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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 H, produc-
tion and CO; reduction, organic synthesis, pollutant degradation, N, fixation, precious
metal recovery, HyO, 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-C3Ny), 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-C3Ny, clusters, LSPR, and heterojunction/composite materials. Their applications in-
cluded H, production, CO; reduction, organic synthesis, environmental remediation,
disinfection, toxicity, and dual-function photoredox reactions.

Molecules 2025, 30, 269
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Figure 1. The types of materials explored for use as potential photocatalysts
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Figure 2. Various photocatalytic reactions.
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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, AgrO/Fe30y, 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
AgrO/Fe304 (10%) photocatalyst within 15 min. In addition, the designed Ag,O/Fe304
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-TiO, /Co-ZnIn,Sy was prepared through multiple hydrothermal processes. The
effects of Co dopants, i.e., amorphous TiO, 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 H, production was
realized on MoP/a-TiO, /Co-ZnIn,S4. Compared to the pristine ZnIn,S, the H production
of MoP/a-TiO, /Co-ZnIn,S, was enhanced by about three times.

Furthermore, in the research work by Meng et al. (Contribution 3), nanostructured
polymeric carbon nitride (g-C3Ny4, 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 H;, 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-C3Ny 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 ZnmInySz.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 CO, in one reaction
system. In ZnsIn,Sg, ZnyIn,Sy, Zn3In,ySe, ZnyInySs, and ZnlnySy, 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 (H, and CO) and liquid products (hydrobenzoin and
benzaldehyde) could also be regulated.

In the research work by Chen et al. (Contribution 6), Ag/PW12/TiO, composed of
TiO,, polyoxometalates (POMs) [H3PW1,049] (PW12), and Ag nanoparticles was fabri-
cated through successive electrospinning and photoreduction processes. Ag/PW12/TiO,
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/TiO, 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 Bi;S3-ZnO/CA film
was fabricated by assembling BiS3, ZnO, and cellulose acetate (CA). In the Bi;S3-ZnO/CA
film, the addition of Bi,S3 improved cavity density and uniformity. On the other hand,
the addition of ZnO enabled the formation of heterojunctions with Bi,S3 to promote
the separation and migration of photogenerated electron-hole pairs, thus improving the
photocatalytic activity and stability of BiyS3. This is evidenced by the fact that the RhB
(rhodamine B) degradation efficiencies of ZnO/CA, 4Bi2S3/CA, and 4Bi,S3-ZnO/CA were
about 26.51%, 50.26%, and 90.2%, respectively.

Shahid et al. (Contribution 8) prepared a 2D I-FeWO, /GO composite photocatalyst
by combining halogen-doped FeWOy (I-FeWO,) and graphene oxide (GO). In the designed
I-FeWO, /GO composite, GO acted as a supporter, halogen facilitated H,O, production,
and the interface of the I-FeWO,/GO heterostructure promoted charge separation and
migration. Thus, the I-FeWO, 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 [-FeWOy,.

Furthermore, Ai et al. (Contribution 9) fabricated 2D heterojunction g-C3N,@CdS
using a water bath method. Interestingly, tiny CdS nanorods were grown in situ in the
gaps between the 2D g-C3Ny nanosheets. Due to the band-band transfer mechanism of
the g-C3N4@CdS photocatalyst, the charge carriers could be separated efficiently, and thus
excellent H, 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 pmol-g~!-h~!, which was
about 10 times that of CdS and 76 times that of g-C3Ny.

In the research work by Wang et al. (Contribution 10), a 2D-3D hybrid junction
InyS3/CdS/N-rGO was synthesized using a one-step pyrolysis method. The rational 2D-
3D In,S3/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
H, evolution rate (10.9 mmol-g*1 -h~1) could be obtained with the assistance of visible light
and NayS/NaSO3 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 Ca?*-doped AgInS,. The charge
recombination and inactive production of superoxide radicals over AgInS, could be im-
proved by doping CaZ*. 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 ZnIn,Sy (ZnIn,S,/Co-Pi), aiming to suppress its charge recombi-
nation. Due to the transfer of photoexcited holes, ZnIn;S4/Co-Pi exhibited sustainable
H; production with assistance of visible light and triethanolamine (TEOA). Specifically,
3593 umol-g*1 -h~1 of H, production was reached using ZnIn,S, /5%Co-Pi.

To remove hexavalent chromium, Guo et al. (Contribution 13) prepared a 2D g-
C3N4/MoS; nanocomposite using an ultrasonic method. Due to the Z-scheme trans-
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fer mechanism, photoexcited charges could not only be separated efficiently at the g-
C3N4/MoS; 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/TiO, 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 CO, reduction, Wang et al. (Contribution 15) designed TiO, /CuPc
heterojunctions by combining TiO, microspheres and copper phthalocyanines (CuPc).
Benefiting from the heterojunction effect and the additional light-absorbing properties of
TiO; and CuPc, a good reduction rate in 32.4 umol- g*l -h~1 of CO, was achieved with
TiO, /CuPc at about 3.7 times that of the pristine TiO,.

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 H,O 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 Sc;CX;/Sc,CY5 (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. Avila-Torres et al. (Contribution 18) prepared metal-yielded
coordination compounds Cu-g-C3Ny, Ni-g-C3Ny, and Mn-g-C3Njy. 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 O,
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-C3Ny, 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 TiO,. The effect of
amines and temperature on the photocatalytic reduction of CO, was investigated in detail.
The results demonstrated that TEA-TiO, treated in the microwave reactor exhibited the
highest activity.

Furthermore, in the research by Wang et al. (Contribution 22), the 2D GaN/g-C3Ny
heterojunction was investigated using first-principle calculations. The calculated results
indicate that the GaN/g-C3Ny 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 TiO, /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.

List of Contributions

1. Shan, C; Su, Z.; Liu, Z.; Xu, R,; Wen, J.; Hu, G.; Tang, T.; Fang, Z.; Jiang, L.; Li, M. One-Step
Synthesis of Ag,O/Fe304 Magnetic Photocatalyst for Efficient Organic Pollutant Removal via
Wide-Spectral-Response Photocatalysis—-Fenton Coupling. Molecules 2023, 28, 4155.

2. Wu, K;; Shang, Y.; Li, H.; Wu, P; Li, S.; Ye, H.; Jian, F; Zhu, ].; Yang, D.; Li, B.; et al. Synthesis
and Hydrogen Production Performance of MoP/a-TiO, /Co-ZnIn,S, Flower-like Composite
Photocatalysts. Molecules 2023, 28, 4350.

3. Long, B.; He, H.; Yu, Y,; Cai, W,; Gu, Q.; Yang, J.; Meng, S. Bifunctional hot water vapor
template-mediated synthesis of nanostructured polymeric carbon nitride for efficient hydrogen
evolution. Molecules 2023, 28, 4862.

4. Ding, R.; Li, L.; Yu, Y.T.; Zhang, B.; Wang, P.L. Photoredox-Catalyzed Synthesis of 3-Sulfonylated
Pyrrolin-2-ones via a Regioselective Tandem Sulfonylation Cyclization of 1, 5-Dienes. Molecules
2023, 28, 5473.

5. Du, Z; Gong, K.; Yu, Z; Yang, Y.; Wang, P.; Zheng, X.; Wang, Z.; Zhang, S.; Chen, S.; Meng, S.
Photoredox Coupling of CO, Reduction with Benzyl Alcohol Oxidation over Ternary Metal
Chalcogenides (ZnmInySz4m, m = 1-5) with Regulable Products Selectivity. Molecules 2023,
28, 6553.

6. Shi, H.; Wang, H.; Zhang, E.; Qu, X.; Li, J.; Zhao, S.; Gao, S.; Chen, Z. Boosted photocatalytic
performance for antibiotics removal with Ag/PW1,/TiO, composite: degradation pathways
and toxicity assessment. Molecules 2023, 28, 6831.

7. Dan, Y.; Xu, J.; Jian, J.; Meng, L.; Deng, P; Yan, J.; Yuan, Z.; Zhang, Y.; Zhou, H. In Situ Decoration
of BiyS3 Nanosheets on Zinc Oxide/Cellulose Acetate Composite Films for Photodegradation
of Dyes under Visible Light Irradiation. Molecules 2023, 28, 6882.

8. Irfan, M.; Tahir, N.; Zahid, M.; Noreen, S.; Yaseen, M.; Shahbaz, M.; Mustafa, G.; Shakoor, R.A.;
Shahid, I. The Fabrication of Halogen-Doped FeWO, Heterostructure Anchored over Graphene



Molecules 2025, 30, 269

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

References

Oxide Nanosheets for the Sunlight-Driven Photocatalytic Degradation of Methylene Blue Dye.
Molecules 2023, 28, 7022.

Ma, L; Jiang, W.; Lin, C; Xu, L.; Zhu, T.; Ai, X. CdS Deposited In Situ on g-C3Ny via a Modified
Chemical Bath Deposition Method to Improve Photocatalytic Hydrogen Production. Molecules
2023, 28, 7846.

Zhang, M.; Wu, X,; Liu, X,; Li, H.; Wang, Y.; Wang, D. Constructing In,S3/CdS/N-rGO Hybrid
Nanosheets via One-Pot Pyrolysis for Boosting and Stabilizing Visible Light-Driven Hydrogen
Evolution. Molecules 2023, 28, 7878.

Wang, X,; Liu, S.; Lin, S.; Qi, K,; Yan, Y.; Ma, Y. Visible Light Motivated the Photocatalytic
Degradation of P-Nitrophenol by Ca?*-Doped AgInS,. Molecules 2024, 29, 361.

Wu, Y,; Wang, Z.; Yan, Y.; Wei, Y.; Wang, ].; Shen, Y.; Yang, K.; Weng, B.; Lu, K. Rational Pho-
todeposition of Cobalt Phosphate on Flower-like ZnIn,S, for Efficient Photocatalytic Hydrogen
Evolution. Molecules 2024, 29, 465.

Tian, C.; Yu, H.; Zhai, R.; Zhang, ]J.; Gao, C.; Qi, K.; Zhang, Y.; Ma, Q.; Guo, M. Visible
Light Photoactivity of g-C3N4/MoS, Nanocomposites for Water Remediation of Hexavalent
Chromium. Molecules 2024, 29, 637.

Sacco, N.; Iguini, A.; Gamba, I.; Marchesini, F.A.; Garcia, G. Pd: In-Doped TiO, as a Bifunc-
tional Catalyst for the Photoelectrochemical Oxidation of Paracetamol and Simultaneous Green
Hydrogen Production. Molecules 2024, 29, 1073.

Wang, J.; Fu, S.; Hou, P; Liu, J.; Li, C.; Zhang, H.; Wang, G. Construction of TiO,/CuPc
Heterojunctions for the Efficient Photocatalytic Reduction of CO, with Water. Molecules 2024,
29, 1899.

Chu, S.; Gao, Q. Unveiling the Low-Lying Spin States of [Fe3S4] Clusters via the Extended
Broken-Symmetry Method. Molecules 2024, 29, 2152.

He, X.; Wu, Y; Luo, J.; Dai, X.; Song, J.; Tang, Y. First-Principles Study on Janus-Structured
ScaCX3 /S CYs (X, Y=F, Cl, Br) Heterostructures for Solar Energy Conversion. Molecules 2024,
29, 2898.

Lasso-Escobar, A.V.; Castrillon, E.D.C.; Acosta, J.; Navarro, S.; Correa-Penagos, E.; Rojas, J.;
Avila-Torres, Y.P. Modulation of Electronic Availability in g-C3Ny Using Nickel (II), Manganese
(II), and Copper (II) to Enhance the Disinfection and Photocatalytic Properties. Molecules 2024,
29, 3775.

Chen, J.; Yang, M.; Zhang, H.; Chen, Y,; Ji, Y;; Yu, R.; Liu, Z. Boosting the Activation of Molecular
Oxygen and the Degradation of Rhodamine B in Polar-Functional-Group-Modified g-C3Njy.
Molecules 2024, 29, 3836.

Gatou, M.A.; Bovali, N.; Lagopati, N.; Pavlatou, E.A. MgO Nanoparticles as a Promising
Photocatalyst towards Rhodamine B and Rhodamine 6G Degradation. Molecules 2024, 29, 4299.
Petech, I; Staciwa, P.; Sibera, D.; Sobczuk, K.S.; Majewska, W.; Kusiak-Nejman, E.; Morawski,
A.T.; Wang, K.; Narkiewicz, U. The Influence of Heat Treatment on the Photoactivity of Amine-
Modified Titanium Dioxide in the Reduction of Carbon Dioxide. Molecules 2024, 29, 4348.

Dai, M.Y.; Zhao, X.C,; Lei, B.C.; Huang, Y.N.; Zhang, L.L.; Guo, H.; Wang, H.G. First Principle
Study on the Z-Type Characteristic Modulation of GaN/g-C3N4 Heterojunction. Molecules 2024,
29, 5355.

Abshari, F; Paulsen, M.; Veziroglu, S.; Vahl, A.; Gerken, M. Mimicking Axon Growth and
Pruning by Photocatalytic Growth and Chemical Dissolution of Gold on TiO, Patterns. Molecules
2024, 30, 99.

1. Ciamician, G. The photochemistry of the future. Science 1912, 36, 385. [CrossRef] [PubMed]
2. Fujishima, A.; Honda, K. Electrochemical photolysis of water at a semiconductor electrode. Nature 1972, 238, 37-38. [CrossRef]

3. Lei,J; Zhou, N.; Sang, S.; Meng, S.; Low, J.; Li, Y. Unraveling the roles of atomically-dispersed Au in boosting photocatalytic CO,
reduction and aryl alcohol oxidation. Chin. J. Catal. 2024, 65, 163-173. [CrossRef]

4. Che, Y,; Weng, B; Li, K.;; He, Z.; Chen, S.; Meng, S. Chemically bonded nonmetallic LSPR S-scheme hollow heterostructure for
boosting photocatalytic performance. Appl. Catal. B Environ. Energy 2025, 361, 124656. [CrossRef]



Molecules 2025, 30, 269

10.

11.

12.

13.

14.

15.

16.

Candish, L.; Collins, K.D.; Cook, G.C.; Douglas, J.J.; Gémez-Suarez, A ; Jolit, A.; Keess, S. Photocatalysis in the life science industry.
Chem. Rev. 2021, 122, 2907-2980. [CrossRef] [PubMed]

Kumar, P; Singh, G.; Guan, X,; Lee, J.; Bahadur, R.; Ramadass, K.; Kumar, P.; Kibria, M.G.; Vidyasagar, D.; Yi, J.; et al.
Multifunctional carbon nitride nanoarchitectures for catalysis. Chem. Soc. Rev. 2023, 52, 7602-7664. [CrossRef] [PubMed]
Dhakshinamoorthy, A.; Li, Z.; Yang, S.; Garcia, H. Metal-organic framework heterojunctions for photocatalysis. Chem. Soc. Rev.
2024, 53, 3002-3035. [CrossRef] [PubMed]

Li, X.; Mitchell, S.; Fang, Y.; Li, J.; Perez-Ramirez, |.; Lu, J. Advances in heterogeneous single-cluster catalysis. Nat. Rev. Chem.
2023, 7, 754-767. [CrossRef]

Ham, R; Nielsen, C.J.; Pullen, S.; Reek, J.N. Supramolecular coordination cages for artificial photosynthesis and synthetic
photocatalysis. Chem. Rev. 2023, 123, 5225-5261. [CrossRef] [PubMed]

Sayed, M.; Yu, J.; Liu, G.; Jaroniec, M. Non-noble plasmonic metal-based photocatalysts. Chem. Rev. 2022, 122, 10484-10537.
[CrossRef]

Zhang, H.; Gao, Y.; Meng, S.; Wang, Z.; Wang, P.; Wang, Z.; Chen, S.; Weng, B.; Zheng, Y.-M. Metal sulfide S-scheme homojunction
for photocatalytic selective phenylcarbinol oxidation. Adv. Sci. 2024, 11, 2400099. [CrossRef] [PubMed]

Su, B.; Kong, Y.; Wang, S.; Zuo, S.; Lin, W.; Fang, Y.; Hou, Y.; Zhang, G.; Zhang, H.; Wang, X. Hydroxyl-Bonded Ru on Metallic TiN
Surface Catalyzing CO, Reduction with H,O by Infrared Light. ]. Am. Chem. Soc. 2023, 145, 27415-27423. [CrossRef] [PubMed]
Meng, S.; Chen, C.; Gu, X,; Wu, H.; Meng, Q.; Zhang, J.; Chen, S.; Fu, X;; Liu, D.; Lei, W. Effcient photocatalytic H, evolution, CO,
reduction and N fxation coupled with organic synthesis by cocatalyst and vacancies engineering. Appl. Catal. B Environ. 2021,
285,119789. [CrossRef]

Nishiyama, H.; Yamada, T.; Nakabayashi, M.; Maehara, Y.; Yamaguchi, M.; Kuromiya, Y.; Nagatsuma, Y.; Tokudome, H.; Akiyama,
S.; Watanabe, T.; et al. Photocatalytic solar hydrogen production from water on a 100-m? scale. Nature 2021, 598, 304-307.
[CrossRef] [PubMed]

Yang, J.; Li, L.; Xiao, C.; Xie, Y. Dual-Plasmon Resonance Coupling Promoting Directional Photosynthesis of Nitrate from Air.
Angew. Chem. Int. Ed. 2023, 62, €202311911. [CrossRef] [PubMed]

Liu, D.; Xu, H.; Shen, J.; Wang, X.; Qu, C.; Lin, H.; Long, J.; Wang, Y.; Dai, W.; Fang, Y.; et al. Decoupling H, and O, Release in
Particulate Photocatalytic Overall Water Splitting Using a Reversible O, Binder. Angew. Chem. Int. Ed. 2024. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.



Jod molecules

Article

Construction of TiO,/CuPc Heterojunctions for the Efficient
Photocatalytic Reduction of CO, with Water

Jun Wang !, Shuang Fu 2, Peng Hou ?, Jun Liu 2, Chao Li 2, Hongguang Zhang >* and Guowei Wang 3*

Citation: Wang, J.; Fu, S.; Hou, P; Liu,
J.; Li, C.; Zhang, H.; Wang, G.
Construction of TiO, /CuPc
Heterojunctions for the Efficient
Photocatalytic Reduction of CO, with
Water. Molecules 2024, 29, 1899.
https://doi.org/10.3390/
molecules29081899

Academic Editor: Sugang Meng

Received: 22 March 2024
Revised: 17 April 2024
Accepted: 18 April 2024
Published: 22 April 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 Academic Affairs Office, Qiqgihar Medical University, Qiqihar 161006, China; 18845216002@163.com

N College of Pharmacy, Qiqihar Medical University, Qigihar 161006, China; fsjt1980@qmu.edu.cn (S.E);
houp@qmu.edu.cn (P.H.); livj@qmu.edu.cn (J.L.); lichao@qmu.edu.cn (C.L.)

3 College of Pathology, Qigihar Medical University, Qiqgihar 161006, China

*  Correspondence: zhanghg@qmu.edu.cn (H.Z.); wanggw@qmu.edu.cn (G.W.)

Abstract: Utilizing solar energy for photocatalytic CO, 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 CO, reduction. Herein, we report the synthesis of TiO, /CuPc heterojunctions
by compositing CuPc with TiO, microspheres via a hydroxyl-induced self-assembly process. The
experimental investigations demonstrated that the optimal TiO, /0.5CuPc photocatalyst exhibited a
significantly enhanced CO, photoreduction rate up to 32.4 pmol-g~'-h~! under 300 W xenon lamp
irradiation, which was 3.7 times that of the TiO, 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: TiO, /CuPc; heterojunction; photocatalysis; charge separation; CO, reduction

1. Introduction

The extensive exploitation of fossil fuels has dramatically increased the amount of
carbon dioxide (CO,) 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 CO, 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 CO, conversion. The development of an effective photocatalyst has therefore
gained continuous attention.

