes under UV light, particularly for structural modifications and
degradation mechanisms [20]. It was recently shown that the co-precipitation of TiO2 with
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terbium and manganese effectively improves its photocatalytic performance by lowering
the band gap energy and enhancing electron-hole separation, which facilitates the efficient
degradation of tetracycline antibiotics under both UV- and visible-light conditions [21].
The deposition of gold onto TiO2 thin films has been successfully achieved through the
photoreduction of gold chloride (HAuCl4) under UV illumination [22–24]. It has been
reported that the addition of isopropanol to the HAuCl4 solution can significantly accelerate
the photoreduction process by acting as a hole scavenger, thereby enhancing the speed of
gold nanoparticle growth under UV light [25]. In addition to the use of isopropanol, other
parameters have been shown to significantly influence the morphology and coverage of the
deposited gold structures. These include factors such as the crystal structure and surface
morphology of the underlying TiO2 thin film, the composition and pH of the precursor
solution, as well as the intensity and duration of UV illumination [26,27].

Through UV illumination, TiO2 facilitates the generation of electron-hole pairs, with
electrons migrating to the conduction band. These electrons reduce Au3+ ions from the
HAuCl4 solution, leading to the formation of neutral gold atoms The gold atoms form
solid nuclei on the TiO2 surface, which then grow through the consecutive addition of
gold atoms into gold nano- and microparticles. Simultaneously, the holes oxidize nearby
molecules, completing the photocatalytic reaction [28]. The efficiency of photocatalytic
processes, such as gold growth on TiO2 surfaces, is strongly influenced by light intensity, as
higher UV intensities enhance the generation of electron-hole pairs, accelerating reaction
rates and structural formation [29]. These findings provide valuable insights into how UV
illumination affects both the growth and morphological evolution of gold particles [30].

In this study, photocatalysis is utilized to grow gold lines on TiO2 thin films patterned
using lithography. A thin indium tin oxide (ITO) sublayer is incorporated beneath the TiO2.
Given that ITO has a higher work function compared to TiO2, a Schottky barrier forms at the
TiO2-ITO interface, which affects the overall photocatalytic performance [31,32]. In a recent
study, we demonstrated that a 6 nm ITO layer beneath TiO2 effectively promotes localized
gold growth along the edges of the TiO2 patterns resulting in electrically conductive gold
lines [33]. This study builds on these previous findings by using a consistent template with
a 6 nm ITO layer beneath the TiO2 for all experiments. Here, we investigate the sequential
processes of photocatalytic gold growth followed by chemical dissolution mimicking axon
growth and pruning. The schematic in Figure 1 demonstrates the abstraction process for
mimicking neuronal network dynamics through a material-based approach. Figure 1a on
the left presents a simplified schematic representation of a neural network, illustrating the
interconnectivity between neurons in a network. This is not a true 3D neuronal network,
but rather a simplified projection to communicate the idea of neuronal connectivity. Moving
to the right, the neural network is translated into a 2D schematic geometry on a surface.
This 2D representation simplifies the complex volumetric arrangement while retaining the
essential connectivity, making it accessible for technical implementation.

Figure 1b introduces the technical methodology used to mimic axon-like connections
in a proposed material system. First, a patterned template is designed to define specific
regions for selective gold growth. This template mimics synapse-like nodes connected
by axon-like linear pathways. Under UV illumination, the photocatalytic growth of gold
structures is induced along these defined pathways, simulating the formation of axon-
like connections. The resulting gold pathways provide a physical basis for mimicking
neuronal connectivity in a controllable manner. Finally, the grown gold structures undergo
a targeted chemical dissolution process, emulating the natural phenomenon of axonal
pruning. This selective removal of gold pathways enables dynamic modifications of
the network, reflecting the adaptive and self-organizing properties of biological neural
circuits. This approach represents a proposed material system to mimic the formation
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and dissolution of axon-like connections in a simplified, reproducible framework. By
combining photocatalytic growth and chemical dissolution processes, this study introduces
a methodology for investigating adaptive, neuromorphic systems, laying the groundwork
for further exploration in network remodeling.

