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Preface

In the quest for sustainable solutions to global energy and environmental challenges, the

innovative use of semiconductor-based photocatalysis has emerged as a beacon of hope. It is

with immense pleasure and a deep sense of gratitude that I introduce “Advances in Heterojunction

Photocatalysts”, a reprint inspired by the Special Issue of the same name published in the esteemed

Journal Catalysts. This Special Issue was meticulously organized by Professor Yongming Fu of Shanxi

University and Professor Qian Zhang of Sun Yat-sen University. This reprint is a compilation of 15

seminal works, chosen from the contributions to the Special Issue, each representing a stride forward

in the field of heterojunction photocatalysts.

It is important to recognize the collective endeavor of all the authors who contributed their

research to the Special Issue of the Journal Catalysts. Their rigorous work and insightful findings have

laid the groundwork for this publication. The diversity and depth of the research presented here are

a testament to their expertise and commitment to advancing our understanding and application of

heterojunction photocatalysts.

At the core of this compilation is an exploration of heterojunction photocatalysts. These materials

are engineered to enhance the spatial separation of photogenerated electron–hole pairs, significantly

boosting their efficiency in converting solar energy into solar fuels and in degrading pollutants.

This reprint proudly presents 13 original research articles and 2 comprehensive review

papers—each a beacon of expertise in its own right. From the innovative synthesis of noble

metal-modified semiconductors to the development of novel Z-Scheme heterojunctions, the research

articles delve deeply into the latest advancements and experimental breakthroughs. Meanwhile, the

review articles offer an expansive overview of their respective fields, synthesizing past achievements,

current developments, and future prospects.

By offering both detailed findings and broad overviews, this book caters to a wide audience,

from researchers to students keen on photocatalysis. It aims to highlight scientific achievements and

the potential applications of heterojunction photocatalysts in environmental remediation and solar

fuel generation, underscoring their versatility and contribution to a sustainable future.

As we turn the pages, we embark on a journey of discovery and inspiration, fueled by

the collective wisdom and creativity of the scientific community. “Advances in Heterojunction

Photocatalysts” is more than a compilation of current research; it is a clarion call to further exploration,

innovation, and exploitation of the vast potential of photocatalytic materials for the benefit of society

and the environment at large.

Yongming Fu and Qian Zhang

Editors
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Enhancing Photocatalysis of Ag Nanoparticles Decorated
BaTiO3 Nanofibers through Plasmon-Induced Resonance
Energy Transfer Turned by Piezoelectric Field
Peng Chen 1,2, Xiu Li 1, Zeqian Ren 1, Jizhou Wu 1,2 , Yuqing Li 1,2, Wenliang Liu 1,2, Peng Li 1 ,
Yongming Fu 1,* and Jie Ma 1,2,*

1 State Key Laboratory of Quantum Optics and Quantum Optics Devices, School of Physics
and Electronic Engineering, Institute of Laser Spectroscopy, Shanxi University, Taiyuan 030006, China

2 Collaborative Innovation Center of Extreme Optics, Shanxi University, Taiyuan 030006, China
* Correspondence: fuyongming@sxu.edu.cn (Y.F.); mj@sxu.edu.cn (J.M.)

Abstract: Revealing the charge transfer path is very important for studying the photocatalytic mecha-
nism and improving photocatalytic performance. In this work, the charge transfer path turned by the
piezoelectricity in Ag-BaTiO3 nanofibers is discussed through degrading methyl orange. The piezo-
photocatalytic degradation rate of Ag-BaTiO3 is much higher than the photocatalysis of Ag-BaTiO3

and piezo-photocatalysis of BaTiO3, implying the coupling effect between Ag nanoparticle-induced
localized surface plasmon resonance (LSPR), photoexcited electron-hole pairs, and deformation-
induced piezoelectric field. With the distribution density of Ag nanoparticles doubling, the LSPR field
increases by one order of magnitude. Combined with charge separation driven by the piezoelectric
field, more electrons in BaTiO3 nanofibers are excited by plasmon-induced resonance energy transfer
to improve the photocatalytic property.

Keywords: photocatalysis; piezoelectric; plasmon; Ag nanoparticle; BaTiO3 nanofiber; resonance
energy transfer

1. Introduction

The increasing worsening of global water pollution seriously threatens human health
and social development. Solar-induced photocatalytic degradation of pollutants based
on semiconducting photocatalysts is an effective method for wastewater treatment [1–4].
Under light irradiation with applicable energy, the semiconductor photocatalysts are ex-
cited to generate free electron-hole pairs, which migrate to the solid/liquid interface and
generate reactive oxygen species (ROSs) for participating in the degradation of various
pollutants [5–8]. However, the electron-hole pairs are easy to recombine due to the con-
duction of the Coulomb force; only a few carriers can successfully migrate to the surface
of semiconductor particles to participate in the photocatalytic reaction [9–13]. It is a key
problem to effectively improve the separation of electron-hole pairs for photocatalysis.

Recently, a novel method, named “piezo-photocatalysis” has been developed based on
piezoelectric photocatalysts by coupling the semiconductor, photoexcitation, and piezoelec-
tric effect to achieve simple and efficient separation of electron-hole pairs [14–17]. BaTiO3
(BTO) is one of the most promising piezoelectric materials that can generate a strong inter-
nal field through crystal deformation under mechanical strain [18–20], which is considered
a potential piezoelectric photocatalyst [21–24]. However, pure BTO can only absorb UV
light due to its wide band gap (~3.6 eV). On the other hand, piezo-photocatalysis can be
further improved by coupling with other photocatalytic enhancement methods, including
heterojunctions, plasmons, and defect projects. In particular, the plasmons raised from
metal nanoparticles loading on semiconductors with an appropriate amount are efficient
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to enhance the catalytic performance, which has been widely studied in photocatalytic
degradation, nitrogen fixation, CO2 reduction, and electrocatalysis [25–28].

In this work, BTO nanofibers are synthesized to study the photocatalytic and piezo-
photocatalytic performances through degrading methyl orange (MO). Ag nanoparticles
with different densities are coated on the BTO surface to further improve the catalytic
performance. The BTO nanofibers with high Ag loading mass exhibit better photocatalytic
performance, which is significantly improved by ultrasonication-induced piezoelectricity.
To study the charge transfer paths, the BTO and Ag-BTO are excited by UV and visible
light, respectively. Combining the simulation results, the energy transfer mechanism of
piezo-photocatalysis of Ag-BTO is proposed.

2. Results and Discussion
2.1. Characterization of Ag-BTO Nanofibers

Figure 1a shows the SEM image of pure BTO nanofibers, illustrating the ultralong
un-directional nanofibers with few fractures. Figure 1b is the SEM image of Ag-BTO-2
nanofibers, displaying a similar morphology with pure BTO. The low-resolution TEM
image of Ag-BTO-2 nanofibers is shown in Figure 1c, depicting the uniform distribution
of Ag nanoparticles on the whole surface of BTO nanofibers. The corresponding SAED
pattern is shown in Figure 1d, where the diffraction rings depending on (110), (111), (200),
(211), and (202) crystal planes of BTO are observed [29]. The HRTEM images of Ag-BTO-1
and Ag-BTO-2 are shown in Figure 1e,f, respectively. The distances of 0.235 and 0.422 nm
belong to the (111) and (001) crystal planes of Ag and BTO, respectively. For Ag-BTO-2, the
size of the Ag nanoparticle is equal to Ag-BTO-1, while the distribution density is double.
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in Figure 2. As shown in Figure 2a, all the major diffraction peaks of the three samples are 
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cates the high purity of tetragonal BTO. The trace peak at 38.62° assigned to (111) plane of 
Ag crystal can only be observed in Ag-BTO-2, which is attributed to the low proportion 

Figure 1. The characterizations of the samples. (a,b) SEM images of BTO and Ag-BTO nanofibers.
(c) TEM image of Ag-BTO nanofibers. (d) SAED pattern of Ag-BTO nanofibers. (e,f) HRTEM images
of Ag-BTO-1 and Ag-BTO-2.

The XRD and Raman curves of pure BTO, Ag-BTO-1, and Ag-BTO-2 are compared
in Figure 2. As shown in Figure 2a, all the major diffraction peaks of the three samples
are assigned to BTO (PDF No. 79-2265) [30]. Particularly, the peak splitting around 45◦

indicates the high purity of tetragonal BTO. The trace peak at 38.62◦ assigned to (111) plane
of Ag crystal can only be observed in Ag-BTO-2, which is attributed to the low proportion
of Ag nanoparticles. In Figure 2b, the three normalized Raman curves are basically the
same, where the peaks at 265, 309, 517, and 716 cm−1 correspond to BTO [31]. A sharp peak
appearing around 309 cm−1 further confirms the presence of tetragonal BTO. The DRS
spectra of the three samples are shown in Figure 2c. Both the samples display two similar
adsorption peaks in UV range around 200 and 300 nm. For Ag-BTO-1, a gentle peak appears
around 500–700 nm due to the LSPR of Ag nanoparticles. For Ag-BTO-2, the intensity of
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the gentle peak triples, implying the LSPR of Ag nanoparticles drastically increases. To
characterize the crystal structure of the synthesized BTO nanofibers in detail, the refined
XRD pattern of pure BTO nanofibers is tested and analyzed by Rietveld refinement, as
shown in Figure 3. The refined XRD pattern is indexed by tetragonal BaTiO3 (piezoelectric,
space group P4mm) and cubic BaTiO3 (non-piezoelectric, space group Pm–3m) with a ratio
of 2:1, as well as a small portion of BaCO3. The refinement results are shown in Table 1,
where the Rwp = 6.06%, Rp = 3.98%, and GOF = 3.32. The lattice parameters for tetragonal
and cubic BTO are calculated to be a = 4.0150, c = 3.9984, and a = 4.0081 Å, respectively,
which are very close to the standard data. These results suggest that the piezoelectric
BaTiO3 are successfully synthesized under a relatively low temperature.

Figure 2. (a) XRD patterns, (b) Raman spectra, and (c) DRS spectra of the three samples.
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The XPS spectra of pure BTO and Ag-BTO-2 are almost the same, as shown in Figure 4.
The survey spectra depict the presence of C, O, Ti, and Ba in pure BTO and C, O, Ti, Ba,
and Ag in Ag-BTO, respectively (Figure 4a). The C 1s spectra are divided into three peaks
around 284.80, 286.48, and 288.78 eV corresponding to the environmental C–C (or C–H)
groups, CO3

2− ions, and C–O groups, respectively (Figure 4b) [32]. The O 1s spectra are
also divided into three peaks assigning BaTiO3, CO3

2− ions, and C–O groups, respectively

3



Catalysts 2022, 12, 987

(Figure 4c). The Ba 3d spectra shows two peaks around 793.65 and 778.48 eV, which are
assigned to Ba 3d3/2 and Ba 3d5/2, respectively. Furthermore, the peaks are well divided
into two couple of peaks assigned to BaTiO3 and BaCO3, respectively (Figure 4d). Ti
2p photoelectron peaks reveal the purity of BaTiO3 without TiO2 or sodium titanates
(Figure 4e). For Ag-BTO-2, the energy difference between Ag 3d3/2 (373.68) and 3d5/2
(367.67) is 6.01 eV, indicating the zero-valent state of Ag element (Figure 4f). These results
imply that Ag nanoparticles are successfully loaded on the surface of BTO nanofibers
without affecting the morphology, microstructure, and chemical state of BTO nanofibers.

Table 1. Rietveld refined cell parameters of the synthesized BTO nanofibers.

Cell Parameters Tetragonal BaTiO3 Cubic BaTiO3 BaCO3

Proportion 64.32% 32.20% 3.48%
Space Group P4mm Pm-3m Pmcn

a (Å) 4.0150 4.0081 5.3130
b (Å) 4.0150 4.0081 8.9038
c (Å) 3.9984 4.0081 6.4361
α (◦) 90 90 90
β (◦) 90 90 90
γ (◦) 90 90 90

Volume (Å3) 64.45 64.392 304.47
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2.2. Piezo-Photocatalytic Property of Ag-BTO Nanofibers

The piezo-photocatalytic properties of the nanofibers are evaluated by degrading MO
solution under ultrasonication and solar irradiation, as shown in Figure 5. Figure 5a–c show
the MB degradation rates catalyzed by pure BTO, Ag-BTO-1, and Ag-BTO-2 under different
conditions for 120 min, respectively. Under only ultrasonication, the degradation rates of
the three samples are relatively low, indicating the ultrasound-induced piezoelectric field
failed to efficiently degrade MO. Under light irradiation, the loading of Ag nanoparticles
greatly improves the degradation rate, which further increases with the increasing Ag
loading mass. The maximum degradation rate (82.7%) is achieved by Ag-BTO-2 under the
cooperation of ultrasonication and light irradiation, suggesting the synergistic effect be-
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tween piezoelectricity and photocatalysis. Figure 5d shows the degradation kinetic curves,
indicating all the degradation processes follow the pseudo-first-order reaction kinetics.
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To further study the function of the piezoelectricity on photocatalysis, the catalytic
performances of BTO and Ag-BTO-2 samples are measured under UV and visible light,
respectively, as shown in Figure 6. All the catalytic degradation rates of Ag-BTO-2 catalysts
are higher than pure BTO. For pure BTO nanofibers (Figure 6a), the photocatalysis and
piezo-catalysis under visible light are very weak (2.4% and 13.7%), and those under UV light
are also limited (19.4% and 26.6%). As shown in Figure 6b, the UV-driven photocatalysis
of the Ag-BTO-2 sample is moderately improved from 26.0% to 38.5% by piezoelectricity.
In comparison, the visible-driven photocatalysis is developed from 32.4% to 51.7% by
piezoelectricity, displaying a giant enhancement.
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The stability of the catalysts is shown in Figure 7. Figure 7a is a TEM image of Ag-BTO-2
after piezo-photocatalytic process, keeping the original morphology and nanoparticle-
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nanofiber structure. The corresponding XRD pattern is shown in Figure 7b, also showing
similar data with the sample before piezo-photocatalysis. Particularly, the minor peak
related to Ag nanoparticles is still obtained, and no Ag2O peak is observed, indicating that
the Ag nanoparticles maintain metallic state.
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2.3. Mechanism Analysis

Based on the above experimental results, the mechanisms of photocatalysis and piezo-
photocatalysis of Ag-BTO nanofibers are developed. The possible photocatalytic mecha-
nism of charge transfer in Ag-BTO is simply discussed. The generation and separation of
photoexcited electron-hole pairs are the most important for photocatalysis. BTO nanofibers
and Ag nanoparticles form Schottky contact with band offset (Figure 8a) [33]. BTO can
absorb UV light to generate electron-hole pairs but cannot absorb visible light due to the
wide bandgap (Figure 8b). Ag nanoparticles can absorb visible light through located surface
plasmon resonance (LSPR) [34–36], but the UV absorption is very low due to the large
detuning from resonance frequency (Figure 8c). As the Ag nanoparticles are synthesized on
the BTO surface, there are three possible paths to enhance the solar-driven photocatalysis:
the first is that the photogenerated electrons in BTO migrate to Ag nanoparticles due to the
lower work function, leading to the separation of electron-hole pairs (Figure 8d) [37–39]; the
second is that the LSPR-induced hot electrons in Ag nanoparticles migrate to BTO, increas-
ing the number of free electrons in BTO (Figure 8e) [40–43]; the last is that the plasmons in
Ag can transfer energy to BTO to generate electron-hole pairs, named “plasmon-induced
resonance energy transfer” (PIRET) through dipole-dipole resonance (Figure 8f) [44–47].
In this case, the UV photocatalytic property of Ag-BTO is a little higher than that of BTO,
ruling out the existence of the first path. On the other hand, the Ag-BTO samples exhibit
good visible photocatalytic properties, indicating that the visible light is absorbed by Ag
nanoparticles through LSPR and transfers hot electrons or energy to BTO, corresponding to
the second or third path.

The LSPR electromagnetic fields of Ag-BTO-1 and Ag-BTO-2 are simulated by FEM,
as shown in Figure 9a,b, respectively. As the distance of Ag nanoparticle arrays decreases
from 10 to 5 nm, the average strength of the LSPR electromagnetic field at 550 nm increases
by one order of magnitude. Thus, the photocatalysis and piezo-photocatalysis of Ag-BTO-2
are much higher than those of Ag-BTO-1. Under ultrasonication, BTO is deformed by
ultrasound-induced cavitation blasting and generates a built-in piezoelectric field, which
promotes the electron-hole separation in BTO and increases the Ag-BTO interface barrier
(Figure 9c). As reported, the hot-electron injection path is significantly affected by the
interface barrier, while the PERET path is a non-contact route rising superior to the interface
barrier [48]. Under solar irradiation, the electron density of state around Ag nanoparticles
is much higher than that in BTO, and the migrating of free electrons from BTO to Ag is
restrained. The piezoelectric-enhanced interface barrier prevents the hot electrons from
injecting into BTO. With a large number of Ag nanoparticles loading on the BTO surface, the
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first path and second path are both excluded during the piezo-photocatalysis process. Thus,
the piezo-photocatalytic mechanism of Ag-BTO nanofibers is described below: under solar
irradiation, BTO is excited by UV light to generate electron-hole pairs. The piezoelectric
field contributes to the separation of electron-hole pairs and increases the Ag-BTO interface
barrier. On the other hand, visible light is captured by high-density Ag nanoparticles
through LSPR, transferring energy to further excite more electron-hole pairs for catalysis.
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3. Materials and Methods
3.1. Synthesis of BaTiO3 Nanofibers

All reagents were analytical reagents and purchased from Sinophram Chemical
Reagent, Shanghai, China. A piece of Ti foil (Haiyuan aluminum, Xining, China) was
ultrasound-cleaned in deionized water/acetone for 10 min, heated to 650 ◦C with a heating
rate of 10 ◦C min−1, and maintained for 5 h in air. Then, the heat-treated Ti foil was
immersed in 30 mL NaOH aqueous solution (12 M), sealed, and heated at 160 ◦C for 6 h,
followed by immersion in Ba(OH)2 aqueous solution (0.02 M) at 210 ◦C for 7 h. After the
reaction, the white film was carefully peeled from the surface of Ti foil and ground in an
agate mortar for 30 min. Finally, the powders were ultrasound-dispersed in deionized wa-
ter for 10 min and centrifuged at 4000 rpm for 3 min. To synthesize Ag-BTO nanofibers, the
sample was dispersed in 50 mL AgNO3 ethanol solution (0.02 and 0.05 M) under 100 rpm
stirring (JoanLab MS5s, Huzhou, China) and 300 W Hg lamp (PerfectLight CHF-XM 300,
Beijing, China) irradiation for 2 h, labeled as Ag-BTO-1 and Ag-BTO-2, respectively.

3.2. Characterization and Measurements

The morphology and microstructure were obtained by scanning electron microscope
(SEM, Hitachi S-8100, Tokyo. Japan), transmission electron microscope (TEM, FEI Tecnai
F20, Portland, OR, USA), X-ray powder diffractometer (XRD, Rigaku SmartLab, Tokyo,
Japan), Raman spectrometer (HORIBA LabRAM Nano, Montpellier, France), and X-ray
photoelectron spectroscope (XPS, Thermo Scientific K-Alpha, Waltham, MA, USA). Con-
ventional XRD patterns were measured with a sweeping rate of 10◦ min−1. The refined
XRD pattern of pure BTO nanofibers was tested in a slow rate of 0.5◦ min−1 with a wide
sweeping range from 5◦ to 120◦, and Rietveld refinement is employed by TOPAS aca-
demic. The photocatalysis and piezo-photocatalysis were evaluated by degrading MO
in a mechano-photo reaction apparatus (homemade). A 300 W Xe lamp (PerfectLight,
Microsolar 300, Beijing, China) was used to directly provide the light source. UV and
visible light were obtained by short-pass and long-pass filters, respectively. The ultrasound
was generated by a 120 W ultrasonic vibrator (DongSen DS-120STS, Shenzhen, China) with
a frequency of 24 kHz. During the catalytic process, 10 mg catalyst was used to degrade
50 mL MO solution (10 mg L−1). The MO concentration was determined by absorption
spectroscopy at 464 nm.

4. Conclusions

In summary, the piezo-photocatalytic performance of BaTiO3 nanofibers is enhanced
by loading with Ag nanoparticles. FEM simulation indicates that the visible-light ab-
sorbance of Ag nanoparticles exponentially increases with the distribution density. With
the loading of Ag nanoparticles, the piezo-photocatalytic MO degradation rate increases
from 30.8% to 50.8%, and further increases to 82.7% with doubling Ag density. The UV-
driven and visible-driven catalytic performances were individually measured to study the
contribution of Ag nanoparticles and BTO nanofibers, displaying that the visible-driven
catalysis dominates the enhancement during the piezo-photocatalytic process. Finally,
the piezo-photocatalytic mechanism of Ag-BTO was discussed. Under solar irradiation,
electron-hole pairs are generated in BTO by UV light, separated by the piezoelectric field,
and enhanced by the high-density Ag nanoparticles through PIRET. This work develops
the investigation of plasmon-improved piezo-photocatalysis.
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Abstract: Nitrogen oxides (NOx) pollutants can cause a series of environmental issues, such as
acid rain, ground-level ozone pollution, photochemical smog and global warming. Photocatalysis is
supposed to be a promising technology to solve NOx pollution. Graphitic carbon nitride (g-C3N4) as a
metal-free photocatalyst has attracted much attention since 2009. However, the pristine g-C3N4 suffers
from poor response to visible light, rapid charge carrier recombination, small specific surface areas
and few active sites, which results in deficient solar light efficiency and unsatisfactory photocatalytic
performance. In this review, we summarize and highlight the recent advances in g-C3N4-based
photocatalysts for photocatalytic NOx removal. Firstly, we attempt to elucidate the mechanism of
the photocatalytic NOx removal process and introduce the metal-free g-C3N4 photocatalyst. Then,
different kinds of modification strategies to enhance the photocatalytic NOx removal performance
of g-C3N4-based photocatalysts are summarized and discussed in detail. Finally, we propose the
significant challenges and future research topics on g-C3N4-based photocatalysts for photocatalytic
NOx removal, which should be further investigated and resolved in this interesting research field.

Keywords: photocatalysis; g-C3N4; NOx; mechanism; modification strategy

1. Introduction

With the fast development of the economy and modern industrialization, environmen-
tal pollution and the energy crisis have become the two major challenges in the world [1–7].
Air pollution is one of the serious environmental problems [8,9]. There are a variety of air
pollutants including sulfur oxides (SOx), nitrogen oxides (NOx), carbon monoxide (CO)
and so on [10,11]. Air pollution would bring about a number of environmental issues: it
can damage and corrode buildings and equipment; it is harmful to human beings, animals
and vegetables; and it can lead to ecological deterioration of the environment. NOx is
especially serious among air pollutants [12–18]. To be more specific, as shown in Figure 1,
NOx pollutants result in ground-level ozone pollution, acid rain, photochemical smog,
global warming and so on. Moreover, it could cause damage to human health and increase
the risk of diseases such as emphysema, bronchitis and respiratory disease. If human
beings want to realize sustainable development and have a bright future, we must solve air
pollution as soon as possible.