Currently, various photocatalytic materials with enhanced CO, conversion effects have
been developed [6-10]. Among them, titanium dioxide (TiO;), 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 CO, 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 TiO, for CO; 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 TiO, [18,19]. For example, Ejaz Hussain et al. synthesized Au@TiO,/CdS
hybrid catalysts through hydrothermal reactions and found that Au@TiO, /CdS was the
most active catalyst, producing 19.15 mmol- g*1 h1 of hydrogen under sunlight [20]. Dai
et al. successfully prepared TiO, /CuS nanocomposites with cauliflower-like protrusions
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using a simple one-step hydrothermal method with the assistance of 3-mercaptopropionic
acid (3-MPA) [21]. Their experimental results showed that the TiO, /CuS nanocomposites
exhibited a better photocatalytic performance compared to TiO, and CuS controls. Yin
et al. synthesized visible-light-responsive AgzPO4/OH/TiO; catalysts through the in situ
growth of AgzPOy on the surface of TiO, with alkali treatment [22]. The introduction
of AgszPOy 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 TiOy, it is still
inefficient in photocatalytic CO, 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 TiO, 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
CO; reduction. For example, Altug 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 TiO, [25].
It was also reported by Fei that FePc/TiO, catalysts demonstrated good photocatalytic
activity for the degradation of organic contaminants [26]. Makoto Endo reported the syn-
thesis of ZnPc/TiO; hybrid nanomaterials and evaluated their photocatalytic reduction
of CO, [27]. It was found that modification of the TiO, with ZnPc could indeed improve
its CO, photoconversion performance. The above examples successfully suggest that the
construction of heterojunctions using metal phthalocyanines and TiO; for the efficient
conversion of CO, is a reasonable design.

In this work, we successfully synthesized a series of TiO, 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 TiO,, re-
sulting in heterojunctions with enhanced light absorption capabilities. It was found that
the developed TiO,/0.5CuPc photocatalyst exhibited increased CO, reduction activity
compared to pristine TiO;. 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 CO, 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 TiO,, CuPc, and TiO,/0.5CuPc composites in Figure 1a. The TiO, 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 TiO, crystal structure (JCPDS
NO. 21-1272). In addition, it can be seen that the intensity of the characteristic diffrac-
tion peaks of TiO, was slightly reduced after the introduction of CuPc, which might be
attributed to the fact that the characteristic peaks of TiO, were suppressed by the coated
CuPc [28,29]. However, no significant new peaks attributed to CuPc appeared in the XRD
spectrum of TiO, /0.5CuPc compared to that of TiO,, indicating the low loading content of
CuPc. The chemical structures of TiO, and TiO, /xCuPc were further analyzed using FTIR
spectroscopy. As shown in Figure 1b, the broader absorption peak located in the range
of 400-800 cm ™! can be attributed to the stretching vibration of Ti-O and Ti-O-Ti [30]. In
contrast, the successful loading of CuPc onto TiO; 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
TiO, samples after modification with CuPc. In addition, the intensity of the vibrational
peak of the TiO, surface hydroxyl group located at 1640 cm~! 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 TiO, and TiO,/0.5CuPc heterojunction
are shown in Figure 1d,e. Obviously, the TiO; 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 TiO, microspheres and uniformly covered the surface of
the TiO,. In addition, as can be seen from Figure 1f, the color of the TiO, sample changed
from light yellow to blue after loading with CuPc, indicating that the CuPc had been
successfully loaded onto the surface of the TiO,.
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Figure 1. (a) XRD patterns of TiOp, CuPc, and TiO, /0.5CuPc. FTIR spectra at (b) 400-4000 cm ! and
() 14501750 cm ! of TiO,, CuPc, and TiO, /xCuPc. TEM images of (d) TiO, and (e) TiO,/0.5CuPc.
(f) Photographs of TiO, and TiO, /0.5CuPc.

Raman spectroscopy was utilized to further investigate the structures of TiO, and
TiO, /xCuPc. As expected, the Raman spectra prove that the TiO, microspheres exhibited
an anatase phase (Figure 2a). The characteristic peaks at 146, 396, 516, and 637 cm ™! are
assigned to the Eg(l), Big, Ag, and Eg(3) lattice vibration modes of the anatase phase, re-
spectively [32]. The Raman spectra of TiO, /xCuPc show both TiO, and CuPc characteristic
peaks, indicating that the TiO, /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 TiO, gradually decreased. In addition, the Raman vibration peak at 1523 cm™!
(the tensile of C-N-C bridge bonds in the CuPc) was shifted towards the long-wave-number
direction after the formation of TiO, /xCuPc heterojunctions, which may have been due to
the occurrence of a self-assembly of CuPc on the TiO, surface (Figure 2b) [33,34].
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Figure 2. (a) Raman spectra and (b) partially magnified Raman spectra of TiO,, CuPc, and
TiO, /xCuPc.

Figure 3 shows the UV-Vis DRS reflectance spectra of TiO,, CuPc, and TiO, /xCuPc.
The absorption edge of the TiO, sample was observed at approximately 420 nm. However,
the TiO, /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.

——CuPc Ti0,/2CuPc
——Ti0,/ICuPc  —— Ti0,/0.5CuPc
Ti0,/0.1CuPc Tio,

Absorbance (a.u.)

300 400 500 600 700 800
Wavelength (nm)

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

The optical band gap of a catalyst can be calculated from its light absorption spectra
according to the equation ahv = A(hv — Eg)”/z, where &, h, v, A, and E; represent the
absorption coefficient, Planck constant, light frequency, proportionality, and band gap
energy, respectively. For TiO, and CuPc, the values of n are 1 and 4, respectively. Based
on the above equation, the calculated Eg values for TiO; and CuPc are 2.98 and 1.68 eV,
respectively (Figure 4a,b). To further investigate the band structures of TiO, and CuPc,
Mott-Schottky curves were obtained. A positive slope of the Mott—Schottky plot would
indicate that TiO; 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 TiO, 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 (Ecg) of TiO, 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 = Eyp — Ecg, the valence
band potential (Eyg) of TiO; 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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(ahv)'?

ultraviolet photoelectron spectroscopy (UPS) was also performed to determine the valence
band energy (Eyg) of TiO, 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 TiO, 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 Eyp (versus RHE) value of TiO,
and the HOMO energy of CuPc were calculated to be 3.08 and 1.54 V, respectively. That is,
the conduction band energy (Ecg) of TiO; 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.
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Figure 4. (a) Plot of (achv)1/2 versus (hv) for the band gap energy of TiO, and (b) plot of (ahv)?
versus (hv) for the band gap energy of CuPc. Mott-Schottky plots of (¢) TiO, and (d) CuPc. UPS
spectra of (e) TiO, 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 TiO,/0.5CuPc was
higher than that of TiO,, 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 TiO,/0.5CuPc is much smaller than that of the
TiO; 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 TiO,/0.5CuPc was similarly smaller than TiO; 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 TiO, and TiO, /0.5CuPc.

2.2. Photocatalytic Performance and Reaction Mechanism

The photocatalytic CO, reduction performance of the TiO, and TiO, /xCoPc was tested
under 300 W Xe lamp illumination. As shown in Figure 6, the reduction products CHy
and CO were detected. The sample of TiO, exhibited a low CO, reduction activity with a
production rate of 8.7 pmol-g~!-h~! for CO. However, integration with CuPc significantly
enhanced the photocatalytic activity of TiO,. It was noticed that the photocatalytic per-
formance of the TiO;, /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 TiO, surface, thus leading to a decrease in photocatalytic activity [38].
The maximum CO production performance rate of 32.4 umol-g~!-h~! was attained with
the TiO,/0.5CoPc heterojunction, which was 3.7 times higher than that of the TiO, mi-
crospheres. In addition, the yield of CH4 was almost negligible, which indicates that the
TiO,/0.5CoPc heterojunction has high selectivity for CO, reduction to CO.
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Figure 6. Photocatalytic activities for CO, reduction of the TiO, and TiO, /0.5CuPc heterojunction.

The mechanism of the CO, 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 TiO,/0.5CoPc heterojunction was lower than that of the
TiO, microspheres in both Nj-saturated and CO,-saturated electrolytes. Furthermore, the
onset potential of the heterojunction in the CO,-saturated electrolyte was lower than that
in the Np-saturated electrolyte, suggesting that the CuPc modification was more favorable
for CO, activation [39].
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Figure 7. Electrochemical reduction curves of the TiO, and TiO, /0.5CuPc heterojunction in (a) a
Nj-bubbled system and (b) a CO,-bubbled system, respectively.

The intermediates in CO, conversion were explored using in situ diffuse reflectance
infrared Fourier-transform spectroscopy (Figure 8). The absorption peaks located at 1338,
1386, and 1617 cm ™! are ascribed to bidentate carbonates (b-CO327), and the peaks at
1395, 1507, 1522, 1560, and 1576 cm belong to monodentate carbonate (m-CO327) [40].
Bands at 1418, 1437, 1636, and 1652 cm ™! can also be observed, which can be assigned to
the HCO;~ groups. The absorption peak at 2077 cm ! 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~! and a peak of COOH* at 1733 cm ™! began to appear [41], and the peak
intensity increased gradually. These results indicate that this photocatalytic reaction for the
reduction of CO, 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 CO, to CO. It is obvious that the peak intensity of COOH*
in the TiO,/0.5CoPc heterojunction was stronger compared to that of TiO, at the same light
irradiation time, which indicates the better activity of the TiO,/0.5CoPc heterojunction for
the photocatalytic conversion of CO,.
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Figure 8. The in situ DRIFT spectra of (a) TiO; and (b) the TiO, /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 CO, conversion is proposed (Figure 9). First, the TiO, 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 TiO; and CuPc, the photogenerated electrons generated through the excitation of
TiO, were transferred to the HOMO energy level of CuPc and recombined with the holes
of CuPc. As a result, the remaining holes in the TiO, valence band could be used for the
oxidation of HyO to O,, while the separated electrons in the LUMO energy level of CuPc
were transferred to coordinated central metal ions for the CO, reduction reaction. Based on
the in situ diffuse reflectance infrared Fourier-transform spectroscopy (DRIFTS) results, the
possible CO, reduction pathways are as follows:
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Figure 9. Schematic illustration of the proposed photocatalytic CO, reduction mechanism of the
TiO, /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 (C,Hs50H, 99.99%), and sodium sulfate anhydrous (Na;SOy, 99%).
Deionized water was used throughout.

3.2. Synthesis of TiO, Microspheres

The TiO; microspheres were synthesized through a simple hydrothermal method. At
first, Ti(SO4), (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 TiO,/CuPc Heterojunction

The TiO, / CuPc heterojunctions were prepared using a hydroxyl-induced self-assembly
process based on the reported method [35]. In a typical experiment, 40 mg of TiO, 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, TiO, /xCuPc heterojunctions (where
x=0.1,0.5, 1, or 2) were obtained, with x representing the mass ratio percentage of CuPc to
TiO,. For example, weighing 40 mg of TiO, microspheres required the addition of 0.2 mg
of CuPc, resulting in a mass percentage of CuPc to TiO, of 0.5%, noted as TiO,/0.5CuPc.
Similarly, if 0.04 mg, 0.4 mg, and 0.8 mg amounts of CuPc were added, respectively, we
obtained TiO, /0.1CuPc, TiO, /1CuPc, and TiO, /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 (A = 532 nm) (London, UK). Fourier-transform infrared (FI-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 BaSOj 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 Hel
(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 CO; Reduction

Photocatalytic CO, reduction was conducted in a 100 mL quartz cell reactor equipped
with a 300 W xenon lamp (PLSSXE300UYV, 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 CO; 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 CO, /H,O system for 20 min under stirring, and were then irradiated
with the 300 W xenon lamp. The amounts of CO and CHj 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 CHy4 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 x 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 KC1 Ag/AgCl electrode were used as the
counter electrode and reference electrode, respectively. A 0.2 mol-L~! Na,SO, 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).
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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 pL 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 Ny or CO; (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~! Na,SO, 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~! 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 TiO, /CuPc
heterojunctions that significantly enhance CO;’s photoreduction to CO. Benefiting from the
complementary light-absorbing properties of CuPc and TiO,, combined with the superior
photogenerated charge separation efficiency, the developed TiO, /0.5CuPc photocatalyst
exhibited a better photocatalytic CO, reduction performance than that of pristine TiO5.
In addition, the presence of the metal Cu center in CuPc further acted as a catalytic site,
enhancing the CO; reduction process. These findings not only highlight a facile strategy
for enhancing TiO, 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 CO, 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, ZnmInySs,p, (m = 1-5) semiconductors (ZnIn,Sy, ZnyIn,Ss, ZngIn,Se,
ZnyInySy, and ZnsIn,Sg) 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 CO, into syngas under visible light. The absorption edge of
ZnmIny Sz, 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 CO, reduction. For example, the
selectivity of benzaldehyde (BAD) product was reduced from 76% (ZnInySy, ZIS1) to 27% (ZnyIn,Sy,
Z154), while the selectivity of hydrobenzoin (HB) was increased from 22% to 56%. Additionally, the
Hj 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 H, /CO ratios can be obtained by control-
ling the Zn/In ratio in ZnyInyS3.m. This study provides new insights into unveiling the relationship
of structure—property of ZnyInyS3.m layered crystals, which are valuable for implementation in a
wide range of environment and energy applications.

Keywords: photocatalytic; CO, reduction; syngas; benzyl alcohol oxidation; ZnIn sulfide

1. Introduction

With the combustion of fossil fuels, a large amount of carbon dioxide (CO;) is emitted
into the air, leading to significant changes in both the environment and energy dynam-
ics [1,2]. Solar-powered conversion of CO, 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 CO, are currently unsatisfactory due to the
stable structure of CO,. Additionally, typical photocatalytic systems are performed in water,
which results in low evolution efficiency of O, due to the large overpotential [9]. Most
CO, 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
CO; reduction with organic synthesis into one system may be an ideal strategy [1,13].
Allowing the holes to react with organic substrates instead of H,O or hole scavengers can
facilitate the production of value-added chemicals and improve CO; 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 CO, reduction, H; 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 Hj [22]. Qi et al. reported SiO,-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 Cd® 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 (Hj) can be controlled by altering the Zn/In ratio of ZnyIn;Sz.«
(x=0.1,0.2,04, 0.6, and 0.8); however, the selectivity of specific C—C coupled product
is very low [24]. The photocatalytic activities of ZnyIn;Sz.« (x = 1-5) were explored for
photocatalytic hydrogen production from water and CO, reduction [25]. Additionally, the
ZnyInySs, 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 ZnyIn,S3,4 layered crystals in the field of simultaneous
photocatalytic CO, reduction and selective BA oxidation. This work aims to reveal the
relationship between the structure and properties of ZnyInySz.p, in CO; reduction and BA
oxidation reactions in one system.

In this study, a series of ZnlIn sulfides (ZnmIn,Sz4m (m = 1-5, integer)) with various
Zn/In ratios were synthesized via a simple hydrothermal method. ZnIn,Ss, ZnyIn,Ss,
Zn3InySe, ZnylnySy, and ZnsInySg were defined as ZIS1, ZIS2, ZIS3, Z1S4, 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 Hy, 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, Hp /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 Hy,
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 ZnyInySsyy, (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 ZnmIn,Ss.m
(m = 1-5) samples were relatively pure, which was consistent with the reports [26,27]. It
was reported that the chemical compositions of Zny,Iny S, are different, and the structure
characteristics are similar, as a result, showing similar XRD patterns [25,28].
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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 S>~. 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 3ds/, and 3d /;, 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/, and 2py/, of Zn**, respectively [32]. The XRD
and XPS results demonstrated that layer-structured Zny,InySs,p (m = 1-5) crystals were
successfully synthesized.

Figure 2 displays the morphology and structure of prepared Zn,In,Ss,m photocata-
lysts. The scanning electron microscopy (SEM) images (Figure 2a,d,g) show clearly that
the ZnIn,Sy, ZnyIn,Ss, and Zn3In,ySg samples were composed of cross-linked nanosheets
and the average diameter of the microspheres was about 1 pm. Interestingly, the shapes of
microspheres for ZnyIn,S; and ZnsIn,Sg were partially distorted (shown in Figure 2j,m).

Figure 2. SEM, TEM, and HRTEM of ZIS1 (a—c), ZIS2 (df), ZIS3 (g-i), ZIS4 (j-1), and ZIS5 (m—o).

The transmission electron microscopy (TEM) images also display similar structures of
ZnmIny Sz, 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 ZnyInyS3.n, catalysts are shown
in Figure 2¢,filo. 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 ZnyInySs.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 m? /g, respectively. Additionally, the ZnmIn,Ss,, 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).
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Figure 3. (a) Nitrogen adsorption-desorption isotherms and (b) pore-size distribution of ZIS samples.

The optical properties and energy band structure of Zny,InySy, 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
ZnmInySp i3 samples with increasing Zn/In ratio. The Eg values of ZnmIn,Sy,43 were
further calculated using the Kubelka-Munk function, [F(R)hv]'/2, plotted against the
energy of light (Figure 4b) [26]. It was observed that the Eg of ZnyIn;Sp,,3 increased
from 2.46 to 2.88 eV with an increasing molar ratio of Zn to In. Specifically, band gap
energies of ZnIn,Sy, ZnyIn,Ss, Zn3InySe, ZnyInySy, and ZnsIn,Sg 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 ZnmIn,Sp,+3 with increasing
molar ratio of Zn to In.

The flat-band potential (Eg,) 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 Eg, [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 = Eyg — Ecg, the
Eygp of ZIS1, ZIS2, ZIS3, Z1S4, 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 5¢c, 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 CO; 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].
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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 CO; Reduction with Oxidation of BA

Subsequently, the photocatalytic CO, reduction reaction integrated with selective
oxidation of benzyl alcohol (BA) under the irradiation of visible light (A > 420 nm) was
studied using ZnyInyS3.m samples (Figure 6). Figure 6a shows that ZIS1 exhibited the
highest H, formation rate of 1.6 mmol/g/h, followed by ZIS2, ZIS3, Z1S4, 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 CO, rather than H*. The BET-specific surface area of
the ZIS1 and ZIS4 samples was also measured using CO, 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 m?/ g, respectively, indicating that ZIS4 had a higher adsorption capacity
of CO,. DFT calculations were performed to understand the critical role of Zn/In ratio in
the selective photoreduction of CO, to CO and H* to Hj 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 H, formation is easier on ZIS1 than on
ZIS4. Figure 6¢ shows that the formation energy barrier of *CO, and *COOH on ZIS4 are
lower than that of ZIS1, indicating that the CO, reduction process is more favorable on the
ZI54 catalyst. These calculated results align well with the experimental findings.
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Figure 6. (a) Evolution rate of Hy and CO over ZIS samples, free energy for generating (b) H, 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% (Z154), while the selectivity of HB improved
from 22% to 56% (Z154) and 60% (ZIS5). The yield of BAD also decreased from 34% (ZIS1)
to 13% (Z154), 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 H /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 CO, 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 H, 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 Hj, but a decrease
in the generation rate of CO. When Ar was introduced into the cell instead of CO,, no
CO was detected, and the produced H;, was also negligible. These findings suggest that
CO is generated via CO, 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 CO, 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 H, 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.

15
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Figure 7. Photocatalytic CO, reduction and BA oxidation performances on the ZIS4 sample under
visible-light irradiation over three cycles. (a) The generation rate of H, and CO, (b) generation rate,
(c) selectivity, and (d) yield of products from BA oxidation.
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Furthermore, the photocatalytic CO,RR 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 ™! were attributed to the presence of bidentate carbonate
(b-CO527) [3]. Additionally, the peaks at 1540 cm ™! 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~! was assigned to the presence of the formyl group (HCO) in BAD, while the
sharp peak at 1701 cm ™! was attributed to the vibration of the carbonyl (v(CO)) stretch
mode in BAD [40]. The stretching vibrations of C-H in BAD were found at 2853 cm™.
The peaks in the range of 2900 to 3130 cm~!, which gradually increased with reaction
time, were assigned to HB, indicating the generation of more HB. The intense bands at
1452 and 1495 cm ! were associated with aromatic §(C-C) and v(C—H) modes [40], which
can be assigned to HB. Moreover, the peaks at 1583 cm~ ! and 1601 cm ™! were attributed
to the C=C skeleton vibration of mononuclear aromatic hydrocarbons, and the peak at
3062 cm~! 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 CO, reduction and benzyl alcohol oxidation over
the ZIS catalysts.
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Figure 8. In situ DRIFTS spectra of the reaction intermediates in CO, photoreduction and BA
oxidation over ZIS4 under light irradiation. “*” means the “active site”.