Figure 1. (a) Simplified schematic representation of a neural network (left) and its abstraction into
2D schematic geometry on a surface (right), retaining the essential connectivity of the network.
(b) Process for mimicking axon-like connections: (left) a patterned template defines regions for
selective gold growth, (center) UV illumination induces photocatalytic gold growth along predefined
pathways, forming axon-like structures, and (right) chemical dissolution selectively prunes the gold
connections, mimicking axonal pruning.

To further clarify this, the abstraction process depicted in Figure 1 bridges the gap
between biological complexity and material implementation. The transition from a neural
network to a patterned material system involves translating the functional principles of
connectivity and adaptability into a simplified, physical framework. This includes using
the patterned template to mimic axonal pathways, where gold deposition represents axonal
growth and its selective removal represents pruning. By replicating these key features,
the proposed system provides a versatile platform to study the dynamic remodeling of
networks, offering insights into neuromorphic engineering and adaptive material systems.

The chemical dissolution of gold using the KI solution has proven to be an effective
method for removing gold from various substrates. KI acts as a complexing agent, forming
soluble gold–iodine complexes, which enable the controlled removal of gold lines grown
during photocatalytic processes [34]. This dissolution process mimics the axonal pruning in
neural networks, allowing for repeated cycles of growth and removal, essential for dynamic
neuromorphic systems. In this paper, we aim to investigate the UV-stimulated photocat-
alytic growth of gold on titanium dioxide patterns, followed by chemical dissolution using
KI solutions. By analyzing both real-time optical monitoring data and post-experiment
scanning electron microscopy (SEM) imaging, we provide insights into the mechanisms
governing these processes and their potential for precise microstructure manipulation.

2. Results

2.1. Analysis of Gold Growth Dynamics on the Edge and Surface of TiO2

In this section, the photocatalytic growth of gold lines on TiO2 edges is analyzed in
real-time using optical transmission microscope data. As described in Section 4, a beaker
was filled with 20 mL of a gold chloride precursor solution, mixed with isopropanol in a
10:1 ratio to enhance the deposition rate. The substrate was submerged in this solution and
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exposed to UV illumination (λ = 365 nm) for 30 min. The growth process was monitored
through a transmission microscope by capturing images every 4 s over a total duration
of 30 min. A certain region around the TiO2 edge was selected where the gold structures
predominantly grew. The selected region included the TiO2 surface on the left side and the
glass substrate on the right side of the TiO2 edge located in the center. Figure 2a presents
optical microscope images of the selected region taken at different times during the growth
process: t = 0, t = 10, t = 20, and t = 30 min. A supplementary video (Video S1) is provided
to offer a clearer visualization of the growth dynamics.

Figure 2. Real-time monitoring of gold growth (a) Sequential optical microscope images of a selected
region around the TiO2 edge, including the TiO2 surface on the left side and the glass substrate
on the right side, taken at various time points, t = 0, t = 10, t = 20, and t = 30 min, illustrating the
gradual growth of gold structures over 30 min. (b) Transmission profiles across the TiO2 edge at
t = 0, t = 10, t = 20, and t = 30 min, normalized to the reference transmission on the glass substrate.
(c) Time-dependent transmission curves showing dissolution progress at the TiO2 edge and surface
compared to the glass substrate.

For every pixel of the selected region, we measured a distinct transmitted light intensity.
At each x-coordinate, we averaged the measured intensity values over all pixels with
different y-coordinates to generate transmission profiles across the x-span of the selected
region. These transmission curves, showing the variation in intensity as a function of
x-span, are plotted in Figure 2b for four different time points: t = 0, t = 10, t = 20, and
t = 30 min. All transmission values are normalized relative to the reference transmission
on the bare glass substrate, located far from the TiO2 edge at x = 40 μm.