An enormous amount of research work has been carried out to deal with NOx pollu-
tion [19–22]. For example, traditional adsorption, filtration and selective catalytic reduction
technologies have been extensively used to solve NOx pollution [23–25]. However, these
technologies have low efficiency to remove the low-concentration NOx pollutants and
also have disposal and regeneration issues [26]. Recently, photocatalysis as a green tech-
nology has attracted a substantial amount of attention [8,27]. Compared with traditional
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physical or chemical methods, photocatalytic NOx removal technology is more efficient
and environment-friendly with a semiconductor as the photocatalyst and solar energy as
the driving force. Photocatalytic technology can convert the low concentration of NOx in
the atmosphere into non-toxic products without disposal and regeneration issues. The
greatest challenge in the photocatalytic process is to develop low-cost and highly efficient
photocatalysts, which can make full use of solar energy to remediate environmental prob-
lems. Unveiling the photocatalytic mechanism is the premise of developing highly effective
photocatalysts. Since Fujishima and Honda reported photoelectrochemical water splitting
in 1972 [28], great progress has been made to unravel the photocatalysis mechanism [29–31].
Typically, as shown in Scheme 1, the photocatalytic process includes three consecutive
steps [32–34]: (1) light harvesting using a semiconductor photocatalyst for charge carrier
excitation; (2) photogenerated electron-hole pairs separation and migration and (3) sur-
face reduction and oxidation reactions. It should be pointed out that a large number of
photogenerated electrons and holes recombine during the charge carrier separation and
migration process, i.e., volume recombination and surface recombination. Only the effec-
tive charge carriers, in other words, the remaining charge carriers, can attend the surface
reduction and oxidation reactions [35–37]. Therefore, if we attempt to improve the photo-
catalytic performance of the photocatalysts, we can enhance the light-harvesting capability,
promote the charge carrier separation efficiency and facilitate the surface reduction and
oxidation reactions.
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As one of the typical photocatalytic processes, the reaction mechanism of photocat-
alytic NOx removal has been carefully discussed. When the photocatalyst is irradiated
by light with equal or greater energy than the bandgap energy of the photocatalyst, the
electrons (e−) can be excited from the valence band to the conduction band, resulting in
positive holes (h+) in the valance band [8,38]. It is well-understood that oxygen molecules
are the second most abundant gases, consisting of 21% of the atmosphere. The oxygen
molecules absorbed on the surface would be reduced, which brought about the superoxide
anion radicals (·O2

−) [39]. At the same time, holes (h+) in the valance band can oxide the
water molecules and hydroxide ion (OH−) to obtain hydroxyl radicals (·OH) [10,39]. It
should be noted that these radicals play significant roles during the photocatalytic NOx
removal process. To be more specific, the NO absorbed on the surface of a photocatalyst
would be oxidized by superoxide radicals (·O2

−) and/or hydroxyl radicals (·OH) and/or
positive holes (h+) to become the final products of the nitrate ion (NO3

−), through the for-
mation of intermediates related to NO2 and HNO2. These series of reactions are illustrated
as follows [10,24,39–42]:

Photocatalyst + hv→ e− + h+ (1)

O2 + e− → ·O2
− (2)

h+ + OH− → ·OH (3)

NOx + ·O2
− → NO3

− (4)

NO + ·OH→ HNO2 (5)

HNO2 + ·OH→ NO2 + H2O (6)

NO2 + ·OH→ NO3
− (7)

It is universally acknowledged that the key point of photocatalysis is to develop
highly effective and stable photocatalysts. Since the pioneering work of Fujishima and
Honda in 1972 [28], a great number of photocatalysts have developed to be used in energy
conversion and environmental remediation [1,21,43–50]. The reported photocatalysts
include metal oxides such as Fe2O3 [51,52], WO3 [53], TiO2 [54] and ZnO [55]; metal
sulfides such as ZnS [56], CdS [57] and CuS [58]; bismuth-based photocatalysts such
as BiOX (X = I, Br, Cl) [59] and Bi2MO6 (M = Mo, W) [60]; metal-organic frameworks
(MOFs) [61]; covalent organic frameworks (COFs) [62] and many more. Among these
semiconductor photocatalysts, TiO2 is considered the most classical photocatalyst owing to
its many advantages such as non-toxicity, low cost, long-term stability and so on [63,64].
However, the wide bandgap of TiO2 (3.0–3.2 eV) constrains the photocatalytic response
to only ultraviolet (UV) light [65]. As we know, the full solar spectrum consists of a near-
infrared region (52%), a visible-light region (43%) and a UV region (5%) [66]. Therefore,
metal and non-metal doping are performed to reduce the bandgap to make the best use of
solar energy [67,68].

Recently, graphitic carbon nitride (g-C3N4), as a metal-free semiconductor photocat-
alyst, has attracted much attention since Wang et al. reported it could be used for H2
production in 2009 [31]. The g-C3N4 exhibited outstanding optical, electrical and structural
properties, such as visible-light response due to the suitable bandgap (2.7 eV), nanoscale
thickness and high surface-to-volume ratio owing to the two-dimensional (2D) structure,
facile synthesis with a cheap precursor, such as melamine, dicyandiamide, urea thiourea and
cyanamide (Figure 2a,b), high thermal and chemical stability and nontoxic nature [32,38].
What is more, the electronic structures of the 2D materials could be modulated by control-
ling the thickness or doping strategy. Thanks to its excellent advantages, g-C3N4 has been
used in different fields including energy issues and environmental remediation. To be more
specific, it has been reported in supercapacitors [69], electrocatalysis [70], photo-electro
catalytic reactions [71], N2 fixation [72], pollutant degradation [73], CO2 reduction [74],
water splitting [30], organic catalysis [75] and sensing [76].
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Figure 2. (a) Synthesis of g−C3N4 using thermal polymerization with different precursors [32].
Copyright 2016, American Chemical Society. (b) reaction pathway of g−C3N4 using cyanamide as a
precursor [38]. Copyright 2017, Elsevier.

The long history of g-C3N4 could trace back to 1834 when Berzelius and Liebig
prepared it by igniting mercuric thiocyanate [77,78]. Since then, g-C3N4 has become
a hot research area. g-C3N4 is normally considered as three basic structures: triazine-
based g-C3N4, heptazine-based g-C3N4 and triazine and heptazine mixed g-C3N4 [32,38].
Figure 3a,b shows the typical structures of triazine-based g-C3N4 and heptazine-based
g-C3N4, respectively. However, it should be noted that heptazine-based g-C3N4 is the most
stable phase at ambient conditions according to the first-principles density functional theory
(DFT) calculations carried out by Kroke et al. [79]. Therefore, more and more researchers
and scientists tend to recognize heptazine as the building block for the formation of g-C3N4.
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2. Modification Strategies of Pristine g-C3N4

g-C3N4, as the significant metal-free semiconductor photocatalyst, holds great po-
tential in the application of the photocatalytic NOx removal process due to its plentiful
extraordinary advantages, such as visible light response properties, mild bandgap, low cost,
facile preparation and high thermal stability. However, pristine g-C3N4 prepared using the
traditional high-temperature solid reaction suffers from low specific surface areas and low
crystallinity owing to kinetic hindrance, which results in small specific surface areas, few
reactive sites, limited light-harvesting capacity, rapid recombination of photogenerated
charge carriers and unsatisfactory photocatalytic NOx removal performance. In order to
improve the photocatalytic performance of pristine g-C3N4, a variety of modification strate-
gies have been developed including metal doping, non-metal doping, defect engineering,
crystallinity optimization, morphology controlling and heterojunction construction.

2.1. Morphology Controlling

Morphology controlling is considered a promising strategy to improve the photo-
catalytic performance of bulk g-C3N4 [80]. Since bulk g-C3N4 is synthesized using the
high-temperature solid reaction, it suffers from low specific surface areas and few active
sites, which is detrimental to photocatalytic performance. Moreover, bulk g-C3N4 exhibits
a longer charge carrier migration distance, and thus the photogenerated electron and hole
pairs achieve rapid charge recombination. In addition, bulk g-C3N4 is unfavorable for
molecular mass transport, surface redox reactions and light harvesting in comparison with
porous g-C3N4 [32,81]. In order to enlarge the specific surface areas, increase the active sites,
promote the charge carrier separation efficiency and facilitate the molecular mass transport,
much progress has been made such as the exfoliation of bulk g-C3N4 into nanosheets,
template strategy including hard-template and soft-template and supramolecular preorga-
nization method.

2.1.1. Nanosheets Structure

Inspired by the preparation of graphene nanosheets [82,83], scientific researchers
attempt to exfoliate bulk g-C3N4 into nanosheets. Compared with bulk g-C3N4, g-C3N4
nanosheets exhibit a great deal of distinct benefits owing to morphology changes. It not
only enlarges the specific surface areas and increases the active sites but also shortens the
charge carrier’s transport distance, improves the solubility and modifies the electronic
structures owing to the famous quantum confine effect. More specifically, the photogen-
erated electrons and holes coming from the g-C3N4 nanosheets can easily migrate to the
surface of the photocatalysts to attend the surface reactions through the shortened paths.
This phenomenon is instrumental in facilitating the charge carrier separation efficiency
to improve photocatalytic performance. In addition, the enlarged bandgap of g-C3N4
nanosheets leads to enhanced oxidation potential energy and reduced potential energy,
which is useful for surface reactions.

Generally, the g-C3N4 nanosheet structures could be achieved using two different
strategies, i.e., liquid exfoliation of bulk g-C3N4 and thermal exfoliation of bulk g-C3N4.
Various solvents with suitable surface energy, such as water, methanol, ethanol, N-methyl-
pyrrolidone (NMP), 1-isopropanol (IPA), acetone and their mixtures, have been used to
overcome the weak van der Waals forces between the two adjacent layers of bulk g-C3N4
using facile sonification. For example, Xie et al. reported a green liquid exfoliation strategy
to obtain ultrathin nanosheets using cheap and environmentally friendly water as the
solvent (Figure 4) [84]. The thickness of the exfoliated nanosheet is about 2.5 nm in height
(around seven layers) with the size distribution ranging from 70 nm to 160 nm. In addition,
Zhu et al. reported a concentrated H2SO4 (98%) assisted liquid exfoliation strategy to
fabricate a single atomic layer of g-C3N4 ultrathin nanosheets [85]. The intercalation of
concentrated H2SO4 (98%) into the interplanar spacing of bulk g-C3N4 resulted in the
graphene-like single-layer g-C3N4 structure with a small thickness of 0.4 nm and a large
size of micrometers.
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Compared with the liquid exfoliation strategy, thermal exfoliation is more facile and
more environmentally friendly because it does not involve toxic solutions such as aqueous
ammonia, hydrochloric acid and concentrated H2SO4 (98%). The thermal exfoliation
approach is fast, low-cost and low-pollution. However, the largest drawback of the thermal
exfoliation strategy is the low yield due to thermal oxidation and thermal etching. For
instance, Niu et al. obtained g-C3N4 nanosheets with a thickness of 2 nm (about six to seven
layers) using the thermal exfoliation strategy [86]. The synthesized g-C3N4 nanosheets
exhibited enhanced photocatalytic H2 evolution under simulated solar light irradiation.
The excellent photocatalytic H2 production of the obtained g-C3N4 nanosheets was ascribed
to the large specific surface area, low sheet thickness, enlarged band gap, increased electron-
transport ability and prolonged lifetime of the charge carriers. In addition, Gu et al. reported
that bulk g-C3N4 could be exfoliated into nanosheets to increase the specific surface areas
and active sites using facile post-thermal treatment [87]. At the same time, the electronic
structure of bulk g-C3N4 was optimized during the calcination process. The valence band
of g-C3N4 nanosheets was increased owing to the quantum confinement effect and nitrogen
vacancy, which led to the higher thermodynamic driving force during the photocatalytic
NOx removal process. The g-C3N4 nanosheets showed about 3.0 times higher photocatalytic
NOx removal performance than pristine g-C3N4 owing to the enlarged specific surface
areas and optimized electronic structure. In addition, the impact of calcination temperature,
calcination time and sample amount on the photocatalytic NOx removal performance and
the yield of g-C3N4 nanosheets were systematically studied. This research work provides
new insight into the thermal exfoliation approach for enhancing the photocatalytic NOx
removal performance.

2.1.2. Porous Structure

The template strategy is an effective approach to fabricating porous nanostructured
g-C3N4, which can increase the specific surface areas and active sites of bulk g-C3N4 [88,89].
Moreover, the high porosity of nanostructured g-C3N4 is beneficial for mass and gas
transport. In addition, the voluminous void space in nanostructured g-C3N4 can enhance
the light absorption efficiency owing to the light trapping effect. These plentiful advantages
can bring about outstanding photocatalytic performance in comparison with the bulk
counterpart [89]. In general, the template method is based on the use of inorganic or
organic nanostructures as a template, i.e., a hard template and a soft template [90].
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A hard template is a controllable and precious strategy to prepare nanostructured g-
C3N4. The hard template method, in other words, solid material nano-casting, is performed
using a physical structure agent to control the porous nanostructured g-C3N4. Up to
now, a large number of hard templates have been studied. For example, Zhang et al.
used HCl-treated SBA-15 silica as a hard template to prepare ordered mesoporous g-
C3N4 [91]. The obtained mesoporous g-C3N4 displayed significantly enlarged specific
surface area and pore volume, which were 517 m2 g−1 and 0.49 cm3 g−1, respectively.
Similarly, Sun et al. reported hollow nanospheres of g-C3N4 when using a silica-based hard
template [92]. The hollow nanospheres of g-C3N4 displayed excellent photocatalytic H2
evolution performance due to the hollow sphere structure. However, the biggest drawback
of the silica-based hard template involves toxic reagents, such as ammonium hydrogen
difluoride (NH4HF2), when we remove the silica-based hard template. Recently, Zhang et al.
demonstrated that low-cost calcium carbonate (CaCO3) is a promising environmentally
friendly hard template [93]. After the CaCO3 is removed using hydrochloric acid treatment,
porous g-C3N4 was successfully prepared.

Since hard templates involve hazardous fluoride-containing reagents, a tremendous
amount of work has been completed on the soft template [94]. The key point of a soft
template is the molecular self-assembly process, which can chemically tailor the porosity
and morphology of pristine g-C3N4. Various templates, such as non-ionic surfactants and
amphiphilic block polymers, could be chosen as soft templates. In addition, ionic liquids
have demonstrated an effective soft template [32,38]. The soft templates provide a facile and
more environmentally friendly strategy to prepare nanostructured g-C3N4 [95]. Very recently,
supramolecular preorganization has become an interesting topic to prepare nanostructured
g-C3N4. Figure 5 shows the formation of the self-assembled structures used to prepare
nanostructured g-C3N4 [75]. To some extent, the supramolecular preorganization strategy is
similar to the soft template strategy. However, this strategy is based on the supramolecular
interactions of g-C3N4 monomers, including hydrogen bonds, the π–π bond and so on. For
instance, Zhang et al. reported a solvent-assisted strategy to prepare porous g-C3N4 with
enhanced visible-light photocatalytic NO removal performance (Figure 6a) [96]. g-C3N4
prepared with the addition of water and ethanol exhibited significantly improved visible-light
photocatalytic performance, with NO removal percentages of 37.2% and 48.3%, respectively
(Figure 6b,c). The enhanced photocatalytic NOx removal performance was ascribed to the
unique microstructure and prolonged lifetime of the charge carriers.
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and g−C3N4−E for the removal of NO irradiated under visible light [96]. Copyright 2017, Elsevier.

2.2. Band Structure Engineering

The band structure of photocatalysts plays a crucial role in the photocatalytic process.
The optimized band structure can absorb more solar energy to generate more electron-hole
pairs; improve the charge carrier separation efficiency to obtain more effective electrons and
holes for the surface reactions; and optimize the reaction sites and promote the adsorption
of intermediates to improve the surface reactions. Up to now, tremendous efforts have
been devoted to modulating the electronic structure of g-C3N4. The strategies of band
structure engineering can be roughly divided into two categories: metal element doping
and non-metal element doping [38].

2.2.1. Metal Element Doping

A series of metal cations have been used to modulate the band structure of pristine
g-C3N4. There are two kinds of metal element doping related to g-C3N4, which are cave
doping and interlayer doping. The metal cations can be introduced into the triangular
pores of g-C3N4 between the heptazine structures [33]. The strong coordination interaction
between the metal cations and g-C3N4 matrix and negatively charged nitrogen atoms can
realize cave doping [38]. According to previous literature, the transition metal elements
including Fe, Mn, Co, Ni and Zn have been demonstrated to be effective at optimizing the
electronic structure [32,38]. For example, Wang et al. showed that the band gap could be
reduced to enhance the visible-light harvesting capability using Fe and Zn doping into
g-C3N4 [97]. Ding et al. also demonstrated that Fe, Mn, Co and Ni could be incorporated
into the g-C3N4 framework to extend the visible-light absorption range and improve the
separation efficiency of the photogenerated electrons and holes, which resulted in enhanced
photocatalytic performance [98].

In addition, according to the first principle DFT calculation, Pan et al. predicted
that the incorporation of Pt and Pd into the g-C3N4 framework could promote the charge
carrier transport rate to improve the charge carrier separation efficiency and reduce the
band gap to improve the light absorption, which played positive effects in improving
the photocatalytic activity [99]. Recently, Dong et al. found that K atoms brought about
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interlayer doping instead of caving doping in the g-C3N4 matrix. Pristine g-C3N4 dis-
played a limited photocatalytic NO removal rate of 16%. The K-doped g-C3N4 exhibited
approximately 2.3 times higher photocatalytic NO removal performance than pristine
g-C3N4. The outstanding photocatalytic performance of K-doped g-C3N4 was ascribed
to the benefits of K intercalation including bridging the layers, charge redistribution,
facilitating the charge carrier separation and tuning band structure (Figure 7) [100]. In
addition, Zhu et al. revealed that K doping could decrease the VB level of g-C3N4, leading
to the promoted separation and transportation of photo-induced electrons and holes under
visible light irradiation [101].
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2.2.2. Non-Metal Element Doping

Compared with metal doping, the strategy of non-metal doping may be more popular
because it not only tunes the electronic structure but also retains the metal-free property.
So far, many non-metal elements such as S, P, B, O, C and I have been demonstrated to be
effective for band-gap engineering using chemical substitution. As shown in Figure 8 [38], C
atom self-doping can substitute the bridging N atoms while O, S and I atoms tend to replace
the N atoms in the aromatic heptazine rings. Thanks to non-metal doping, the delocalization
of the Π-conjugated electrons is enhanced to improve the conductivity, mobility and
separation of the charge carriers, which is beneficial for improving the photocatalytic
performance. As for the P and B atoms, they are inclined to substitute the C atoms. For
instance, Wang et al. successfully synthesized B-doped g-C3N4 hollow tubes for improved
photocatalytic NOx removal performance [102]. The B-doped g-C3N4 hollow tubes were
fabricated by calcining the assembly supramolecular precursors, which were obtained
using the self-conversion of melamine with the aid of boric acid (Figure 9a). The B-doped
g-C3N4 hollow tubes displayed the best photocatalytic NOx removal performance (30.4%),
which was 1.5 and 1.3 times higher than pristine g-C3N4 (20.8%) and g-C3N4 hollow tubes
(22.9%), respectively (Figure 9b,c). The excellent photocatalytic NOx removal performance
of B-doped g-C3N4 hollow tubes was attributed to the extended light-harvesting range and
enhanced charge carrier efficiency (Figure 9d).
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Figure 9. (a) Schematic illustration for the preparation of B−doped g−C3N4 hollow tubes. (b) Photo-
catalytic performance of bulk g−C3N4, g−C3N4 tubes and B−doped g−C3N4 tubes for the removal
of NO irradiated under visible light. (c) Stability test of B−doped g−C3N4 tubes. (d) The proposed
mechanism of B−doped g−C3N4 tubes to improve the photocatalytic performance of g−C3N4 [102].
Copyright 2018, Elsevier.
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2.3. Defect Engineering

At the same time, defect engineering is also an effective strategy to improve the photo-
catalytic performance of pristine g-C3N4. The defect engineering strategy is premature to
modify the electronic structures of pristine TiO2, which may be due to the fact that TiO2 is
the most classical and fully-studied photocatalyst [103–106]. For example, the band struc-
tures and optical properties of pristine TiO2 could be tuned by oxygen vacancies [107,108].
The oxygen vacancies-mediated TiO2 can extend the visible-light range, enhance the charge
carrier separation efficiency and improve the molecules to be adsorbed on the surface of
the photocatalysts, which would result in excellent photocatalytic performance.

Inspired by the oxygen vacancies-mediated TiO2, a defect engineering strategy is
used to improve the photocatalytic performance of pristine g-C3N4. For example, Wang
et al. reported the nitrogen vacancies-mediated g-C3N4 microtubes synthesized using
a simple and green hydrothermal process (Figure 10a) [109]. The nitrogen vacancies-
mediated g-C3N4 microtubes displayed significantly enhanced NO removal performance
due to the enlarged specific surface areas and the curial roles of nitrogen vacancies. As
shown in Figure 10b–g, the nitrogen vacancies-mediated g-C3N4 was beneficial for NO
and O2 adsorption, which contributed to attending the surface reactions. The enhanced
surface reactions and increased active sites resulted in improved photocatalytic NO removal
performance in comparison with pristine g-C3N4 under visible-light irradiation. Li et al.
successfully synthesized carbon vacancies-modified g-C3N4 nanotubes by calcining the
hydrolyzed melamine–urea mixture [110]. The EPR spectra confirmed the formation of
carbon vacancies in g-C3N4 nanotubes because the EPR signal of carbon vacancies-modified
g-C3N4 decreased significantly due to the fewer unpaired electrons.

Figure 10. (a) Schematic illustration for the preparation of nitrogen vacancies−mediated g−C3N4

microtubes. (b–g) Schematic illustration for the nitrogen vacancies in g−C3N4 photocatalysts for the
enhanced adsorption behavior [109]. Copyright 2019. American Chemical Society.
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Gu et al. reported that the carbon vacancies and hydroxyls co-modified g-C3N4 were
successfully prepared using a post-hydrothermal treatment [111]. Pristine g-C3N4 was
first prepared using the thermally induced polymerization of melamine. Then a green
hydrothermal treatment was employed to introduce the carbon vacancies and hydroxyls
(Figure 11a). During the hydrothermal process, the water could induce the pristine g-C3N4
to partially hydrolyze, which introduced the carbon vacancies and hydroxyls into the
pristine g-C3N4 simultaneously (Figure 11b). The obtained carbon vacancies and hydroxyls
co-modified g-C3N4 showed 2.2 times higher photocatalytic NO removal activities than
pristine g-C3N4. With the aid of DFT calculations and experimental calculations, Gu et al.
revealed that carbon vacancies and hydroxyls played significant roles in enhancing the
photocatalytic NO removal performance due to a synergistic effect. The carbon vacancies
narrowed the band gap to extend the light-harvesting range and the hydroxyls could
form the covalent bond acting as electron transport channels to facilitate the charge carrier
separation efficiency (Figure 11c).
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2.4. Crystallinity Optimization

Recently, the crystallinity optimization strategy has attracted much attention for
improving the photocatalytic activity of pristine g-C3N4 [78]. It is well-understood that
kinetic hindrance is the major issue in the traditional high-temperature solid-state synthesis
of pristine g-C3N4, which results in semi-crystalline or amorphous structures and limited
photocatalytic performance. Since kinetic hindrance is a great problem in traditional
high-temperature solid-state reactions, a novel liquid reaction synthesis technology was
developed to solve this problem. Bojdys et al. first reported that triazine-based crystalline
g-C3N4 was successfully synthesized with the ionothermal method using the eutectic
mixture of LiCl/KCl as a high-temperature solvent [112].