3. Materials and Methods
3.1. Preparation of Zny,In,S3.., Photocatalysts

ZnmInySsym samples were synthesized by a simple hydrothermal method. For each
preparation, 0.8 mmol ZnSOy4-4H,0, 1.6 mmol InCl3-4H,0, 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, ZnInySy, ZnyIn,Ss, ZnzlnySe, ZnyIny Sy, and ZnsInySg were defined as ZIS1, ZIS2,
ZIS3, 7154, 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 K« radiation
(A = 0.1540 nm) and a scanning speed of 3- min~!. 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). N, physisorption measurements were
carried out at 77 K using a Micromeritics Tristar IT 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 Kot 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 uL of
deionized water by sonication to obtain a uniform slurry. Then, 20 uL of slurry was
deposited as a film on a 0.5 cm x 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~! NaySOy solution. Electrochemical
impedance spectra (EIS) are carried out in a mixture of 0.1 mol L~! KCl and 0.1 mol L1
K;3[Fe(CN)s] /Ky Fe(CN)s].

3.4. Photocatalytic Activity Testing

The coupling activity of photocatalytic CO, 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 K,CO3 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 CO, in an atmosphere of CO; gas. The Xe
lamp (A > 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 H, 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 H, 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 x 2 x 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 x 1072 eV and
0.02 eV A*I, respectively. A vacuum layer of 15 A 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 AG = AE + AEZPE — TAS, where the AE, AEZPE, and AS 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 ZnyInyS3.m
on simultaneous photocatalytic CO, reduction and selective BA oxidation. By adjusting
the element composition, the band gap energy (Eg) of ZnmInySy,.3 could be controlled,
resulting in adjustable redox ability. The CO, reduction activity and selectivity of BA
oxidation products were found to be influenced by the Zn/In ratio in ZIS. Specifically, ZIS4
exhibited higher CO, adsorption capacity and lower CO, activation, while ZIS1 had a
higher energy barrier for H, evolution. The presence of both a CO, 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
H,/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 CO, reduction and selective BA oxidation process.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ molecules28186553/s1. Figure S1. Macro images of ZIS samples.
Figure S2. The band gap of (a) ZIS1 and (b) ZIS4 by DFT calculation. Figure S3. CO2 adsorption-
desorption isotherms of ZIS1 and ZIS4 samples. Figure S4. The HPLC spectra of (a) BAD, (c) HB,
(e) BZ and (g) PHE; the corresponding standard curves of (b) BAD, (d) HB, (f) BZ and (h) PHE.
Figure S5. The HPLC spectra of products generated from (a) ZIS1 and (b) ZIS4. Figure S6. Controlling
experiments over ZIS4 sample. (a) generation rate of H2 and CO, (b) generation rate, (c) selectivity
and (d) yield of products form BA oxidation.Figure S7. XRD patterns of ZIS4 before and after reaction.
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 CO, 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 CO, 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 CO,.
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Photocatalytic CO, 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
CO;, 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 CO, 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], Fe,O3 [9], Cu,O [10] or TiO, [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 CO,-reducing photocatalyst.

In the available papers, it is reported that amines, as titania modifiers, increase their
adsorptive properties towards CO,. Chen et al. [17] reported the increase in photocatalytic
reduction of CO, using amine-modified brookite TiO, nanorods coupled with CuxS. Song
et al. [18] prepared TiO, nanotubes modified by three kinds of amines (ethylenediamine,
polyetherimide and tetraethylenepentamine). TEPA-modified TiO, nanotubes showed
the highest CO, 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 TiO;, nanoparticles were successfully modified
with ethylenediamine and showed a higher CO, adsorption capacity than conventional
TiO, and mesoporous SiO;. Jiang et al. [20] developed a new low-cost, highly selective and
stable sorbent-based pre-combustion CO; capture. Experimental results have shown that
the selectivity of TiO; for separation of CO, from CO,/CH,4 mixture can be significantly
improved via amine modification. Ma et al. [21] modified TiO, using different amines,
including diethylenetriamine (DETA), triethylenetetramine (TETA), and tetraethylenepen-
tamine (TEPA), for CO, capture. Experimental results revealed that CO, 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 CO, 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 CO, adsorption. The influence of this type of modification on the
photocatalytic activity of TiO, was reported. Mendonga et al. [24] used the activated carbon
modified with ethylenediamine and impregnated with TiO, for improved photodegrada-
tion of sulfamethazine. Bao et al. [25] synthesized photocatalytically active N-doped TiO,
nanoparticles by a one-pot hydrothermal method without calcination using structurally
different amine sources as dopants under soft-chemistry conditions. TiO, 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 TiO, nanoparticles substantially in-
creases the affinity of CO, on TiO, surfaces for more effective CO, activation. It also greatly
enhances the photocatalytic rate of CO, reduction into CHy 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 CO,. The TEA—TNS performed better than DEA—TNS and MEA—-TNS
due to increased CO; loading and faster CO, 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 CO, 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 TiO, 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 TiO,: ethylenediamine (EDA,
CyHgNy, 116.9 °C), diethylamine (DEA, C4H11 N, 55.5 °C), and triethylamine (TEA, C4HysN,
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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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 e.
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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 e.
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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 e.

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 TiO, crystallites. With
increasing pH, more hydroxyl groups are available for the hydrolysis, which leads to better
crystallization of TiO, 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 TiO, calculated based on low-temperature nitrogen adsorption isotherms and
band gap energy estimated from Tauc’s plots.

Amine Average

Content Crys.tallite SBET TPV Vmicro Vimeso Eg
Size
[wt.%] [nm] [m?/g] [em®/g] [em®/g] [em®/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 0 219 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 0.04 245
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 0.12 292
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/p and ending at a relative pressure
of approximately 1 p/po, 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].
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Figure 4. N, 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/pg
and ends at a relative pressure of approximately 1 p/po. 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/po and ends at a relative pressure of approximately 1 p/pg. 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).

20 TP R 100 7 F

—— TTIP_DEA_10%_R —— TTIP_DEA_10%_F
o ——TITP_DEA_20%_R o —— TTIP_DEA_20%_F
5 200 {—— TTIP_DEA 50%_R "5 80— TTIP_DEA_50%_F
— —— TTIP_DEA 70%_R — —— TTIP_DEA_70%_F
o o
5,150 5, 60
o o
@ 17
£ £
& 100 S 404
o o
© ©
1} Q
E E
2 50 2 204
g g ‘//

0 . , . ; 0 : : , ;
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure [p/p,] Relative pressure [p/p,]
@) (b)

Figure 5. N, sorption isotherms of the diethylamine-modified titanium dioxide prepared using
(a) microwave reactor and (b) high-temperature furnace.
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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/pg and ends at a relative pressure of approximately 1 p/py. 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/po and
ending at a relative pressure of approximately 1 p/py. 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].
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Figure 6. N, 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 m?/ g for TTIP_EDA_10%_R to
100 m2/ g for TTIP_EDA_70%_R. Also, the values of Sprr did not differ significantly from
the Sggt 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 Sggt
values. For diethylamine-modified titanium dioxide, the Spgr values equalled around
140 m? /g, and for triethylamine-modified titanium dioxide, they were within the range
of 140-150 m?/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 m? /g and 185 m? /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 Spgt ranged from 8 m? /g for TTIP_EDA_20_%_F to 10 m?/g for TTIP_EDA_50_%_R
and were close to the values obtained for the reference material (16 m?/g). In the case
of diethylamine- and triethylamine-modified titanium dioxide, similar to the reference
material, values of SggT were noticed only for the materials with the addition of 10% and
20% of amine. For materials modified with 50% and 70% of diethylamine, Sggr equalled
32 m?2/ g and 68 m2/ g, whereas for materials modified with 50% and 70% of triethylamine,
the Sppr equalled 36 m?/g and 48 m? /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 cm®/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 cm®/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 cm?/ 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 TiO,. However, all samples show high
UV absorption due to the white colour, making them suitable for CO, 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
TiO, 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 TiO, 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 (bppga = 55 °C and bprga = 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 TiO,.

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 CO, 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 CO, conversion. The content of individual gasses was expressed in
umOI/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 umol/ gmaterial /dm>), carbon monoxide (388 mol/gaterial/dm?)
and methane (136 UmMol/gaterial/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 pumol/gaterial/dm? of hydrogen, 154 umol/gmaterial/ dm?
of CO and 41 pmol/ gmaterial/ dm?® of CH,4 was achieved, while, for diethylamine-modified
titanium dioxide, 431 umol/gmaterial/dm?® of hydrogen, 297 umol/ gaterial /dm? of CO and
68 umol/ g aterial/dm> of CHy 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 umol/ gmaterial/ dm?). 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 umol/ gmaterial/dm? of CHy was obtained.
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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, 9¢, 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 pmol/gmaterial/ dm?3. Lower values were
noticed for the sample modified with 50% and 10% of amine—231 pumol/ g aterial /dm? and
111 umol/ gumateriat /dm?3, 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 CO,,
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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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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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 TiO; 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-H,O) 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, Wroctaw,
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%_E TTIP_DEA_20%_E 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 cm>. 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 OLE, 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 cm? of distilled water and glass fibre with the tested
photocatalyst were placed in the reactor. The reactor was purified with pure CO, (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 dm?/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
5A 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 cm? /min, and the volume of the test gas was 1 cm?. 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 K« radiation (ACu Kot = 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-A)/(p-cosd)

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; A—the X-ray
wavelength; f—the peak broadening; 6—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 x 10~> mbar from Quantachrome Instruments
(Boynton Beach, FL, USA). On the basis of the obtained adsorption/desorption isotherms,
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the specific surface area (Spgr) 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 (Sggr), which were determined in
the relative pressure range of 0.05-0.2. The total pore volume (Vi,,1) was calculated from
the volume of nitrogen held at the highest relative pressure (p/po = 0.99). The volume of
micropores (Vicro < 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 (Vineso) with dimensions from 2 to 50 nm was calculated from the difference in the
total pore volume (Viq,1) and the volume of micropores (Viicro < 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 TiO, 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 H, 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~!-h~!) 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; H, 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, (NHy)>,CO3, NaHCO3, (NH4)2504, (NH4)2S,0g 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, HCI,
and SO,) 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/ Al,Oj 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, Hy,
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 N; 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 (Hy, CO, CO,, and NHj3) 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)
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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 G5-CN-x photocatalysts directly affected their textural
properties, as evidenced by the BET test.
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Figure 1. TEM images of: (a) bulk CGS-CN and (b) GS5-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 m?-g~!, 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
(179 ngfl). 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 Hs-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.
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Figure 2. N, 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 G5-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 G5-CN-x photocatalysts [17].
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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 respectively, were
assigned to the bending vibrations of heptazine units, stretching vibrations of aromatic C-N
heterocycles, and stretching vibrations of the -NHy groups. Interestingly, the more vigorous
intensity of these peaks in the region of 3100-3400 cm ! for the GS-CN-x photocatalysts
compared with that of the CGS-CN is indicative of more adsorbed H,O 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
spz-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); groups. The third N 1s
peak at 401.2 eV was attributed to amino functional groups (C-N-H). The weakest N 1s peak
at404.0 eV was caused by m*-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); 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 Hy, 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 sp?-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 spz—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 Cls; (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 G5-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)hv]/2
versus hv (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: Ecg = Eyg — Eg. The corresponding band alignments of CGS-CN and
GS-CN-60 are schematically depicted in Figure 54, 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 G5-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 GS5-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 H, 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 H, evolution by GS-CN-60 photocatalyst
under visible light irradiation. As shown in Figure S5, the H; 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 H, evolution
rate of 1.19 mmol-h~!-g~1. As expected, the photocatalytic H, 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 H, evolution rate of 4.81 mmol-h~!.g~! 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 Hy was about 13.2 mmol-g~! in
the first run and could retain the almost equivalent amount of Hj 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 H, 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.
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Figure 7. (a) Time-dependent evolution of H, produced on bulk CGS-CN and GS-CN-x photo-
catalysts; (b) Hy 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 S9-511), 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 Hy

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

and MA-CN-x photocatalysts.
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3. Materials and Methods
3.1. Materials

The guanidine thiocyanate, melamine, dicyandiamide, triethanolamine (TEOA), and
H,PtCls-6H,O 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 ! 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 K« line source (200 W). The Fourier transform infrared (FT-IR)
spectra were obtained on a Nicolet Nexus 670 FI-IR spectrometer (Thermo Nicolet Co.,
Madison, USA) in a range from 4000 to 400 cm !, 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 Ka1 radiation
(A =1.5406 A). 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 cm?
and then dried at 120 °C for 2 h to improve adhesion for further use.

3.4. Photocatalytic Hy 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 HyPtCls-6H,O.
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 (A > 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-9790P1us, 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 H, 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 cm?. According to the
amount of hydrogen produced every hour in the photocatalytic reaction, the AQY was
calculated by the Formula (1):

2 X M X Ny

AQY:SxthxA/(hxc)

@

where M is the mole number of evolved Hj (mol), N4 is Avogadro’s constant (6.022 x 102 mol 1),
S is the irradiated area (cm?), P is the powder density of irradiation light (W-cm~2), t is the
irradiation time (s), A is the wavelength of the monochromatic light (nm), % is the Planck
constant (6.626 x 1073 J.s), ¢ is the velocity of light (3 x 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: H, 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 H, 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 (Sggt) 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-C3Ny using a chemical water bath method. Continuous ultrasound is introduced during the
preparation process, which effectively prevents the accumulation of a g-C3Ny 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-C3Ny; 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 CO; to fuels such as CO and CHy [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], ZnIn,S, [13], PdS [14], and
TiO; [15], among others [16]. Among the many semiconductors, graphite-like carbon
nitride (g-C3Ny4) 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 sp? and are connected to form a ring
by the ¢ covalent bond, and, between the rings, they are connected by amino groups to
form a 7t electron conjugated structure. Therefore, these unique structures of g-C3Ny can be
applied to many fields. In 2009, Wang and his colleagues [21] first discovered that g-C3Ny
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-C3Ny-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-C3Ny 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-C3Ny4 and CdS using the hybrid density functional approach.
They suggested that the contact between CdS and monolayer g-C3Ny 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-C3Ny
using ultrasound, and then they grew CdS using solvothermal, hydrothermal, and other
methods. Although monolayer g-C3Ny obtained via ultrasound is easy to agglomerate to
form bulk g-C3Ny 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-C3Ny, which is equivalent to a
substrate. In order to better obtain monolayer g-C3Ny, 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-C3Ny, and G-CdS nanocomposites were charac-
terized using an X-ray diffractometer (XRD), as shown in Figure 1a. For pure g-C3Ny,
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-C3Ny 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-C3Ny4 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-C3Ny, the spectrum reveals several notable
features. The prominent absorption peak at 807 cm ! 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 11001700 cm~" corresponds to the stretching vibration mode
of the aromatic C-N heterocyclic skeleton, which is characteristic of the typical structure
of g-C3Ny. The spectrum for g-C3Nj also shows peaks in the range of 3000-3400 cm ™!,
indicating the N-H bond stretching vibration of -NHj [33], while the weak peak observed at
3437 cm~! was attributed to the O-H stretching vibration, likely due to the presence of hy-
droxyl groups or the physical adsorption of H,O molecules [34]. As for CdS, the spectrum
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exhibits distinct peaks at 3437 cm~! and 1622 cm ™!, corresponding to the surface-adsorbed
water molecules [35]. Additionally, the peaks at 1333 cm ™! and 1167 cm~! are associated
with the stretching vibration peak of Cd-S bonds. The peaks at 2924 cm ™! are attributable
to the bending vibration of -CH, and -CHj3 groups [36,37]. Furthermore, in the G-CdS
nanocomposites, both partial CdS vibration peaks and partial g-C3Ny vibration peaks were
observed, indicating the successful combination of the two materials without impurities.
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Figure 1. (a) XRD patterns and (b) FTIR patterns of CdS, g-C3Ny, 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-C3Ny 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-C3Ny, 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-C3Ny4 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-C3Ny
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-C3Ny4 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-C3Njy 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-C3Ny 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-C3Ny.

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-C3Ny or
between the layers of g-C3Njy.

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-C3Ny 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 H,O and COy) 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 Cls spectrum, which was fitted
using Gaussian functions to analyze the types and quantities of functional groups present
in the sample. In g-C3Ny, the Cls 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 -NH,
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-C3Ny 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 3ds,, and Cd 3d3/; 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 (S2p 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-C3Ny 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 (E,p, xps) using VB-XPS plots, as shown in
Figure 4f. The intersection of the epitaxial linear part with the x-axis provides the Eyp xps
of CdS, and g-C3Ny with values of 0.4 and 1.23 eV, respectively. Then, the Eyp of the
corresponding standard hydrogen electrode (Eyp npE) could be calculated as follows [43]:
Evg, NHE = ¢ + Evp, xps-4.44, where ¢ is the work function of the instrument (4.258 eV).
Therefore, the Eyp nuE of CdS and g-C3Ny 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-C3Ny and CdS exhibited sharp absorption band edges at 456 nm and
560 nm, respectively. Compared to g-C3Ny, 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-C3Ny and CdS in G-CdS. The redshift observed in the absorption
spectra indicates a modification in the electronic band structure of g-C3Ny, 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]: ahv = A(hv — Eg)n, where Eq, a, 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-C3Ny4, 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.
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Figure 5. (a) UV-vis diffuse reflection spectra, and (b) the corresponding Tauc plots of (xhv)? versus
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Figure 6 shows the photocatalytic hydrogen generation rate of the g-C3Ny4, 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-C3Ny
sample exhibited the lowest hydrogen production performance (20.98 umol-g~!-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 umol-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-C3Ny 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-C3Ny, the aggregation of g-C3Ny 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.

1800
(b) 1611.4
_ 1600 -
< 8000 & 1426.8
2 £ 1400
g =
516000' %1200- 1016.2
3 & 1000 : 957.5
E T
< 4000 ué 800 ‘
K] o
5 5 600 ‘
) o |
> >
2000 1 @ 400+ 3424 \
= == i ] \ 166.3
20.98 ;
0 0 T T T T T = T
0 2 3 4 5 gCN, G-CdS-1 G-CdS-2 G-CdS-3 G-CdS4 G-CdS-5 CdS
Time (h)
Figure 6. (a,b) Visible-light photocatalytic Hy production rate of g-C3Ny, CdS, and G-CdS nanocomposites.
Table 1. Comparison of H, evolution performance between G-CdS-3 and other reported photocatalysts.
. T f Light Sacrificial H, Evolution Rat
Catalyst Synthesis Method Dosage (mg) ypgo?lrcég Iggxlgectﬁ (an:fl;*l?i*f) € Refs.
hgizﬁ:)}:ie;’:;l 300 W Xe arc 0.5 M Na,$
Pd-CdS/g-C3Ny borohvdrid 50 Lamp and 0.5 M 293.0 [44]
orohydrice (A > 400 nm) NaySO3
reduction method
. 300 W Xe arc 0.5 M Na,S
CdS/g-CsN, photodeposited 10 Lamp and 0.5 M 56.9 [45]
metho (A > 420 nm) NaySO;
CdS/Au/ photodeposited Xenon Lamp
-C3N4 method 100 (A > 420 nm) 10 mL methanol 19.02 [46]
300 W Xe arc
hydrothermal 20 mL
CdS/g-C3N4 synthesis 10 0 >LZ(I)EP;1m) triethanolamine 21648 [47]
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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-C3N, nanosheet aqueous solution, a cadmium complex, [Cd(NH3)4]**, was formed in
the alkaline environment. Under the action of ultrasound, the [Cd(NH3),]** was uniformly
attached to the g-C3N, nanosheet. With the addition of thiourea, S* 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-C3Ny to form CdS. When the accumulation
of Cd and S ions exceeded the solubility of CdS, CdS nanoparticles were deposited on
g-C3Ny. In the XRD pattern (Figure 1), the (002) diffraction peak of g-C3Ny could be
significantly shifted to the lower diffraction angle, which means that the layer spacing of
g-C3Ny 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 + NH; — [Cd(NH;)4]*
SC(NHy); + 30H™ — 2NHj + CO3%~ + HS™
HS™ +OH — $* + H,O

Cd* +S* — 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-C3Ny, 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-C3Ny
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-C3N,/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.

t B 55355553555 I
,g} —— A
H,O
-1
2H"/H,» =0- 41V
‘7 VB Lactic acid
HZO/Qz- ). o
120 128 1ab b b 1 1 b i
. g-C3Ny o
Heterojunction
interface

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-C3Ny4 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.
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Figure 8. Photoluminescence emission spectra of CdS, g-C3Ny, and G-CdS.