At the beginning of the growth process (t = 0), the transmission at the TiO2 edge
(x = 0) was lower than those of the TiO2 surface (x < 0) and the glass substrate (x > 0).
This difference is attributed to light scattering at the TiO2 edge, which creates a narrow
dark line in the middle of the selected area, as displayed in the optical microscopy images
(Figure 2a). Furthermore, the transmission on the TiO2 surface (x < 0) was slightly lower
than that of the glass substrate (x > 0). During the growth process, a decrease in the
transmitted light intensity is observed for x = 0 and x < 0, corresponding to the growth of
gold particles along the edge and on the surface of TiO2 over time. At the end of the growth
experiment (t = 30 min), the normalized transmission at the edge (x = 0) was significantly
reduced compared to the beginning time (t = 0), with a total change of ΔTEdge ≈ 0.19 over
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30 min. On the surface of the TiO2 (x < 0), the transmission was slightly reduced, with
ΔTSurface ≈ 0.03 after 30 min of growth. While a significant growth rate is achieved along
the edge of TiO2, little changes in transmission are observed on the left and right sides of
the edge, confirming the selective formation of gold lines along the edge.

The dissolution process of gold structures on the TiO2 edge and surface was analyzed
by monitoring transmission changes over time. The glass substrate served as a reference,
as it remained unaffected throughout the experiment. The transmission at the TiO2 edge
and surface increased during dissolution, indicating the gradual removal of gold structures.
Figure 2 part (c) of the figure presents the time-dependent transmission curves for these
regions, highlighting the sharper rise in transmission at the TiO2 edge compared to the
surface, reflecting the higher density of gold structures at the edge.

2.2. Analysis of Gold Dissolution Dynamics on the Edge and Surface and TiO2

Following the growth process, a KI solution diluted in DI water at a ratio of 1:300
was utilized to initiate chemical dissolution of the gold structures. The dissolution process
was monitored using the same method as described for the growth process. Figure 3a
displays the optical microscope images of a certain area around the TiO2 edge taken at
different times during the dissolution process: t = 0, t = 5, t = 10, and t = 30 min. For a better
visualization of the dissolution dynamics, a supplementary video (Video S2) is provided.
Similar to the growth analysis, the TiO2 edge is located in the center, with the TiO2 surface
and the glass substrate on the left and right sides, respectively. Figure 3b presents the
transmission curves across the x-span of the selected region at four different time points:
t = 0, t = 10, t = 20, and t = 30 min. All transmission values were normalized relative to
the reference transmission on the bare glass substrate, located far from the TiO2 edge at
x = 40 μm.

Figure 3. Real-time monitoring of gold dissolution (a) Sequential optical microscope images of
a selected region around the TiO2 edge, including the TiO2 surface on the left side and the glass
substrate on the right side, taken at various time points, t = 0, t = 5, t = 10, and t = 30 min, illustrating
the gradual dissolution of gold structures over 30 min. (b) Transmission profiles across the TiO2 edge
at t = 0, t = 10, t = 20, and t = 30 min, normalized to the reference transmission on the glass substrate.
(c) Time-dependent transmission curves showing dissolution progress at the TiO2 edge and surface
compared to the glass substrate.
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At the start of the dissolution experiment (t = 0), the transmission at the TiO2 edge
(x = 0) was nearly 0.25 lower than that of the adjacent glass substrate (x > 0). This difference
indicates that gold was substantially deposited along the edge of the TiO2. On the surface of
the TiO2 (x < 0), the normalized transmission value was approximately 0.08 lower compared
to the glass substrate, suggesting partial gold growth on the TiO2 surface. As dissolution
proceeded, the gold structures dissolved at varying rates on the edge and surface of
TiO2. While the transmission over the glass substrate remained constant throughout the
experiment, a significant increase in transmission was observed on the TiO2 edge and
surface as the gold structures dissolved.

The dissolution process was tracked on Figure 3c by monitoring transmission changes
over time, with the glass substrate as a constant reference. Figure 3c shows time-dependent
transmission curves, with a sharper increase at the TiO2 edge, indicating higher initial gold
density, similar to the previous analysis.

2.3. Morphological Examination Using Scanning Electron Microscopy

In this section, the morphology of gold particles on a single sample was examined
at different stages using SEM. The SEM imaging was performed using a Carl Zeiss Supra
55VP instrument (ZEISS AG, Oberkochen, Germany), operated at an acceleration voltage
of 3 kV and a working distance of 3 mm. This technique provides high-resolution images
that allow for a detailed visualization of the particles, revealing their size, shape, and
distribution along the TiO2 patterns. By applying SEM, the structural characteristics of the
gold particles could be analyzed, both after growth and after dissolution.