Up to the present, a great deal of research work has been carried out to prepare
crystalline g-C3N4 for enhancing photocatalytic performance. For example, Wang et al.
prepared heptazine-based crystalline g-C3N4 with the molten salt method using preheated
melamine as precursors. The melamine was first heated at 500 ◦C in a muffle furnace
and the preheated melamine was mixed with KCl and LiCl [113]. Then, the mixtures
were calcined again in a muffle furnace to prepare heptazine-based crystalline g-C3N4.
Detailed experimental characterization and theoretical simulation showed that heptazine-
based crystalline g-C3N4 displayed higher photocatalytic performance than triazine-based
crystalline g-C3N4 owing to the enhanced light-harvesting property and increased mobility
of photogenerated charge carriers. In addition, Wang et al. studied the crystallization
process of g-C3N4 using different precursors of the melem-based oligomer and melon-based
polymer with a molten salts method (Figure 12a) [114]. The melem-based oligomer and
melon-based polymer represented different polymerization degrees of g-C3N4, which were
calcined at 450 ◦C and 550 ◦C in a muffle furnace, respectively. Xiang et al. demonstrated
that the crystallinity of crystalline g-C3N4 synthesized using the molten salts method could
be further improved by hydrochloric acid treatment (Figure 12b) [115].
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It is important to point out that these reported molten salt methods were carried out
under an inert gas atmosphere in a muffle furnace, which limited the large-scale production
of crystalline g-C3N4. To solve this drawback, Gu et al. developed a modified molten
salt method under ambient pressure using dicyanamide (DCDA) as the initial precursor
(Figure 13a) [116]. The molten salts played two roles in the post-calcination process. One
was improving the crystallinity of pristine g-C3N4 acting as the high-temperature solution,
the other was protecting pristine g-C3N4 from contact with air since the pristine g-C3N4 was
immersed in the solution. The crystalline g-C3N4 exhibited 3.0 times higher photocatalytic
NO removal activity than pristine g-C3N4 under visible-light irradiation, with high stability
under the cycling test (Figure 13b,c). The detailed experimental characterization and
DFT calculation demonstrated that the optimized crystallinity played important roles in
improving the photocatalytic NO removal activity of crystalline g-C3N4. The optimized
crystallinity could decrease the band gap to extend the light-harvesting range, increase the
conductivity to promote the photogenerated charge carrier separation efficiency and reduce
the adsorption energy of NO and O2 molecules to activate the surface reactions, which led
to the significantly enhanced photocatalytic NO removal performance (Figure 13d–k).
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2.5. Heterojunction Construction

Charge carrier transport and separation is decisive in the photocatalytic process. A large
number of photogenerated electrons and holes suffered from volume recombination and
surface recombination, which result in unsatisfactory photocatalytic performance [117–120].
Constructing a g-C3N4-based heterojunction is an effective strategy to improve photocatalytic
performance. The spatial separation of photogenerated electron-hole pairs can be achieved
with efficient charge transfer across the interface between the two semiconductors. At the same
time, the g-C3N4-based heterojunction can display the advantages of the counterpart. In other
words, the g-C3N4- based heterojunction has both benefits of the two components. Up to the
present, several types of g-C3N4-based heterojunction have attracted much attention including
the traditional type-II heterojunction, all-solid-state Z-scheme heterojunction, step-scheme
(S-scheme) heterojunction and g-C3N4/carbon heterojunction.

The traditional type-II heterojunction is facile constructed, and much progress has
been made in this field. For example, Koci et al. reported that a series of TiO2/g-C3N4
heterojunction photocatalysts were easily prepared using mechanical mixing of TiO2 and
g-C3N4 in a water suspension followed by calcination in a muffle furnace [121]. The
TiO2/g-C3N4 heterojunction with the optimal weight ratio of TiO2 and g-C3N4 has shifted
absorption edge energy towards longer wavelengths and decreased the recombination rate
of charge carriers compared to pure g-C3N4.

Even though the traditional type-II heterojunction can improve the charge carrier
separation efficiency to improve the photocatalytic performance, it sacrifices the oxidation
potential energy and reduction potential energy. To overcome this drawback, the all-
solid-state Z-scheme was developed inspired by the photosynthesis of plants [70]. The
photosynthesis of plants consists of two isolated reactions of water oxidation and CO2
reduction, which are linked together through redox mediators. Thanks to the unique
structure, it keeps the strong redox ability, improves the charge carrier separation efficiency
and results in enhanced photocatalytic performance. For instance, Zhang et al. reported an
all-solid-state Z-scheme g-C3N4/Au/ZnIn2S4 heterojunction photocatalyst for enhanced
photocatalytic NO removal performance [122]. The noble Au nanoparticles played an
important role in the charge carrier transfer process, which acted as an electron acceptor and
conductive channel for enhancing the charge carrier separation efficiency. Additionally, the
all-solid-state Z-scheme heterojunction exhibited oxidation potential energy and reduction
potential energy during the photocatalytic NO removal process. Therefore, the optimized
Z-scheme g-C3N4/Au/ZnIn2S4 heterojunction photocatalyst showed photocatalytic NO
removal efficiency of up to 59.7%.

Recently, direct Z-scheme heterojunction has become a research hotspot [37,123]. The
direct Z-scheme heterojunction is totally different from the all-solid-state Z-scheme because
there is no intermediate, either Au or Ag nanoparticles, used in the direct Z-scheme het-
erojunction [25,122,124]. To describe the photocatalytic mechanism of the direct Z-scheme
heterojunction clearly and vividly, the Yu group first nominated the direct Z-scheme het-
erojunction for a step-scheme (S-scheme) heterojunction [125,126]. Yu et al., for the first
time, reported the g-C3N4-TiO2 direct Z-scheme heterojunction using the facile calcination
method. Moreover, they found that the g-C3N4-TiO2 direct Z-scheme heterojunction was
largely dependent on the content of g-C3N4 [54]. To be more specific, if the surface of
TiO2 was partially covered by the g-C3N4, the g-C3N4-TiO2 direct Z-scheme heterojunc-
tion would be obtained; if the content of g-C3N4 was too much, the traditional type-II
heterojunction would be obtained. Lu et al. reported an α-Fe2O3/g-C3N4 direct Z-scheme
heterojunction prepared using an impregnation–hydrothermal method (Figure 14a) [52].
The unique direct Z-scheme heterojunction brought about wide visible-light absorption
and facilitated charge carrier separation efficiency (Figure 14b) [52]. The α-Fe2O3/g-C3N4
direct Z-scheme heterojunction displayed approximately 1.78 times higher photocatalytic
NO removal performance than pristine g-C3N4. As for the S-scheme heterojunction, Yu
et al., for the first time, designed and constructed the S-scheme heterojunction of WO3/g-
C3N4 using an electrostatic self-assembly strategy [126]. After that, a great number of
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S-scheme heterojunctions have been reported for improving photocatalytic performance.
For example, Zhang et al. reported a Sb2WO6/g-C3N4 S-scheme heterojunction prepared
using an ultrasound-assisted strategy for improved visible-light photocatalytic NO removal
performance. In addition, Cao et al. successfully reported a 2D/0D g-C3N4/SnO2 S-scheme
heterojunction using a hydrothermal and annealing strategy toward visible-light-driven
NO degradation (Figure 15a) [127]. The S-scheme charge transfer mechanism was revealed
using the Density-Functional Theory (DFT) calculation, trapping experiments and EPR
spectra. Because of the unique structural features, the g-C3N4/SnO2 S-scheme photocata-
lysts displayed a photocatalytic NO removal percentage of 40% irradiated under visible
light (Figure 15b).
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Figure 14. (a) Schematic illustration for the preparation of α−Fe2O3/g−C3N4 direct Z−scheme het-
erojunction prepared using an impregnation−hydrothermal method. (b) The proposed mechanism of
direct Z−scheme heterojunction to improve the photocatalytic performance of α−Fe2O3/g−C3N4 [52].
Copyright 2021, Elsevier.

Carbon materials including graphene have brought about widespread attention in
the field of photocatalysis owing to their outstanding physical and chemical properties
including excellent electron conductivity, good light harvesting properties, large specific
surface areas, low cost and high stability [128–130]. Constructing a g-C3N4/carbon hetero-
junction can take advantage of carbon materials to improve the photocatalytic performance
of pristine g-C3N4. Firstly, coupling carbon materials with the g-C3N4 can significantly
extend the light-harvesting range to near-infrared. Secondly, carbon materials can facilitate
the photogenerated charge carrier separation efficiency since it acts as conductive chan-
nels for electron transfer. Lastly, the large specific surface areas of carbon materials can
provide plentiful of supporting sites for g-C3N4. For example, Gu et al. reported an alkali-

27



Catalysts 2023, 13, 192

assisted hydrothermal method to prepare g-C3N4/reduced graphene oxide (g-C3N4/rGO)
nanocomposites (Figure 16a) [131]. During the hydrothermal process, the NaOH could im-
prove the reduction of GO to increase the conductivity of rGO and etch the pristine g-C3N4
into nanosheets to enlarge the specific surface areas. The g-C3N4/rGO nanocomposites
displayed 2.7 times higher photocatalytic NOx removal performance than pristine g-C3N4.
The distinctly enhanced photocatalytic performance of g-C3N4/rGO nanocomposites is
ascribed to the improved light-harvesting property, increased specific surface areas and
active sites and facilitated charge carrier separation efficiency.
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using a hydrothermal and annealing strategy. (b) The proposed mechanism of S−scheme to improve
the photocatalytic performance of g−C3N4/SnO2 [127]. Copyright 2021, Elsevier.
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Figure 16. (a) Schematic illustration for the preparation of g−C3N4/rGO nanocomposites using
an alkali−assisted hydrothermal method. (b) Photocatalytic performance of pristine g−C3N4 and
g−C3N4 treated using an alkali-assisted process and g−C3N4/rGO for the removal of NO irradiated
under visible light. (c) Stability test of g−C3N4/rGO [122]. Copyright 2020, Elsevier.
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3. Conclusions and Prospects

In conclusion, photocatalysis is an environmentally friendly and low-cost technology
to solve NOx pollution. As a typical 2D metal-free semiconductor, the g-C3N4 photocatalyst
has drawn great attention owing to its outstanding physical and chemical properties includ-
ing visible light response, adjustable band structure, low cost, facile synthesis, high stability
and so on. Therefore, the g-C3N4 photocatalyst possesses great potential for application
in the photocatalytic NOx removal process. However, pristine g-C3N4 synthesized using
the traditional high-temperature solid reaction suffers from small specific surface areas
and low crystallinity, which results in few reactive sites, limited light-harvesting capacity,
rapid recombination of photogenerated charge carriers and unsatisfactory photocatalytic
NOx removal performance. In this review, we briefly summarize the recent advances in
g-C3N4-based photocatalysts for the NOx removal process. Various modification strategies
are discussed including morphology controlling, band structure engineering, crystallinity
optimization, defect engineering and heterojunction construction (Figure 17). The different
modification strategies play different roles in improving the photocatalytic NOx removal
performance of pristine g-C3N4. Specifically, morphology controlling can not only enlarge
the specific surface areas and increase the actives, but also shorten the charge carrier migra-
tion distance and thus suppress the photogenerated electron and hole pairs recombination.
Band structure engineering can be achieved using metal and non-metal doping, which can
reduce the bandgap and extend the light-harvesting range. As for defect engineering, it can
modify the electronic structures and improve the molecules to be adsorbed on the surface
of pristine g-C3N4. The crystallinity optimization strategy can increase the crystallinity
of pristine g-C3N4 and decrease its band gap. In addition, it increases the conductivity
to improve the photogenerated charge carrier separation efficiency. When it comes to the
heterojunction construction, it mainly promotes charge carrier separation efficiency through
efficient charge transfer across the interface between the two semiconductors. Up to now,
great progress has been made to enhance the photocatalytic NOx removal performance of
g-C3N4. However, from our perspective, there are still some significant challenges for us
to solve.

Catalysts 2023, 13, x FOR PEER REVIEW 20 of 26 
 

 

stability and so on. Therefore, the g-C3N4 photocatalyst possesses great potential for ap-

plication in the photocatalytic NOx removal process. However, pristine g-C3N4 synthe-

sized using the traditional high-temperature solid reaction suffers from small specific sur-

face areas and low crystallinity, which results in few reactive sites, limited light-harvest-

ing capacity, rapid recombination of photogenerated charge carriers and unsatisfactory 

photocatalytic NOx removal performance. In this review, we briefly summarize the recent 

advances in g-C3N4-based photocatalysts for the NOx removal process. Various modifica-

tion strategies are discussed including morphology controlling, band structure engineer-

ing, crystallinity optimization, defect engineering and heterojunction construction (Figure 

17). The different modification strategies play different roles in improving the photocata-

lytic NOx removal performance of pristine g-C3N4. Specifically, morphology controlling 

can not only enlarge the specific surface areas and increase the actives, but also shorten 

the charge carrier migration distance and thus suppress the photogenerated electron and 

hole pairs recombination. Band structure engineering can be achieved using metal and 

non-metal doping, which can reduce the bandgap and extend the light-harvesting range. 

As for defect engineering, it can modify the electronic structures and improve the mole-

cules to be adsorbed on the surface of pristine g-C3N4. The crystallinity optimization strat-

egy can increase the crystallinity of pristine g-C3N4 and decrease its band gap. In addition, 

it increases the conductivity to improve the photogenerated charge carrier separation ef-

ficiency. When it comes to the heterojunction construction, it mainly promotes charge car-

rier separation efficiency through efficient charge transfer across the interface between the 

two semiconductors. Up to now, great progress has been made to enhance the photocata-

lytic NOx removal performance of g-C3N4. However, from our perspective, there are still 

some significant challenges for us to solve. 

 

Figure 17. The different modification strategies to improve the photocatalytic NOx removal perfor-

mance of g−C3N4. 

First of all, although a variety of modification strategies were developed to enhance 

the photocatalytic NOx removal performance of g-C3N4, many of them are carried out un-

der harsh conditions even involving toxic reagents. For example, dangerous hydrofluoric 

acid is used to remove the silica-based hard templates for preparing different nanostruc-

tured g-C3N4. Therefore, in the near future, the environmentally friendly and low-cost 

Figure 17. The different modification strategies to improve the photocatalytic NOx removal perfor-
mance of g−C3N4.

First of all, although a variety of modification strategies were developed to enhance the
photocatalytic NOx removal performance of g-C3N4, many of them are carried out under
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harsh conditions even involving toxic reagents. For example, dangerous hydrofluoric acid
is used to remove the silica-based hard templates for preparing different nanostructured
g-C3N4. Therefore, in the near future, the environmentally friendly and low-cost synthesis
process which is suitable for large-scale production needs to be exploited for fabricating
hollow or porous nanostructured g-C3N4.

Secondly, collaborative strategies should be adopted to modify pristine g-C3N4 for
improving the photocatalytic NOx removal performance. The majority of research works
involve the single modification strategy, i.e., the element doping strategy, morphology con-
trol strategy, crystallinity optimization, defect engineering and heterojunction construction.
The single modification strategy can enhance the photocatalytic activity of pristine g-C3N4
remarkably, but there is room for improvement. We can employ collaborative strategies
to improve the photocatalytic NOx removal performance of pristine g-C3N4. For instance,
we can optimize the crystallinity and introduce nitrogen simultaneously to enhance the
photocatalytic activity of pristine g-C3N4. Collaborative strategies extend the visible light
response range, promote charge carrier separation efficiency and activate the reactants
molecules, resulting in excellent photocatalytic performance.

Thirdly, g-C3N4-based photocatalysts with full-spectrum-activated photocatalytic ac-
tivities from UV to near-infrared still remains a great challenge. It is well-understood that
pristine g-C3N4 cannot harvest near-infrared (NIR) light, which accounts for 50% of the
full solar spectrum. In order to make full use of solar energy, it is urgent to develop full-
spectrum responsive g-C3N4-based photocatalysts for photocatalytic NOx removal. Het-
erojunction construction with narrow optical materials, the combination of up-conversion
materials and plasmonic materials and element doping collaboration with crystallinity
optimization can be used to extend the light absorption of g-C3N4 to NIR light region.

Finally, the photocatalytic NOx removal process is very complicated, and the related
catalytic mechanism is not thoroughly studied or understood. Therefore, advanced char-
acterization techniques and theoretical simulations are recommended for revealing the
photocatalytic NOx removal mechanism. Steady-state photoluminescence spectra and time-
resolved photoluminescence spectra show the photogenerated charge carrier separation
efficiency. The in situ infrared absorption spectroscopic analysis helps us to understand the
mechanism of ROS generation and conversion. At the same time, the theoretical calculation
should be widely used to analyze the effects of metal or non-metal doping on the band
structure and the effects of carbon or nitrogen vacancies on the reactant molecule activation.
Only when we clarify the photocatalytic NOx removal mechanism comprehensively can
we synthesize highly efficient g-C3N4-based photocatalysts for the photocatalytic NOx
removal process.
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Abstract: Organic solar cells (OSCs), as a renewable energy technology that converts solar energy into
electricity, have exhibited great application potential. With the rapid development of novel materials
and device structures, the power conversion efficiency (PCE) of non-fullerene OSCs has been increas-
ingly enhanced, and over 19% has currently been achieved in single-junction devices. Compared
with rigid silicon cells, OSCs have the characteristics of low cost, high flexibility, lightweight, and
their inherent solution processability, which enables the devices to be manufactured by using printing
technology for commercial applications. In recent years, to maximize the device performance of
OSCs, many efforts have been devoted to improving the morphologies and properties of the active
layer through various novel printing technologies. Herein, in this review, the recent progress and
applications of several popular printing technologies to fabricate high-efficient OSCs are summarized,
including blade-coating, slot-die coating, gravure printing, screen printing, inkjet printing, etc. The
strengths and weaknesses of each printing technology are also outlined in detail. Ultimately, the chal-
lenges and opportunities of printing technology to fabricate OSC devices in industrial manufacturing
are also presented.

Keywords: organic solar cells; printing technology; blade-coating; slot-die coating; inkjet printing

1. Introduction

The extreme climate issue caused by resource depletion and excessive carbon emissions
has become increasingly serious. To achieve a global carbon-neutral demand, it is urgent to
replace the utilization of traditional fossil fuels with sustainable renewable energy. Solar
energy, as the largest renewable energy on earth, is the key to satisfying the future energy
demand. Currently, many researchers are focused on the development of high-efficient
solar cells with low cost and high stability. Nowadays, the current photovoltaic market
is dominated by traditional silicon-based solar cells owing to their ultrahigh conversion
efficiency and long-term stability [1]. However, the complex manufactural processes, high
cost, and insufficient flexibility of the device limit their further application in portable
energy devices and wearable electronics.

The third-generation solar cells, including dye-sensitized solar cells, perovskite solar
cells (PSCs), and organic solar cells (OSCs), have been developed rapidly to overcome the
drawbacks of traditional solar cell technologies. The OSCs, as one of the representatives,
exhibit great application potential due to their mechanical flexibility, semitransparency,
and wearability [2–8]. Recently, great efforts have been made over the past few decades to
synthesize novel acceptors and to substitute the fullerene systems with PCE enhancements
simultaneously. Fortunately, a fused ring non-fullerene acceptor (NFA) called ITIC was
first reported by Zhan’s group [9]. These NFAs exhibit wide light absorption ranges and
tunable bandgaps and are easily modified. Since then, lots of NFAs have been synthesized,
and great achievements have been obtained in the efficiency breakthrough of OSCs. The
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record of power conversion efficiency (PCEs) in NFAs-OSCs has increased rapidly and has
reached over 18% [10–15].

Meanwhile, research on large-scale and flexible OSCs has also attracted much attention
due to their practical applications. In 2021, Huang’s group [16] adopted a self-organization
method by adding 2PACz into the active layer to process flexible and large-area OSCs
(device area 1.0 cm2) and achieved the highest PCE of 15.8%. More recently, Xie et al. [17].
reported 21 cm2 flexible organic modules with an AgNWs-polymer transparent film as the
top electrode, delivering an impressive PCE of 12.3%. However, these devices were mainly
fabricated by the spin-coating method. Commonly, the spin-coating technique has been
used to deposit high-quality thin films in OSCs with small areas [18–22]. The thickness
of the film can be adjusted by controlling the spin-cast speed and solution viscosity. The
solution was deposited on the substrate and dried quickly to avoid the risk of donor or
acceptor aggregation in the wet film. Nevertheless, when it comes to large-scale substrates,
the spin-coating method is inappropriate for controlling the film thickness and uniformity
accurately. In addition, only a few materials remain on the substrate, most of which are
spun off, resulting in a high percentage of material waste. In order to meet the requirements
of future applications and industrial manufacturing, other fabrication technologies are
urgently needed. Particularly, printing technologies are desirable and highly suitable for
manufacturing large-area OSCs, such as blade-coating, slot-die coating, gravure printing,
screen printing, inkjet printing et al. [23–27]. Recently, Wei et al. [28]. employed the slot-die
method to fabricate 1 cm2 flexible OSCs. With the fine-tuning of active layer morphology
and flexible substrate properties, an efficiency of 12.16% was achieved, which was very
close to the spin-coated rigid device (PCE of 12.37%). Furthermore, the same group studied
the behaviors of film-dry kinetics during the slot-die process [29]. The PCE of 13.70%
was obtained for 1 cm2 large-area flexible OSCs. The 30 cm2 flexible cells also delivered
an impressive PCE of 12.20% due to the high tolerance of the film thickness. However,
at present, less attention has been paid to the printing methods relative to spin coating.
The performance of the lab-scale OSCs, based on printing technologies, is still lower than
that of spin-coating. These printing technologies are more suitable to be adopted for the
scalability and mass production of OSCs, which need to be further improved. Therefore, in
this review, we summarized the recent progress of printing technologies, including blade-
coating, slot-die coating, gravure printing, screen printing, inkjet printing et al. We first
discussed the organic active layer and interfacial layer materials used for printing OSCs.
The process, characteristics, and application of the above printing methods to fabricate
the OSCs are also emphasized, including the strengths and weaknesses of each printing
technology, which are outlined. In addition, the perspective for printing large-scale and
flexible OSCs is also presented. We expect that this review can provide new strategies to
accelerate the fabrication of OSCs with printing technology.