In addition, the interfacial charge transfer and separation capabilities of the g-C3Ny,
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-

75



Molecules 2023, 28, 7846

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.
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Figure 9. Photocurrent response curves of g-C3Ny, CdS, and G-CdS nanocomposites.
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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)-H,0), 99.99%), ammo-
nium acetate (CH3COONHjy, 99%), ammonia solution (NH3-H,O, AR, 25-28%), and
Thiourea (CH4N3S, 99%) were purchased from Aladdin Reagent Co., Ltd. (Shanghai,
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Melamine

Ultrasound under UV irradiation
Microwave heating to 80 ‘C

——

Added thiourea

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

3.2. Synthesis of g-C3Ny 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-C3Ny4 was ground into a fine powder in an agate mortar. Secondly, g-C3Ny
nanosheets were obtained via the thermal etching of bulk g-C3Nj 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-C3Ny 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-C3Ny4 and a certain amount of Cd(CH3COO)-H,O were mixed in 200 mL
of deionized water for ultrasonic dispersion. Two hours later, 0.03 M CH3COONH,4 was
added, and NHj3-H,O was added to adjust the pH to 11. The abovementioned mixed
solution was heated to 60 °C for 30 min. Then, 0.004 M CH4N,S 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)-H,O
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-C3Ny is not added.
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Annealing at 550 'C Microwave heating to 60 'C
— D co——
In air W& Added cadmium acetate,
m ammonia solution

Cd(NH3),2*+SC(NH,);+20H >
CAS+CH,N;+2H,0+4NH;
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Freeze drying

®C O N ® & & CdNH)> s cds
Scheme 2. Schematic diagram of the formation process of G-CdS heterostructure.

3.4. Characterization

The crystal structures of the g-C3Ny, CdS, and G-CdS nanocomposites were character-
ized using an XRD with Cu K« 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 i520. 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
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Ka 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 NapSOy.

3.5. Evaluation of Photocatalytic Hy Production Activity

For the measurement of photocatalytic Hy 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 H 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-C3Ny 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-C3Ny,
showing a nanorod structure. Moreover, there was a clear and tight contact interface
between g-C3Ny 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 Hy production was also studied, and G-CdS-3 showed excellent photocatalytic
performance; the catalytic mechanism was revealed using a Type Il mechanism. PL and
photocurrent spectra proved that a Type II heterojunction can accelerate carrier separation,
reduce recombination, and improve photocatalytic H, production.

Author Contributions: Conceptualization, L.M. and X.A.; methodology, W.J. and C.L.; validation,
L.M., W]J. and C.L.; formal analysis, L.M., T.Z. and X.A_; investigation, W.J., C.L. and L.X.; resources,
L.M. and X.A_; data curation, L.M. and W.J.; writing—original draft preparation, L.M., WJ., C.L., L.X,,
T.Z. and X.A.; writing—review and editing, LM., WJ., C.L., LX,, T.Z. and X.A_; supervision, L.M.
and X.A.; project administration, L.M. and X.A.; funding acquisition, L.M. and X.A. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was jointly supported by the National Natural Science Foundation of China
(No. 12204245) and the Natural Science Foundation of the Jiangsu Higher Education Institutions of
China (Nos. 21KJB140018, 21KJD430006, and 22K]JB510030).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

78



Molecules 2023, 28, 7846

References

1. Dillon, M.E.; Wang, G.; Huey, R.B. Global metabolic impacts of recent climate warming. Nature 2010, 467, 704-706. [CrossRef]
[PubMed]

2. Zhang, L.; Zhang, J.J.; Yu, H.G.; Yu, ].G. Emerging S-scheme photocatalyst. Adv. Mater. 2022, 34, 2107668. [CrossRef]

3. Lee, KM, Lai, C.W.; Ngai, K.S.; Juan, J.C. Recent developments of zinc oxide based photocatalyst in water treatment technology:
A review. Water Res. 2016, 88, 428-448. [CrossRef] [PubMed]

4. Maeda, K,; Teramura, K.; Lu, D.; Takata, T.; Saito, N.; Inoue, Y.; Domen, K. Photocatalyst releasing hydrogen from water. Nature
2006, 440, 295. [CrossRef] [PubMed]

5. Zhao, Y; Zhang, S.; Shi, R.; Waterhouse, I.; Tang, J.; Zhang, T. Two-dimensional photocatalyst design: A critical review of recent
experimental and computational advances. Mater. Today 2020, 34, 78-91. [CrossRef]

6. Ma, L; Ai, X;; Yang, X.; Cao, X.; Han, D.; Song, X.; Jiang, H.; Yang, W.; Yan, S.; Wu, X. Cd (II)-based metal-organic framework-
derived CdS photocatalysts for enhancement of photocatalytic activity. . Mater. Sci. 2021, 56, 8643-8657. [CrossRef]

7. Ma, L; Ai, X,; Jiang, W,; Liu, P.; Chen, Y.; Lu, K.; Song, X.; Wu, X. Zn/Ce metal-organic framework-derived ZnO@CeO,
nano-heterojunction for enhanced photocatalytic activity. Colloid Interface Sci. Commun. 2022, 49, 100636. [CrossRef]

8. Ma, L, Ai, X;; Chen, Y; Liu, P; Lin, C; Lu, K,; Jiang, W.; Wu, J.; Song, X. Improved photocatalytic activity via N-Type ZnO/p-Type
NiO heterojunctions. Nanomaterials 2022, 12, 3665. [CrossRef]

9. Xiao,N. Li,S,; Li, X; Ge, L; Gao, Y.; Li, N. The roles and mechanism of cocatalysts in photocatalytic water splitting to produce
hydrogen. Chin. J. Catal. 2020, 41, 642-671. [CrossRef]

10. Modak, A.; Bhanja, P; Dutta, S.; Chowdhury, B.; Bhaumik, A. Catalytic reduction of CO, into fuels and fine chemicals. Green
Chem. 2020, 22, 4002-4033. [CrossRef]

11.  Song, Y.; Johnson, D.; Peng, R.; Hensley, D.K.; Bonnesen, P.V; Liang, L.; Huang, J.; Yang, F; Zhang, F,; Qiao, R.; et al. A physical
catalyst for the electrolysis of nitrogen to ammonia. Sci. Adv. 2018, 4, €1700336. [CrossRef] [PubMed]

12.  Cheng, L,; Xiang, Q.; Liao, Y.; Zhang, H. CdS-based photocatalysts. Energy Environ. Sci. 2018, 11, 1362-1391. [CrossRef]

13.  Wang, L.; Cheng, B.; Zhang, L.; Yu, J. In situ irradiated XPS investigation on S-scheme TiO,@ ZnIn,S4 photocatalyst for efficient
photocatalytic CO, reduction. Small 2021, 17, 2103447. [CrossRef] [PubMed]

14. Li, X-L.; Yang, G.; Li, S.; Xiao, N.; Li, N.; Gao, Y.; Lv, D.; Ge, L. Novel dual co-catalysts decorated Au@ HCS@ PdS hybrids with
spatially separated charge carriers and enhanced photocatalytic hydrogen evolution activity. Chem. Eng. ]. 2020, 379, 122350.
[CrossRef]

15.  Guo, Q.; Zhou, C.; Ma, Z; Yang, X. Fundamentals of TiO, photocatalysis: Concepts, mechanisms, and challenges. Adv. Mater.
2019, 31, 1901997. [CrossRef]

16. Mamiyev, Z.; Balayeva, N.O. Metal sulfide photocatalysts for hydrogen generation: A review of recent advances. Catalysts 2022,
12,1316. [CrossRef]

17.  Fu,]J; Yu, ] Jiang, C.; Cheng, B. g-C3Ny-Based heterostructured photocatalysts. Adv. Energy Mater. 2018, 8, 1701503. [CrossRef]

18. Lu, M,; Pei, Z.; Weng, S.; Feng, W.; Fang, Z.; Zheng, Z.; Huang, M.; Liu, P. Constructing atomic layer g-C3N4-CdS nanoheterojunc-
tions with efficiently enhanced visible light photocatalytic activity. Phys. Chem. Chem. Phys. 2014, 16, 21280-21288. [CrossRef]

19. Soheila, A.; Aziz, H. g-C3Ny4/carbon dot-based nanocomposites serve as efficacious photocatalysts for environmental purification
and energy generation: A review. J. Clean. Prod. 2020, 276, 124319.

20. Wen,],; Xie, J.; Chen, X,; Li, X. A review on g-C3Njy-based photocatalysts. Appl. Surf. Sci. 2017, 391, 72-123. [CrossRef]

21. Wang, X.; Maeda, K.; Thomas, A.; Takanabe, K.; Xin, G.; Carlsson, J.; Domen, K.; Antonietti, M. A metal-free polymeric
photocatalyst for hydrogen production from water under visible light. Nat. Mater. 2009, 8, 76-80. [CrossRef] [PubMed]

22. Wang, Y.; Zhang, X,; Liu, Y.; Zhao, Y.; Xie, C.; Song, Y. Crystallinity and phase controlling of g-C3N,/CdS hetrostructures towards
high efficient photocatalytic H, generation. Int. J. Hydrogen Energy 2019, 44, 30151-30159. [CrossRef]

23.  Ghosh, U.; Majumdar, A.; Pal, A. Photocatalytic CO, reduction over g-C3Ny based heterostructures: Recent progress and
prospects. |. Environ. Chem. Eng. 2021, 9, 104631. [CrossRef]

24. Kadi, M.W.; Mohamed, R.; Ismail, A.; Bahnemann, D. Soft and hard templates assisted synthesis mesoporous CuO/g-C3Ny
heterostructures for highly enhanced and accelerated Hg (II) photoreduction under visible light. J. Colloid Interface Sci. 2020, 580,
223-233. [CrossRef]

25.  Zhu, Q.; Xu, Z.; Qiu, B.; Xing, M.; Zhang, J. Emerging cocatalysts on g-C3Nj for photocatalytic hydrogen evolution. Small 2021,
17,2101070. [CrossRef]

26. Ran, Y; Cui, Y,; Zhang, Y,; Fang, Y.; Zhang, W.; Yu, X.; Lan, H.; An, X. Assembly-synthesis of puff pastry-like g-C3N4/CdS
heterostructure as S-junctions for efficient photocatalytic water splitting. Chem. Eng. J. 2022, 431, 133348. [CrossRef]

27.  Zhao, Y.-F; Sun, Y.; Yin, X; Chen, R; Yin, G.; Sun, M,; Liu, B. The 2D porous g-C3Ny/CdS heterostructural nanocomposites with
enhanced visible-light-driven photocatalytic activity. J. Nanosci. Nanotechnol. 2020, 20, 1098-1108. [CrossRef]

28. Liu, J. Origin of high photocatalytic efficiency in monolayer g-C3Ny/CdS heterostructure: A hybrid DFT study. J. Phys. Chem. C
2015, 119, 28417-28423. [CrossRef]

29. Rong, X,; Qiu, F; Zhao, H.; Yan, J.; Zhu, X.; Yang, D. Fabrication of single-layer graphitic carbon nitride and coupled systems for
the photocatalytic degradation of dyes under visible-light irradiation. Eur. ]. Inorg. Chem. 2015, 2015, 1359-1367. [CrossRef]

30. Zhao, D.; Wang, Y.; Dong, C.; Huang, Y.; Chen, J.; Xue, E; Shen, S.; Guo, L. Boron-doped nitrogen-deficient carbon nitride-based

Z-scheme heterostructures for photocatalytic overall water splitting. Nat. Energy 2021, 6, 388-397. [CrossRef]

79



Molecules 2023, 28, 7846

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Wang, Y.; Liu, X;; Liu, J.; Han, B.; Hu, X,; Yang, F; Xu, Z,; Li, Y; Jia, S.; Li, Z; et al. Carbon quantum dot implanted graphite
carbon nitride nanotubes: Excellent charge separation and enhanced photocatalytic hydrogen evolution. Angew. Chem. 2018, 130,
5867-5873. [CrossRef]

Tan, M.; Ma, Y.; Yu, C.; Luan, Q.; Li, J.; Liu, C.; Dong, W.; Su, Y.; Qiao, L.; Gao, L.; et al. Boosting photocatalytic hydrogen
production via interfacial engineering on 2D ultrathin Z-scheme ZnIn,S;/g-C3Ny heterojunction. Adv. Funct. Mater. 2022,
32, 2111740. [CrossRef]

Qin, Y;; Li, H.; Ly, J.; Feng, Y.; Meng, F.; Ma, C.; Yan, Y.; Meng, M. Synergy between van der waals heterojunction and vacancy
in ZnInySy /g-C3Ny 2D /2D photocatalysts for enhanced photocatalytic hydrogen evolution. Appl. Catal. B Environ. 2020, 277,
119254. [CrossRef]

Gao, B.; Liu, L.; Liu, J.; Yang, F. Photocatalytic degradation of 2, 4, 6-tribromophenol over Fe-doped ZnIn;S,: Stable activity and
enhanced debromination. Appl. Catal. B Environ. 2013, 129, 89-97. [CrossRef]

Devamani, R.H.P; Kiruthika, R.; Mahadevi, P; Sagithapriya, S. Synthesis and characterization of cadmium sulfide nanoparticles.
Int. ]. Innov. Sci. Eng. Technol. 2017, 4, 181-185.

Dastan, D.; Panahi, S.L.; Chaure, N.B. Characterization of titania thin films grown by dip-coating technique. J. Mater. Sci. Mater.
Electron. 2016, 27, 12291-12296. [CrossRef]

Dastan, D.; Chaure, N.; Kartha, M. Surfactants assisted solvothermal derived titania nanoparticles: Synthesis and simulation.
J. Mater. Sci. Mater. Electron. 2017, 28, 7784-7796. [CrossRef]

Wang, Z.; Wang, Z.; Zhu, X.; Ai, C.; Zeng, Y.; Shi, W.; Zhang, X.; Zhang, H.; Si, H.; Li, ].; et al. Photodepositing CdS on the active
cyano groups decorated g-C3Ny in Z-scheme manner promotes visible-light-driven hydrogen evolution. Small 2021, 17, 2102699.
[CrossRef]

Li, H; An, M.; Zhao, Y,; Pi, S;; Li, C.; Sun, W.; Wang, H. Co nanoparticles encapsulated in N-doped carbon nanofibers as
bifunctional catalysts for rechargeable Zn-air battery. Appl. Surf. Sci. 2019, 478, 560-566. [CrossRef]

Madhurima, V.; Kumari, K.; Jain, P. A facile single-step approach to achieve in situ expanded g-C3Ny for improved photodegra-
dation performance. Polym. Adv. Technol. 2023, 34, 578-586. [CrossRef]

Ma, L,; Liu, W,; Cai, H.; Zhang, E; Wu, X. Catalyst-and template-free low-temperature in situ growth of n-type CdS nanowire on
p-type CdTe film and p-n heterojunction properties. Sci. Rep. 2016, 6, 38858. [CrossRef] [PubMed]

Jiang, N.; Xiu, Z.; Xie, Z.; Li, H.; Zhao, G.; Wang, W.; Wu, Y.; Hao, X. Reduced graphene oxide-CdS nanocomposites with enhanced
visible-light photoactivity synthesized using ionic-liquid precursors. New |. Chem. 2014, 38, 4312-4320. [CrossRef]

Li, X;; Kang, B.; Dong, F.; Zhang, Z.; Luo, X.; Han, L.; Huang, J.; Feng, Z.; Chen, Z.; Xu, J.; et al. Enhanced photocatalytic
degradation and H, /H,O, production performance of S-pCN/WO,.7, S-scheme heterojunction with appropriate surface oxygen
vacancies. Nano Energy 2021, 81, 105671. [CrossRef]

Giiy, N. Directional transfer of photocarriers on CdS/g-C3Ny heterojunction modified with Pd as a cocatalyst for synergistically
enhanced photocatalytic hydrogen production. Appl. Surf. Sci. 2020, 522, 146442. [CrossRef]

Jiang, W.; Zong, X,; An, L.; Hua, S.; Miao, X.; Luan, S.; Wen, Y.; Tao, F.; Sun, Z. Consciously constructing heterojunction or direct
Z-scheme photocatalysts by regulating electron flow direction. ACS Catal. 2018, 8, 2209-2217. [CrossRef]

Ding, X; Li, Y;; Zhao, J.; Zhu, Y,; Li, Y.; Deng, W.; Wang, C. Enhanced photocatalytic H evolution over CdS/Au/g-C3Ny
composite photocatalyst under visible-light irradiation. APL Mater. 2015, 3, 104410. [CrossRef]

Ji, C.; Du, C,; Steinkruger, J.; Zhou, C.; Yang, S. In-situ hydrothermal fabrication of CdS/g-C3N4 nanocomposites for enhanced
photocatalytic water splitting. Mater. Lett. 2019, 240, 128-131. [CrossRef]

Wu, H.; Meng, S.; Zhang, ]J.; Zhang, X.; Wang, Y.; Chen, S.; Qi, G.; Fu, X. Construction of two-dimensionally relative p-n
heterojunction for efficient photocatalytic redox reactions under visible light. Appl. Surf. Sci. 2020, 505, 144638. [CrossRef]

Ma, L.; Ai, X.; Wu, X. Effect of substrate and Zn doping on the structural, optical and electrical properties of CdS thin films
prepared by CBD method. J. Alloys Compd. 2017, 691, 399-406. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

80



molecules

Article

Constructing In;S3/CdS/N-rGO Hybrid Nanosheets via One-Pot
Pyrolysis for Boosting and Stabilizing Visible Light-Driven
Hydrogen Evolution

Minghao Zhang, Xiaoqun Wu, Xiaoyuan Liu, Huixin Li, Ying Wang * and Debao Wang *

Citation: Zhang, M.; Wu, X; Liu, X.;
Li, H.; Wang, Y.; Wang, D.
Constructing In,S3/CdS/N-rGO
Hybrid Nanosheets via One-Pot
Pyrolysis for Boosting and Stabilizing
Visible Light-Driven Hydrogen
Evolution. Molecules 2023, 28, 7878.
https://doi.org/10.3390/
molecules28237878

Academic Editor: Sugang Meng

Received: 30 October 2023
Revised: 25 November 2023
Accepted: 29 November 2023
Published: 30 November 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Key Lab of Inorganic Synthetic and Applied Chemistry, College of Chemistry and Molecular Engineering,
Qingdao University of Science and Technology, Qingdao 266042, China
* Correspondence: y.wang@qust.edu.cn (Y.W.); dbwang@qust.edu.cn (D.W.)

Abstract: The construction of hybrid junctions remains challenging for the rational design of visible
light-driven photocatalysts. Herein, In;S3/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 In,S3 /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~'-h~!) and InyS;3/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: InyS3/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-C3Ny nanoheterojunctions have been prepared using a hydrothermal
method to improve its visible light photocatalytic performance for H, production [14].
Huang et al. reported the synthesis of CdS/ZnS nanocomposites for extraordinary photo-
catalytic Hy generation via a type-II heterojunction [15]. Indium sulfide (In;S3) 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 In,S; semiconductors,
more and more reports have focused on the synthesis of In,S3 /CdS nanocomposites to form
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effective photocatalysts [17-21]. The suitable energy band structure between In,S; and
CdS benefits the construction of the InyS3 /CdS heterojunction, which would accelerate the
separation of photogenerated carriers and result in enhanced photocatalytic performance
as compared to individual ones. For example, In,S; nanoparticles have been deposited
on CdS nanorod arrays for enhanced solar light-driven photoelectrochemical hydrogen
evolution [22]. Yang et al. reported a Cu-doped In,S3/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 S?~ ions of CdS and In,S; 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 S*~ /SO;32~
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@MoS;
to diminish the shortage of serious photocorrosion and obtain a high photocatalytic H, 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 InyS;/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 InyS3/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 In,S3 photocatalyst.