SEM analysis was first conducted to observe the morphology of the gold particles
formed along the edges of the titanium dioxide patterns after 30 min of UV illumination.
The photocatalytic growth experiment used a precursor solution of gold chloride mixed
with isopropanol in a 10:1 ratio to enhance growth. After the growth phase, SEM was also
performed following the chemical dissolution of the gold particles, where the KI solution
was diluted with 300 mL of deionized water to assess the effects of dissolution.

2.3.1. SEM Analysis of Grown Gold Particles on TiO2 Edges

The SEM images in Figure 4 provide detailed insights into the selective growth of gold
microstructures on the edge of TiO2 patterns. Notably, no visible particle growth is observed
on the glass substrate, confirming that the photocatalytic deposition occurred exclusively on
the TiO2. This result is significant, as the addition of isopropanol to the precursor solution,
combined with the controlled intensity of the UV LEDs, prevented any unwanted nucleation
or deposition on the glass, ensuring that growth was confined to the TiO2 regions, which is
consistent with the in-situ microscopy measurements where the transmission intensity on
the glass substrate remained unchanged during the growth process.

 

Figure 4. SEM images of the template post-growth, illustrating the formation of gold particles along
the edges of the TiO2 patterns.

The gold microstructures display a distinct 3D flower-like morphology, primarily
concentrated along the edges of the TiO2 patterns. These structures are composed of sharp,
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crossed plates, forming intricate flower-shaped formations. While the growth is focused
along the edges, the microstructures do not form a continuous line; instead, they appear as
separate clusters. This is due to the limited illumination time of 30 min in this experiment,
as the focus was on studying the spontaneous growth and dissolution processes rather than
forming a continuous line. With extended illumination times, a uniform and continuous
gold line along the edges can be achieved [33]. In certain areas, however, the flower-
shaped particles grow close together, nearly forming a connected structure along the edge.
This unique morphology and spatial distribution suggest that the edges of the ITO-TiO2

patterns serve as preferential nucleation sites, promoting the formation of well-defined,
three-dimensional gold structures.

2.3.2. SEM Analysis After the Chemical Dissolution of Gold Structures

The SEM images in Figure 5, illustrate the morphological changes in the gold structures
after the chemical dissolution process for 30 min. In some regions on the TiO2 surface,
clusters of flower-shaped gold particles were observed to have grown, though these areas
were limited both in number and in size. Figure 5a shows one of these small regions on
the surface where the characteristic flower-shaped gold particles had formed prior to the
dissolution experiment.

 
Figure 5. SEM images of gold particles on TiO2: (a) Before dissolution, with flower-shaped particles
on the surface; (b) After dissolution, showing reduced and irregularly shaped particles, though not
fully removed.

Following chemical dissolution using the KI solution, SEM imaging of the same
area in Figure 5b reveals noticeable changes. The previously well-formed, flower-like gold
particles appear etched and reduced in size, suggesting the dissolution process was partially
successful. The gold structures seem to have been broken down into smaller fragments,
though complete dissolution was not achieved, as some remnants of gold particles are
still visible. The decrease in particle size and the etched morphology indicate that the KI
solution effectively initiated the dissolution, but did not fully dissolve the gold structures.

This partial etching highlights the ability of the KI solution to interact with and reduce
the size of gold particles, although further refinement of the dissolution conditions may
be required to achieve full removal. Additionally, the size of the gold particles noticeably
decreased, and their morphology transformed from the original flower-like shapes into
more irregular, amorphous spots, indicating significant structural alteration during the
dissolution process.