2. Device Structure and Materials in Organic Solar Cells
2.1. Device Architecture

The architecture of OSCs could be categorized into several types: a single-layer
Schottky structure, bilayer planar heterostructure, bulk heterostructure (BHJ), and layer-by-
layer (LBL) structure. For the simple single-layer structures studied in the early OSC, it is
difficult to decompose the exciton into free electrons and holes due to the lack of a built-in
electric field. Subsequently, a bilayer planar heterojunction solar cell (PHJ), as revealed in
Figure 1a, was developed. The exciton in a PHJ device can generate charge transfer at the
donor and acceptor interface, making exciton dissociation more effective. Then, when the
concept of BHJ solar cells was introduced by Heeger et al. in 1995 [30], OSCs developed
rapidly. The conventional structure of BHJ OSCs is shown in Figure 1b and includes a
photoactive layer, hole transporting layers (HTLs), and electronic transporting layers (ETLs)
coupled with electrodes. In the active layer of BHJ, the bi-continuous interpenetrating
networks are formed with the mix of donor and acceptor materials, and the increasing
D-A interfacial area facilitates the charge generation and separation effectively, leading
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to an improvement in PCE of OSCs [31]. For now, the BHJ devices have been a major
research focus in the OSC field. The solution processability of active layer materials makes
it possible to form electronic organic ink, which can be adopted for efficient printing
technologies [32–37].

More recently, a sequential layer-by-layer (LBL) (Figure 1c) processed solar cells
emerged and provided high device efficiency [38]. Such a strategy can form a pseudo
bimolecular layer (p-i-n) structure in the active layer, in which appropriate vertical phase
separation can be formed to promote exciton dissociation and optimize charge transport
at the corresponding electrode to reduce energy losses. The first successful examples of
highly efficient OSCs based on an LBL structure were reported simultaneously by two
groups in 2018. Friend et al. [39] fabricated conventional LBL OSCs based on ITO/PEDOT:
PSS/NCBDT/PBDB-T/PDINO/Al. They optimize photovoltaic performance by control-
ling the thickness of each active layer only, and the device achieved a high PCE of 10.19%,
equivalent to the 10.04% PCE obtained by BHJ OSCs. Hou et al. [40] selected PBDB-TFS1
as the polymer donor and IT-4F as the non-fullerene acceptor, where the THF solvent was
used for processing IT-4F on top of the layer. It was found that when the THF solvent
was treated on PBDB-TFS1 films, the quality of the film could be maintained effectively.
In order to control the inter-diffusion between PBDB-TFS1 and IT-4F, O-dichlorobenzene
was introduced into THF as a cosolvent. During the film preparation, o-DCB can induce
IT-4F molecules to penetrate into the bottom layer successfully; therefore, the vertical phase
distribution can be adjusted by changing the amount of o-DCB. As a result, researchers
found that as the amount of o-DCB increases, the device efficiency of LBL OSCs gradually
increases from 8.11% to 13.0%. This result demonstrated that the optimized efficiency of
the LBL device is higher than that of traditional BHJ OSCs (PCE: 11.8%), which has led to
the rapid development of OSCs based on an LBL structure since then.
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2.2. Active Layer Materials

The active layer materials have a direct impact on the photovoltaic performance
of OSCs. Generally speaking, the active layer of heterojunction devices consists of two
parts, namely the donor and acceptor material. Among them, the energy level differences
between the donor and acceptor provide a certain driving force for exciton separation,
which requires the cascaded bandgap of the donor and the acceptor (the LUMO energy
level of the donor material is at least 0.3~0.5 eV higher than that of the acceptor). Thus, the
excitons can be separated at the donor/acceptor interface effectively. In addition, to satisfy
the requirements of industrial fabrication, it is important to develop materials that can be
prepared with an environmentally friendly solvent without toxicity. In addition, designing
the active layer materials with a thickness insensitive is also valuable for large-area device
fabrication [42–45]. Table 1 summarizes the recent progress in fabricating NFA-based OSCs
with various printing technologies. According to the active layer materials and fabrication
techniques, we can observe that blade coating and slot-die coating are the main printing
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methods to fabricate the high-efficient NFA OSCs with a maximum PCE beyond 17%,
although the device areas are generally less than 1 cm2, which should be further improved.

Table 1. The performance of NFA-based OSCs by printing technologies.

Device Structure Active Layer
Materials

Processing
Method

Device
Area [cm2]

PCE
[%] Year Ref.

ITO/ZnO/BHJ/MoO3/Al PBDB-TF:IT-4F Blade coating 1.04 9.22 2018 [46]
ITO/ZnO/BHJ/MoO3/Al PBDB-TF:IT-4F Blade coating 0.12 12.88 2018 [46]

ITO/PEDOT:PSS/BHJ/PFN–Br/Al PBDB-T-SF:IT-4F Slot-die coating 0.1 12.9 2019 [47]
ITO/PEDOT:PSS/BHJ/PFN–Br/Al PBDB-T-SF:IT-4F Slot-die coating 0.2 12.32 2019 [47]
ITO/PEDOT:PSS/BHJ/ZrAcac/Al PM6:IT-4F Blade coating 0.04 13.64 2019 [48]
ITO/PEDOT:PSS/BHJ/ZrAcac/Al PM6:IT-4F Blade coating 0.56 11.39 2019 [48]

ITO/ZnO/BHJ/MoO3/Al PBDB-T:i-IEICO-4F Blade coating 0.04 11.6 2019 [49]
ITO/ZnO/BHJ/MoO3/Al PBDB-T:i-IEICO-4F Slot-die coating 0.04 12.5 2019 [49]

ITO/PEDOT:PSS/LBL/PDINO/Al J71:ITC6-IC Blade coating 0.04 11.47 2019 [50]
ITO/PEDOT:PSS/LBL/PNDIT-F3N-Br/Al PM6:Y6 Blade coating 0.04 16.35 2020 [51]
ITO/PEDOT:PSS/LBL/PNDIT-F3N-Br/Al PM6:Y6 Blade coating 1 15.23 2020 [51]

ITO/ZnO/BHJ/MoO3/Al PM7:IT4F Slot-die coating 0.04 13.2 2020 [52]
ITO/PEDOT:PSS/BHJ/PDINO/Al PBDB-TF:BTP-4Cl-12 Blade coating 0.81 15.5 2020 [20]

ITO/ZnO NPs/BHJ/MoO3/Ag PTB7-Th:EH-IDTBR Slot-die coating 1 9.43 2020 [53]
ITO/ZnO/BHJ/MoO3/Ag PM6:Y6 Slot-die coating 5.6 15.6 2020 [54]

ITO/PEDOT:PSS/BHJ/AZO/Ag PTB7-Th:IEICO-4F Inkjet printing 0.1 9.5 2020 [55]
ITO/ZnO/BHJ/MoOX/Al PM6:Y6 Slot-die coating 0.04 15.93 2021 [56]
ITO/ZnO/BHJ/MoOX/Al PM6:Y6 Slot-die coating 0.56 13.91 2021 [56]

ITO/PEDOT:PSS/BHJ/PFN-Br/Ag PBDB-T:PYT Blade coating 0.04 15.01 2021 [57]
ITO/PEDOT:PSS/BHJ/PFN-Br/Ag PM6:BTP-eC9 Blade coating 0.04 16.77 2021 [58]
ITO/PEDOT:PSS/BHJ/PDINO/Al PM6:BTP-eC9 Blade coating 0.04 16.58 2022 [59]

ITO/ZnO/BHJ/MoO3/Al D18:Y6 Slot-die coating 0.04 17.13 2022 [60]
ITO/ZnO/LBL/MoO3/Al PM6:BTP-BO-4Cl Inkjet printing 0.04 13.09 2022 [61]
ITO/ZnO/BHJ/MoO3/Al D18:BTR–Cl:Y6 Slot-die coating 0.04 17.2 2022 [62]
ITO/ZnO/BHJ/MoO3/Al D18:BTR–Cl:Y6 Slot-die coating 1 16.3 2022 [62]
ITO/AZO/LBL/MoO3/Al PM6:Y6 Blade coating 0.1 16.26 2022 [63]

For donor materials, conjugated polymers are widely used due to their wide light
absorption wavelength and excellent molecular packing structure [64–66]. The design of
the printable donor materials should meet the following requirements. Firstly, the materials
should have strong and wide absorption in the visible and near-infrared regions, which
is crucial to the improvement of the device current. Secondly, the donor material should
possess higher and more balanced carrier mobility to ensure that sufficient photogenerated
excitons and charges are transported to the electrodes with less recombination. Thirdly,
the material should exhibit good solubility and miscibility, which is conducive to the
film morphology and avoid excess aggregation in the solvent. At present, plenty of
donor materials show good photovoltaic performance. Among these, the materials based
on benzodithiophene are the most excellent donors, such as PM6, PM7, D18, and their
derivatives, as shown in Figure 2.

The development of the acceptors has meant that a transition has been experienced
from fullerene to non-fullerene materials. Figure 3 lists several frequently used NFAs.
For the requirement of acceptor materials, the matchable energy levels between donor
and acceptor materials are necessary. Additionally, the crystallinity and solubility of the
acceptor materials should also be emphasized, which are beneficial to the formation of
the appropriate domain size and phase separation in the active layer. In 2019, Zou et al.
reported a new non-fullerene acceptor, Y6 [67]. This molecule replaces the sp3 hybrid
carbon atom in the acceptor with the nitrogen atom in the pyrrole ring, thus, reducing
energy loss and improving electron mobility effectively. Y6 and its derivatives are currently
the best non-fullerene acceptors for photovoltaic performance, which greatly promotes the
development of OSCs, making the energy conversion efficiency reach 15~19%. Currently,
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the modification of the Y series is a hotspot in the research of OSCs. Yan et al. [68] further
studied the effect of the position of alkyl chain branches on the photovoltaic performance of
the device. It was found that the change in the position of alkyl chain branches could make
a significant difference between the molecular stack and the morphology of the blend film.
Sidechain engineering has made great achievements in controlling molecular crystallization
properties, which results in the formation of high-quality films in the printing process.
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2.3. Interfacial Layer Materials

The charge transporting layers are usually called the buffer layers or the modification
layers and are sandwiched between the electrode and active layer, playing a critical role in
facilitating charge extraction, trap passivation, and carrier transport. Introducing organic
or inorganic interface materials to realize the ohmic contact and optimize charge transport
between the active layer and electrode is an effective way to improve the performance
of OSCs.

As for the conventional structure of OSCs, a PEDOT:PSS aqueous solution is the most
widely used hole transporting layer material because of its excellent electrical conductivity
with a high adjustability and surface wettability solution deposition [69–72]; the molecular
structures of this are presented in Figure 4a. Many strategies have been devoted to modify-
ing the properties of such conductive solutions. Recently, Howells et al. [73] introduced
a polymeric fluorinated additive into PEDOT:PSS, which avoided water diffusion into
the hygroscopic HTLs and protected the Al electrode from deteriorating. In addition,
the fluorinated additive also allowed the HTLs to achieve suitable built-in electric field
distributions to obtain a faster charge extraction. Xu’s groups [74] added a multifunctional
organic material (2,3-dihydroxypyridine, DOH) into the PEDOT:PSS aqueous solution as
an additive, which enhanced the conductivity and hole mobility of HTLs. They found that
DOH doping can facilitate the phase separation between the PEDOT and PSS chains by
inducing the conformational transformation of the PEDOT chain (Figure 4b). As a result,
the device efficiency based on DOH incorporation was enhanced by 20%, with a significant
improvement in thermal and air stability. Kee et al. [75] added different ionic liquids into
HTLs to regulate the molecular ordering of PEDOT:PSS. By controlling the counter-ion
exchange between the ionic liquids and PEDOT:PSS, the molecular packing of PEDOT
was rearranged (Figure 4e,f). Due to the planar and rigid molecular structures, PSS and
PEDOT molecules were reassembled through a strong π–π interaction, leading to a highly
ordered nanofilm of PEDOT, making the charge transfer more effective. Hou’s group [76]
incorporated WOx nanoparticles into HTLs, improving the interfacial properties and device
performance successfully. After blending WOx with PEDOT:PSS, the film showed better
transparency, leading to a higher short current of the OSCs. According to morphological
analysis, the physical crosslinking was formed due to the fine interaction between WOx
and PEDOT:PSS. Therefore, the surface free energy and phase deviation of the thin film
increased significantly when compared to the pure WOx and pristine PEDOT:PSS as the
HTL. As a result, a raising fill factor of 80.79% and PCE of 14.57% were achieved based on
the PBDB-TF:IT-4F BHJ device. In addition, some other inorganic HTLs materials, including
NiOx, MoOx, VOx, and Ag NWs, have also been introduced into the PEDOT:PSS solution as
additives to tune the work function and enhance the device performance effectively [77–80].

The modified layer between the active layer and the cathode is called the electron
transporting layer. Zinc oxide (ZnO) is a wide bandgap metal oxide with high electron
mobility used as the ETLs material. Hou et al. developed a high-quality printable ZnO
layer through sol-gel technology. They found that the OSCs with a ZnO precursor syn-
thesized by an n-propylamine (PA) Lewis base exhibited the best performance; it could
suppress the bumps and coffee rings during the blade coating process. Thus, the 1 cm2

flexible OSC fabricated with PA-ZnO ETLs showed excellent photostability and obtained
a high PCE of 16.71%. Although many efforts have demonstrated that devices with ZnO
ETLs show excellent photovoltaic performance [46,81–83], the amine residues from the
ZnO preparation process affect the active layer materials, deteriorating the device’s effi-
ciency [84,85]. Moreover, the fluidic characteristics of ZnO ETLs in the printing process
are still unclear and need further research in the application of large-area OSCs [86]. As
ZnO alternatives, some alcohol-soluble organic ETL materials with high conductivity could
afford a suitable energy level alignment at the electrode interface. The naphthalene diimide
(NDI), perylene diimide (PDI), and their derivatives are also most representative of ETLs.
Zhang et al. [87] reported an aliphatic amino-functionalized PDI derivative named PDINN.
It not only has excellent electronic transmission performance but also has high crystallinity.
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When introducing PDINN as the ETLs, the charge transfer performance of the device
is effectively improved, and the OSC based on PM6:Y6 achieved a high PCE of 17.23%.
Liu et al. [88] introduced imidazole functional groups into the molecules to substitute
the amine terminal group. Two novel interlayers, molecular NDI-M and PDI-Ms, were
synthesized successfully by a condensation reaction. Compared to the molecular with
amine groups, the imidazole-group-based molecules of NDI-M and PDI-M have deeper
energy levels, as shown in Figure 4c, which facilitated the electron extraction and enhanced
the charge transport at the interface. The devices based on D18-Cl:Y6:PC71BM with the
PDI-M as ETLs obtained a high PCE of 17.98%. Figure 4d–f shows the versatility and
applicability of these imidazole-functionalized small molecules in different OSCs.
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3. Methods for Printing Technologies

Recently, a variety of film-forming technologies for solution-processed OSCs have
been developed. The high-efficiency OSCs are basically manufactured by the spin-coating
method. Despite the excellent behaviors of lab-scaling devices with spin-casts, recently,
this method has not been favorable for upscale production [89]. When it comes to large
substrates, the limitation of the spin process leads to inhomogeneous thickness at the
edge of the blend films, affecting the device’s performance. In addition, a large amount
of solution wasted in the spin coating process further increases the costs. Therefore, for
the mass and scalability production of OSCs, upscale printing fabrication technologies are
urgently needed as shown in Figure 5. One type of printing method is when the mixed
solution is transferred to the substrate by pouring, spraying, or casting. There is no contact
between the coating head and the substrate. These methods can be divided into blade
coating, slot-die coating, spray coating et al. On the other hand, the gravure printing, screen
printing, flexographic printing, et al. methods are stamping processes in which the solution
and substrate contact directly and can form two-dimensional patterns. In addition, inkjet
printing has favorable applications for producing complex patterns. At present, fabrication
technologies allow mechanical flexibility and solution-processable materials to be printed
on flexible or rigid substrates, which are simple, efficient, and environmentally friendly
methods for film fabrication and can also be integrated with Roll-to-Roll processing [90–92].
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3.1. Blade Coating

Blade-coating, known as doctor-blade, is a promising printing technique for preparing
large-scale films. It is also a continuous fabrication process and is wildly used in laboratory
preparation with the advantages of equipment simplicity, sufficient material utilization, and
tunable parameters [93]. During the coating process, the precursor solution is deposited in
front of the blade on the heating plate then the blade moves parallel to the substrate at a
certain rate to disperse the solution and form a wet film. In order to obtain high-quality
active layers, the properties of the film can be controlled by adjusting the parameter of
the coating speed, solution concentration, solution species, plate temperature et al. The
thickness (d) of the dry film can be calculated from the following empirical formula:

d =
1
2

(
g

c
ρ

)
(1)

where “g” is the distance between the blade and substrate, “c” is the concentration of the
solution, and “ρ” is the density of the final dry film. It is noteworthy that after coating, the
wet film requires a long time to solidify. During the phase transition process, the solution
tends to aggregate or self-assemble, especially for polymer materials, which leads to poor
film morphology [51,63,94,95]. Therefore, great efforts have been devoted to the study of a
mechanism of film formation in the blade coating process. This printing technique was first
applied to the fullerene system by Mens et al. [96] to study the crystallization and phase
separation of the blend film based on MDMO-PPV and PCBM. According to the results
of solid-state NMR spectroscopy, they found that PCBM exhibited higher crystallinity in
the blade coating method than in spin coating, which was related to the slower solvent
evaporation rate in the blade coating process. In 2018, Ma et al. [46] developed the blade
coating method for preparing inverted non-fullerene solar cells. The device structure
with ITO/ZnO/PBDB-TF:IT-4F/MoO3/Al delivered a PCE of 12.88% by improving the
surface morphology of the ZnO buffer layer. Considering the differences in the spreading
force and drying dynamics between spin-coating and blade coating, particularly in the
preparation of large-area devices. Thus, they fabricated a smoother ZnO layer successfully
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to enhance the interfacial contact with the active layer, and consequently, led to a higher
performance for the blade coating device. In the same years, Zhao et al. [97] also used the
blade coating method to fabricate PBTA-TF:IT-M-based and PBDB-TF:IT-4F-based solar
cells via a vacuum-assisted annealing (VAA) strategy, as depicted in Figure 6a. A similar
phase separation of the OSCs was observed in both blade coating and spin-casting methods,
with the maximum PCEs of 10.72% and 13.55%, respectively (Figure 6b). Due to the effect
of the VAA process, the unfavorable morphology caused by the prolonged drying process
was suppressed, and the large-area OSCs module with a 12.6 cm2 large area based on
PBDB-TF: IT-4F attained a PCE of 10.21% with a Voc of 2.56 V, Jsc of 6.23 mA cm−2 and FF
of 64.02%, which proved that the VAA method is a feasible way for blade coating large-area
modules. On the basis of these previous studies, attention has been paid to the defects in
film-forming during the coating process, such as inhomogeneous phase distribution, self-
aggregation, and large phase separation. Strategies have been put forward to improve fluid
flow and adjust film wettability, such as selecting solvents, adding additives, or controlling
temperature et al. [56,87,94,97–99]. For example, Li et al. [97] developed a green solvent
O-xylene for the eco-friendly printing of OSCs via blade-coating under high-temperature
conditions. The excessive aggregation of the Y6 acceptor was inhibited effectively under 90
◦C during the coating process, which shortened the drying period of the wet film. They also
introduced 1,2-dimethylnaphthalene as the solvent additive to facilitate the crystallinity
of the blend films. Contributing to enhanced photon absorption and reduced energy loss,
the device based on PM6:Y6 obtained a PCE of 15.51%. In addition, large-area solar cells
with 1.00 cm2 were fabricated in the air, delivering a high PCE of 13.87%. More recently,
Yuan et al. [56] designed the micro cylinder arrays patterned blade in order to control
the fluid flow and optimize the morphology of the PM6:Y6 blend films, as represented
in Figure 6c–e. They discovered that the arrays of the patterned blade had changed the
fluid flow into a stable, unidirectional, and external flow type, which enhanced the rate
of the extensional and shear strain. Thus, the polymer chains of PM6 were effectively
stretched and aligned, leading to favorable phase separation, as shown in Figure 6f. As a
result, the blend films used a patterned blade coating method via a lower coating speed
and exhibited enhanced crystallinity and optimized morphology when compared to the
normal blade coating. In addition, this novel strategy improved the exciton dissociation
and charge transport efficiency, which was also applied in the fabrication of large-area
devices successfully.