& &g
N
CdCl,-2.5H,0 ) TAA
DES /“ [ ' Precursor
InCl, Lo B P 3
o Oil bath 75 °C
0Oil bath 75 °C

650 °C N,

RS

In,S,/CdS/N-+GO

Figure 1. A schematic diagram for the preparation of the In253/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 CdCl,-2.5H,0, InCl3, and ethylene
glycol was first characterized. As shown in Figure 1, we collected FT-IR of CdCl,-2.5H,0,
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™! corresponds to the stretching of ~-OH in
ethylene glycol. After DES formation with CdCl,-2.5H,0 and InCl3, the -OH was chelated
by CI~. 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 CdCl,-2.5H,0 is 568 °C) [31].
The obtained DES liquids were used as precursors to synthesize the In,S3/CdS/N-rGO
photocatalyst via a one-pot pyrolysis, as schematically shown in Figure 2.

Transmittance (a.u.)

4000 3000 2000 1000
Wavenumbers (Cm™")

Figure 2. FT-IR spectra of CdCl,-2.5H;0, 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 In,S3/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 InyS3 (JCPDS, No. 25-0390). The narrow and sharp characteristic
peaks indicate CdS and In,S3 samples have high crystallinity. In addition, In,S3 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 In,;S; or from the formation of strong interface interactions between
In,S3 and CdS and even the formation of a CdIn,Sy phase [20]. The XRD results support
the presence of CdS and In;S; 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 InpS3 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 InyS3/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
InyS3/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 InyS3/CdS/N-rGO photocatalyst
were studied using SEM and TEM. As shown in Figure 4a, the InyS3/CdS/N-rGO photo-
catalyst has a layered shape of tremella, with a diameter of about 1-2 pm. 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 In,S3 [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 In,S3/CdS/N-rGO hybrid. It
can be concluded that the In,S3/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,
and In 3d;,, binding energy, indicating the presence of an In®* state in the hybrid [34]. The
characteristic peaks at 404.4 and 411.2 eV in Figure 5b correspond to the Cd 3d5,, and Cd
3ds,, binding energy of a Cd?* valence state [35]. As shown in Figure 5¢, 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/p and S 2pq /; of S%~ [36]. The C 1s spectrum of InyS3/CdS/N-rGO is shown in
Figure 5d. The characteristic peak at 284.5 eV corresponds to sp? 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 In,S3/CdS
as well as C=0, (CO*)OH, and C-O-C groups remained in rGO [39]. Figure 5f shows the
In;S3/CdS/N-rGO photocatalyst and InyS3/N-rGO photocatalyst with respect to N 1s
spectra, which can further prove the existence of N elements in In;S3/GO. InyS3/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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—— 200 nm ADF1(frame1)

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 InyS3/CdS/N-rGO, the elements in the
InyS3/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 In,S3 and CdS, attributed to the homogenous
contacting of components in the liquid DES precursor.

;S5 (0.042).

cdL c———>200 nm

———— 200 nm CK C————200 nm 0K C———— 200 nm NK

Figure 4. SEM (a,b), TEM (c), HRTEM (d—f), and HAADF-STEM image (g) and corresponding
STEM-EDS elemental mappings (h) of In,S3/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 InyS3/N-rGO photo-
catalyst was close to 536 nm. After the InpS3/N-rGO was compounded with CdS/N-rGO,
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the absorption edges of InyS3/CdS/N-rGO (529 nm) fell well between those of CdS/N-
rGO and In,S;/CdS/N-rGO, indicating that they can harvest more photon efficiency than
CdS/N-rGO in the visible region via the compounding of InyS3 /N-rGO. This result may be
due to the narrow band gap and porous structure of In,S3 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.
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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.

3
(a) —— CdSIN-1GO (b) CAS/N-1GO (€) T—insivreo
In,SyN-1GO
s In,Sy/CASN-1GO|
S
d 2 | 2
e o g o
z £ / £
2 ) . E
o} ) 1
£
7
/ _218ev
— H ooy /
/,/'/ 7,
0 - 0
400 500 600 700 20 22 24 26 28 30 2 3 4
Wavelength (nm) Photon energy (eV) Photon energy (eV)

Figure 6. UV-Vis DRS spectra of different photocatalysts (a); corresponding Tauc plots for band gap
estimation of (b) CdS/N-rGO and (c) In,S3/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 In,S3/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
(ahv) = K(hv — Eg)°S [41], where « is the absorption coefficient, v 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 InyS3/N-rGO are estimated to be 2.25 eV and 2.18 eV, respectively.

2.3. Photocatalytic Hydrogen Evolution

The photocatalytic H evolution activity of In,S3/CdS/N-rGO was investigated on an
online photocatalytic system with a top light irradiation using 0.25 M Na,S-9H,0/0.35 M
Na,S0O;3 as sacrificial reagents. As presented in Figure 7a, the photocatalytic hydrogen
evolution performance of different photocatalysts were compared. A steady accumulation
of Hj is observed within 6 h. Figure 7b shows the corresponding hydrogen evolution
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rates. The In;S3/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
InyS3/N-rGO. The hydrogen evolution rate of the In,S3/CdS/N-rGO photocatalyst was
3.0 times and 4.2 times higher than that of CdS/N-rGO and In;S3/N-rGO photocatalysts,
respectively. This performance is also higher than most of the non-noble metal CdS-based

photocatalysts reported so far (Table 1).

b)s 80
~ ~@— CdS/N-rco = n. -rGO
(a) P 7)1 (E) 1n,S/CdS/N
‘o 60 ~O— N:S/CISIN-160 o | = Tan ° : $ &
5 —@—n,Sy/N-rGo o’ o 5 60 ) ! ? 3 9
J 2 o 7 9 [ ¥ °
£ 9 g1 = Py 9 3
f
S 7 E E ' A
c 9 4 c 40 = 9 ° r ®
S v 2 S $ ¢ ¢ 9 2
= K]
S 20 ° e - E $ ¢ ¢ ¢
/ -9 < 3:T 7 J b
[<} 9 ~@ - | © o 14 »
s / —0-97 0% 2 7 2201 2 ¢ 7 ] y
) /0"3 S;;A,w 5 [ g [4 [ b d [
= 5 0-028-0-9" g 0 = |4 ¢ : o? <
2
T 0 O GY 0= ¥
0 1 2 3 4 5 6 s o W 0 6 12 18 24 30
S 02 Irridiation time (h)

Irridiation time (h) 0%

Figure 7. (a) Photocatalytic Hy evolution and (b) H, evolution rates of different catalysts; (c) Hp

evolution cycling stability of InyS3/CdS/N-rGO.
Table 1. Comparison of the hydrogen evolution performance of the InyS3/CdS/N-rGO photocatalyst

with other reported CdS-based photocatalysts.
. H, Evolution Rate
Catalyst Light Source Scavengers (mmol-g-1-h-1) Ref.
In,S;/CdS/N-GO A > 420 nm Na,S and Na,SO3 10.9 This work
CdS-Cuy 415 A > 420 nm NayS and Na,SO; 2.714 [42]
CoS/CdS A > 420 nm Na,S and Na,SO; 0.143 [43]
CdS@Zn-C A > 420 nm Na,S and Na,SO; 6.6 [44]
PbTiO3/CdS A > 420 nm NayS and Na,SO; 0.849 [45]
Cd/CdSs A > 420 nm NayS and Na,SO; 1.753 [46]
TizC,@CdS A > 420 nm methanol 0.088 [47]
CdS/NiO A > 420 nm Na,S and Na,SOs3 1.77 [48]
CdS/np-rGO A > 420 nm Na,S and Na;SO; 2171 [49]
Co@NC/CdS A > 420 nm lactic acid 8.2 [50]
A > 420 nm Na,S and triethanolamine 5.71 [51]

C/Cds

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 In,S3/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 InyS3/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,
In;S3/CdS/N-rGO shows distinctly decreased PL intensity in comparison with CdS/N-
rGO and InyS3/N-rGO. This implies that the recombination of photoinduced electron-hole
pairs in InyS3/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 In,S3/CdS/N-rGO photocatalyst
showed much higher photocurrent density than In;S3 /N-rGO and CdS/N-rGO, indicating
that the photoresponse sensitivity of photoexcited carriers could be indeed enhanced in
the InyS3/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. Rg is the
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solution resistance, R represents the charge transfer resistance, and CPE is described as
the constant phase element. By comparison, circle radii of InyS3/N-rGO and CdS/N-rGO
are wider than that of In;S3/CdS/N-rGO, demonstrating that the internal hindrance of the
InyS3/CdS/N-rGO heterojunction is less than that of the individual ingredient [35]. It is
reasonable to conclude that forming an InyS3 /CdS/N-rGO hybrid could greatly promote
the directional migration and spatial separation of electron-hole charges from the above
experiment results.

100
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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 In,S3 /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 (Eg,) determined as the x-intercept
in Mott-Schottky plots are —0.93 V for CdS/N-rGO and —1.32 V for In,S3/N-rGO versus
Ag/AgCl. Based on the equation of Eg, (V vs. NHE) = Eg, (V vs. Ag/AgCl) + 0.61 [52], the
normal hydrogen electrode (NHE) potentials were calculated to be Eg, (CdS) = —0.32 V and
Eg (InpS3/N-rGO) = —0.71 V from the flat band potentials.
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Figure 9. Mott-Schottky plots of (a) CdS/N-rGO and (b) InyS3/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 Eg, value, the CB bottom is —0.12 V for CdS and —0.51 V for In,S3
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 (InyS3) 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 InyS3/N-rGO catalysts can be displayed in Figure 10. From the band alignment, In,S3
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 In,S3 which facilitates the charge separation and
transfer process [53].
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Figure 10. Photocatalytic hydrogen evolution mechanism of the InyS3/CdS/N-rGO photocatalyst.

According to the photochemical and photoelectrochemical experimental results dis-
cussed above, the combination of CdS and In,S; 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 In,S3; would move to the CB
of CdS, which would be captured by H* ions to produce Hy, whereas the holes transfer
from the VB of CdS to the VB of In,S3, 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 InyS;/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 InyS3 and CdS, forming tightly coupled interfaces and enhancing the charge transfer
of the hybrids [54]. Also, N-rGO can protect In,S3 and CdS from corrosion. Furthermore,
the tremella-like structure provides more active sites for reactant species, such as hole
scavengers, H*, and H,O, promoting reaction kinetics for enhanced photocatalytic activ-
ity [55]. In summary, the CdS/In,S3/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 (InCls, 98%) was purchased from Shanghai Macklin Biochemical
Co., Ltd. Cadmium chloride (CdCl,-2.5H,0), ethylene glycol, thioacetamide, sodium
sulfide (NaS-9H,0), 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 InyS3/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 CdCl,-2.5H,0, 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 N 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 InyS3/CdS/N-rGO composite photocatalyst. Figure 1 schematically shows the syn-
thesis procedure of the In,S3/CdS/N-rGO photocatalyst. CdS/N-rGO and In,S3/N-rGO
photocatalysts were prepared via the same procedure, without the addition of InCl; for
CdS/N-rGO and in the absence of CdCl,-2.5H,0 for In,S;/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 NaS-9H,0/0.35 M NaySOj3 in a quartz reactor. The system
was evacuated for 25 min to remove dissolved O, and CO, 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 NaSOy 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 uL Nafion, and 8 mg of
carbon black were dispersed in 1 mL of ethanol, ultrasonically forming a homogeneous
slurry. A total of 20 pL of slurry was dropped on a slide of FTO glass with an effective area
of 1 x 1 cm?. 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 (A > 420 nm) switching on and off every 40 s.

4. Conclusions

In conclusion, a InyS3/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/In;S; 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 InyS; 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~!-h~!. 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. ZnIn,S,-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, ZnIn,S, catalysts
were modified by metal ion doping, the construction of heterojunctions, and co-catalyst loading to
successfully prepare composite photocatalysts. The Co-ZnIn,S, catalyst synthesized by Co doping
and ultrasonic exfoliation exhibited a broader absorption band edge. Next, an a-TiO;, /Co-ZnIn,Sy
composite photocatalyst was successfully prepared by coating partly amorphous TiO, on the surface
of Co-ZnIn,Sy, and the effect of varying the TiO, 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-TiO, /Co-ZnIn,S, was widened
from 480 nm to about 518 nm, and the specific surface area increased from 41.29 m? /g to 53.25 m?/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-
TiO, /Co-ZnIn,S,; was found to be 2.96 mmol-h—! ~g’1, which was three times that of the pure
ZnIn,S; (0.98 mmol-h~!-g~1). After use in three cycles, the hydrogen production only decreased by
5%, indicating that it has good cycle stability.

Keywords: ZnIn,Sy; Co doping; TiO,; 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
(Hy) 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 Hy. The holes left behind are combined with sacrificial
agents in the system and used to achieve continuous H;, 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 ZnIn,S, 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 ZnIn,S, is 2.3~2.5 eV and the energy band of ZnIn,Sy is
narrow, which is also conducive to the generation of photogenerated carriers [13]. ZnIn,S,
is therefore an ideal photocatalytic material with broad application prospects.

In 2003, Lei et al. [14] synthesized ZnIn,S, 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 ZnIn,S; 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 Znln,S,; photocatalysts still suffer from low visible light utilization
and low photocatalytic activity [17]. Moreover, the photocatalytic activity of ZnInySy
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 ZnIn,Sy
photocatalysts using a solvothermal synthesis method. The successful incorporation of Co
into the ZnIn,S, 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 ZnIn,S4 morphology. Their photo-
catalytic results showed that Co?* doping significantly improved the photocatalytic activity
of ZnInySy. The optimum Co doping amount of 0.3 wt% for the ZnIn,S4 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 ZnIn,S, while also improving its hydrogen production performance and utilization of
sunlight [21,22].

TiO; has been widely investigated as a semiconductor photocatalyst material due to
its many advantages, such as high stability and high photosensitivity. Therefore, TiO,-
based metal oxide photocatalysts are widely used in many practical applications [23].
However, TiO; 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 TiO; and seriously affect its application in practical production [25]. The focus
of photocatalytic research has therefore shifted from the improvement of traditional TiO,
performance to the investigation of other catalysts with better performance in the visible
light range. Amorphous TiO; is an important category of TiO, 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 TiO, 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~!-g~1) compared to a crystalline
TiO, reference (P25 0.80 mmol-h~1. g*]) 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 TiO, semiconductor photocatalytic materials. The majority of the wavelengths
that make up solar energy, though, do not fall inside the visible spectrum. ZnIn,S; shows
promise as a visible-light-responsible ternary metal-sulfur compound photocatalyst, but
its performance still needs to be improved. Therefore, in this work, ZnIn,S; materials
were prepared and modified (as shown in Figure 1): (1) Petal-shaped ZnIn,S, catalysts
were produced, their morphology was studied, and their photocatalytic performance was
investigated. (2) Co-ZnInyS; 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-TiO, /Co-ZnIn,S, composite photocatalyst was successfully prepared by coating
amorphous TiO, on the Co-ZnIn,S, surface, and the effect of loading different amounts of
TiO, on the photocatalytic performance was investigated. At the same time, a TiO;, and
Co-ZnIn, S, 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-TiO,/Co-ZnIn,S, 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-
TiO, /Co-ZnlIn,S4 flower-like composite photocatalysts with good photocatalytic hydrogen
production activity and stability were prepared. This catalyst uses Co-ZnIn,S, as the main
body for photo generated electron excitation, and amorphous a-TiO; 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-TiO, /Co-ZnIn,S, flower-like composite photocatalysts.

2. Results and Discussions
2.1. Structure, Morphology and Composition of Composite Photocatalysts

The synthesized ZnIn,S4 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 ZnIn,S; was a petal-like microsphere consisting of a large
number of nanoflakes, which are all made of ZnIn,S; 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 ZnInyS4. 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 ZnIn;S,.
Figure 2c shows that the petals were loaded with a granular material, which indicated
the successful loading of TiO,. 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/TiO, /Co-ZnIn,S, 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-
TiO, /Co-ZnIn,S, composite.

Table 1. Distribution of elements in the MoP/a-TiO, /Co-ZnIn,S,; composite catalyst.

In S Zn Mo P Ti (o] Co
wt% 53.2 26.0 10.2 25 0.3 1.1 6.2 0.5

The morphological characteristics of the MoP /a-TiO, /Co-ZnIn,S4 photocatalyst were
further investigated by TEM, as shown in Figure 4. Figure 4a shows that the MoP/a-
TiO, /Co-ZnIn,S, 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 ZnIn,;S4 nanosheets, which are very thin in the nanoflower.
Some MoP /TiO; particles were visible on the nanosheets, which showed the successful
loading of MoP and TiO; on the surface of ZnIn,S,. Figure 4c shows an electron diffraction
pattern of the MoP/a-TiO, /Co-ZnIn,S, photocatalyst, demonstrating its good crystallinity.
Lattice fringe spacings of 0.21, 0.32 and 0.35 nm were identified in Figure 4d, which re-

97



Molecules 2023, 28, 4350

spectively corresponded to MoP, ZnInySy, and TiO,. This was consistent with the data
in the relevant literature. Overall, this TEM analysis further demonstrated the successful
preparation of MoP/a-TiO, /Co-ZnIn,S,.

Figure 2. SEM micrographs of (a) ZnIn,Sy, (b) Co-ZnInySy, (c) a-TiO, /Co-ZnInySy, and (d) MoP/a-
TiOZ/CO-ZDII’l254.

Spm

Figure 3. Elemental mapping of the MoP/a-TiO, /Co-ZnIn,S, composite catalyst. (a) scanning area,
(b) S, (c) Mo, (d) In, (e) Zn, (£) 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-TiO, /Co-ZnIn,S,.

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. ZnIn,Sy is a direct bandgap semiconductor with a layered (according to card
NO. 48-1778,a=b = c =10.6,x = 3 =y = 90°) and trigonal structure (ICSD-JCPDS card
NO. 49-1562, a =b = 3.85, ¢ = 24.68, « = 37.01°,3 = 90°,y = 120°), as shown in Figure 5.
All polymorphs show certain photocatalytic performance under visible light, while the
hexagonal ZnIn,S, has better photocatalytic performance. The cubic ZnIn,S; 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
ZnIn,S, was not significantly affected. The shape of the ZnIn;S, peaks did not change after
TiO; loading and no separate TiO;, peaks were identified, indicating that partly amorphous
TiO, was synthesized. The diffraction peaks also did not change after the addition of MoP,
indicating the successful preparation of the composite MoP/a-TiO, /Co-ZnIn,S, catalyst.
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Figure 5. XRD patterns of the ZnIn,S,, Co-ZnIn,Sy, a-TiO,/Co-ZnIn,S;, and MoP/a-TiO,/Co-
ZnInyS,, photocatalysts.

Figure 6a,b shows the N, adsorption—desorption isotherms and pore size distribu-
tions of ZnIn,S,, Co-ZnlIn,Sy, a-TiO, /Co-ZnIn,S, and MoP/a-TiO, /Co-ZnIn,S,. 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-TiO,/Co-
ZnIn,S,; showed a slight increase in specific surface area compared with pure ZnIn;S,.
The pore volume of MoP/a-TiO, /Co-ZnIn,S; was also slightly higher than that of pure
ZnIn,Sy. This was consistent with the SEM image shown in Figure 2¢, in which some of the
TiO; nanoparticles were supported on the ZnIn,S,; nanosheets. Therefore, the addition of
TiO, 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 TiO, was distributed between
the ZnIn,S, petals, which reduced the pore size.
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Figure 6. (a) N, adsorption—desorption isotherms and (b) pore size distributions of the ZnIn,S,,
Co-ZnIn,Sy, a-TiO, /Co-Znln,Sy, and MoP/a-TiO, /Co-ZnIn,S, photocatalysts.
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Table 2. Specific surface area, pore volume, and average pore diameter of ZnIn,Sy, Co-ZnIn,S,,
a-TiO, /Co-ZnIn, Sy, and MoP/a-TiO, /Co-ZnIn,Sy.