3. Discussion

Reconfigurable long-range connections with stimulus-induced formation and stimulus-
free, spontaneous dissolution over time are in high demand to implement axon-like dy-
namic connection schemes. Possible technical implementations range from guided wiring
upon metal filament formation in liquid media upon an electrochemical redox reaction [11]
toward the electrophoretic reorganization of metallic nanoparticles into anisotropic long-
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range nanoparticle agglomerates along electrical field gradients in nanofluids [35]. In
contrast to these earlier studies, which reported on material systems for the electrically
stimulated growth of long-range connections, in this study, UV illumination is applied as a
stimulus. To mimic a biological neural network, growth and dissolution rates should be
compatible with each other. Photocatalytic gold growth allows for UV-stimulus activated
connection formation. The rate may be tailored by adjusting the chemical composition of
the precursor solution or by changing the UV wavelength or intensity. We enhanced the
growth rate in this experiment by using isopropanol as a hole scavenger in the precursor
solution. Additionally, the implementation of two UV LEDs, positioned at an angle for even
illumination, further accelerated the growth process. We decreased the gold dissolution
rate by diluting the KI solution. This had the additional benefit that a higher transparency
is achieved, allowing for the real-time monitoring of the dissolution with the optical trans-
mission microscope. Based on the results of a dilution series, the 1:300 dilution was chosen.
The dissolution process in this setup was slightly slower than the gold growth. This is
desired as the gold lines should grow under UV stimulus and dissolve without stimulus.

The incomplete dissolution of gold structures observed in this study is attributed to the
slower dissolution rate relative to the growth rate under the chosen experimental conditions.
While this resulted in residual gold particles, the dissolution process can be fully completed
by increasing the concentration of KI in the DI water mixture. This adjustment would
accelerate the dissolution, ensuring the complete removal of gold when required. However,
in the context of mimicking axon-like behaviors in neuromorphic systems, achieving a
fully resolved state may not be desired. Instead, the most interesting operation point is at
the percolation threshold of the gold lines. By analyzing changes in conductance during
the growth and dissolution processes, the system can effectively replicate the dynamic
behavior of neural connections. This conductance-based approach provides insights into
dynamic behaviors without necessitating complete dissolution, highlighting the versatility
of the proposed system for neuromorphic and adaptive material applications.

The SEM observations confirmed gold growth and incomplete dissolution for 30 min
of each process. Small amounts of gold residue remaining after the dissolution experiment
confirm the lower dissolution rate compared to the growth rate. The time scales on the
minutes to hours range align well with the remodeling times of biological systems. Further
tuning of the rates is possible. Regarding long-range metal connection formation and
dissolution, it has to be considered that a longer gold growth is necessary to achieve
a conductive gold line without gaps. On the other hand, as soon as gaps appear, the
electrical conductivity is lost. In future experiments, instead of pre-grown metal lines, a
photo-forming step could be utilized to initiate long-range gold connections, similar to the
electroforming process in filamentary memristive devices. Once a proto-filament is formed
through the photo-forming step, subsequent cycles of UV illumination and dissolution can
lead to dynamic reconfigurable states, mimicking axon-like connections. This approach
aligns with the foundational role of forming steps in early memristive devices, as discussed
in the reviews [36].

The diameter of the gold lines in our work is comparable to the diameter of biological
axons in the micrometer range [37]. In biology, the plasticity of white matter is of high
importance for learning and memory [38]. The conduction time of axons is not simply regu-
lated by the axon diameter, but myelin formation and remodeling play a key role [39]. The
inhomogeneous conductivity of biological axons may be compared to the inhomogeneous
nature of our grown gold lines. The dissolution mimics the reversible and localized nature
of axon pruning, focusing on the functional principles of dynamic connectivity rather than
the molecular complexity of biological systems. Different to biology, our two-dimensional
implementation has a much lower line density and total length. In a human brain, the
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combined length of myelinated axons reaches approximately 160,000 km [38]. Biological
network reconfiguration times are on the time scale of hours to days and longer [38]. In
our study, we considered growth or pruning sequences of half-hour durations for partial
growth and partial dissolution. This is comparable to biological time frames. In summary,
our proposed two-dimensional approach offers a similar line diameter as well as similar
reconfiguration time scales, but a much shorter overall length. While acknowledging the
significant differences, stimulus-adaptive gold “axon” formation and pruning are much
closer to the biological situation than the fixed conductivity of electrical connections in
standard electronics.