Recently, the sequential solution deposition of the layer-by-layer structure has been
demonstrated as a promising way to achieve high-performance OSCs, and blade coating
is also widely applied in the fabrication of this type of device. Sun et al. [50] reported
an LBL processing approach using a sequential blade coating method to investigate the
differences with the BHJ structure and studied morphology, photophysical dynamics, and
device performance systematically (Figure 7a). They reported that the vertical distribution
of the donor and acceptor brought by LBL processing is more advantageous than that of
BHJ, which not only facilitated the charge transfer but also enhanced the stability of the
devices. Several non-fullerene blend systems fabricated by this technique all exhibited
higher efficiency and lower voltage loss, which indicated the excellent universality of
sequential blade coating and its compatibility with different active layer materials. It is
worth noting that the interpenetrating network structure formed in BHJ is generated by a
spontaneous nanophase separation, which is metastable. When the morphology is adjusted
to the thermodynamic equilibrium state, a large-scale phase separation can be observed.
As a result, the device performance, especially for large-area solar cells, deteriorates [38].
Under this consideration, Min et al. [51] fabricated LBL devices based on PM6:Y6 with a
sequential blade coating method, achieving a high efficiency of 16.35% for a small area
(0.04 cm2). The OSCs, as shown in Figure 7b,c, was better than the BHJ-bladed devices.
They found that when introducing the LBL processing, the blend films could exhibit
higher absorption and an obviously enhanced charge transport ability. In order to further
explore the universality of this printing technique, other non-fullerene systems, PM6:Y6-
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2Cl, PTQ10:Y6, and PM6:Y6-C2, were also selected. Benefiting from the physical dynamics
to form proper surface uniformity for the sequential blade coating films, they applied this
strategy to fabricate large-scale solar modules (Figure 7d). The 11.52 cm2 module delivered
an impressive PCE of 11.86% with a Voc of 3.20 V, Jsc of 6.41 mA cm−2, and an FF of 57.85%,
which is the highest efficiency of large-area OSCs. These results demonstrate that the LBL
printing technique shows great potential for the high performance of OSCs with mass
production and a decrease in the PCE roll-off effect. Additionally, Li et al. [63] deeply
studied the mechanism of film formation by adopting a reversible and LBL deposition
method with sequential twice forward/reverse blade-coating (Figure 8a). The viscosity
of PM6 in chloroform is related to the shear rate of the fluid, showing the feature of non-
Newtonian fluid. During the coating process, the inhomogeneous viscosity of PM6 leads
to poor mass distribution on the substrates. Thus, they developed an RS-LBL strategy to
compensate for PM6 mass loss during printing, resulting in more uniform film thickness
and higher light absorption. Benefiting from the uniform phase distribution, the active
layer exhibited excellent face-on stacking and a PCE of 13.47% with an enhanced Voc of
9.90 V, Jsc of 1.93 mA cm−2, and FF of 70.53% was achieved in the large-area (36 cm2) solar
modules (seen in Figure 8b–e).
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3.2. Slot-Die Coating

Slot-die coating is another printing technique that forms stripe patterns by controlling
ink properties with excellent reproducibility, which is very suitable for printing multi-layer
OSCs. The slot-die coating head is an ink reservoir consisting of two movable metal blades,
a meniscus guide, and a gasket to support the pressurization of the ink. During the coating
process, ink is provided through the coating head with a pump continuously and is de-
posited between the tip of the head and the substrate. Then, the coating head simply moves
along the substrate direction to print a wet film. Similar to the film formation mechanism
in the blade coating, the film thickness can be accurately determined by controlling the ink
feeding rate, or the speed of the slot die head, which can be calculated as follows:

d =
f

Sw
c
ρ

(2)

where “f ” is the flow rate of the ink, “S” is the coated speed, “w” is the coated width,
“c” is the concentration of the ink, and “ρ” is the density of the final dry film. In ad-
dition, the slot-die coating is a closed feeding system, and it can efficiently prevent ink
pollution and excessive evaporation during coating, which is critical for future industrial
preparations [100–102]. Researchers are devoted to improving film quality and developing
high-performance devices by the applied slot-die coating method. Zhao et al. [54] reported
a slot-die coating process to fabricate hydrocarbon-based solvent solar cells with the device
inverted structure of ITO/ZnO/PM6:Y6/MoO3/Al. The aggregation behaviors of PM6
and Y6 in each solvent solution were different and exhibited temperature dependence
(Figure 9a–c). For the coated films prepared in chlorobenzene, 1,2,4-trimethylbenzene, and
ortho-xylene as solvents, they all exhibited higher crystallinity and appropriate morphol-
ogy, resulting in enhanced and balanced charge transport along with reduced nonradiative
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losses. By optimizing the process temperature of slot-die coating, they achieved an im-
pressive PCE of 15.2%, 15.4%, and 15.6%, respectively, which proved this scalable printing
technique to be suitable for large-scale and industrial and environmentally friendly OSC
production. To further understand the influence of solvents during the coating process,
Yang et al. [103] used a sequential slot-die coating approach to prepare PM6:Y6 blend films
by adopting two different kinds of boiling point solvents: chlorobenzene and chloroform.
The donor layer was coated using high-boiling chlorobenzene first, while the acceptor
dissolved in chloroform was slot-die-coated on the donor layer, in which the vertical phase
separation was formed. They discovered that the film formation process of different sol-
vents accompanied by different drying kinetics affected the morphology of the active layer
(Figure 9d–e). The high-boiling solvent with less evaporation remained in the donor layer
when the acceptor Y6 was deposited sequentially. The well blend of the PM6:Y6 film
achieved an optimized vertical phase distribution and impressive interpenetrating network
structure. As a result, the sequential slot-die coated device with two different solvents
delivered a PCE of up to 14.42%, which is higher than the ones in traditional single solvents.
Recently, Wei et al. [29] studied the film-dry kinetic during the slot-die coating process
systematically by selecting two different NFAs: Qx-1 and Qx-2. Through in situ UV-vis
absorption measurements, they found that Qx-1 maintained an appropriate aggregation
with suitable crystallization during the drying process, while Qx-2 exhibited excessive
aggregation, resulting in poor device performance, as shown in Figure 9d,e. The benefit
from the desirable domain size of QX-1 and high thickness tolerance of blend films was
that the 1 cm2 flexible OSC based on PM6: Qx-1 via a slot-die coating method delivered a
PCE of 13.70% and FF of 71%. Furthermore, they also fabricated 30 cm2 large-area OSC
modules along with an outstanding PCE of 12.20% and superior storage stability of over
6000 h. Despite the high materials utilization and low waste of this printing technique, large
amounts of ink are needed to fill in the slot before coating. Therefore, it is an inappropriate
method for preparing high-cost ink coating [104].
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3.3. Inkjet Printing

Inkjet printing is a digitally controlled printing technique and is widely used to fabri-
cate the functional layer in OSCs with the advantages of low material waste, patternable
preparation, and a maskless and contact-free process. The operating principle can be di-
vided into the formation and spraying of liquid drops, the position, and diffusion of drops
on the substrate, the evaporation of the solvent, and the formation of dry film. The ink is
deposited on the substrate through a nozzle. Additionally, the size of the droplet can be
well controlled by heating or mechanical compression. When the substrate moves forward,
the wet film is prepared by moving the printing head in the transverse direction. There are
two common inkjet printing models used to generate droplets, which are continuous inkjet
printing (CIJ) and drop-on-demand (DoD)’ [105,106], as shown in Figure 10a,b, respectively.
In CIJ, the ink is sprayed from the nozzle, and the continuous droplets are charged by the
electrode. When passing through the deflection plate, the electrostatic field deflects the
charged ink droplets to a certain angle and then deposits them on the substrate selectively.
In the DoD mode, it usually requires several printing heads, in which the ink droplets are
formed by the pressure pulse of the piezoelectric stimulation or a thermal inkjet bubble. The
droplets are sprayed from the nozzle only when demanded. Although CIJ is a fast-printing
method, its complex operation and low printing resolution limit its application in large-area
device fabrications. DoD technology is favored for the industrial production of functional
materials. The DoD inkjet printing is stable for growing droplets to avoid the secondary
droplets or satellite spots that influence the film properties. The DoD inkjet is a nearly
no-waste process with high material utilization. The behaviors of ink droplets are related
to the fluid properties, such as the viscosity, density, or surface tension of the ink, which
should be adjusted to satisfy the printing requirements, and it can be characterized as Z,
which is a dimensionless inverse Oh number as described in the following equation:

Z =
1

Oh
=

√
ρdγ

η
(3)

where “ρ” is density, “γ” is the surface tension, “d” is the nozzle diameter and “η” is the
viscosity of the solution. Generally, the ink with a Z value in the range of 1 < Z < 10 can
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form stable droplets, which is suitable for inkjet printing [107–110]. For example, Corzo
et al. [111] reported that they developed the DoD inkjet printing to fabricate the P3HT:O-
IDTBR BHJ device, yielding an impressive PCE of up to 6.47%, which was the first time
the inkjet employed a printing technique into the NFA system for OSCs. According to
rheological properties, they dissolved the P3HT:O-IDTBR blend in chlorobenzene-based
and hydrocarbon-based ink, respectively, to achieve consistent jetting and optimize the
droplet spacing and deposition temperature to form uniform films. In addition, they
fabricated a 2.2 cm2 large-area free-form solar cell by digital inkjet printing, delivering a
PCE of 4.76%. Later, the same group yielded a PCE of up to 12.4% for opaque devices
and 9.5% for semitransparent devices, where a PTB7-Th: IEICO-4F system was prepared
via inkjet printing [55]. More recently, Chen et al. [61] developed LBL inkjet printing
with sequential deposition to balance the film aggregation and optimize the vertical phase
separation. Through the in-depth investigation of the mechanism in film formation during
the inkjet printing possess, they found that the distributions of the donor and acceptor
were ununiform on the surface. The higher solubility of ITIC-4F tended to be redissolved
when the adjacent droplets coalescent during the spraying process. On the other hand, the
donor showed less redissolution, as shown in Figure 10c–e. Thus, the ITIC-4F is preferred
to enrich at the center of the printed lines, and the PBDB-T-2F was nearly uniform in the
direction of printing, which exhibited a periodical phase separation distribution on the
film. Due to the optimization of the dropping temperature and morphology, the molecular
aggregation was suppressed efficiently, and exciton dissociation was also enhanced in
non-fullerene OSCs based on PBDB-T-2F: BTP-BO-4Cl. As a result, the best OSC delivered
an average PCE of 13.09%, which is the highest value of lab-scale OSCs fabricated by a
sequential inkjet printing method, as depicted in Figure 10f–g.
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49



Catalysts 2023, 13, 156

3.4. Screen Printing

Screen printing is a versatile technique used to print patterns through the screen and
supports full 2D printing films with high material utilization. Differing from other printing
technologies, screen printing usually requires high-viscosity ink that enables the printing
of nanoscale films, especially for some high-conductivity electrodes. Its reproducibility is
affected by paste properties or screen tension [16,23,112–116]. Generally, screen printing
can be divided into flatbed screen printing and rotary screen printing. Figure 11a depicts
a schematic diagram of a flatbed screen printing method designed for printing on a flat
substrate. Flatbed screen printing is a continuous process in which the ink is dispersed on
the screen first, and the screen is contacted with the top of the substrate, then a squeegee is
moved across the screen. Therefore, the ink is shear thin and transferred to the substrate
to form a specific pattern. This printing process can be further repeated by raising the
screen to move forward. Rotary screen printing, as shown in Figure 11b, is more suitable
for high-throughput printing production owing to its higher printing speed and resolution
than flatbed screen printing. In the process of rotary screen printing, the screen includes ink,
squeegee, and patterns assembled as a cylinder, which rotates together with the substrate.
The ink is pushed into the mesh through the stationary squeegee to reproduce the pattern.
It allows the printing speeds to reach a high level (over 100 m min−1). However, in
terms of pattern operability, flatbed screen printing exhibits more advantages in printing
flexibility and interval control than rotary. Krebs et al. [117], in 2009, first reported the
preparation of OSCs by using a screen printing method. They discovered that the ink
viscosity and solvent volatility should meet the requirements to screen print successfully.
High viscosity is a prerequisite for ink through the mesh as smooth and low volatility can
help the ink disperse on the substrate completely instead of drying at the screen. They
developed thermos-cleavable solvents to solve the ink problem and prepared devices based
on P3MHOCT. Screen printing is also used for fabricating conventional fullerene-based
OSCs, especially for the donor polymer material of MEH-PPV [118]. At present, no records
have been found for preparing the non-fullerene active layer by using the screen printing
method. However, this technique exhibits advantages in printing electrode or transport
layer materials [112,113,119]. Figure 11d describes the schematic of a fully roll-to-roll device.
The transparent conductor of PEDOT:PSS was printed fully by the using flatbed screen
printing method, while the silver electrode was covered on it by the same strategy, as
shown in Figure 11c.

3.5. Gravure Printing

Gravure printing is a mature printing technique that produces high-resolution patterns,
which is widely used in package and graphic publishing. Gravure printing is composed of
two cylinders, called the gravure cylinder and the impression cylinder. During the printing
process, the gravure cylinder with engraving patterns is embedded with an ink duct. The
pattern of the cylinder determines the effective area for ink transfer. With the rotation of
the gravure cylinder, the excess ink is scraped off by the blade. Meanwhile, the substrate
completes the transfer of the ink by contacting the impression cylinder to form the pattern.
The thickness of the films is determined by the depth of the mesh hole on the gravure
cylinder. For gravure printing, the inks usually have relatively low viscosity to support
printing with high speeds over 1000 m/min. Therefore, low boiling point solvents are
widely used as ink solvents to enable the fast drying of the printed wet film [120–122].
However, gravure printing is still a challenging technique for OSCs. It tends to form a
relatively thin layer. Until now, there have been few reports on the active layers deposited
using this method. Similar to screen printing, the complex patterns in gravure printing will
increase the cost of the fabrication. This fixed pattern mode is ideal for printing electrode
materials or transport layers [123–126]. Figure 11e describes the gravure printing process
of the silver-nanowire-based transparent electrodes by Wang et al. They prepared 1 cm2

flexible solar cells based on PM6: Y6, as shown in Figure 11d, with an efficiency of 13.61%,
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demonstrating the high potential of gravure printing in the prepattern and mass fabrication
of the devices.
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4. Conclusions and Prospects

With the rapid development of solvent-processed OSCs, it is necessary to replace the
fabrication technique from the laboratory-scale spin coating method with efficient printing
technologies, which are more compatible with the high-throughput mass production of
devices in the future. In this review, we have summarized the recent progress of printing
technologies, including blade coating, slot-die coating, inkjet printing, screen printing, and
gravure printing, and made comparisons on their ink requirements, printing speed, and
pattern dimensions as shown in Table 2. In view of all the printing technologies described
in this review, blade coating and slot-die coating are the most desirable technologies for
the scalable fabrication of large-area OSCs, showing high efficiency. The blade coating
process is relatively simple and can print at high speed with low material waste. Similar to
blade coating, slot-die coating can print one-dimensional patterns, which are favorable for
sequential deposition processes. Inkjet printing has merits in changeable digital printing
patterns and the contactless process. Although there are some achievements made in
lab-scale OSCs, the relatively slow printing speed and complex ink preparation inhibit
the further application of large-area OSCs. As for screen printing, this printing method is
suitable for highly viscous ink, which contrasts gravure printing with a low viscosity of the
ink. Due to the high requirement for ink, there are few reports on active layers fabricated
by these two technologies. Instead, both printing methods are ideal for the fabrication of
electrodes of large-area OSC modules

Table 2. The comparison of different fabrication technologies.

Technique Ink Preparation Ink Viscosity Ink Usage Rate Speed Pattern 1

Spin coating Simple Low Low - 0
Blade coating Simple Low High Low-High 0

Slot-die coating Simple Low-High High High 1
Screen printing Moderate High High Medium 2

Gravure printing Difficult Low High High 2
Inkjet printing Moderate Low High Medium 2

Pattern 1: 0 (0-dimensional); 1 (1-dimensional); 2 (2-dimensional).
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Although the efficiency of the printed OSCs fabricated via these technologies has
been improved continuously, the mechanism of the film formation through these printing
methods is still unclear, and there is a big gap in device efficiency between large and
small-area devices. Thus, we propose several directions that deserve more attention. Firstly,
we should recognize that most of the high-efficient materials used in OSCs require complex
synthesis and treatment processes, which are unfavorable to the industrial fabrication of
the devices. The design of organic materials with simple synthesis steps and easy post-
processing is always crucial for the manufacture of printable OSCs. Secondly, the film
morphology and quality determine the device performance directly. How to control fluid
flow during the printing process is still a problem. It is of great significance to investigate
the hydrodynamics and crystallization kinetics of active layer ink for obtaining high-quality
printed films. Additive and solvent engineering have also been demonstrated as effective
strategies to improve the film’s quality. In addition, the application of non-toxic green
solvents with a high boiling point can reduce the solution aggregation during the printing
process and prevent the pollution caused by halogen solvents, which are important research
topics in printable OSCs. Thirdly, the low stability of organic photovoltaic materials is a big
challenge which needs to be addressed before the wide application and commercialization
of OSCs. In order to improve the lifetime of devices and reduce their sensitivity to light,
heat, or other complex conditions, the modification of active layer materials and transport
layer materials are effective approaches to improve the device’s stability. Additionally, for
large-area ITO-free flexible OSCs, it is quite necessary to maintain their excellent mechanical
stability by developing novel packaging techniques. These bottlenecks are expected to be
solved to promote the application of printing technologies toward the commercialization
of OSCs.
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Abstract: The design and development of high-performance photoanodes are the key to efficient
photoelectrochemical (PEC) water splitting. Based on the carrier transfer characteristics and localized
surface plasmon resonance effect of noble metals, gold nanoparticles (AuNPs) have been used to im-
prove the performance of photoanodes. In this study, a novel efficient composite BiVO4/Au/FeCoOx

photoanode is constructed, and the quantitative analysis of its performance is systematically con-
ducted. The results reveal that the co-modification of AuNPs and FeCoOx plays a synergetic role
in enhancing the absorption of ultraviolet and visible light of BiVO4, which is mainly attributed
to the localized surface plasmon resonance effect induced by AuNPs and the extended light ab-
sorption edge position induced by the BiVO4/FeCoOx heterojunction. The BiVO4/Au/FeCoOx

photoanode exhibits a high photocurrent density of 4.11 mA cm−2 at 1.23 V versus RHE at room
temperature under AM 1.5 G illumination, which corresponds to a 299% increase compared to a
pristine BiVO4 photoanode. These results provide practical support for the design and preparation of
PEC photoanodes decorated with AuNPs and FeCoOx.

Keywords: solar water splitting; plasmon resonance effect; nanomaterials; heterojunction;
photoelectrochemical

1. Introduction

Since the discovery of photoelectrochemical (PEC) water splitting based on semicon-
ductor electrodes, scientists have devoted substantial efforts to transforming solar energy
into clean and carbon-neutral hydrogen (H2) energy in a stable, cost-effective, and efficient
way [1]. The overall PEC water splitting consists of three main stages: (I) the absorption
of light and the generation of electron–hole pairs in the semiconductor; (II) the separation
of the electron and hole and their transfer to the surface of the semiconductor; (III) the
occurrence of an oxygen evolution reaction (OER) on the photoanode and a hydrogen evo-
lution reaction (HER) on the photocathode [2]. Due to the fracture of an O–H bond and the
generation of an O–O bond, the oxygen evolution reaction on the surface of the photoanode
is dynamically sluggish [3]. Thus, discovering and developing efficient photoanodes has
always been regarded as the key to photoelectrochemical water splitting. In the past few
decades, a wide variety of semiconductors, such as TiO2 [4], Fe2O3 [5], and BiVO4 [6], have
been studied and employed as photoanodes.

Among the available photoanodes, BiVO4 is undoubtedly an appealing photocatalyst
material. It is an n-type semiconductor with a relatively narrow band gap of about 2.4 eV,
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which enables it to absorb ultraviolet light and a wide range of visible light [7,8]. In addi-
tion, it has a suitable conduction band edge position which is close to the thermodynamic
precipitation potential of O2 [9,10]. Moreover, it is nontoxic and has impressive PEC perfor-
mance in solution [11,12]. However, the slow carrier dynamics result in the recombination
of bulk and interface charges of the unmodified BiVO4, which limits its solar-to-hydrogen
conversion efficiency. It has been widely verified that the actual maximum photocurrent
density under AM 1.5 G illumination (100 mW cm−2) of unmodified BiVO4 is far below
the theoretical value (7.5 mA cm−2) [13].

In order to boost the OER of photoanodes, it is an effective strategy to modify BiVO4
with oxygen evolution cocatalysts (OECs), which can reduce electron–hole recombina-
tion and enhance the photochemical performance. OECs like FeCoOx [14], Cu2O [15],
NiOOH [16], and FeOOH [17] have been utilized and experimented with in modifying
BiVO4 photoanodes. Among them, a new type of FeCoOx has attracted researchers’ at-
tention due to its effective suppression of electron–hole recombination on the surface of
BiVO4 photoanode [18,19]. According to theoretical and experimental studies, it is clear
that the substitution of cations in CoOx with iron ions results in abundant oxygen vacancies
and forms a heterojunction with BiVO4 [20,21]. FeCoOx also decreases the carrier transfer
resistance to a certain extent, which enables the transfer of more photogenerated holes
in the valence band of BiVO4 to the FeCoOx layer. This leads to the generation of more
reactive hydroxyl radicals to participate in water oxidation reactions efficiently [22,23].
However, the recombination center of the electron–hole may emerge on the interface of the
heterojunction, leading to a decrease in PEC performance.

To promote bulk charge separation and carrier transfer, a practical method is to insert
an electron transport layer (such as Pt, Au, Ni, etc.) into the middle of the heterojunction.
As a classic plasmon nanostructure, the gold nanoparticles (AuNPs) are able to confine
light in the vicinity of the surface and generate hot electron flow, which has a great effect
on the chemical and PEC performance of the metal–oxide interface [24]. Since the work
function of BiVO4 is greater than gold, a Schottky junction is naturally formed when there
is direct contact between BiVO4 and Au. The Schottky junction may reduce the charge
recombination on the metal–semiconductor interface, promote carrier transfer, and adjust
the electronic band structure. Thus, the lifetime of photogenerated electrons and holes
ought to increase, resulting in more electrons and holes involved in the PEC process [25].

On the other hand, the impact of geometric factors such as the size and shape of
AuNPs on photoelectrochemical water splitting has been experimentally verified. AuNPs
present particular photoelectronic and electrochemical properties when the particle size is
adequately small (quantum size effect), such as localized surface plasmon resonance (LSPR)
characteristics and electrochemical catalytic properties with great dependence on particle
size [26,27]. Under the illumination of visible light or infrared light, the energy of oscillating
electrons and the localized electromagnetic field generated by LSPR will be transferred to
the conduction band of BiVO4 via direct electron transfer (DET) or plasmon resonant energy
transfer (PRET) [10,28,29]. In the case of BiVO4/Au, numerous experiments indicate that
energy transfers via DET, implying that the excited hot electron of Au may overcome the
metal–semiconductor barrier and transfer to the conduction band of BiVO4, contributing to
improved photocurrent density.

Herein, in order to progressively enhance the PEC properties of BiVO4 photoanodes
and verify the synergism of AuNPs and FeCoOx, the BiVO4/Au/FeCoOx photoanode is
constructed through a template route, which is followed by electrochemical deposition of
AuNPs and FeCoOx, respectively. The optimized BiVO4/Au/FeCoOx photoanode exhibits
a high photocurrent density of 4.11 mA cm−2 at 1.23 V versus RHE under AM 1.5 G
(100 mW cm−2) illumination, which is over three-fold that of the pristine BiVO4 photoanode
and a 29.7% increase in that of the BiVO4/FeCoOx counterpart.
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2. Results and Discussion

Figure 1a displays a schematic diagram of the preparation process for the
BiVO4/Au/FeCoOx photoanode, and the experimental details are presented in the experi-
mental section. The BiVO4/Au/FeCoOx photoanode X-ray diffraction (XRD) patterns are
shown in Figure 1b. The characteristic peaks of crystal planes such as (020), (011), and (121)
of BiVO4 have been labeled. The peaks corresponding to the (111) and (200) planes of Au
have also been marked, but due to the small content and size, more diffraction peaks of
AuNPs and FeCoOx are too difficult to detect. Figure 1c displays the scanning electron
microscopy (SEM) image of the BiVO4/Au/FeCoOx photoanode, which implies that the
co-modification of AuNPs and FeCoOx makes the originally striped BiVO4 thicker and
more compact. The surface of the BiVO4/Au/FeCoOx photoanode material is uniformly
filled with a similar cluster structure. Figure S1a shows the SEM image of a pristine BiVO4
photoanode. It can be seen that BiVO4 is a thin film formed by particles, strips, or clusters,
with particle sizes ranging from 100 nm to 300 nm, while the length of the strip formed
by the particles is approximately 300 nm to 1 µm. Additionally, due to issues with the
preparation methods, there are unfilled holes in BiVO4. Figure S1b shows the SEM image
of the BiVO4/Au photoanode, in which the particles with significantly brighter bright-
ness than BiVO4 are gold nanoparticles, with a particle size of approximately 80~150 nm.
Figure S1c shows the SEM image of the BiVO4/FeCoOx photoanode. It can be seen that
FeCoOx adheres to the surface of BiVO4 in a paste-like form, making the original strip or
cluster structure of BiVO4 more flexible.
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Figure 1. (a) Diagram for the preparation procedure of the BiVO4/Au/FeCoOx photoanode. (b) XRD
patterns of photoanodes. (c) SEM image of BiVO4/Au/FeCoOx.