Sample Specific Surface Pore Volume Average Pore

Area (m?/g) (em3/g) Diameter (nm)
ZnIn,Sy 41.293 0.3346 162.1
Co-ZnIn,Sy 53.453 0.3242 121.3
TiO, /Co-ZnIn,S, 46.669 0.3346 1434
MoP/a-TiO, /Co-ZnInySy 53.250 0.3703 139.1

The chemical state and chemical composition of the MoP /a-TiO, /Co-ZnIn;S,; 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, TiO; and ZnIn;S, in the MoP/a-TiO,/Co-Znln;,Sy
composite photocatalyst. In the Ti 2p spectrum, the two main peaks near 458.7 eV and
464.5 eV were attributed to Ti 2p3,/, and Ti 2p; /».These peaks were generated by the Titt
oxidation state of TiO,. A single Ols 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 TiO, was
amorphous and that the presence of this TiO, increased the oxygen vacancy concentration
of the catalyst. These results conclusively demonstrate that the MoP/a-TiO, /Co-ZnInySy
composite photocatalyst was successfully prepared.
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Figure 7. XPS spectra of the MoP/a-TiO, /Co-ZnIn,S, composite catalyst.
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UV-vis diffuse reflectance spectra of TiO, /Co-ZnIn,S, were obtained using different
TiO; loading times to explore the effect of TiO,on catalytic activity, as shown in Figure 8a.
These spectra were denoted as X-TiO,/Co-ZnIn,S,, where X represents the number of
minutes. With increasing TiO, 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-TiO, /Co-ZnIn,S, shifted to the right, and the highest ab-
sorption was achieved at this time. Therefore, 20-TiO; /Co-ZnIn,S,; was selected as the
basis for subsequent experiments. Figure 8b shows UV-vis diffuse reflectance spectra of
ZnIn,Sy, Co-ZnlnySy, a-TiO, /Co-ZnIny Sy and MoP/a-TiO, /Co-ZnIn,Sy. The absorption
edge of pure Znln,S; 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 TiO,. The absorption edge
of MoP/a-TiO, /Co-ZnIn,S; was widened to about 518 nm, indicating that the MoP was
photocatalyzed by the load. The band gap energies of ZnIn,Ss, Co-ZnIn,Sy, a-TiO, /Co-
ZnIn,S, and MoP/a-TiO, /Co-ZnIn,S, were calculated using the curves shown in Figure 8b.
As shown in Figure 8¢, the band gap energy of MoP/a-TiO, /Co-ZnIn,S, was 2.7 eV. This
analysis demonstrated the broader light absorption range and enhanced photocatalytic
activity of the MoP/a-TiO,/Co-ZnIn,S4 composite photocatalyst.
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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-ZnIn,Sy, the initial positions of TiO, /Co-ZnIn,S; and MoP/a-TiO, /Co-
Znln,S, 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 ZnIn,Sy, Co-ZnIn,Sy, a-TiO, /Co-ZnIn,S,, and MoP/a-TiO, /Co-
ZnIn,S, were obtained under both light and dark conditions, as shown in Figure 9b. This
shows the photocurrent densities of ZnIn,Sy, Co-ZnIn,Sy, a-TiO, /Co-ZnIn,S, and MoP/a-
TiO,/Co-ZnIn,Sy, which exhibited photocurrents of 1 pA/ cm?, 3 pA/cm?, 4 pA/cm?
and 4.5 pA/ cm?, respectively. This showed that Co doping significantly improved the
performance of Znln,S,. Moreover, the separation efficiency of photogenerated electron—
hole pairs was also significantly improved by the addition of TiO, supported on the
ZnInyS4 nanosheets. In addition, MoP/a-TiO, /Co-ZnIn,Sy 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-TiO, /Co-
ZnIn,S4 had lower high-frequency semicircles than Co-ZnIn,S, or a-TiO, /Co-ZnIn,Sy as
well as lower resistance. This further indicated that MoP/a-TiO, /Co-ZnIn,S,; had more
efficient carrier separation and transfer efficiency. The line increase of curves Co-ZnIn;Sy, a-
TiO, /Co-ZnInyS4 and MoP /a-TiO, /Co-ZnlIn,S, indicates that the charge transfer resistance
decreases sequentially, which is also consistent with the higher carrier separation and
transfer efficiency.
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(a) Photocurrent response curves of Co-ZnIn,Sy, a-TiO,/Co-ZnIn,S4, and MoP/a-

TiO;,/Co-ZnInySy; (b) linear scanning voltammograms and photocurrent response curves of ZnInySy,
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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
TiO; on catalytic activity, the photocatalytic hydrogen production performances of a-
TiO,/Co-ZnIn,S, samples prepared by loading TiO, for different amounts of time were
also investigated. The optimal hydrogen production rate of 3.88 mmol-g~! was achieved
by using 20-TiO, /Co-ZnIn,S,, which was consistent with the UV-vis spectra shown in
Figure 8a. The hydrogen production rates of ZnIn,S;, Co-ZnIn,Sy, a-TiO, /Co-ZnIn,Sy,
MoP/a-TiO, /Co-ZnIn,S,; and P25 are shown in Figure 10b. As can be seen, Co doping,
the addition of TiO,, 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~!-g~1, respectively. As shown in Figure 10c, the highest hydrogen produc-
tion rate of 2.96 mmol-h~!-g~! was achieved by MoP/a-TiO,/Co-ZnIn,Sy; in contrast,
the sample Pt/a-TiO,/Co-ZnIn,S, achieved 1.55 mmol-h~!-g~!. Each modification step
(Co doping, addition of supported TiO,, addition of MoP co-catalyst) further enhanced the
hydrogen evolution rate compared with the unmodified ZnIn,S,. These results showed that
the MoP/a-TiO, / Co-ZnIn,Sycomposite photocatalyst had excellent hydrogen production
performance. It can be seen that the hydrogen production efficiency of the MoP /a-TiO, /Co-
Znln,Sy without Pt is still higher in comparison to that of P25 powder.

8

T T
Different catalyst

Irradiation time (h)

Figure 10. (a) Hydrogen production yields of a-TiO,/Co-ZnIn,S, samples prepared in different
amounts of time for TiO; loading. (b) Hydrogen production yields of the prepared catalysts with
increasing reaction time. (¢) Hydrogen production rates of the prepared catalysts. (d) Hydrogen
production of MoP /a-TiO, /Co-ZnlIn,Sy 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-TiO, /Co-ZnInySy
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 ZnIn,Sy.

2.4. Mechanism of Photocatalytic Hydrogen Evolution

According to the band gap structures and Fermi level of TiO, and ZnIn,Sy, the possible
transfer processes of photogenerated electron-hole pairs are proposed in Figure 11 [37]. The
photogenerated electrons in the CB of ZnIn,S4 migrate to the CB of TiO, while the photoex-
cited holes in the VB of TiO; transfer to the VB of ZnIn,S,. The Ecp of the photogenerated
electrons is lower than the Ej redox (H*/Hj). 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 ZnIn,S4
and TiO, serves as the combination center of the photogenerated electrons in the CB of
TiO; and the photogenerated holes in the VB of ZnIn,S, [38]. The photogenerated electrons
involved in the reaction have a stronger reduction ability than that of pure TiO,, thus
performing a better photocatalytic activity for HER. The photogenerated holes in the VB
of TiO, oxidize water to O,, while the photogenerated electrons in the CB of ZnIn,Sy
simultaneously reduce H* to H. In summary, all of the above analyses show that the
electron transfer process is identified as an S-scheme mechanism in this study.

Co-ZnIn,S, MoP Tio, 0, TiO,

Figure 11. Composition diagram and photocatalytic reaction mechanism of MoP/a-TiO, / Co-ZnIn,Sy.

3. Experimental Section
3.1. Materials and Characterization

Zinc chloride (ZnCl,, AR), indium chloride (InClz, AR), thioacetamide (TAA, AR),
nickel chloride hexahydrate (NiCl,-6H,0, AR), tungsten chloride (WClg, AR), polyethylene
glycol (HO(CH,CH,0O),H, AR), melamine (C3N3(NH;)3, AR), and sodium citrate dehydrate
(C¢H5Naz07-2H,0, 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 (CH3CH;OH, 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, J[SM-
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 26
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 Cls 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-TiO,/Co-Znln,S4 Flower-like Composite Photocatalysts
3.2.1. Preparation of Co-ZnIn;S, 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 ZnIn,S4. Doped Co-ZnIn,S; was obtained by repeating this
experimental procedure with the addition of 0.0069 g Co(NO3),-6(H,O).

3.2.2. Preparation of a-TiO, /Co-ZnIn,S, Catalyst

A total of 80 mg Co-ZnIn,S, was added to 20 mL isopropanol. Then, 100 pL tetra-
butyltitanate and 20 puL 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-TiO, /Co-ZnIn,Sy.

3.2.3. Preparation of MoP/a-TiO, /Co-ZnIn,S, Catalyst

A mixture of 1 g NayMoOy-2H,0 and 10 g NaH,PO, 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-TiO, /Co-ZnIn,S, and 1.25 mL
MoP solution were magnetically stirred for 0.5 h. MoP/a-TiO, /Co-ZnIn,S, 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-SCO,II-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 NayS and 0.1 M Na,SO3
solution and the mixture was stirred in vacuum for 30 min. We first ran tests in the dark
for one hour to confirm no H, production. Hydrogen evolution, detected by an online
gas chromatography (using FL9790, Fuli, Zhjiang, TCD with nitrogen as a carrier gas and
5 A 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
Na;S and Na,SOj3 solutions and degassed. Then, 10 mg of P25 was dispersed in 100 mL of
CH3O0H/H,0 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 Na;SO, 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 (ZnIn,Sy, Co-ZnIn,Sy, a-TiO, / Co-ZnIny Sy and MoP /a-TiO; /Co-ZnIn,S,), which
was sonicated for 30 min in a mixture containing 375 pL of ultrapure water, 125 of ethanol
and 30 pL of naphthol. Then, 30 uL 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 X 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 X 1 cm Pt piece as working, reference and counter electrodes, respectively. We used
0.2 M NaySO4 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:

Erng = 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-TiO, /Co-ZnIn,S4 composite photocatalyst was successfully
prepared by a facile hydrothermal method. The Co dopant in the flower-like ZnIn,Sy
broadened the absorption band edge of the composite catalyst. Amorphous TiO, and
Co-ZnInyS4 were combined to form a heterojunction, which improved the photocarrier
separation efficiency and the stability of the catalyst. More importantly, the introduction
of amorphous TiO; 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-TiO, /Co-ZnIn,S, composite photocatalyst
exhibited a hydrogen production rate of 2.96 mmol-h~!-g~1, which was 0.98 mmol-h~!.g~1
of that of the pure ZnIn,Ss. 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 ZnIn,Sy significantly limits its photocat-
alytic performance. Herein, a simple in situ photodeposition strategy is adopted to introduce the
cocatalyst cobalt phosphate (Co-Pi) on ZnlIn,Sy, aiming at facilitating the separation of electron-hole
by promoting the transfer of photogenerated holes of ZnIn,S4. The study reveals that the composite
catalyst has superior photocatalytic performance than blank ZnIn,S,. In particular, ZnIn,S, loaded
with 5% Co-Pi (ZnIn,S4 /5%Co-Pi) has the best photocatalytic activity, and the H, production rate
reaches 3593 umol-g~1-h~1, approximately double that of ZnIn,S, alone. Subsequent characteriza-
tion data demonstrate that the introduction of the cocatalyst Co-Pi facilitates the transfer of ZnIn,Sy
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 H, 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 (Hj) energy, as a clean and renewable energy source, is one of the most promising
alternative energy sources for fossil fuels [6-8]. Among various H, production methods,
solar-driven water splitting for H, 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 Hp
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, ZnIn,S, 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 ZnIn;S, 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 ZnIn,S4 [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 ZnIn,S, is expected to obtain a
cost-effective and efficient composite photocatalyst to promote photocatalytic H, 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 ZnIn,Sy by in situ photodeposition is expected to promote the migration of
photogenerated holes of ZnIn,Sy, thereby improving the photocatalytic performance of the
composite photocatalyst.

Herein, we prepare the ZnIn,S; nanoflower substrate material by the hydrother-
mal method, and the hybrid catalyst is constructed by in situ photodeposition of cobalt
phosphate (Co-Pi) on ZnIn,S4 nanoflower. The ZnIn,S,/Co-Pi composite exhibits a sig-
nificantly enhanced performance in the photocatalytic H, evolution compared to pure
ZnIn,S;. Notably, the optimal ZnIn,S,/5%Co-Pi photocatalytic Hy production rate is
3593 }Lmol-g*1 -h~!, 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 ZnIn;S4-based catalysts.

Photocatalysts Light Sources Sacrificial Agents H; (umol-g~1-h~1) Reference
ZnIn,S4-5%Co-Pi 38? ;V 4);8 f::l‘)p TEOA 3593 this work
ZnIn,S;/NiWO, 38? ;V 4>2(8 f::)p TEOA 1781 [28]
ZnIn,S,/BPQDs 38? ;V 4>2(§ frr:)p TEOA 1207 [29]

J-ZnInyS, /CdInyS, 3(5)? ;V 4);8 fII;‘)P TEOA 1830 [30]
N-ZnlnyS, 3(5)? ;V 4)55’ ﬁl::)p NayS/NaySO; 262.62 [31]

MoO,/ZnIn,S, 38? ;V 4);8 f::l‘)p TEOA 2722.5 [32]

ReS;/ZnIn,S, four 3 W 420 nm LED lamps lactic acid (10 vol%) 2240 [33]
ZnTngS,/CoFeyOy 38? ;V 4>2(8 frﬁ‘)p NayS/NaySOs 2260.5 [16]
NiCo,S4/ZnlnySs O\)ie 41(‘;‘5’;&1) ; 770 [34]
C0S1.007/ZnTnyS, 300 W Xe lamp TEOA 2632.33 [35]

(780 nm > A > 420 nm)

2. Results and Discussion

The preparation process diagram of the ZnIn,S,/Co-Pi (ZIS/Co-Pi) composite is
shown in Figure 1a. Initially, ZnIn,S4 (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 H, production
performance of ZnIn,S,/5%Co-Pi (Z5CP), we mainly discuss this proportion of the com-
posites in the subsequent characterization. According to Figure Sla,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 pm. 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 le 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.

b,

® .
,,4‘5; a Hydrothermal

I 160°C, 16 h

.

Photodeposition

Co(NO),, NaH,PO,,
Na,HPO,

ZnlIn,S,-Co-Pi

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-Pj, 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.

g 5 — ZIS L4y —7ZIS
= T -~ —ZI5CP . 1.2 —7Z5CP
) S o
= e = 1.0
= —"
= 2
z £ 08;
o -]
2 &
g 2 0.6
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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 2p;,, and Zn 2p3,, of Zn?*, 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/, and In 3d5 /5, 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 2p; /, and
S 2p3», confirming the presence of S>~. In the XPS spectrum of Co 2p (Figure 3e), the peak
of Co 2p3; is at 781.3 eV (satellite peak at 784.3 eV), indicating the presence of Co®* 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 H, 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 H,
evolution rate is only 1832 pmol-g~1-h~!. After the introduction of Co-Pi cocatalyst, Z1CP,
Z5CP, and Z10CP all show better H;, 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 H, 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 Hy evolution rate
(3593 umol-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 H;
production properties compared with the photocatalytic H, 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.
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Figure 3. (a) XPS spectra of Z5CP, high-resolution spectra of (b) Zn 2p, (¢) In 3d, (d) S 2p, (e) Co 2p,
(f) P 2p.
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Figure 4. (a) Photocatalytic Hy production over pure ZIS and Z5CP composites. (b) Stability plots of
the photocatalytic H, 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 Hj 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 H, 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 H, 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 H, 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 6¢, the double-layer capacitance of Z5CP composite (3.99 uF-cm~?2) is significantly
larger than ZIS (1.83 uF-cm~2), which strongly proves that Z5CP has more active sites
area than ZIS [45]. In addition, the flat charged position (Eg,) 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 54 shows the detailed fitting
parameters of MS. According to the x-intercept of the block, its Eg, 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 Eg, [66-68]. Therefore, the conduction charge
position (Ecp) of the ZIS is —0.72'V (vs. Ag/AgCl). From the formula ENng = Eag/agct +
0.20 V, the Ecpg of ZIS is —0.52 V (vs. NHE). According to the band gap of ZIS (2.44 eV), the
valence band potential (Eyg) of ZIS is 1.92 V (vs. NHE).
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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.
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Combined with the above experiments and characterization, we propose a viable
mechanism for photocatalytic H, 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 H,. 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 Co**/3* — Co** — Co?*/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 Hy. This is also the main factor for the significant improvement of the
photocatalytic H, evolution performance of Z5CP composite.

Co-Pi
Co?t3+ Trapped by

f TEOA

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

3. Experimental Section
3.1. Materials

Concentrated sulfuric acid (H,SOy), triethanolamine (CgH15NO3, TEOA), anhydrous
ethanol (C;H5OH), N,N-dimethylformamide (C3H;NO), disodium hydrogen phosphate dihy-
drate (NapHPO4-2H,0), and sodium dihydrogen phosphate tetrahydrate (NaH,POy4-4H,O)
are supplied by Xilong Scientific Co., Ltd. (Shantou, China). Cobalt nitrate hexahydrate
(Co(NO3),-6H0), cetyltrimethylammonium bromide (Cy9HyBrN, CTAB), zinc nitrate
hexahydrate (Zn(NO3),-6H,0), indium chloride tetrahydrate (InCl3-4H,0), and Nafion
solution (5 wt%) (C9HF;705S) are supplied by Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China).

3.2. Synthesis of ZnlnySy (ZIS)

Typically, Zn(NOs3),-6H,0O (304.2 mg), InCl3-4H,0 (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 ZnlnyS4/Co-Pi (Z15/Co-Pi)

In a typical experiment, the prepared 200 mL (0.1 mol/L) NaH,PO, and 200 mL
(0.1 mol/L) Na,HPOy 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),-6H,O
was added to make it evenly dispersed by ultrasound. Furthermore, 40 mg of ZnIn,Sy
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),-6H,O. In the experimental design, the
loading ratios of deposited Co-Pi in ZnIn,Sy are 1%, 5%, and 10%, respectively.

3.4. Activity Evaluation of Photocatalytic Hy Evolution

Photocatalytic H, 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 (A > 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 K«
(A =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
NaySO; 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 ZnIn,S, nanoflower substrate material by the
hydrothermal method, and reasonably construct a novel photocatalyst of indium zinc sul-
fide/cobalt phosphate (ZnIn,S, /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

118



Molecules 2024, 29, 465

the photodeposition amount of Co-Pj, it is observed that the highest H, production rate
of indium zinc sulfide (ZnInyS4 /5% Co-Pi) loaded with 5% cobalt phosphate (Co-Pi) is
3593 |~Lmol-g*l -h~1, which is significantly higher than that of pure ZnIn,Sy. The steady-
state photoluminescence (PL) and electrochemical impedance spectroscopy (EIS) of the
photocatalyst show that ZnIn,S;/Co-Pi composite has weaker PL intensity and lower
charge transport resistance than blank ZnIn,S,;, 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 ZnInySs/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 ZnIn,S, (a) and ZnInyS4-5%Co-Pi (b); Figure S2: EDS spectrum of ZnIn,S4-5%Co-
Pi; Figure S3: Tafel slope plots for ZnIn,S, and ZnInyS4-5%Co-Pi; Figure S4: Mott-Schottky plots
for Znln,Sy.
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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/TiO, 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
TiO;. On the other hand, the photoelectroxidation of PTM at TiO, and PdIn/TiO, follows the full
mineralization path and, accordingly, is limited by the adsorption of intermediate species on the
electrode surface. Thus, PdIn-doped TiO, 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 TiO, catalyst; green H;, 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
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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 H, generation have been synthesized by
different authors. Meng et al. [12] developed NijyP5/ZnInySs (NP /ZIS) heterostructures
using a hydrothermal method, demonstrating visible-light-driven photocatalytic splitting
of benzyl alcohol into Hp and benzaldehyde. The use of 7% NP /ZIS significantly improved
the thermodynamics and kinetics of H, 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 TiO; and
Co-ZnIn,S4 were combined to form a heterojunction, improving photocarrier separation
efficiency and catalyst stability. The introduction of amorphous TiO, 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 TiO, s ability for water-splitting and photocatalytic degradation
of organic compounds, numerous semiconductors have been studied for environmental
and energy applications. TiO; is the most extensively investigated due to its chemical
stability, low cost, and good photocatalytic efficiency [21]. However, TiO, does have a
limitation in its optical response. With a large band gap (E.g., ~3.2 eV), TiO, primarily
responds to UV light, which accounts for only 5% of solar energy [22]. To address this issue,
various modifications of TiO, have been extensively studied to enhance its wavelength
range response, promote charge generation, and facilitate efficient charge separation to
minimize recombination [23]. Techniques for TiO, 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 TiO; [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 Hy imply the
use of high metal loadings, which considerably increases the cost of these technologies.
This work evaluates the catalytic performance of PdIn-doped TiO; 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 TiO, and PdIn/TiO, synthesized in this study,
UV-Vis diffuse reflectance spectra (DRS) were measured (Figure 1). The absorption band
edge of TiO; 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 TiO,
and PdIn/TiO; were 3.67 and 3.47 eV, respectively. The lowest band gap value obtained
after the impregnation of PdIn onto TiO, would indicate that the Pd and In deposition
enhances the light absorption capability, resulting in a possible higher catalytic activity
when compared to TiO, alone. This behavior could be related to the Fermi levels of Pd,
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which are lower than those of TiO,, facilitating the efficient transfer of photogenerated
electrons from the conduction band of TiO; to the metal particles. This process of electron
trapping greatly diminishes the rate of electron-hole recombination, leading to enhanced
photocatalytic reactions.