As in biology, this neuromorphic building block only functions in a liquid environment.
This is highly unusual for electronic systems and definitely poses challenges regarding
system stability, leakage, etc. Nevertheless, it is an intriguing thought to mimic axonal
long-range connection growth and pruning, and the system opens the possibility to study
the interaction of local UV stimuli and a homeostatic environment. Different than in
biology, the liquid has to be exchanged between growth and dissolution. This poses
an additional challenge for further development toward applications. We envision a
microfluidic realization, where the liquid is exchanged in short intervals in a flow cell.
Thus, this system is in principle suitable as a building block for neuromorphic engineering,
allowing for sequential growth and dissolution cycles.

The findings of this study demonstrate a controlled approach to the photocatalytic
growth and chemical dissolution of gold structures on a substrate, opening potential
applications in neuromorphic systems. This study represents an effort to mimic axonal
dynamics on a larger scale, providing a foundation for future work aimed at achieving
finer and more biologically comparable structures [7]. The ability to dynamically grow and
dissolve axon-like connections reflects fundamental biological processes, such as axonal
growth and pruning, which are essential for synaptic plasticity and learning [10]. This
capability could eventually lead to adaptive hardware systems that reconfigure in response
to stimuli, offering a pathway toward more flexible and biologically inspired artificial
neural networks.

Beyond neuromorphic systems, this method holds promise for bioelectronics, par-
ticularly for the development of reconfigurable sensor arrays. Dynamically adjustable
conductive pathways could enable sensors to adapt in real time to changing environmental
or physiological conditions [11]. Additionally, this approach offers a platform for study-
ing synaptic behaviors in artificial systems, enabling controlled investigations of neural
processes at a larger, more accessible scale.

While there are limitations in terms of achieving the high density of three-dimensional
biological systems, the versatility of the proposed system lays a foundation for adaptive
and responsive material systems. By bridging biological functionality and synthetic imple-
mentation, this work represents an important step toward biologically inspired material
systems that operate on scales compatible with current fabrication technologies.

4. Materials and Methods

4.1. Substrate Prepration

In this study, a single type of substrate template was used for all experiments to
investigate the photocatalytic growth and dissolution processes. Soda-lime glass substrates
were precisely diced into 10 mm × 10 mm squares using a Wafer Dicing System (model
DAD3350, Aurotech, Santa Rosa, Philippines) to ensure uniformity and provide a consistent
surface area for material deposition. The substrates were then cleaned thoroughly to remove
contaminants that could interfere with the photocatalytic reactions. The cleaning process
involved sequential sonication in acetone and isopropanol (both of 99% purity, Sigma-
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Aldrich, St. Louis, MO, USA) in an ultrasonic bath (Martin Walter Ultraschalltechnik AG,
Straubenhardt, Germany), followed by complete drying with high-purity nitrogen gas to
ensure the removal of all solvent residues.

A 6 nm layer of ITO was deposited onto the cleaned glass substrates using physical
vapor deposition (PVD) with an In2O3/SnO2 (90/10 wt%) target (99.99% purity, Kurt
J. Lesker Company GmbH, Dresden, Germany). The ITO layer, selected for its higher
work function relative to TiO2, was critical for achieving photocatalytic growth along the
TiO2 edges [33]. The deposition of this thin, uniform, ITO layer formed a heterojunction
TiO2-ITO interface, facilitating electron transfer and optimizing the conditions for gold
growth during subsequent experiments.

Following ITO deposition, a 70 nm-thick layer of TiO2 was sputtered onto the ITO-
coated substrates. This was achieved using a 3-inch TiO2 target (99.99% purity, Kurt J.
Lesker Company GmbH) to ensure high-quality, uniform TiO2 coverage across the entire
substrate. The TiO2 was deposited in its amorphous form, requiring further processing to
transform it into its active photocatalytic anatase phase.

To pattern the TiO2 layer, a standard photolithography technique was employed. The
substrates were first spin-coated with AZ5214E photoresist (Microchemicals GmbH, Ulm,
Germany) at 3000 rpm for 30 s to achieve a uniform resist layer. Hexamethyldisiloxane
(HMDS) was used as an adhesion promoter before applying the photoresist to ensure
reliable patterning. After spin coating, the substrates were prebaked at 110 ◦C for 50 s to
solidify the resist layer.