Figure 2a–g display the energy dispersive spectroscopy (EDS) spectrum of the
BiVO4/Au/FeCoOx composite photoanode. The distribution of six elements, Bi, V, O,
Au, Fe, and Co, can be seen from the EDS elemental mapping, which can also prove the
existence of these elements. From the mapping of Au in Figure 2e, it can be seen that there
are three local positions with dense Au distribution in the upper left, upper right, and
lower middle directions, which may be caused by large-size AuNPs. As shown in Figure 2h
and Table S1, the content information of each element in the selected area indicates that the
contents of Au, Fe, and Co are very low among the six kinds of elements and appear to
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have atomic ratios of 1.11%, 1.28%, and 0.58%, respectively, indicating that Au and FeCoOx
mainly play a modifying role in the photoanodes. Moreover, it can also be calculated that
the atomic ratio of Fe and Co in the selected area is Fe:Co = 2.2:1. In the relevant publi-
cations on the preparation of Au and FeCoOx, the content of Au, Fe, and Co is generally
below 5% [30], and the most significant improvement in the PEC performance of FeCoOx
at present belongs to the work of Wang et al., where the relative atomic ratio of Fe:Co is
Fe:Co = 1.1:1 [14].
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Figure 3 displays the high-resolution X-ray photoelectron spectroscopy (XPS) ele-
mental spectrum of the BiVO4/Au/FeCoOx photoanode, which contains information on
the composition and chemical states of elements in the composite photoanode. The high-
resolution Bi 4f spectrum can be fitted by two main peaks, located at 159.1l eV and 164.41 eV,
respectively, corresponding to the binding energy of the Bi 4f7/2 spin state and the Bi 4f5/2
spin state. The high-resolution V 2p spectrum displays two main peaks at 516.70 eV and
524.16 eV, respectively, and they correspond to the binding energy of the V 2p3/2 spin
state and the V 2p1/2 spin state. Figure 3c displays the high-resolution O 1s spectrum,
fitted with three main peaks located at 530.45 eV, 531.55 eV, and 532.35 eV, respectively.
These three peaks correspond to O2− in the lattice (OL), hydroxyl bound to metal cations
(OV), and oxygen in the chemically adsorbed or dissociated state (such as dissociated
CO3

2−, absorbed H2O, absorbed O2, etc., OC). From Figure 3c, it can be seen that the OL
peak is quite prominent compared with the OV and OC peaks, reflecting that the oxygen
element is mainly present in the form of O2− in the lattice. The existence of the OV peak
proves the presence of a large number of oxygen defects or vacancies on the surface of the
BiVO4/Au/FeCoOx photoanode, while the existence of the OC peak proves the presence of
surface hydroxyl groups on the surface of the BiVO4/Au/FeCoOx photoanode. The pres-
ence of surface hydroxyl groups can promote the transport and capture of photogenerated
electrons and photogenerated holes, thereby reducing the recombination of photogenerated
carriers and improving the photoelectric conversion efficiency of BiVO4/Au/FeCoOx. The
high-resolution Au 4f spectrum displays two main peaks, 83.82 eV and 87.51 eV, respec-
tively, corresponding to the binding energy of the Au 4f7/2 spin state and the Au 4f5/2 spin
state. The high-resolution Fe 2p spectrum is fitted with six peaks, including three main
peaks and three satellite peaks. The three main peaks are located at 710.31 eV, 712.42 eV,
and 723.97 eV. Among them, the peak located at 723.97 eV corresponds to the Fe 2p1/2
peak, and the first two of the three main peaks represent Fe2+ and Fe3+, respectively, which
together form the Fe 2p3/2 peak. The atomic ratio of these two peaks can also be calculated
from the peak position table as Fe3+:Fe2+ = 1.89:1. The high-resolution Co 2p spectrum
consists of six fitted peaks, including three main peaks and three satellite peaks. The
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three main peaks are located at 779.60 eV, 780.60 eV, and 795.74 eV, where the peak at
795.74 eV corresponds to the Co 2p1/2 peak. The first two of the three main peaks represent
Co3+ and Co2+, respectively, and together, they form the Co 2p3/2 peak. The atomic ratio
of these two ions can be calculated from the peak position table shown in Table S2, as
Co2+:Co3+ = 3.59:1. The atomic ratio of Fe and Co can also be calculated as Fe:Co = 1.37:1.

Catalysts 2023, 13, x FOR PEER REVIEW 5 of 12 
 

 

main peaks represent Co3+ and Co2+, respectively, and together, they form the Co 2p3/2 

peak. The atomic ratio of these two ions can be calculated from the peak position table 

shown in Table S2,  as Co2+:Co3+ = 3.59:1. The atomic ratio of Fe and Co can also be 

calculated as Fe:Co = 1.37:1. 

 

Figure 3. High-resolution XPS spectrum of the BiVO4/Au/FeCoOx. (a) Bi 4f, (b) V 2p, (c) O 1s, (d) Fe 

2p, (e) Co 2p, and (f) Au 4f. 

Figure 4a displays the ultraviolet–visible (UV-vis) absorption spectra of BiVO4, 

BiVO4/Au, and BiVO4/Au/FeCoOx  photoanodes. The FTO substrate has been used as the 

background to eliminate the influence of FTO on the absorbance. It can be seen that the 

light absorption edge of BiVO4 is around 510 nm, which is consistent with its band gap of 

2.3~2.5 eV. The light absorption edge of BiVO4/Au remains almost unchanged, but its 

absorption wavelength range from 300 nm to 900 nm is higher than that of pristine BiVO4. 

The light absorption edge of BiVO4/Au/FeCoOx photoanodes is about 660 nm, and the 

light absorption at wavelengths of 300~900 nm is stronger than that of BiVO4 and 

BiVO4/Au. The loading of AuNPs and FeCoOx has played a synergic role in enhancing the 

absorption of UV-vis light of BiVO4, which is mainly due to the LSPR effect induced by 

AuNPs and the extended light absorption edge position induced by the BiVO4/FeCoOx 

heterojunction. 

 

Figure 4. Light absorbance of photoanodes. (a) UV-vis diffusion absorption spectra. (b) Tauc plots 

of BiVO4 films modified with cocatalysts. 
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Figure 4a displays the ultraviolet–visible (UV-vis) absorption spectra of BiVO4,
BiVO4/Au, and BiVO4/Au/FeCoOx photoanodes. The FTO substrate has been used
as the background to eliminate the influence of FTO on the absorbance. It can be seen that
the light absorption edge of BiVO4 is around 510 nm, which is consistent with its band gap
of 2.3~2.5 eV. The light absorption edge of BiVO4/Au remains almost unchanged, but its ab-
sorption wavelength range from 300 nm to 900 nm is higher than that of pristine BiVO4. The
light absorption edge of BiVO4/Au/FeCoOx photoanodes is about 660 nm, and the light
absorption at wavelengths of 300~900 nm is stronger than that of BiVO4 and BiVO4/Au.
The loading of AuNPs and FeCoOx has played a synergic role in enhancing the absorption
of UV-vis light of BiVO4, which is mainly due to the LSPR effect induced by AuNPs and
the extended light absorption edge position induced by the BiVO4/FeCoOx heterojunction.
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The band gap can also be obtained by Tauc plots. Since most of the valence band
electrons and conduction band electrons of the semiconductor are distributed near the band
gap, when the energy of a photon is close to the band gap, a large number of electrons can be
excited from the top of the valence band to the bottom of the conduction band by absorbing
the photon energy. At this moment, the absorption coefficient of the semiconductor will
increase with the increase in the number of photons. The relationship between the band gap
and the absorption coefficient of the semiconductor materials can be expressed as follows:

(αhυ)n = A ∗
(
hυ − Eg

)
(1)

where α is the absorption coefficient, h ≈ 4.13567 × 10−15 eV s, as Planck’s coefficient, υ
is the frequency of the incident photon, A is the proportional coefficient, and Eg is the
band gap of the semiconductor. The value of n is related to the type of semiconductor.
When the semiconductor is a direct band gap semiconductor, that is, the conduction band
bottom and valence band top of the semiconductor correspond to the same wave vector
of electronic states, a direct band edge transition can occur, where n = 2. When the band
gap of a semiconductor is an indirect band gap, that is, the conduction band bottom and
valence band top of the semiconductor are not at the same wave vector of electronic states,
the band edge transition requires the participation of phonons, where n = 1/2 at this time.
Since BiVO4 is a direct band gap semiconductor, n is set as 2. Substitute the absorption
coefficient and others into Equation (1) and create an (αhυ)2 − hυ diagram. As shown
in Figure 4b, the band gap of BiVO4 and BiVO4/Au is about 2.32 eV, while the band
gap of BiVO4/Au/FeCoOx is about 2.28 eV. These results indicate that the modification
of AuNPs has little effect on the band gap of BiVO4, while the band gap narrowing of
BiVO4/Au/FeCoOx photoanodes can be attributed to the narrow band gap of FeCoOx
(2.04 eV) compared to BiVO4 (2.3~2.5 eV).

Figure 5a displays the linear sweep voltammetry (LSV) curve of the photoanodes. It
can be seen that the photocurrent density under dark conditions is only 7 × 10−7 mA cm−2

at 1.23 V vs. RHE, and the magnitude of this photocurrent density can be regarded as
almost no photocurrent generation. Under AM 1.5 G illumination at 1.23 V vs. RHE, the
photocurrent density of BiVO4/Au/FeCoOx reached 4.11 mA cm−2, which is nearly four
times than that of pristine BiVO4 (1.03 mA cm−2). This photocurrent density is increased
by 71.8% compared to BiVO4/Au (1.77 mA cm−2) and increased by 29.7% compared
to BiVO4/FeCoOx (3.17 mA cm−2). Additionally, the BiVO4/Au/FeCoOx photoanode
exhibits an onset potential of 0.245 V vs. RHE, which is the lowest among the photoanodes
and cathodically shifted by about 27 mV compared with that of pristine BiVO4. There
are multiple reasons for this increase in the photocurrent density. For example, according
to the discussions of Figure 4a, the modification of FeCoOx has expanded the original
light absorption edge of BiVO4 from only about 510 nm to about 660 nm. On the other
hand, the modification of AuNPs and FeCoOx has played a positive role in improving
the absorbance of BiVO4 for ultraviolet and visible light, which is consistent with the
results of UV-vis spectra. It is not difficult to understand that under the assumption of
the same photoelectric conversion efficiency, the stronger the absorption of light by the
photoanode, the greater the photocurrent density generated. Moreover, the synergism effect
of AuNPs and FeCoOx may contribute to the enhancement of the photocurrent density. For
example, the photogenerated holes in the valence band of BiVO4 will be captured in the
FeCoOx surface and participate in the PEC water oxidation, while the excited hot electron
of AuNPs may overcome the metal–semiconductor barrier and transfer to the conduction
band of BiVO4. Namely, the quality of FeCoOx as an oxygen evolution cocatalyst is of
vital significance in promoting PEC water oxidation, which may cause differences in the
photocurrent between photoanode counterparts modified with FeCoOx [14].
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photoanodes at 1.23 V vs. RHE under intermittent illumination.

The increase in photocurrent density can also be attributed to a decrease in surface
charge recombination. Figure 5b represents the electrochemical impedance spectroscopy
(EIS) of the prepared BiVO4, BiVO4/Au, BiVO4/FeCoOx, and BiVO4/Au/FeCoOx pho-
toanodes. The EIS spectra can be explained with the Randles equivalent circuit model,
which contains two basic elements, Rs and Rct [31]. The element Rs is the resistance re-
lating to carrier transfer, containing the resistance of FTO substrates, the electrolyte, and
wire connections in the circuit. The diameter of the circle corresponding to the semicir-
cle or arc in the middle-frequency region of EIS reflects the interface resistance at the
photoelectrode–electrolyte interface, also known as the elements of Rct or charge transfer
resistance. Figure 5b mainly captures the arced part of the middle-frequency region. It can
be easily seen from Figure 5b that the modification of AuNPs and FeCoOx, respectively,
reduced the diameters of the BiVO4 photoanodes to some extent, while the diameter of the
Nyquist plot of BiVO4/Au/FeCoOx is the lowest among the photoanodes. These results
indicate that the co-modification of photoanode with AuNPs and FeCoOx plays a positive
role in reducing interface resistance and the recombination of photogenerated electrons
and holes on the photoanode-electrolyte interface synergically, thereby promoting the
participation of photogenerated holes in the water oxidation reaction and increasing the
photocurrent density. Figure 5c displays the photovoltage changes of the photoanodes
with or without illumination. Theoretically, the photovoltage is equal to the difference
between the open circuit voltage under light and dark conditions. Compared to the pris-
tine BiVO4 with a photovoltage of 0.251 V, the photovoltage of BiVO4/Au increases to
0.318 V. The photovoltage of BiVO4/FeCoOx increases to 0.290 V, and the photovoltage of
BiVO4/Au/FeCoOx increases to 0.452 V, which is 80.1% higher than the pristine BiVO4.
The photovoltage results are in agreement with the onset potential of photoanodes shown
in LSV curves in Figure 5a. It can be concluded that the loading of AuNPs and FeCoOx, to
some extent, increased the photovoltage of the photoanodes. This results in the cathodic on-
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set potential shifting, indicating that the synergism of AuNPs and FeCoOx not only boosts
OER kinetics on the photoanodes but also contributes to thermodynamics, providing a
greater driving force on PEC water splitting [32].

Figure 5d displays the j–t curve of the photoanodes at 1.23 V vs. RHE and intermittent
AM 1.5 G illumination (100 mW cm−2), with periods of 30~60 s, 90~120 s, and 150~180 s.
It can be seen that when the condition first enters the illumination from the dark, each
photoanode exhibits a peak of decreased photocurrent density, and the sharpness of this
peak reflects the degree of surface charge recombination. Therefore, it can be said that the
surface charge recombination on each photoanode is still quite severe.

Figure S2 displays the applied bias photon-to-current efficiency (ABPE) diagram of
the photoanodes by substituting the LSV curve of the photoanode material into Equation
(3) with a Faraday efficiency of 100% and a Pin of 100 mW cm−2. From Figure S2, it can
be seen that BiVO4 reached a peak ABPE of 0.31% at a potential of 0.69 V vs. RHE, while
BiVO4/Au reached a peak of 0.57% at about 0.68 V vs. RHE. BiVO4/FeCoOx reached a
peak of 1.32% at 0.70 V vs. RHE, and the target photoanode BiVO4/Au/FeCoOx reached a
peak ABPE of 1.75% at about 0.64 V vs. RHE, which is more than five times the peak value
of pristine BiVO4. These data are sufficient to demonstrate the significant impact of AuNP
modification on improving photoelectric conversion efficiency and reducing surface charge
recombination, among which, the most attractive aspect for researchers is the significant
increase in photocurrent density.

Figure S3 displays the durability test of the photoanodes at 1.23 V vs. RHE under
AM 1.5 G. It can be seen that within about 30 min after the start of durability testing,
the photocurrent density of each photoelectrochemical system decreased rapidly. In this
period, the photocurrent density of BiVO4/Au/FeCoOx decreased by 56.3% from the initial
value of 3.98 mA cm−2 to 1.75 mA cm−2. The photocurrent density of BiVO4/FeCoOx
decreased from the initial 3.07 mA cm−2 to 1.25 mA cm−2, a relative decrease of 59.3%. The
photocurrent density of BiVO4 decreased from the initial 1.08 mA cm−2 to 0.64 mA cm−2, a
relative decrease of 40.7%. These results indicate that there is still room for improvement
in the quality of FeCoOx and AuNPs, while they may quickly dissolve in the electrolyte
over time, which is consistent with the results of the photocurrent density compared with
works in other publications. Namely, the stability of BiVO4/Au/FeCoOx has decreased
to a certain extent, which is one of the effects of the modification of AuNPs and FeCoOx.
However, compared to the weakened stability of BiVO4/Au/FeCoOx, the beneficial effect
of increasing photocurrent density is more significant.

The schematic diagram of a photoelectrochemical system using BiVO4/Au/FeCoOx
as a composite photoanode is shown in Figure 6. The following is the proposed work-
ing mechanism of the BiVO4/Au/FeCoOx composite photoanode under illumination in
phosphoric acid buffer, which consists of five processes: (I) electrons on AuNPs are excited
by LSPR under incident light irradiation, (II) photogenerated hot electrons of AuNPs are
transferred to the conduction band of BiVO4 and collected by external circuits, (III) photo-
generated holes on the valence band of BiVO4 can be extracted and stored in the FeCoOx
layer, and photogenerated electrons are extracted and transferred to the AuNPs, (IV) water
is oxidized by holes on FeCoOx, leading to the formation of oxygen and the elimination
of holes, and (V) electron-deficient AuNPs are reduced by photogenerated electrons from
BiVO4, returning to their original metal state.

Due to the fact that the work function of BiVO4 is different from Au, this difference in
work function causes the energy bands of BiVO4 to bend, which naturally forms a Schottky
junction or Schottky barrier. Under illumination, the photogenerated hot electrons of Au
can be amplified by LSPR, therefore becoming more likely to flow across the Schottky
barrier into the conduction band of BiVO4 and be collected by external circuits [24]. Thus,
the electrons transmitted from AuNPs to BiVO4 in process II are reasonable. In addition,
the introduction of AuNPs and FeCoOx plays a synergic role in the photoelectrocatalysis
kinetics and thermodynamics. The promoted charge transfer process will reduce the recom-
bination of photogenerated electron–hole pairs on the electrode–electrolyte interface [28,33].
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Therefore, compared to the pristine BiVO4, the lifetime of photogenerated electrons and
photogenerated holes is expected to improve. More electrons and holes participate in
the PEC water splitting, indicating that the charge utilization rate will also be improved.
Meanwhile, shown in Figure 6 as a hole storage layer, FeCoOx also forms a functionalized
p-n junction with BiVO4 and boosts the photogenerated holes in the valence band of BiVO4
to be captured and stored in the FeCoOx surface. The stored holes can further participate
in the effective water oxidation reaction to form reactive hydroxyl radicals. Thus, FeCoOx
cocatalysts promote the catalytic kinetics in the electrode–electrolyte interface. Based on
the above analysis, it is believed that AuNPs and FeCoOx can exert a synergistic effect on
the PEC performance improvement of the BiVO4.
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3. Materials and Methods
3.1. Preparation of BiVO4 Films

Ethanol solution with 0.23 M 1,4-benzoquinone was mixed with water solution with
0.4 M Bi (NO3)3 and 0.4 M KI in a ratio of 7:17 to prepare the electrolyte, and the pH was
adjusted to 1.70 with nitric acid. Ag/AgCl was used as the reference electrode, platinum
electrode as the counter electrode, and FTO glass as the working electrode. The bismuth
precursor film BiOI was deposited on FTO glass for 300 s at −0.1 V. Dimethyl sulfoxide
(DMSO) dissolved in 0.2 M acetylacetone vanadium oxide was dropped onto BiOI and
kept in air at 450 ◦C for 2 h at a heating rate of approximately 2 ◦C/min. Finally, BiOI was
soaked in 1 M NaOH for 30 min to remove V2O5 and was rinsed with pure water.

3.2. Preparation of AuNPs

Briefly, 0.005 M chloroauric acid solution was used as the electrolyte, Ag/AgCl was
the reference electrode, and a platinum electrode was the counter electrode. AuNPs were
deposited at 0.15 V for 40 s. Then, they were rinsed with pure water.

3.3. Preparation of FeCoOx Cocatalysts

The FeCoOx cocatalyst was deposited through two steps under AM 1.5 G. Briefly,
0.1 M FeSO4 solution was used as the electrolyte, while Ag/AgCl was used as the reference
electrode, and platinum electrode as the counter electrode. The FeOOH layer was deposited
at 0.25 V for 300 s. Then, 0.025 M (CH3COO)2Co solution was used as the electrolyte,
platinum electrode as the counter electrode, and Ag/AgCl as the reference electrode, and
CoOx was deposited at 0.25 V for 40 s. Finally, the FeCoOx cocatalyst was obtained after
keeping it in air at 500 ◦C for 2 h

66



Catalysts 2023, 13, 1063

3.4. Characterization

The morphologies and structures of the photoanodes were characterized using SEM
(JSM-IT500, JEOL) coupled with EDS, and XRD (D8 Advance, Bruker) with Cu Kα radi-
ation, respectively. The composition and chemical states of photoanodes were character-
ized by XPS (ESCALAB xi+). UV-vis absorption spectra were recorded by an Evolution
220 spectrophotometer.

3.5. PEC measurements

The PEC measurements were completed through electrochemical workstations and
xenon lamps. The test circuit was constructed under AM 1.5 G illumination using a
classic three-electrode system (platinum as the counter electrode, Ag/AgCl as the reference
electrode) and 0.5 M phosphoric acid buffer (pH = 7.00). Photocurrent density potential
curves were obtained using linear sweep voltammetry ranging from approximately 0.1
to 1.4 V vs. RHE with a scanning rate of 0.01 V s−1. Electrochemical impedance spectra
were obtained at open circuit potential with a frequency ranging from roughly 100 kHz to
0.01 Hz and a signal amplitude of 0.01 V. Photovoltage was measured at open circuit
potential under AM 1.5 G for 60 s and then continued for 60 s in the dark condition.

All the potentials vs. RHE can be converted from the potentials vs. Ag/AgCl following

ERHE = EAg/AgCl + E0
Ag/AgCl + 0.059 ∗ pH (2)

where ERHE is converted potential vs. RHE, E0
Ag/AgCl is 0.197 V at room temperature

(25 ◦C), and EAg/AgCl is the potential vs. Ag/AgCl.
ABPE can be calculated according to

ABPE =
j ∗ (1.23 − Vb)

Pin
∗ 100% (3)

where j is the photocurrent density (mA cm−2), Vb is the corresponding potential vs. RHE,
and Pin is the illumination intensity (100 mW cm−2).