(a) —TiO, (b) —Tio,
—— PdIn/TiO, — PdIn/TiO,

ne/ 1y-(4)4l

Absorbance / a.u.

T T TR 1 L

300 400 500 600 2.8 3.2 3.6
Wavelength / nm Photon energy, hv/ eV

Figure 1. (a) UV-vis absorption spectra and (b) bandgap energy plot (Kubelka—-Munk function) of
TiO, (black line) and PdIn/TiO; (red line) materials.

2.1.2. Physicochemical Properties

Morphology and elemental analysis of PdIn/TiO, were studied through SEM-EDS
and HRTEM techniques, respectively. Figure 2a shows an SEM—-EDS micrograph of the
PdIn/TiO; catalyst and the corresponding mappings. A homogeneous distribution of the
materials was obtained. Indeed, a high distribution of Pd and In on the TiO, particles is
perceived, with an average wt.% composition of 0.85 4= 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/TiO, 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/TiO,, obtained from BET analysis, were
48.84 m?/g and 0.0015 cm®/g, respectively. For commercial TiO,, a surface area of
48.47 m? /g was reported, a similar value [28]. Therefore, no diminution of the surface area
is perceived after metal deposition onto TiO, material. Figure S2 shows nitrogen adsorption
isotherms of TiO;, and PdIn/TiO, materials. N, 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/TiO, 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
TiO; and PdIn/TiO; 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, 26 = 25.281°) and rutile (plane 11 0, 26 = 27.477°),
for PdIn/TiO, and TiO, 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

126



Molecules 2024, 29, 1073

TiO, and PdIn/TiO,, 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/TiO; catalyst and corresponding mappings of Pd, In, O, and
Ti species. (b) HRTEM micrograph of PdIn/TiO, catalyst.

A TiO, anatase phase
A TiO, rutile phase

\ I PdIn/TiO,

Intensity / a.u.

20/°

Figure 3. XRD patterns of PdIn/TiO; (red line) and TiO, (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 TiO, and PdIn/TiO,. The corresponding values of anodic and
cathodic electrochemical double-layer capacitances (EDLCa and EDLCy, 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/TiO; catalyst reveals a higher ECSA than

GC and TiO,.
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Table 1. Double-layer capacitance and electroactive surface area for the photoelectrocatalysts
prepared.

Photocatalyst EDLC, (mF/cm?) EDLCc (mF/cm?) Electroactive Surface

Area (cm?)
GC 0.00003 —0.00003 0.6
TiO, 0.00011 —0.0001 2.5
PdIn/TiO, 0.0004 —0.0004 8.24

2.2. Hydrogen Evolution Reaction

Figure 4 shows cyclic voltammograms performed at GC (black line), TiO; (red line),
and PdIn/TiO; (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, TiO; and PdIn/TiO; 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/TiO; develops double the current at —0.25 V compared with TiO,.

o
o
T

Current density / mA.cm?
<)

—GC
—Ti0,
—— PdInTiO,

=)
[N]
T

02 00 02 04 06 08 10 12 14
E/Vvs RHE

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

The photoelectrocatalytic performance of TiO; (black lines) and PdIn/TiO; (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).
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Figure 5. Current transients of TiO, (black line) and PdIn/TiO, (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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TiO, material develops low cathodic current and photocurrents at both studied po-
tentials. Oppositely, the PdIn/TiO; catalyst reveals high cathodic current values at both
applied potentials and suitable photoactivity at 0.0 V. The decrease of the photoactivity
of PdIn/TiO, at —0.1 V suggests that the flat band potential is close. In addition, the
PdIn/TiO; 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 (H,q4) 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 H, 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 Hy.

Volmer : HO+e~ = H,q + OH, 1
Heyrovsky : Hyq + H0O+e™ = Hy, + OH™, 2)

and
Tafel : Hyg + Haq = Ho 3)

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

2.3. Paracetamol Oxidation Reaction

The photoelectrocatalytic activity of GCE, PdIn/TiO,, and TiO, 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, TiO,, and PdIn/TiO,. As discussed above (see Figure 4), the presence
of PTM does not change the catalytic performance toward the HER at PdIn/TiO,, 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 AV =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, TiO, (black line) and PdIn/TiO; (red line) show an irreversible
behavior toward the PTM oxidation with onset potentials of 1.0 V and AV =750 and 420 mV,
respectively. Evidently, at higher potentials than the anodic peak current, the oxidation
behavior is different for GCE compared with TiO,-based materials. This suggests that the
reaction mechanism at TiO,-based materials is limited by adsorbed species.
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Figure 6. Linear sweep voltammogram recorded at 5 mV-s~! (a) and Tafel plot (b) for PdIn/TiO, in
0.1 M phosphate buffer solution, pH = 7.
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Figure 7. Cyclic voltammograms of GC (blue line), TiO, (black line), and PdIn/TiO, (red line) in a
100 ppm PTM solution in 0.1 M phosphate buffer solution. Sweep rate =20 mV-s~!, pH = 7. Inset
(For the sake of clarity, the CVs were vertically translated): TiO, and PdIn/TiO; 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~!, pH =7.

The same CV experiments were performed on TiO, and PdIn/TiO, but in the presence
of light. The inset plot in Figure 7 compares voltammograms corresponding to the PTM
oxidation at TiO; and PdIn/TiO, 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 (Ipjr), which increases with the growth
of the rotational speed.

Scan rate / mV-s™! (a) 0.08 - scan rate / mv-s™ (c)
5 —5
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Figure 8. Cyclic voltammograms at diverse sweep rates at (a) GCE and (c) PdIn/TiO,. Steady-
state polarization curves recorded at 10 mV-s~! at several rotation rates at (b) GCE and (d) at the
PdIn/TiO, 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 Ip;r is the limit current (A), Iy the kinetic current, and Ij,, is ex-
pressed using Equation (5):

1 1 1
Ioir T I @
Ipir Lw I
and
Ilev = 0.62}’1FAD2/3Q)1/2V*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 (cm?), and other symbols have their conventional meanings. By
plotting ﬁ vs w~1/2 and obtaining from the literature for the kinematic viscosity of the

electrolyte (0.012 cm?-s~!) [35] and the diffusion coefficient D (6.1 x 107% cm?-s~1) [36], the
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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]:

CgHgNO, = CgHyNO, +2H" + 2. (6)

Figure 8c,d compares CV profiles of PTM oxidation at PdIn/TiO; performed at dif-
ferent sweep rates and rotational rates, respectively. On the other hand, the anodic peak
potential for TiO, and PdIn/TiO, 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 (1) transferred to the surface of the
electrode was calculated through the Laviron equation for an irreversible process, where «
is the electron-transfer coefficient (0.5), and 7 is the number of electrons involved in the

redox process [37]:
RT
Epa = mlog(v). )

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

CsHyoNO, = (CgHgNO,),4+H™ +1e". (8)

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

(CgHgNOz)ad = (C8H7N02)ad + HJr + 1@7, (9)
(C8H7N02)ad = C8H7N02, (10)

and 1
CgHyNO,)_, + 14H,O — 8CO, + =N + 35HT + 35¢ . (11)

ad 2

Equation (10) seems to be facile at GCE, while the opposite happens at TiO,-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 TiO,-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 TiO,-based catalysts. Furthermore, the
addition of a small amount of PdIn into TiO, 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/TiO, 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/TiO, 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 (TiO;), followed by calcination and reduction.

A solution of PdCl, (Sigma Aldrich, St. Louis, MO, USA, p.a.) and InCl; (Sigma
Aldrich, 99.9%) was utilized to achieve the desired bimetallic catalyst. The process involved
the addition of a specific mass of TiO, support (Degussa, Ziirich, Germany, P25, 48 m2/ )
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/TiO;.

3.2. Physicochemical Characterization

X-ray diffraction (XRD), energy-dispersive X-ray spectroscopy (EDX), N, 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 CuK« radiation (A = 1.5405 A) and the X’pert high score plus diffraction
software, version 1.0f. The 20 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 mm? 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.

N, 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/Py = 0.99. Pore size distribution (PSD) curves were
obtained from the analysis of the desorption branch of the N, 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):

(1-RP

F(R) = ~——— 12

(R) = =, (12)

where R is the reflectance, and F(R) is proportional to the extinction coefficient (x). A

modified K-M function can be obtained by multiplying the F(R) function by hv, using the
corresponding coefficient (1) associated with an electronic transition (Equation (13)):

(F(R) x ho)". (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 L. of NAFION and 500 pL 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 uL) 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 uL 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~!), purged with pure N; before each measurement, was
examined using cyclic voltammetry (CV) and chronoamperometry techniques.

Electrolytic solutions were prepared using potassium phosphates salts (HyKPO4 and
HK,PO,) and milli-Q water to form a solution of 0.1 mol-L~! 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’l) 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 =Ry xS (14)
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Assuming that S is the geometric area of 0.785 cm?, and Ry is the roughness factor
obtained through Equation (15):

_Ca
Rp = / 40 pF-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/m?) 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 TiO, 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 TiO, and PdIn/TiO,
exhibit irreversible behavior, primarily hindered by the adsorption of species on the elec-
trode surface. The presence of radiation at TiO,-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 TiO, 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 TiO; 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 TiO,
and Pd obtained from counts of different regions and TEM micrographs. Figure S2. (a) Nitrogen
adsorption/desorption isotherms of TiO, and PdIn/TiO,. (b) BET surface area plot of TiO, and
PdIn/TiO,. 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~! 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.
ustration 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
CO;, 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 H; 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),(CO) center [22]. Four key states in the catalytic cycle are
Ni-SI, (NiTFe!"), Ni-L (Ni'Fe'"), Ni-C (Ni™j(H)Fel!), and Ni-R (Ni'w(H)Fel) [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 [Fe3S,] clusters could represent a significant breakthrough
in the development of oxygen-tolerant hydrogenases.

1074 QY )-274 @ 8.6A_- @,

[Fe,S,]

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 [Fe3S,] 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, /, between spin centers [29]. However, because the BS state is not an eigenstate
of the total spin operator $? [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 | 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—[Fe3S,] 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 ], 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](CH3CH,S)3(CH3CH,SH)? cluster, with
its central cluster being [Fe3S4]'*. In this cluster, all three Fe centers are Fe(IIl), and the 3d
orbital contains five electrons.

Initially, we characterized the clusters using the BS method. The central [Fe;3Sy]'*
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 [Fe3Sy]'* cluster.

BSj Spin State |s1,52,53) Stot

Bsi m 35.3) 5

BS, it -3.3.3 3

B, r

B4 1 133
)

Figure 2. The structure of the [Fe3Sy(CH3CH,SH)3]>~ 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 A.

Table 2. Bond length of the [[Fe3S4](CH3CH,S)3(CH3CH,SH) |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 Feq-Fe,/A Fe,-Fes/A Feq-Fes/A Error/%
Exp [41] 2.71 2.67 2.73
HS 3.05 3.07 3.06 12%~15%
B3LYP BS 2.88 3.03 2.90 6%~13%
EBS 2.85 2.79 2.87 4%~5%
HS 2.99 3.02 2.99 10%~13%
TPSSh 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 BSLYP functional calculations using the HS
method generally have a large deviation from the experimental data of approximately
0.3~0.4 A, with an error of around 15%. The bond length error is about 0.2~0.3 A, 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 A, 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, Ar, 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.

(a) (b)
08 i 0.8 g
EBS I EBS mm——
. 04 {1 04
3 3
5o Hew B B | Y. L OB
-04 1 -04f

Fe,-Fe,  Fe,-Fe;  Fej-Fey Fe\-Fe,  TFe,-Fe;  Fe-Fey

Figure 3. (a) Shows the comparison of Ar 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 | calculated using the BS method and the EBS method
are shown in Table 3, where J; represents the magnetic coupling between Fe; and Fey, >
represents the magnetic coupling between Fe; and Fes, and J3 represents the magnetic
coupling between Fe; 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 | values
are —109.5cm ™1, —119.8 cm ™!, and —100.9 cm~!; For the converged geometry obtained
using the TPSSh functional, the | values were —155.7 em !, —149.6 cm !, and —1243 cm ™},
respectively.

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

Hybrid 1 _1 _1
Function Method J1/em J2/cm J3/em
BS —65.4 —675 —62.1
B3LYP EBS ~109.5 ~119.8 ~100.9
BS —940 ~89.0 —885
TPSSh EBS —1557 _1496 —1243
Exp [42] —(200~300), J; ~ J» ~ ]

In contrast with the range provided by experimental values, we observe that the mag-
netic coupling constants (] 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 | coupling constant aligns with the bond length data.
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The | values calculated using the BS and EBS methods revealed that the ] coupling
constants given by the BS method generally deviate significantly from the experimental
values. After optimization using the EBS method, the | 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 | 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-[Fe3S,] [38] cluster, which has two similar exchange coupling
constants, the cubane—[Fe3Sy] 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 [[Fe3S;](CH3CH,S)3(CH3CH,SH) 1>~
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).
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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).
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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 | 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 €BS 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 Ay, = (si - 5), and a linear equations system is defined
in Equation (1):

€55 An A -0 A, A

55 A1 Az oo Agy, I

&% | = o| Am Am - Asy, I3 1)
. B . . . .

EN S AN Anga ANkNp ]Np
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After rewriting the above equations as matrix A, we obtain the inverse matrix A~
of the matrix Ay, via singular value decomposition (SVD) [39]. The magnetic coupling
constant J is then obtained from Equation (2).

_ 1,9 s
J= 2A £ 2

Secondly, the Hamiltonian matrices (b;| and |b;) are constructed, where (b;| rep-
resents the left basis vector of each eigenstate and |b;) 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.

(b|Alb) = —2i§_<b, Jijéi - $1[r)
- 7i§j]i/<bl 82|er) +Ej]i/<b, 2-82|br) o

= — Y Jij x CG}; x CGJ; x S;i(Sij +1)
i<j
+ X Jij % (si(si+1)+ s]-(s/ +1))
i<j

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.
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Figure 6. (a) Depicts the 8 broken symmetry states of the cubane—[Fe3S,] 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-[Fe3S,] clusters using the B3LYP functional.
The magnetic coupling constant | 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 ], 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.

Start

|

8 broken symmetry states

|

Calculation of energy and
magnetic coupling constant .J

—

CG transformation

Ground state

lDiagonalization

Energy level and geometry structure

l

If Vp(Ae) convergent?

l Yes
Output result

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

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

When Vg(Ae) 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 ], 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 ] 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 | 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 Ag,O/Fe304 aims to overcome the challenges of slow degradation
efficiency and difficult recovery of photocatalysts. In this study, we present a novel, environmentally
friendly Ag,O/Fe304 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 AgyO/Fe30, (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 Ag,O/Fe304 (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; Ag,O/Fe3Oy; 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 (Ag,O) 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 Ag,O limit its application in
water treatment [13-16]. Furthermore, using Ag,O as a powder photocatalyst makes
it challenging to recycle. Therefore, it is practically significant to develop a magnetic
material to couple with Ag,O through heterojunctions to enhance the photogenerated
carrier separation efficiency and fabricate an efficient and magnetically recoverable Ag,O-
based photocatalyst.

Fe304 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, Fe30,4 nanoparticles demonstrate
strong light-absorption ability, absorbing most of the light in the UV-visible range [23].
Furthermore, the Fe?" ions in Fe;O4 can react with hydrogen peroxide (HO,) 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:

2Fe*" + HyO, + 0, — 2Fe*™ +-0; + (OH) ™~ + -OH (1)

H,0, + 2Fet — 2Fe?t 4+ O, + 2H* )

Additionally, FezOy 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 Fe3Oy in the Fenton reaction to oxidize organic pollutants in water has significant
limitations, including the need to consume externally provided H,O, in the reaction and
the requirement of an acidic environment to generate free radicals through the Fenton
reaction. However, when Fe3O; is coupled with a photocatalyst, the H;O, generated at
the interface of the photocatalyst can be used for the Fenton reaction with Fe3O4. Another
advantage of selecting Fe3Oy is that it contains both Fe?* and Fe3* ions, facilitating the
continuous progress of the Fenton reaction. Consequently, numerous researchers have
employed Fe3Oy as a cocatalyst in the photocatalyst system [31-34].

In this article, the Ag,O/Fe304 binary magnetic nanoparticles were synthesized using
a simple chemical coprecipitation method with FeCl,-4H,O, FeCl3-6H,0, and AgNO3 as
raw materials, and they were applied to degrade the organic dyes in water. The results
showed that the introduction of Fe304 to load Ag,O 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 Ag,O/Fe3zO4 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 Fe;O4
nanoparticles, and the average particle size was found to be 15 4+ 5 nm with a typical
spherical morphology, as shown in Figure 1a. Due to the large surface area, the Fe304
nanoparticles exhibited obvious aggregation in the image. Figure 1b shows the TEM image
of the Ag,O 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
AgrO/Fe304 (10%) nanoparticles, which demonstrates that Fe3O4 nanoparticles with
smaller size and spherical morphology could encapsulate Ag,O nanoparticles with larger
size and polyhedral morphology, indicating good compatibility between Fe304 and Ag,0.
A high-resolution TEM (HRTEM) analysis was performed on a circular region indicated
in Figure 1c to confirm the successful formation of Ag,O/Fe30O4 (10%). Figure 1d shows
the results. The clear interface between Fe;O4 nanoparticles and Ag,O nanoparticles was
observed with lattice spacing of 0.25 nm (corresponding to the (311) plane of /Fe304) and
0.29 nm (corresponding to the (220) plane of Ag,0), respectively, further demonstrating
the successful formation of Ag,O/Fe3z0y4 (10%).
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Figure 1. (a) TEM image of Fe304 nanoparticles; (b) TEM image of Ag,O nanoparticles; (c) TEM
image of AgyO/Fe30, (10%); (d) HRTEM image of AgyO/Fe304 (10%).

2.2. SEM and EDS Analysis

AgyO/Fe304 (10%) was analyzed through scanning electron microscopy to better ver-
ify the successful coupling of Ag,O and Fe;Oy4 to form Ag,O/Fe3;Oy4 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 Ag,O
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 Fe3Oy increased the number of reaction
sites. Note that almost no Fe3Oy spherical nanoparticles were present in unoccupied areas
on the surface of Ag,0, indicating that Ag,O has a good ability to capture Fe3O4. EDS anal-
ysis was performed in this area to analyze the surface element distribution of Ag,O/Fe304
(10%) binary nanoparticles. Figure 2b—e shows the results, where all Fe elements of Fe3O4
are uniformly distributed on the surface of Ag,O, indicating that Fe3O, was successfully
loaded onto the surface of Ag,O to form Ag,O/Fe30,4 binary nanoparticles. EDS data
statistics were conducted to further demonstrate the contents of Fe;O4 and Ag,O. 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 Ag,O to Fe3Oy is approximately 9:1,
and Fe3Oy4 accounts for 10% of the total mass.
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Figure 2. SEM images and element distributions of AgyO/Fe30, (10%) nanoparticles, including
(a) SEM image, (b) element distribution, and (c-e) O, Fe, and Ag element distributions.

Table 1. EDS data statistics of AgoO/Fe30, (10%) nanoparticles.