UV exposure was performed using a mask aligner (SUSS MicroTec, Garching,
Germany), with a 5-inch photomask containing reflective chromium structures for line
patterns as small as 50 μm (Rose Fotomasken, Bergisch Gladbach, Germany). The exposure
energy was set to 32 mJ/cm2. Following exposure, a reversal bake at 120 ◦C for 2 min was
performed to create the desired resist pattern, and a flood UV exposure with 320 mJ/cm2

was applied. The unexposed areas were developed using the AZ726 developer (Micro-
chemicals GmbH) for 1 min, after which the substrates were rinsed with deionized water
and dried with nitrogen gas.

The lift-off process, used to remove the unwanted TiO2 and ITO, involved immersing
the substrates in acetone with ultrasonic agitation for 10 min, followed by a 5-min rinse in
isopropanol. This process ensured that only the desired patterned regions of TiO2 remained
on the ITO layer.

Finally, to convert the sputtered TiO2 from its amorphous state to the photocatalyti-
cally active anatase phase, the substrates were annealed in a muffle furnace at 400 ◦C for
90 min. This heat treatment was critical for achieving the desired crystalline structure and
ensuring optimal photocatalytic properties for the TiO2. After annealing, the substrates
were rapidly cooled on a metal plate to lock in the anatase phase, preparing them for
subsequent photocatalytic growth and dissolution experiments. The preparation process of
the substrates, including lithographic patterning and material deposition, is schematically
illustrated in Figure 6 to provide a clear overview of the procedural steps.

4.2. Photocatalytic Growth Experiment

After completing the heat treatment to convert the TiO2 to its anatase phase, the
photocatalytic growth of gold lines along the edges of the TiO2 patterns was performed in a
beaker. The precursor solution was prepared by dissolving 99.99% pure gold (III) chloride
(HAuCl4) powder (Sigma-Aldrich) in deionized water, with a concentration of 15 mg in
60 mL of water. This solution was thoroughly mixed to ensure the complete dissolution of
the gold chloride and to create a homogeneous precursor solution, essential for consistent
photocatalytic growth across the entire surface of the substrates.
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Figure 6. Schematic representation of the substrate preparation process. The glass substrate is
negatively patterned with AZ5214E photoresist after lithography. A 6 nm ITO layer and a 70 nm TiO2

layer are then deposited via sputtering. After the lift-off process, the final patterned TiO2 structures
with the underlying ITO layer are revealed.

To enhance the growth rate of the gold particles and improve the efficiency of the pho-
tocatalytic process, the precursor solution was mixed with isopropanol in a 10:1 ratio. The
addition of isopropanol, which acts as a hole scavenger, plays a critical role by accelerating
the reduction of Au3+ ions under UV illumination.

Each substrate was positioned at the bottom of a glass beaker with the TiO2 facing
upward. A total of 20 mL of the prepared precursor solution was added to the beaker,
completely submerging the substrate. Two UV LEDs (Nichia, Tokushima, Japan), each
emitting light at a wavelength of 365 nm, were positioned at opposite sides of the beaker
with roughly 7 cm distance to the beaker, illuminating the template at an angle. The
intensity of the UV light was measured using a Newport optical power meter and was
found to be approximately 5 mJ/cm2.The total illumination time was set to 30 min, ensuring
sufficient energy input for the reduction of Au3+ ions and the subsequent formation of gold
lines along the edges of the TiO2 patterns. The schematic of the illumination experiment
setup is shown in Figure 7. The setup is placed in a transmission microscope (DMi8
inverted microscope, Leica, Wetzlar, Germany) to allow for optical image recording of the
gold growth and dissolution on the transparent substrates.

 
Figure 7. Schematic of the photocatalytic illumination setup. The sample with TiO2 structures is
submerged in the HAuCl4 solution and illuminated by two angled UV LEDs (365 nm) under a
transmission microscope connected to a camera.
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4.3. Dissolution Experiment Using a KI Solution Mixed in Different Ratios with DI Water

To investigate the chemical dissolution of gold lines grown on the edge of TiO2 patterns,
a KI solution was prepared by mixing KI (Sigma-Aldrich, product number 204102) and
iodine (I2) (Sigma-Aldrich) in a ratio of 1:4:40 (DI water), which is a commonly used ratio
for gold dissolution in similar chemical systems [40]. After thoroughly mixing the KI and I2

with deionized water, the prepared solution was further diluted to different concentrations
for the dissolution experiments.