4. Conclusions

In summary, to progressively enhance the PEC properties of BiVO4 photoanodes, a
novel BiVO4/Au/FeCoOx photoanode is designed and the synergetic role of AuNPs and
FeCoOx is verified. The characterization, optical properties, and PEC performance of opti-
mized photoanodes are thoroughly investigated. The results reveal that the co-modification
of AuNPs and FeCoOx plays a synergic role in enhancing the absorption of ultraviolet and
visible light of BiVO4. This is mainly attributed to the LSPR effect induced by AuNPs and
the extended light absorption edge position induced by the BiVO4/FeCoOx heterojunction.
Moreover, the appropriately sized Au nanoparticles and FeCoOx cocatalysts played a
positive role in increasing the photovoltage of BiVO4 and in reducing the charge transfer
resistance on the electrode–electrolyte interface, consequently leading to the promotion of
the separation and migration of photogenerated carriers and the prominent enhancement
of the photocurrent density. This work provides practical experimental support and a
theoretical explanation for the design of effective PEC photoanodes.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/catal13071063/s1, Figure S1: SEM images of (a) BiVO4, (b) BiVO4/Au,
and (c) BiVO4/FeCoOx.; Figure S2: ABPE curves of photoanodes in 0.5 M potassium phosphate
buffer (pH=7.0) under AM 1.5G (100 mW cm−2); Figure S3: Durability tests of photoanodes in 0.5 M
potassium phosphate buffer (pH=7.0) under AM 1.5G (100 mW cm−2) at 1.23 V vs. RHE. Table S1:
Content Information of Each Element in Mapping of BiVO4/Au/FeCoOx. Table S2: Peak position
and atomic content in XPS results.
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Abstract: To simulate natural photosynthesis, scientists have developed an artificial Z-scheme system
that splits water into hydrogen and oxygen using two different semiconductors. Researchers are
striving to improve the performance of Z-scheme systems by improving light absorption, developing
redox couples with high stability, and finding new cocatalysts. Here, we report the synthesis and
utilization of LaFeO3/g-C3N4 as a Z-scheme system for water reduction to produce hydrogen and
organic dye degradation under visible light irradiation. The as-fabricated photocatalyst revealed
exceptional activity for H2 production (i.e., 351 µmol h−1g−1), which is 14.6 times higher compared to
that of the single-component g-C3N4 (i.e., 24 µmol h−1g−1). In addition, the composite photocatalyst
degraded 87% of Methylene Blue (MB) and 94% of Rhodamine B (RhB) in 2 h. Various experimental
analyses confirmed that the exceptional performance of the LaFeO3/g-C3N4 Z-scheme catalyst is
due to remarkably enhanced charge carrier separation and improved light absorption. The devel-
opment of this highly effective Z-scheme heterostructure photocatalyst will pave the way for the
sustainable development of newly designed Z-scheme scheme systems that will tackle energy and
environmental crises.

Keywords: photocatalysis; hydrogen evolution; visible light; organic dyes; Z-scheme

1. Introduction

Energy and environmental issues are intricately linked and have emerged as two of the
world’s most important concerns [1]. The ongoing use of fossil fuels for energy generation
has caused substantial environmental damage, such as climate change, air pollution, and
water contamination [2,3]. In consequence, there has been an increasing trend toward
adopting cleaner renewable energy sources such as wind, solar, and hydropower to alleviate
the impact of these challenges [4]. Energy efficiency and conservation techniques are also
being adopted in order to reduce energy usage and greenhouse gas emissions [5]. The
transition to a more sustainable energy system is critical to ensure a healthier and more
sustainable environment for future generations [6–8].

Recently, heterostructure semiconductor photocatalytic technology has gained increas-
ing interest due to its potential to directly utilize solar energy and transform it into chemical
energy, which can then be employed in a variety of applications such as the generation of
solar fuels such as hydrogen and hydrocarbon fuels, air cleaning, as well as the degradation
of various contaminants [9–14]. The method employs semiconductors, which absorb light
energy and generate electron–hole pairs, which subsequently react with other molecules to
form new compounds [15–17]. Photocatalytic processes take place on the semiconductors’
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surfaces, which serve as catalysts. One of the major advantages of semiconductor photo-
catalysis is its ability to perform under ambient conditions without the need for additional
energy sources. As a result, it is a potential technology for long-term and cost-effective
environmental remediation and energy generation. However, increasing the process’s
efficiency and selectivity remains a difficulty, and further research is needed to increase the
practicality and scalability of semiconductor photocatalysis [18–21].

Recently, the 2D layered material g-C3N4 received promising attention in photocataly-
sis due to its unique features compared to the other semiconductors. g-C3N4 is composed
of C and N atoms that are stacked together. Since g-C3N4 possesses a narrow bandgap (i.e.,
2.7 eV), making it an effective catalyst for visible-light-driven reactions. It has exceptional
chemical stability, biocompatibility, and an environmentally friendly nature. Various photo-
catalytic reactions including CO2 reduction, organic pollutant degradation, and hydrogen
production have all been performed by g-C3N4 photocatalysts. Nevertheless, enhancing
the photocatalytic activities and understanding the fundamental mechanism of g-C3N4
photocatalysis still remain challenging [22–24].

Several strategies including structural modification, heterojunction formation, and
co-catalyst loading have been developed with the aim to optimize the catalytic activities
of g-C3N4. Among these, the heterojunction formation involves the coupling of other
semiconductors with g-C3N4, to enhance charge separation and transfer. This strategy
has shown significant improvements in the catalytic performance of g-C3N4 for a wide
range of purposes [25]. Among various sorts of heterojunctions, g-C3N4-based Z-scheme
systems have a great potential for energy and environmental applications due to their high
efficiency and flexibility.

The LaFeO3 photocatalyst, on the other hand, is a promising semiconductor photocat-
alytic utilized for various applications owing to its exceptional electronic and structural
features. It is a perovskite-type oxide composed of lanthanum, iron, and oxygen atoms
organized in a crystalline lattice. LaFeO3 exhibits a narrow bandgap (i.e., 1.8–2.1 eV),
which renders it a highly effective photocatalyst for catalytic reactions triggered by visible
light. It also possesses excellent chemical and thermal stability, as well as outstanding
biocompatibility. However, due to its inadequate conduction band potential for the water re-
duction reaction, the practical application of the LaFeO3 photocatalyst remains challenging.
However, it has excellent performance for pollutant degradation [26].

Thus, the coupling of LaFeO3 with g-C3N4 is highly crucial to improve its catalytic
performance. When the two materials are coupled, the absorbed light can be efficiently
utilized over a wider spectral range, resulting in enhanced photocatalytic performance.
Additionally, the LaFeO3/g-C3N4 heterojunction can facilitate charge carrier separation
and transfer, thereby enhancing photocatalytic efficiency. It has been shown that the
coupling of LaFeO3 with g-C3N4 remarkably improves its catalytic activity for various
applications [27–29].

Herein, we report the synthesis of LaFeO3/g-C3N4 as a Z-scheme heterostructure
photocatalyst for H2 production and degradation of organic dyes. The heterostructure pho-
tocatalyst revealed enhanced performance by producing 351 µmol h−1g−1 of H2 through
water splitting and degraded 87 and 94% of MB and RhB dyes, respectively. The superior
activities of the LaFeO3/g-C3N4 catalyst are accredited to the promoted charge transfer
and separation and the extended light absorption. This work provides a promising route
for the design and implementation of efficient and sustainable catalysts for environmental
remediation and energy production.

2. Results and Discussion
2.1. Structural Characterization and Chemical Composition

The XRD patterns of the synthesized photocatalysts are displayed in Figure 1a. The
(100) and (002) crystal planes in g-C3N4 are represented by diffraction peaks at 12.9◦ and
27.7◦, respectively (JCPDS No. 87-1526). In-plane trigonal nitrogen-linked tri-s-triazine
connected-layer units correlate to the weaker peak at the 2-theta value of 12.9◦. The stronger
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peak at a 2-theta value of 27.4◦ is associated with the stacking of heptazine rings, which has a
0.32 nm interlayer-distance (inter-planar stacking of conjugated aromatic segments) [30,31].
Diffraction peaks at 22.6◦, 32.2◦, 39.6◦, 46.1◦, 57.4◦, and 67.3◦ in LaFeO3 photocatalyst are
indexed to the orthorhombic phase and reflect the (002), (112), (022), (004), (204), and (040)
crystal planes, respectively (JCPDS No. 37-1493) [32,33]. The distinctive peak of LaFeO3
in the LaFeO3/g-C3N4 catalyst corresponds to the (202) plane, which indicates that the
LaFeO3 and g-C3N4 surfaces coexist without any observable impurities, indicating that the
nanocomposite was successfully formed.

Catalysts 2023, 13, x FOR PEER REVIEW 3 of 15 
 

 

27.7°, respectively (JCPDS No. 87-1526). In-plane trigonal nitrogen-linked tri-s-triazine 
connected-layer units correlate to the weaker peak at the 2-theta value of 12.9°. The 
stronger peak at a 2-theta value of 27.4° is associated with the stacking of heptazine rings, 
which has a 0.32 nm interlayer-distance (inter-planar stacking of conjugated aromatic seg-
ments) [30,31]. Diffraction peaks at 22.6°, 32.2°, 39.6°, 46.1°, 57.4°, and 67.3° in LaFeO3 pho-
tocatalyst are indexed to the orthorhombic phase and reflect the (002), (112), (022), (004), 
(204), and (040) crystal planes, respectively (JCPDS No. 37-1493) [32,33]. The distinctive 
peak of LaFeO3 in the LaFeO3/g-C3N4 catalyst corresponds to the (202) plane, which indi-
cates that the LaFeO3 and g-C3N4 surfaces coexist without any observable impurities, in-
dicating that the nanocomposite was successfully formed. 

 
Figure 1. (a) XRD patterns and (b) UV-visible absorption spectra of g-C3N4, LaFeO3, and LaFeO3/g-
C3N4 photocatalysts. (c) Estimated energy band gaps, (d,e) valence band XPS spectra, and (f) band 
edge positions versus the reduction potential of NHE of g-C3N4 and LaFeO3 photocatalysts. 

As shown in Figure 1b, the UV-visible absorption spectra of the as-synthesized La-
FeO3, g-C3N4, and LaFeO3/g-C3N4 photocatalysts were measured using a UV-visible ab-
sorption spectrometer. A characteristic absorption edge is seen at 458 nm for pure g-C3N4, 
which is in line with the previously reported optical energy band gap value of 2.7 eV. 
LaFeO3 has an absorption edge at 685 nm, which means it absorbs light in the visible spec-
trum (Eg = 1.81 eV). In perovskite-type oxide materials, the transition of electrons between 
the valence band (O 2p) and the conduction band (Fe 3d) is principally responsible for the 
strong absorption edges [34,35]. The absorption characteristic peak of LaFeO3/g-C3N4 re-
vealed extended visible light absorption, demonstrating that the synergistic interaction of 
the nanomaterials can alter the optical features of the base materials. From Tauc’s plots 
shown in Figure 1c, we may infer the photocatalysts’ band gaps. The predicted values for 
the energy band gaps (Eg) of the g-C3N4 and LaFeO3 catalysts are 2.7 and 1.81 eV, respec-
tively. After being exposed to visible light, semiconductors typically generate electron–
hole pairs in the valence band and then the excited electrons are transferred to their con-
duction band. As shown in Figure 1d,e, we have explored the valence band XPS spectra 
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As shown in Figure 1b, the UV-visible absorption spectra of the as-synthesized LaFeO3,
g-C3N4, and LaFeO3/g-C3N4 photocatalysts were measured using a UV-visible absorption
spectrometer. A characteristic absorption edge is seen at 458 nm for pure g-C3N4, which
is in line with the previously reported optical energy band gap value of 2.7 eV. LaFeO3
has an absorption edge at 685 nm, which means it absorbs light in the visible spectrum
(Eg = 1.81 eV). In perovskite-type oxide materials, the transition of electrons between the
valence band (O 2p) and the conduction band (Fe 3d) is principally responsible for the
strong absorption edges [34,35]. The absorption characteristic peak of LaFeO3/g-C3N4
revealed extended visible light absorption, demonstrating that the synergistic interaction
of the nanomaterials can alter the optical features of the base materials. From Tauc’s
plots shown in Figure 1c, we may infer the photocatalysts’ band gaps. The predicted
values for the energy band gaps (Eg) of the g-C3N4 and LaFeO3 catalysts are 2.7 and
1.81 eV, respectively. After being exposed to visible light, semiconductors typically generate
electron–hole pairs in the valence band and then the excited electrons are transferred to
their conduction band. As shown in Figure 1d,e, we have explored the valence band XPS
spectra of bare g-C3N4 and LaFeO3 photocatalysts to gain insight into their precise valence
and conduction bands. The predicted valence band potential values of pristine g-C3N4
and LaFeO3 photocatalysts are 1.4 and 2.38 V, respectively. The conduction band potential
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values of the catalysts were calculated according to the equation mentioned in our previous
report [36]. Thus, the predicted conduction band potential values of pristine g-C3N4 and
LaFeO3 are −1.3 and 0.57 V vs. the NHE, respectively. Figure 1f demonstrates the energy
band gaps and band edge potentials of g-C3N4 and LaFeO3 photocatalysts.

To verify the microstructure of g-C3N4 and LaFeO3/g-C3N4 catalysts, TEM and high-
resolution TEM (HR-TEM) micrographs were recorded (Figure 2a–d). Figure 2a reveals the
TEM micrograph of g-C3N4, which demonstrates that the material is composed of stacked
layers of ultra-thin flat surface nanosheets with thicknesses of 80–100 nm. An HRTEM
image displaying the distinctive structure of g-C3N4 is shown in Figure 2b. The aggregation
of LaFeO3 particles on the surface of g-C3N4 nanosheets could be obviously seen in the
TEM micrograph of the LaFeO3/g-C3N4 heterostructure (Figure 2c). The distinct lattice
fringes of g-C3N4 and LaFeO3 catalysts can be clearly seen in the HRTEM micrograph of
the LaFeO3/g-C3N4 catalyst (Figure 2d) [37]. This confirms the successful fabrication of
LaFeO3/g-C3N4 heterojunction.
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The elemental compositions of the g-C3N4 and LaFeO3/g-C3N4 catalysts were studied
by means of XPS analysis. The existence of relevant elements is revealed by the XPS
survey spectra of the photocatalysts (Figure 3a). The deconvoluted C1s spectra (Figure 3b)
demonstrate the existence of peaks at 284.75 and 288.15 eV, which are accredited to the
Sp2 hybridized C atoms (i.e., N−C=N) and graphitic-carbon (i.e., C−N), respectively.
Noticeably, after LaFeO3 coupling, the binding energy peaks of g-C3N4 are somewhat
shifted toward the higher binding energies side, possibly due to the charge transfer at the
interface of the as-fabricated LaFeO3/g-C3N4 heterojunction. The N 1s spectrum of bare
g-C3N4 (Figure 3c) reveals two peaks at 398.6 and 401.2 eV, respectively, accredited to the
Sp2-hybridized N atoms (i.e., C-N=C) by heptazine rings and the tertiary N atoms (i.e.,
N-(C)3). The electron delocalization effect causes a comparable shift in the N 1s peak of the
LaFeO3/g-C3N4 catalyst [38].
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In addition, two distinct peaks can be seen in the La 3d XPS spectrum of the LaFeO3/g-
C3N4 catalyst (Figure 3d) at 834.65 and 851.55 eV. In addition, two small peaks originated
at 838.6 and 855.2 eV corresponding to the satellite peaks of the La 3d5/2 and La 3d3/2
orbitals. These peaks are produced by the transferring of an electron from a 2p to an empty
4f orbital in the O2 ligands. The spin-orbital splitting of the La 3d5/2 and La 3d3/2 orbitals
is 16.6 eV, demonstrating the +3-oxidation state of La. The peaks originating at 710.1 (i.e.,
2p3/2) and 723.65 eV (i.e., 2p1/2) in the Fe 2p spectrum of the LaFeO3/g-C3N4 composite
(Figure 3e) indicate the +3-oxidation state of the Fe in the composite. Lattice oxygen (i.e.,
La-O) and surface-adsorbed hydroxyl groups (•OH) are responsible for the two typical
peaks at 530.15 and 532.55 eV in the deconvoluted O 1s XPS spectra of the LaFeO3/g-C3N4
catalyst (Figure 3f) [27,39]. The XPS analysis shows that LaFeO3 and g-C3N4 have strong
interactions with each other.

2.2. Photogenerated Charge Separation

Photoluminescence (PL) spectroscopy was utilized to explore the photo-physics of
photogenerated charges in the g-C3N4 and LaFeO3/g-C3N4. The PL method can provide
us with useful information about the presence of surface defects, vacancies, as well as
charge recombination at the catalyst surface [40,41]. As is evident from Figure 4a, the
g-C3N4 photocatalyst has a robust PL signal, which favors efficient recombination of charge
carriers. However, the PL peak intensity is significantly suppressed for the LaFeO3/g-C3N4
catalyst. Based on these findings, we may conclude that the LaFeO3/g-C3N4 composite
exhibits much lower charge recombination compared to that of the pristine g-C3N4. In
addition, surface photo-voltage (SPV) spectroscopy indicates enhanced charge transfer
and separation in the LaFeO3/g-C3N4 catalyst. In semiconductors, SPV spectroscopy is
typically employed to learn more about electron–hole pairs’ excitation, separation, as well
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as transfer at the surface. SPV typically detects a signal representing the charge separation.
Increased charge carrier separation results in a robust SPV signal [42]. Figure 4b shows that
the SPV signal from g-C3N4 is quite low. The LaFeO3/g-C3N4 composite, on the other hand,
shows a significantly higher SPV signal, indicating better charge separation and transfer
in the fabricated heterojunction. Electrochemical impedance spectra (EIS) measurement
is employed to confirm the findings of PL and SPV. In most cases, the arc radius of the
resulting EIS Nyquist plots might be used to assess the charge transfer resistance of the
catalysts. The huge arc radius is indicative of weak charge separation in semiconducting
nanomaterials, as has been widely stated [43]. Figure 4c shows that the LaFeO3/g-C3N4
catalyst has highly effective charge transfer and separation in comparison to that of the bare
g-C3N4 catalyst, as proven by the short arc radius of the EIS Nyquist plot. The equivalent
circuit model is provided as the inset of Figure 4c.
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2.3. Thermogravimetric Analysis

Figure 4d displays the thermogravimetric analysis (TGA) spectra for g-C3N4 and
LaFeO3/g-C3N4 catalysts. It is worth noting that between 750 and 770 ◦C, pure g-C3N4
loses a substantial amount of weight, likely due to disintegration or combustion. However,
between 700 and 750 ◦C, the LaFeO3/g-C3N4 composite shows a dramatic loss of weight.
Like other g-C3N4-based photocatalysts, the lower weight is due to the coupling of LaFeO3,
which reduces the thermal stability of pure g-C3N4. After heating the photocatalyst to
temperatures above 700 ◦C, the g-C3N4 percentage composition in the LaFeO3/g-C3N4
catalyst is estimated to be around 92%.

2.4. Photocatalytic Activities

The visible light catalytic activity of g-C3N4 and LaFeO3/g-C3N4 catalysts for hydro-
gen generation was investigated. The photocatalyst’s performance for H2 production was
evaluated at 1 h intervals throughout the 4 h photocatalytic experiment. Upon exposure
to visible light irradiations (λ > 420 nm), pristine g-C3N4 produced a tiny amount of H2
(i.e., 24.0 µmol h−1 g−1) with the assistance of co-catalyst Pt, as shown in Figure 5a. It is
vital to highlight that the LaFeO3 did not produce H2 because of its unsuitable conduc-
tion band potential (i.e., 0.47 V) for water reduction. The amount of H2 produced over
the composite of LaFeO3/g-C3N4 is 351 µmol h−1 g−1, remarkably higher in compari-
son to that of the pristine g-C3N4 component. The enhanced separation and transfer of
electron–hole pairs via the Z-scheme transfer system led to the exceptional activity of the
LaFeO3/g-C3N4 catalyst. A stability test of the LaFeO3/g-C3N4 catalyst for H2 evolution
under visible light irradiation was conducted. Recyclability testing (Figure 5b) shows that
after four consecutive photocatalytic re-cycles, the photocatalyst activity did not decline
significantly. These findings identify the superior recycling performance and stability of
LaFeO3/g-C3N4 photocatalyst.

To validate the H2 evolution results, the photocatalytic performance of the catalysts for
the degradation of RhB and MB dyes was evaluated under visible-light irradiation for 2 h.
Figure 5c shows that the RhB degradation over pristine g-C3N4 and LaFeO3 photocatalysts
is approximately 33 and 44%, respectively. Interestingly, the RhB degradation over the
LaFeO3/g-C3N4 photocatalyst is much more significant (i.e., 94%). Similarly, the pure
g-C3N4 and LaFeO3 photocatalysts degraded by about 27 and 39% of the MB, respectively.
After 2 h of visible light irradiation, the LaFeO3/g-C3N4 catalyst decomposed 87% of
MB (Figure 5d). Meanwhile, the photocatalytic recyclability tests for the degradation of
RhB and MB dyes were measured in order to confirm the stability of the LaFeO3/g-C3N4
catalyst. As is obvious from Figure 5e,f, after 8 h of catalytic cycles (each lasting 2 h),
the composite catalyst does not show any apparent decrease in catalytic performance for
the degradation of RhB and MB dyes. Based on the above experiments, it is confirmed
that coupling LaFeO3 with g-C3N4 can greatly increase its surface redox ability due to the
improved photogenerated charge separation in a Z-scheme direction.

In order to confirm which reactive intermediate species are involved in the degra-
dation of RhB and MB dyes over the as-prepared LaFeO3/g-C3N4 photocatalyst, radical
trapping experiments were carried out to quench the reactive species such as holes (h+),
hydroxyl radicals (•OH), and superoxide radicals (O2

•−). Scavenging species such as
ethylenediaminetetraacetic acid disodium salt (EDTA-2Na), isopropyl alcohol (IPA), and
p-Benzoquinone (BQ) were employed to assess the contributions of h+, •OH, and O2

•− to
the oxidation of RhB and MB dyes [40]. As revealed in Figure 6a,b, after 2 h of irradiation
in the absence of any scavenger, approximately 94 and 87% of RhB and MB dyes were
degraded over the LaFeO3/g-C3N4 photocatalyst, respectively. However, after the addition
of scavenger solutions (1 mmol) into the suspension containing RhB and MB dyes, only the
IPA and BQ scavengers significantly reduced the degradation of both dyes. This suggests
that the •OH, and O2

•− radicals contributed considerably to the total degradation of RhB
and MB dyes, while the role of h+ was less significant. EPR spectroscopic investigation
of the •O2 and •OH production during photocatalysis was carried out under dark and
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light (10 min) conditions at room temperature, as shown in Figure 6c,d, respectively. The
trapping reagents DMPO-•OH and DMPO-•O2 were added to the solution containing
the LaFeO3/g-C3N4 photocatalyst under continuous stirring prior to EPR analysis. As
expected, no peaks of DMPO-•OH and DMPO-•O2 can be seen in the dark. Surprisingly,
distinct peaks of DMPO-•OH and DMPO-•O2 were identified following a 10 min visible
light catalytic reaction. The significant redox power of the LaFeO3/g-C3N4 photocatalyst is
clarified, and the Z-scheme charge transfer mechanism is confirmed.
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(b) Stability test for H2 evolution LaFeO3/g-C3N4 photocatalyst. (c) Photocatalytic degradation of
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catalysts. (e) Photocatalytic recyclability test for RhB degradation and (f) photocatalytic recyclability
test for MB degradation over LaFeO3/g-C3N4 photocatalyst.
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2.5. Mechanism

Based on the obtained results, a schematic for charge carrier generation, separation,
transfer, and photocatalytic activities over the LaFeO3/g-C3N4 Z-scheme system is depicted
in Figure 7. The predicted band gap values of LaFeO3 and g-C3N4 catalysts are 1.81 and
2.7 eV, respectively. Notably, the valence band potentials of g-C3N4 and LaFeO3 photo-
catalysts are 1.4 and 2.38 V, respectively. In addition, the conduction band potentials of
g-C3N4 and LaFeO3 photocatalysts are calculated to be −1.3 and 0.57 V, respectively. When
LaFeO3 is coupled with g-C3N4, a heterojunction of LaFeO3/g-C3N4 is formed. Charge
carriers (electron–hole pairs) are generated in both components of the LaFeO3/g-C3N4 het-
erojunction when exposed to visible light. Consequently, the electrons in both components
are stimulated to their respective conduction bands. Meanwhile, holes continue to appear
in their corresponding valence bands. The recombination between electrons of LaFeO3
and holes of g-C3N4 occurs due to the proximity of the conduction band of LaFeO3 and
the valence band of g-C3N4. Thus, the transfer of charges occurs in a Z-scheme direction
in the as-fabricated LaFeO3/g-C3N4 catalyst. This improves charge carriers’ separation
in the as-fabricated LaFeO3/g-C3N4 catalyst. It is important to note that the standard po-
tentials for water reduction and superoxide radical (•O2

−) generation are 0 and −0.046 V,
respectively, versus the reduction potential of a Normal Hydrogen Electrode (NHE) [44].
The standard potential for hydroxyl radical (•OH) production is 2.27 V vs. the NHE [45].
Consequently, photogenerated electrons in the g-C3N4 conduction band reduce water to
H2 and O2 to •O2

−. Moreover, the valence band holes of LaFeO3 will react with water and
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surface-adsorbed hydroxyl groups to produce •OH. The EPR study confirms the existence
of both the •OH and •O2 radicals. Therefore, the RhB and MB dyes are oxidized by a
combination of •OH and •O2. Furthermore, the photogeneration could also contribute
to the total degradation of organic dyes. The above results reveal that the charge separa-
tion in the fabricated LaFeO3/g-C3N4 Z-scheme heterojunction is significantly promoted
which led to improved H2 evolution and dyes degradation performance. According to the
charge transfer phenomenon in the LaFeO3/g-C3N4 Z-scheme photocatalyst, the catalytic
reactions would proceed in a fashion as mentioned in Equations (1)–(7):

LaFeO3/g-C3N4 + hν→ LaFeO3 (e− + h+)/g-C3N4 (e− + h+) (1)

g-C3N4 (e−) + 2H+ → H2 (2)

g-C3N4 (e−) + O2 → •O2
− (3)

LaFeO3 (h+) + OH−/H2O→ •OH (4)

LaFeO3 (h+) + Dyes→ Degradation Products (5)

•O2
− + Dyes→ Degradation Products (6)

•OH + Dyes→ Degradation Products (7)
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3. Materials and Methods

Analytical-grade solvents/reagents were used in this study without being further
purified.