Element Line Type wit% wt% Sigma at%
(@] K series 21.33 0.46 63.01

Fe K series 6.17 0.23 522
Ag L series 7249 0.47 3176
Total 100.00 100.00

2.3. XRD Analysis

X-ray diffraction (XRD) was used to characterize the pure Ag,O and Fe;O4 nanopar-
ticles as well as AgrO/Fe304 (10%) nanocomposites to investigate their crystal structure.
Figure 3 shows the results. The diffraction peaks of Ag,O nanoparticles at X-ray diffraction
angles (20) 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 Ag,O, respectively, which were consistent
with the JCPDS card (PDF#75-1532) for Ag,O. The diffraction peaks of Fe30O4 nanoparticles
at X-ray diffraction angle (26) of 28.26°, 34.53°, 44.01° and 61.88° were indexed to the (220),
(311), (400), and (440) crystal planes of Fe3Oy, respectively, which were consistent with the
JCPDS card (PDF#19-0629) for Fe3O4. The XRD pattern of AgyO/Fe304 (10%) nanocompos-
ites showed the same diffraction peaks at 26.9°,33.0°, 38.3°, 55.1°, 65.7°, and 68.7° for Ag,O
and at 28.26°, 34.53°, 44.01°, and 61.88° for Fe3Oy, indicating a good coupling of Ag,O and
Fe304 and showing no change in their crystal structure. Additionally, no other impurity
phases were observed, indicating that Ag,O/Fe3O04 (10%) is a two-phase composite.
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Figure 3. XRD characterization patterns of Ag>,O/Fe304 (10%) nanoparticles, Ag>O nanoparticles,

and Fe3Oy4 nanoparticles.

2.4. XPS Elemental Analysis

X-ray photoelectron spectroscopy (XPS) was used to investigate the chemical composi-
tion of the Agr,O/Fe304 (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 CO, 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 Ag,O, confirming the existence of Ag,O
in the compound. As depicted in Figure 4c, the Fe 2p XPS spectrum reveals two spin-orbit
doublets. The first doublet, attributed to Fe?*, is observed at 710.58 eV (Fe 2p3/2) and
723.78 eV (Fe 2p1/2), while the second doublet, assigned to Fe®*, is observed at 712.18 eV
(Fe 2p3/2) and 726.12 eV (Fe 2p1/2). This mixed phase confirms the formation of Fe3Oy.
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 Ag,O, and the peak at 529.39 eV is attributed to
the Fe-O bond [35,36]. Therefore, XPS analysis confirms the presence of Ag,O and Fe3O4 in
the Ag,O/Fe304 (10%) binary nanocomposite material and their successful composition.
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Figure 4. XPS spectra of Ag,O/Fe30;4 (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. Ag,O 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 Ag,O/Fe304 binary composite catalysts
is undoubtedly due to the optical properties of Fe304 [23,31-33]. Furthermore, compared
with AgyO, a gradual redshift was observed at the absorption edge of Ag,O/Fe3;O4 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 Ag,O and Fe3Oy in
the binary composite catalyst. It is worth noting that as the loading amount of Fe3Oy in-
creases, the light absorption ability of Ag,O/Fe;04 binary photocatalysts in the UV-visible
spectral range also increases. AgyO/Fe;04 (15%) exhibits the best light-absorption ability,
followed by AgrO/Fe304 (10%) and Agy,O/Fe3z04 (5%). The Kubelka-Munk equation was
used to calculate the bandgap energy of the semiconductor:

=N

(ahv)n = A(hv — Eg) (3)
where « represents the absorption coefficient of the semiconductor, / 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 # is closely related to the semiconductor transition process.
The indirect semiconductors Ag,O and FezOy4 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 Ag,O and Fe;O4 are 2.0 eV and 1.2 eV, respectively,
while the bandgaps of Ag,O/Fe304 (5%), AgoO/Fe304 (10%), and AgrO/Fe304 (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
Fe304 loading amount shown in Figure 5a.

16 =
(2) — Ag0 —— Fe;0,—— Ag,0/Fc,0, (5%) (b) &
— 5
14F  ——Ag0/Fe,0, (10%)—— Ag,0/Fe,0, (15%) AgiOFe0, (5%)
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Figure 5. Ag,0, Fe304, AgrO/Fe304 (5%), AgrO/Fe304 (10%), and AgrO/Fe304 (15%) of (a) UV-
vis spectra and (b) Tauc plots. (c) PL spectra of Ag,O, Ag,O/Fe304 (5%), AgrO/Fe304 (10%), and
AgrO/Fe304 (15%).

When Ag,0 and Fe30y 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 Ag,O, AgrO/Fe304 (5%), AgrO/Fe304 (10%), and AgyrO/Fez0y4
(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 Ag,O was higher, it
decreased with the loading of Fe304. Compared with Ag,O, the emission peak intensity
of AgrO/Fe304 (5%) decreased to 90%, while that of Ag,O/Fe304 (10%) decreased sig-
nificantly to 60%. However, as the loading of Fe3O, continued to increase, the emission
peak intensity of Ag,O/Fe304 (15%) was higher than that of the original Ag,O. Therefore,
it can be concluded that photogenerated electron—hole pairs are generated when light is
irradiated onto the surface of Ag,O. When Fe3O4 with a low loading is coupled to the
surface of Ag,O, they enhance the separation efficiency of photogenerated electron-hole
pairs generated by Ag,O. However, when the loading of Fe30,4 exceeds 15% of the total
mass, an excess Fe3Oy4 forms a thick covering layer on the surface of Ag,O. Under light
irradiation, FezOy4 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 Fe3Oy, 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 (Ecg) or the p-type semiconductor (Eyg). Figure 6a,b shows
the Mott-Schottky plots of Ag,O and Fe;O4 with Ag/AgCl as the reference electrode. It
can be seen that both Ag,O and Fe3O,4 have positive slopes, indicating that they are p-type
semiconductors. By extrapolation, the Mott-Schottky plots of Ag,O and Fe3Oy 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 Ag,O and Fe3zOy are estimated to be 2.03 eV and 2.14 eV,
respectively. Furthermore, based on the previously obtained data, the optical bandgaps of
Ag»0 and Fe30Oy are 2.0 eV and 1.2 eV, respectively. Therefore, the Eyp of Ag,O and Fe3zO4
can be calculated using the following equation:

Evp = Eg + Ecs 4)

where Eg represents the optical bandgap energy. By substituting the values of Eg as
2.0eV and Eyp as 2.03 eV for Ag,O in the formula, the value of Ecp is calculated as
—0.03 eV. Similarly, by substituting the values of Eg as 1.2 eV and Eyp as 2.14 eV for
Fe30y in the formula, the value of Ecp 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 Fe3Oj is loaded on
the surface of Ag,O, the photocurrent intensity of the sample is significantly improved,
and the photocurrent intensity of Ag,O/Fe3Oy4 (10%) is the highest, as shown in Figure 6c.
However, when the loading amount of Fe3O4 reaches 15%, the photocurrent intensity
of the formed Ag,O/Fe304 (15%) is lower than that of Ag,O. This indicates that too
much Fe;04 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 Ag,O/Fe304 (5%) and AgrO/Fe3;04 (10%)
nanocomposites are smaller than those of Ag,O and AgyO/Fe30y4 (15%). The Nyquist
semicircle diameter of Ag,O/Fe304 (10%) is the lowest, indicating that its resistance is lower
than that of Ag,O and the other samples. Therefore, loading a small amount of Fe3O4 can
improve the transfer efficiency of photogenerated carriers in Ag,O, which is a favorable
condition for enhancing the photocatalytic activity. However, when the loading amount of
Fe304 reaches 15%, the Nyquist semicircle diameter of Ag,O/Fe304 (15%) is larger than
that of Ag,0, indicating that too much Fe3Oy4 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) AgyO and (b) Fe3Oy; (c) sample photocurrent response profiles;
(d) sample EIS test graph.

2.7. Photocatalytic Performance Analysis

Fe;04, AgrO, AgrO/Fe304 (5%), AgrO/Fe304 (10%), and AgrO/Fe30y4 (15%) were
placed under a xenon lamp light source (A > 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
Fe304 was placed in the MO solution and irradiated with visible light, no MO degradation
was observed, indicating that Fe;O, alone does not have the ability to degrade the MO
solution under visible light. When pure Ag,O 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 Ag,O 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 Ag,O/Fe304 (10%); (c) pseudo-first-order kinetic
model diagram of the MO solution degradation; (d) cycle test of the Ag,O/Fe304 (10%) sample
degradation; (e) kinetics rate of the MO solution degradation using Ag,O/Fe304 (10%) with different
scavengers; (f) kinetics of different water pollutants degradation using Ag,O/Fe304 (10%).

The photocatalytic rate of Ag,O changed significantly after Fe;O4 was loaded onto its
surface. When the Fe304 loading amount was 5wt% of the overall weight, the Ag,O/Fe304
(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 AgrO/Fe304 (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 Fe304 loading
amount continued to increase to 15wt% of the overall weight, the Ag,O/Fe304 (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 Fe3Oy4 loading, a coverage
layer forms on the surface of Ag,O, and Fe3O,4 absorb photons and produce electron-hole
pairs under light irradiation, which are then be transferred from type-II heterojunction
to the electrode of Ag,0 to participate in the reaction. However, when there is too much
Fe304 loading, the thicker coverage layer it forms reduces the available surface area of
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Ag»0, blocks the entry of photons, and shields the surface of Ag,O 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 AgyO/Fe304 (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 Ag,O/Fe304
(10%) is the fastest, reaching 0.183 min~!, which is 2.3 times higher than that of pure Ag,O
(0.078 min~1), 3 times higher than that of Ag,O/Fe30y (15%) (0.061 min~'), and 1.17 times
higher than that of AgO/Fe;04 (5%) (0.156 min~!). Four photocatalytic cycling tests were
conducted to verify the structural stability of the AgyO/Fe304 (10%) sample. Figure 7d shows
the results. After four cycles, the catalytic rate of Ag,O/Fe304 (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 (-O,~). 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 Ag,O/Fe304 (10%) photocatalyst under
visible light, in which the original photocatalytic degradation was 18.3 x 1072 min~", it
was observed that the degree of inhibition of the photocatalytic degradation rate decreased
in the following order: BQ (1.85 x 1072 min~'), IPA (2.76 x 1072 min~!), and EDTA-2Na
(11.2 x 1072 min~!). This reveals that -O,~ and -OH have a significant impact on the
degradation of MO in the Ag,O/Fe304 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 Ag,O/Fe304 (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 x 1072 min~},
9.37 x 1072 min~!, and 6.1 x 1072 min !, respectively. This demonstrates that the Ag,O/
Fe304 (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 Ag,O/Fe304
(5%), AgoO/Fe304 (10%), and Agr,O/Fe304 (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 Ag,O/Fe304 binary nanocomposites gradually increase with the increase in Fe3O4
surface loading content. Ag,O/Fe3z0y4 (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, AgyO/Fe304 (10%) and Ag,O/Fez0y4
(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 AgrO/Fe304 (5%) and
AgrO/Fe304 (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 AgrO/Fe3;04 nanocomposites is smoother and more symmetrical
than that of paramagnetic materials. Therefore, due to the introduction of Fe3Oy, it was
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confirmed that Ag,O/Fe304 (5%), AgrO/Fe3z04 (10%), and AgyrO/Fe3z0y4 (15%) all have
superparamagnetic properties [39].
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Figure 8. VSM curves of the (a) overall magnetic samples, (b) AgrO/Fe304 (5%) composite,
(c) AgrO/Fe304 (10%) composite, and (d) test of AgrO/Fez04 (10%) composite under Nd mag-
net adsorption.

A neodymium magnet adsorption experiment was performed to verify whether
Agr0O/Fe304 (10%) can be magnetically recovered. Figure 8d shows the results. Specifically,
a neodymium magnet was placed next to the AgyO/Fe304 (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 Ag,O/Fe304 (10%).

2.9. Photocatalytic Reaction Mechanism Analysis

First, under visible light irradiation, Ag,O and Fe3O4 on the surface of Ag,O/FezOy4
are excited from the valence band to the conduction band, generating photogenerated
electrons (e™) and leaving behind holes (h*). As the Ecg of Ag,O is —0.67 eV, which is
more negative than that of Fe3Oy, i.e., 0.54 eV, and the Eyp of Ag,O is 2.03 eV, which is
more negative than that of Fe3Oy, 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 Ag,O valence band, and the e” on the Ag,O 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 Fe304
conduction band reacts with the dissolved oxygen and water in the liquid to form H,O,
and OH™. HyO; can then further participate in the Fenton reaction, while the h* on the
Ag,0 valence band reacts with H,O to generate -OH free radicals and H*.

Second, the Fenton reaction occurs on Fe30,. Fe?* in Fe;0,, HyOs generated in
the photocatalytic reaction, and dissolved O, in water react to generate Fe**, -O,~, and
-OH, respectively. Next, HO, can reduce Fe3* to replenish the consumed Fe?* and O,
and generate H*, so the reaction can be cycled. The large amounts of -OH, and -O,~
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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:

Ag,O/Fe304 +hv — e + ht (5)
h* +H,0 — -OH + H* (6)
2e” + O, + 2H,0 — HyO, + 20H ™ @)
Oy + MO — Degraded products )]
H,O, + 2Fe®t — 2Fe?t + O, + 2H™ 9)
Oy + MO — Degraded products (10)
-OH + MO — Degraded products (11)

vAg

< >
£/5A

HZOZ
Fe2+x H*+0,
......... i Fe3t Hzoz

_ h* h* h?,
. 0,+OH

H* +OH

Figure 9. Schematic of the possible photocatalytic reaction mechanism of Ag,O/Fe30, under visible
light irradiation.

3. Materials and Methods
3.1. Material

Silver nitrate (AgNOg3, 99%) was purchased from National Pharmaceutical Group
Co., Ltd. (Shanghai, China). Iron(Il) chloride tetrahydrate (FeCly-4H,O, >92.0%), Iron(1II)
chloride hexahydrate (FeCl3-6H,O, >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 Fe304

Approximately 0.198 g of FeCl3-6H,O and 0.072 g of FeCl,-4H,O 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 Fe3Oj.

3.3. Preparation of Ag,0O

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 Ag,O.

3.4. Preparation of AgyO/Fe304

The AgyO/Fe30; catalyst was prepared using a one-step coprecipitation method.
First, 0.5 g of AgNOj3; was dissolved ultrasonically in 200 mL of deionized water, and
0.041, 0.088, and 0.119 g of FeCl3-6H,O were dissolved with 0.015, 0.032, and 0.044 g of
FeCl,-4H, O, respectively, in 200 mL of deionized water as different precursors of Fe3Oj.
The precursor of the Ag,O solution was then added into the Fe;Oy4 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 AgrO/Fe304 (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 Ag,O/Fe304.
In the experiment, 100 mg of Ag,O/Fe3;0, 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 um 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/CO0.

3.7. Photoelectrochemical Measurement

The experiment was conducted using an electrochemical analyzer (CHI660E, Shanghai)
equipped with a standard three-electrode system. A 100 mL Na,SOy 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.,
Agy0O/Fe304, 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 Ag,O and Fe3Oy are well compounded
and exhibit a good synergistic effect. Loading Fe3O4 onto the surface of Ag,O 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 Ag,O/Fe304 (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 Ag,O. 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, Ag,O/Fe304
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)
[H3PW1,049] (PW13)-doped titanium dioxide (TiO;) 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/PW1,/TiO; (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 m?/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 PWq,-free Ag/TiO; 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 PW;; and
the modification of Ag NPs on TiO, 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; PW1, /TiO, 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, CO,
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, TiO, has
received a lot of attention due to its low synthesis cost, lack of toxicity, and high catalytic
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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 TiO, 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, H3PW1,04 (abbr.
PW1y), 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@TiO, 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
(TiO,, ZnO, Fe; O3, WO3, etc.) nanofibers for photocatalytic degradation of pollutants [24],
hydrogen production [25], and CO, reduction [26], etc.

Based on the above considerations, we prepared a novel Ag/PW1,/TiO, (abbr. Ag/PT)
composite by electrospinning/photoreduction methods, according to the literature [11,19].
Firstly, the electrospinning/calcination method was used to obtain PWy,/TiO, material;
then, the Ag NPs were loaded on PW1,/TiO; 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 PWyy-free Ag/TiO, 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 TiO, 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 TiO, (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 lej, 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.

50 nm

(W)

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 TiO,, 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 TiO, (JCPDS no. 21-1272), respectively [27,28]. With
the introduction of PWy, into TiO,, no peaks of PWy; are found in the diffraction peaks of
PT, demonstrating the doping of PW1; in TiO,. 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. TiO, has no obvious char-
acteristic vibration peak, and the PWj, exhibits four characteristic infrared absorption
peaks in 700~1100 cm ™!, including the peaks at 1075, 975, 882, and 830 cm™!, respec-
tively. Concretely, the peak at 1075 cm ! is caused by the vibration of the P-O bond, the
peak at 975 cm ! is assigned to the vibration of the W=0O bond, and the two peaks at
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882 and 830 cm ! are attributable to the vibration of the two kinds of W-O,/.-W bridge
bonds [30,31]. Besides, the peak of PWy; near 1600 cm~! may belong to the adsorbed
H,O molecules [32]. These peaks can be also observed in the PT and Ag/PT materials,
indicating the integrity of the PW, Keggin unit in these composites. However, a shift in the
vibrational frequencies (1060, 961, 868, and 815 cmfl) 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.

(a) I : Ag(no. 04—078;) (b) 15% Ag/PT g,
? P g

X

-~ 15% AgPT | & 10% Ag/PT.

0
& 10% Ag/PT §
Z 5% AgPT | &
E J\’\'\——M.A_J_I___ 7]
E PW, =
= el 8
TiO, =
e
] Y % i ;ris)z 4'14‘.'21-1372)
20 30 40 50 60 70 30 4008 3000 2000 1000
20/degree Wavenumber (cm ™)

Figure 2. (a) XRD and (b) FI-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 TiO,, PW; catalysts appeared around 400 and 380 nm. For PT
photocatalysts, the light absorption intensity was increased due to the adulteration of
PW15. 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: ohv = A(hvag)l/ 2,in which A, hv, and « represent the constant, photon energy,
and absorption coefficient, respectively [36].

2.0 10
(2) ——Tio, (b)
—PW,, —Tio, 317eV

S5 —PT —PW,, 329eV
3 5% Ag/PT —pT 283 eV
~ 10:/" AgPT| 5% Ag/PT 2.80eV
.‘g’ 1.0 IS%AET| 10% Ag/PT 2.72eV
£ 3 15% Ag/PT 2.61 eV,
2
=

0.5

0.0 — o — e

200 400 600 800 15 20 25 30 ' 35 4.0
Wavelength (nm) hv (eV)

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 TiO,, PWy, PT,
and x% Ag/PT (x = 5, 10 and 15), respectively. The doping of H3PW1,04 introduces
additional electronic states and energy levels into the band structure of TiO,. These
additional electronic states can interact with the electron energy levels of TiO,, 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 3ds,; and Ag0 3dj3,, 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 P>* [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 4f; , and W 4f5,, 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,,
and Ti 2p; /, characteristic peaks observed at 458.49 eV and 464.16 eV in PT, which are
features of Ti** in TiO, [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].
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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 N 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 mz/g for TiO,, PT and x% Ag/PT (x =5, 10 and 15),
respectively. The result suggested that the introduce of PWy; is beneficial to enhance the
SSA of TiO,, 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 TiO,, 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.

300 200.06
-l-’n; (a) Sample Sur(‘acle ﬁrea "E (b) ——Ti0,
“g 250 ) Te 2 A ——PT
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Figure 5. (a) N, 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. TiO, exhibits a negative effect on the TC degradation. The degradation
efficiencies of TC on PT and 10% Ag/TiO, were significantly higher compared to pure
TiO,, which reached 26.53% and 43.52% within 60 min, respectively. This indicates that the
photocatalytic activity of TiO, can be improved with the proper introduction of H3PW1,049
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~—!, which was about 29- and
8-times higher than those of TiO, and PT, respectively. Therefore, the doping of PWj, and
the modification of Ag NPs are effective methods to boost the photocatalytic performance
of TiO;.
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Figure 6. (a) The visible-light (A > 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 6¢, 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 O, ~,
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 7t to 7* 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 (TCHZO) ; when pH was greater than 7.7, TC appeared as an anion (TCH;3 ™) [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 (TCH,?, 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, TiOy, 10% Ag/TiO,, 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 TiO,, 10% Ag/TiO,, 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.
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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.
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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 TiO,, PT, and 10% Ag/TiO,,
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 Taye 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].
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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 TiO,, PT, and 10%
Ag/TiO,. 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 i