Three distinct dilutions of KI solution were prepared by mixing 1 mL of the stock
solution with 200 mL, 300 mL, and 400 mL of DI water. These varying concentrations were
chosen to explore how different KI solution strengths impact the dissolution rate of the
gold lines. The prepared solutions, exhibiting different shades of color due to varying
concentrations of KI in DI, are shown in Figure 8. As the KI solution is diluted with DI water,
the color transitions from dark brown to a lighter reddish hue, becoming progressively
lighter with increasing amounts of DI water.

Figure 8. Visual representation of the KI solution diluted with DI water at different ratios. From left
to right: pure KI solution, 1:200 KI solution to DI water, 1:300 KI solution to DI water, and 1:400 KI
solution to DI water.

After preparing the KI solutions, two substrates were used for the dissolution ex-
periments. Both substrates first underwent the photocatalytic gold growth process as
described in Section 4.2. For the dissolution experiment, one of the gold-grown substrates
was immersed in the KI solution diluted with 300 mL of DI water, and the other substrate
was immersed in the solution mixed with 400 mL of DI water. Both samples were kept
in the solution for 30 min to allow sufficient dissolution of the gold lines. The dissolution
experiments were conducted under a transmission microscope connected to a camera,
enabling the real-time visualization and recording of the process.

4.4. Photocatalytic Growth and Chemical Dissolution Sequence

The experiment was conducted on the substrate described in Section 4.1, using a
transmission microscope for the continuous real-time observation of both the photocatalytic
growth and subsequent chemical dissolution processes. The substrate was fixed in place
throughout the experiment, eliminating the need for repositioning during the solution
exchange steps.

In the first step, the beaker was filled with 20 mL of a HAuCl4 precursor solution,
which had been mixed with isopropanol in a 10:1 ratio to enhance the growth rate of the
gold lines. The substrate, submerged in this solution, was then illuminated using two UV
LEDs (365 nm), placed at an angle, for 30 min. This illumination initiated the photocatalytic
growth of gold lines along the edges of the TiO2 patterns on the substrate. After the growth
phase, the beaker and substrate were thoroughly rinsed with deionized water to remove
any residual gold precursor solution, and the substrate was dried using nitrogen gas to
prepare for the next step.
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In the second step, the photocatalytically grown gold Structures were subjected to
chemical dissolution. The beaker was filled with 20 mL of KI solution, diluted in 30 mL
of DI water. During this phase, the UV LEDs were turned off to avoid any photocatalytic
effects that could interfere with the dissolution process. The substrate remained in the KI
solution for 30 min, allowing the KI solution to dissolve the gold lines by forming a soluble
gold–iodide complex [40]. Following the dissolution, the substrate was again rinsed with
deionized water to ensure the complete removal of the KI solution, and the substrate was
dried using nitrogen gas.

5. Conclusions

In this study, we demonstrated the sequential photocatalytic growth and chemical dis-
solution of gold structures on a patterned ITO/TiO2 template. By optimizing the precursor
solution, we achieved controlled gold growth along the edges of the ITO/TiO2 patterns and
subsequently carried out the dissolution process in an optimized KI solution. The kinetics
of the growth and dissolution processes were explored through real-time monitoring using
optical transmission microscopy and image processing. Although a uniform gold line was
not formed within the 30 min illumination, the focus of this study was on the sequential
growth and dissolution processes rather than achieving continuous lines. While the current
setup did not allow simultaneous growth and dissolution, the findings suggest potential for
future microfluidic systems that enable dynamic solution exchange for UV-driven growth
and dissolution cycles, mimicking biological processes such as axonal growth and pruning
in bio-inspired networks. This work provides a robust methodology for optimized photo-
catalytic growth and dissolution processes, contributing to the development of dynamic,
reconfigurable material systems for neuromorphic engineering and adaptive technologies.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/molecules30010099/s1, Video S1: Gold growth dynamics
in 30 min; Video S2: Gold dissolution dynamics in 30 min.
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