3.1. Fabrication of g-C3N4

An amount of 5 g of melamine was directly calcined in an air environment at 550 ◦C
(5 ◦C min−1) for 2 h in a furnace. After reaching room temperature, the product was
collected and milled into a fine powder.
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3.2. Fabrication of LaFeO3 Nanoparticles

A sol–gel process was used to fabricate LaFeO3 nanoparticles. In a typical procedure,
an equimolar (0.1 M) precursor solution of La(NO3)3·6H2O and Fe(NO3)3·9H2O was
prepared in methanol/ethylene glycol (1:1) mixture and stirred under room temperature
for half an hour. After that, both solutions were mixed under continuous stirring and then
kept under ultrasonic treatment for half an hour. The mixed solution was then stirred for
16 h and then dried at 85 ◦C. Consequently, the dried powder was calcined in air at 650 ◦C
for 2 h to obtain LaFeO3 nanoparticles.

3.3. Fabrication of LaFeO3/g-C3N4 Composite

A wet chemical approach was used to fabricate the LaFeO3/g-C3N4 heterostructure
composite. A 5wt% of LaFeO3 to that of the corresponding g-C3N4 (total weight of the
sample was 1 g) was dispersed in a beaker containing 25 mL of water/ethanol mixture
(1:1) and continuously stirred for 12 h. Then, the powder dispersed in the solvent mixture
was centrifuged and washed with de-ionized water and ethanol. Finally, it was dried in an
oven at 85 ◦C, milled into a fine powder, and then calcined at 450 ◦C (5 ◦C min−1) for 2 h.

3.4. Characterization

A Bruker-D8 powder diffractometer (Chiba, Japan) was employed to acquire the X-ray
diffraction patterns of the catalysts using a CuKα radiation source. A UV-2550 Shimadzu-
Kyoto, Japan Spectrophotometer was used to obtain the UV-vis absorption spectra. The
TEM images were taken via a transmission electron microscope (TEM) model (JEOL Ltd-
JEM-2100, Tokyo, Japan) set at 200 kV. An Ultra-DLD-Kratos-Axis X-ray photoelectron
spectroscope (XPS) (Kyoto, Japan) with Al (mono) X-ray source was employed to detect
the chemical composition and elemental states of the catalysts. An FP-6500 (Tokyo, Japan)
fluorescence spectrometer was utilized to detect the PL spectra of the catalysts. Surface
photovoltage (SPV) spectra were measured using equipment linked with a lock-in ampli-
fier (model SR830, Sunnyvale, CA, USA) and a light chopper (model SR540, Sunnyvale,
CA, USA). A Perkin Elmer TGA-8000 (USA) was used for a thermogravimetric study in
the temperature range of 30–780 ◦C under air conditions. Electrochemical impedance
spectroscopy (EIS) spectra were obtained with Shanghai Chenhua CHI-760E equipment
(Shanghai, China) while employing a Ag/AgCl reference electrode. For electron param-
agnetic resonance (EPR) spectra measurement, a Bruker-A300 (Beijing, China) apparatus
was used. The EPR measurement was performed at room temperature, and the trapping
reagent 5,5-Dimethyl-1-pyrroline-N-oxide (DMPO) was utilized.

3.5. Photocatalytic Experiments

The photocatalytic H2 production experiments were carried out in a sealed 250 mL
quartz reactor. During the test, methanol was added as a sacrificial agent. About 50 mg of
the photocatalyst powder was diffused in a mixture of water (80 mL)/methanol (20 mL)
under continuous stirring. To remove bubbles, the system was extensively evacuated for
half an hour. The system was then irradiated under a Perfect-light 300 W Xenon lamp
(Beijing Perfect light Technology Co., Ltd) with a cut-off filter (λ > 420 nm). The hydrogen
produced during the photocatalytic reaction was measured at a fixed time interval (1 h)
and detected via an online gas chromatograph (CEAULIGH, GC-7920 with carrier gas N2)
linked to a TCD detector. The photocatalytic recyclability test for H2 production over the
LaFeO3/g-C3N4 photocatalyst was evaluated for 16 h (4 cycles, each lasting 4 h) under the
same experimental conditions. The photocatalytic experiments for Rhodamine B (RhB) and
Methylene Blue (MB) were performed in a 100 mL volume quartz reactor with the assistance
of a 300 W Xe lamp (cut-off filter λ > 420 nm). The duration of each experiment was 2 h.
Before photocatalytic reaction, the dye solutions containing catalysts (50 mg) were stirred in
the dark for 30 min to attain adsorption equilibrium. Similarly, the photocatalytic recyclable
tests for the dyes’ degradation over the LaFeO3/g-C3N4 photocatalyst were evaluated for
8 h (4 cycles, each lasting 2 h) under the same experimental conditions. The scavenger-
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trapping experiments were performed under the same experimental conditions with the
assistance of ethylenediaminetetraacetic acid disodium salt (EDTA-2Na), isopropyl alcohol
(IPA), and p-Benzoquinone (BQ) as the h+, •OH, and O2

•− trapping agents, respectively.

4. Conclusions

In summary, the fabrication of the Z-scheme LaFeO3/g-C3N4 system for water reduc-
tion to evolve hydrogen and organic dye degradation is described in this study. Notably,
the as-fabricated LaFeO3/g-C3N4 composite catalyst revealed outstanding water reduction
performance to generate H2 (i.e., 351 mol h−1g−1) under visible light irradiation, which is
significantly higher in comparison to that of the g-C3N4. Additionally, the photocatalyst ox-
idized 87% of the MB dye and 94% of the RhB dye after two hours of visible light irradiation.
The results indicate that the significantly increased photo-activities of the LaFeO3/g-C3N4
Z-scheme heterostructure are due to extended light absorption and dramatically accelerated
charge carrier separation. The development of this highly efficient Z-scheme heterostruc-
ture photocatalyst offers a promising strategy for the design and implementation of efficient
Z-scheme systems to address energy and environmental concerns.
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Abstract: We report the construction of 2D/1D heterojunction photocatalysts through the hydrother-
mal growth of WO3 nanosheets on TiO2 nanoribbons for the first time. Two-dimensional WO3

nanosheets were vertically arrayed on the surface of TiO2 nanoribbons, and the growth density
could be simply controlled by adjusting the concentration of the precursors. The construction of
WO3/TiO2 heterojunctions not only decreases the band gap energy of TiO2 from 3.12 to 2.30 eV and
broadens the photoresponse range from the UV region to the visible light region but also significantly
reduces electron–hole pair recombination and enhances photo-generated carrier separation. Conse-
quently, WO3/TiO2 heterostructures exhibit improved photocatalytic activity compared to pure WO3

nanosheets and TiO2 nanoribbons upon visible light irradiation. WO3/TiO2-25 possesses the highest
photocatalytic activity and can remove 92.8% of RhB pollutants in 120 min. Both further increase and
decrease in the growth density of WO3 nanosheets result in an obvious reduction in photocatalytic
activity. The kinetic studies confirmed that the photocatalytic degradation of RhB follows the kinetics
of the pseudo-first-order model. The present study demonstrates that the prepared WO3/TiO2

2D/1D heterostructures are promising materials for photocatalytic removal of organic pollutants to
produce clean water.

Keywords: WO3/TiO2; 2D/1D heterojunction; photocatalytic activity; water purification

1. Introduction

The demand for fresh water increases exponentially with global population growth
and industrial development [1–3]. Clean water scarcity is one of the most pressing issues
for human beings to confront nowadays, especially in developing countries [4]. According
to World Wildlife, two-thirds of the world’s population will face water shortages by 2025 [5].
To address this challenge, many advanced technologies have been developed to remove
aqueous pollutants for clean water production [6,7], including adsorption [8,9], membrane
filtration [10], and semiconductor photocatalytic technology [11]. Among various tech-
niques, semiconductor photocatalysis offers a green and sustainable water purification
technology because harmful pollutants can be completely decomposed to CO2, H2O, and
other small molecules without the involvement of any chemicals [11–14]. Mainly, photocat-
alysts absorb photons as an energy source to (1) generate electron−hole pairs, (2) separate
the photoexcited charges, (3) transfer electron and hole to the photocatalyst’s surface, and
(4) utilize the active charges on the photocatalyst’s surface for catalytic decomposition of
pollutants [12–17].

Heterojunction photocatalysts, particularly systems consisting of a low-dimensional
1D and 2D semiconductor, are recognized as prospective building blocks for next-generation
advanced photon harvesting and conversion technologies [18,19]. The considerable po-
tential of 1D/2D heterojunctions arises from high charge carrier mobility along the 1D
nanostructures and effective charge recombination prevention ability of 2D nanostructures
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due to the strong electron confinement effect in atomic-thick layers. Among four different
configurations based on interfacial contact, heterojunctions with vertically aligned 2D
nanosheets on 1D nanostructures are highly desirable for photocatalytic systems [19]. That
is because the vertically aligned 2D nanosheets on 1D nanostructures not only allow maxi-
mum exposure of the entire surface, thereby maximally providing the edge active sites, but
also create better electronic contacts and optimized electron transport pathways, leading to
enhanced photo-generated electron–hole separation efficiency [18,19]. This unique 2D array
on 1D structures widely exists in nature, such as leaf array on a tree branch and the bony
plates along stegosaur backs, and their advancement in light absorption and conversion
have been proven in nature for millions of years.

Since the discovery of the Honda–Fujishima effect in 1972 [20], TiO2 has been consid-
ered to be the most promising photocatalyst because of its high photosensitivity, excellent
stability, nontoxic nature, and low cost [13,21,22]. In particular, 1D TiO2 nanoribbons have
received much more attention for advanced photocatalyst design because of the following
features [22–24]. First, the well-defined 1D geometry facilitates fast and long-distance
electron transport, leading to long-time photocatalytic stability. Second, 1D nanoribbons
possess larger specific surface areas than corresponding bulk materials, providing more
active catalytic sites. Third, the large length-to-diameter ratio of 1D nanoribbons increases
light absorption and scattering, enhancing light use efficiency [19,20]. Beside TiO2, WO3 is
another extensively investigated photocatalyst driven by its narrow band gap and visible
light absorption ability [25–27]. Among various morphologies, 2D WO3 nanosheets possess
an extremely high percentage of exposed surfaces and a strong quantum confinement effect
in the thinnest dimension, leading to abundant active sites and enhanced light conversion
efficiency, which are highly desirable for high-performance photocatalysts [25–30]. Inspired
by the booming progress in 1D TiO2 nanoribbon and 2D WO3 nanosheet photocatalysts,
the rational design of 2D/1D WO3/TiO2 multidimensional heterojunction photocatalysts
is expected to integrate the merits of both 1D and 2D nanogeometry and lead to enhanced
photocatalytic performance. Particularly, a 2D WO3 array on a 1D TiO2 heterojunction is of
special interest for highly efficient photocatalyst design. Coupling narrow band gap WO3
(2.4–2.8 eV) can not only broaden the absorption wavelength of TiO2 from UV to visible light
regions, resulting in the formation of visible light-responded heterojunction photocatalysts,
but also effectively suppresses electron−hole pair recombination, thus improving the photo-
catalytic activity [31]. To date, substantial efforts have been devoted to construct WO3/TiO2
heterojunction systems, including WO3 nanorod/TiO2 nanofiber composite [32], WO3
nanoparticle/TiO2 nanoparticle composite [33,34], heterostructured TiO2/WO3 porous mi-
crospheres [35,36], a WO3 nanoparticle/TiO2 nanotubes system [37–39], heterostructured
WO3/TiO2 nanosheets [40,41], and WO3 nanosheet/TiO2 nanoparticle composite [42].
However, to the best of our knowledge, 2D/1D heterojunction photocatalysts composed of
TiO2 nanoribbons and WO3 nanosheets have not been reported. Demonstrating the vertical
growth of WO3 nanosheets on TiO2 nanoribbons for 2D/1D heterojunction photocatalysts
is especially challenging.

Herein, we report the vertical growth of WO3 nanosheets on TiO2 nanoribbons as
1D/2D heterojunction photocatalysts with improved photocatalytic performance under
visible light. The WO3/TiO2 heterojunctions were constructed through the introduction
of TiO2 nanoribbons into the hydrothermal growth system of WO3 nanosheets. The as-
obtained WO3/TiO2 sample was characterized by using XRD, SEM, TEM, XPS, UV–vis, and
PL analysis. WO3 nanosheets vertically arrayed on the surface of TiO2 nanoribbons lead
to the formation of 1D/2D heterojunctions with maximum exposure of the entire surface,
which not only broadens the light adsorption spectrum into the visible region but also
inhibits the recombination of photoinduced carriers, resulting in enhanced photocatalytic
degradation of aqueous pollutants.
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2. Results and Discussion
2.1. XRD Analysis

The hydrothermal growth process is accompanied by an obvious color change in TiO2
from white to yellow-green (Figure 1a), indicating the successful and uniform growth of
WO3 on TiO2. In order to confirm WO3 growth, XRD patterns of the samples before and
after hydrothermal reaction were recorded (Figure 1b). Before growth of WO3 nanosheets,
all the diffraction peaks located at 25.3◦, 37.8◦, 48.0◦, 53.9◦, 55.0◦, 62.1◦, 62.7◦, and 68.8◦

can be indexed to anatase TiO2 (JCPDS file no. 21-1272), which is in good agreement with
previous reports [43,44]. After the growth of the WO3 nanosheets, except for the peaks
originating from TiO2 nanoribbons (marked with red boxes), new peaks (marked with
blue circles) centered at 16.5◦, 25.6◦, 30.5◦, 33.4◦, 34.1◦, 34.8◦, 38.9◦, 44.1◦, 45.9◦, 46.3◦,
49.6◦, 52.6◦, 56.2◦, 57.2◦, 58.4◦, 61.2◦, 64.3◦, and 66.0◦ were observed, which match well
with WO3•H2O (JCPDS file no. 43-0679) [45], indicating the formation of WO3/TiO2-25
composites [32–34].
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Figure 1. (a) Photograph of TiO2 before and after hydrothermal growth of WO3. (b) XRD patterns
of TiO2, WO3, and WO3/TiO2−25. (c) FTIR spectra of TiO2, WO3, and WO3/TiO2 composites with
different ratios.

2.2. FTIR Analysis

In order to further confirm the formation of WO3/TiO2 composites, FTIR spectra
of all samples have been collected and shown in Figure 1c. For the spectrum of pure
TiO2 nanoribbons (green line), the broad adsorption band centered at 3430 cm−1 could
be ascribed to the stretching vibrations of the surface hydroxyl groups and molecularly
chemisorbed water [46]. The peak at 1630 cm−1 results from -OH bending of molecularly
physisorbed water [46]. The large absorption in the range 492 cm−1 can be attributed to the
strong stretching vibrations of the Ti-O bond in TiO2 nanoribbons [46]. For the spectrum of
pure WO3 nanosheets (red line), the broad adsorption band center at 3410 cm−1 is related
to the stretch region of the surface hydroxyl groups with hydrogen bonds and crystal water
of WO3•H2O, while the peak centered at 1633 cm−1 is from O–H bending of physisorbed
water. The weak band observed around 600–750 cm−1 is attributed to the O–W–O stretching
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modes of WO3, and the peak located at 941 cm−1 is associated with W=O stretching [46].
For WO3/TiO2 composites with different ratios, the broad peak around 3412–3420 cm−1

of each sample can be ascribed to the stretching vibrations of -OH groups [46]. These
characteristic absorption peaks of WO3 and TiO2 located in the range of 400–1000 cm−1 are
all observed in the spectra of WO3/TiO2 composites, indicating the successful combination
of WO3 and TiO2. From WO3/TiO2-5 to WO3/TiO2-75, the intensity of peaks from TiO2
nanoribbons decreases, and the intensity of peaks ascribed to WO3 nanosheets increases,
indicating the increasing growth density of WO3 nanosheets on TiO2 nanoribbons, which
is in good agreement with the raw material proportioning.

2.3. SEM and TEM Analysis

In order to reveal the configuration of WO3/TiO2 heterojunctions, SEM and TEM were
applied to observe the pure TiO2 nanoribbons and the WO3/TiO2-25 heterostructure. Before
WO3 growth, pure TiO2 nanoribbons exhibit typical 1D morphology with a length from
several tens to several hundreds of micrometers (Figure 2a). TEM images (Figure 2b–d) of
an individual nanoribbon show that the width of the nanoribbons is around 100 nm and
the surface of the nanoribbons are flat and clean, which provides comfortable platforms
for the nucleation and growth of WO3 nanosheets. After WO3 growth, the 1D typical
morphology is still maintained, while the surface of the nanoribbons is vertically arrayed
with tetragonal nanosheets at a length of 100 nm to 400 nm and thickness of 40 nm
(Figure 2e). A similar structure has also been reported in BiOBr/TiO2 systems [43]. A TEM
image (Figure 2f) of a single heterostructured nanoribbon demonstrates that 2D nanosheets
were grown on both sides of the nanoribbons, leading to the formation of vertically aligned
2D/1D heterostructures with maximum exposure of junctions and the entire surface. High-
magnification TEM images (Figure 2g,h) show very clear crystalline planes with a d-spacing
of 0.347 nm, which closely matched the inter-planar spacing of the (111) facets of WO3 [45],
further confirming the successful formation of WO3/TiO2 heterojunctions. Figure 2i–l
show HAADF-STEM-EDS mapping images of a typical nanoribbon arrayed with sheet
structures. Ti and O elements can be found in the nanoribbons, while W and O elements
existed in the nanosheets, which directly proves that the nanoribbons were TiO2 and the
nanosheets arrayed on nanoribbons were WO3. These results visually verified that the
flat TiO2 nanoribbons served as the backbones and the WO3 nanosheets with a tetragonal
profile were arrayed on them, leading to the formation of typical vertically aligned 2D
on 1D heterostructures. This unique 2D array on 1D structures widely exist in nature
and their advancement in light absorption and conversion have been proved in nature
for millions of years. For example, trees adopt a leaf array on branch structures to obtain
enough access to maximum light. Stegosaurs possessed bony plates along their backs to
absorb more heat from the sun to warm their blood on cool days. Therefore, 2D WO3/1D
TiO2 heterostructures are anticipated to be highly desired for the design of advanced
photocatalytic systems.

The growth density of WO3 nanosheets can be regulated simply via control over the
precursor concentration. When the concentration of the precursors was decreased to 5 mM,
few nanosheets could be observed on the surfaces of the nanoribbons (Figure S1a). At
10 mM precursor concentration, only a small amount of nanoribbons was decorated with
WO3 nanosheets (Figure S1b). On increasing the precursor concentration to 50 mM, a
much higher density of nanosheets could be grown on the nanoribbon backbones, and
some isolate nanosheets (Figure S1c) were found between nanoribbons. Further increasing
the precursor concentration to 75 mM would lead to a large amount of free nanosheets
(Figure S1d), indicating the formation of the mixture of WO3/TiO2 heterojunctions and
WO3 nanosheets (Figure S2).
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2.4. XPS Analysis

The element composition and valence of WO3/TiO2-25 composite were analyzed
by X-ray photoelectron spectroscopy (XPS). Figure 3a shows the Ti 2p spectra of pure
TiO2 nanoribbons and WO3/TiO2-25 heterojunctions. The pure TiO2 nanoribbons exhibit
two XPS peaks at 458.6 eV and 464.3 eV, which correspond to Ti 2p1/2 and Ti 2p3/2, re-
spectively. The energy gap between Ti 2p1/2 and Ti 2p3/2 peaks is 5.7 eV, revealing the
oxidation state of Ti in TiO2 nanoribbons is +4 [36,47], which is also consistent with the XRD

88



Catalysts 2023, 13, 556

result. After the growth of WO3 nanosheets on TiO2, both the Ti 2p1/2 and Ti 2p3/2 peaks
exhibit obvious red shifts from 458.6 to 459.1 eV and from 464.3 to 464.8 eV, respectively.
This result suggests the conversion of Ti-O-Ti bonds to Ti-O-W bonds, which confirms
the strong interaction between WO3 and TiO2 in the WO3/TiO2-25 heterojunctions [34,36].
Furthermore, the +4 oxidation state of Ti is unchanged after the formation of WO3/TiO2-25
heterojunctions as the energy gap between the peaks at 459.1 and 464.8 eV remains 5.7 eV.
The W 4f XPS spectra of pure WO3 nanosheets and WO3/TiO2-25 heterojunctions are
shown in Figure 3b. The two XPS peaks of pure WO3 nanosheets at 35.7 eV and 37.8 eV are
attributed to W 4f7/2 and W 4f5/2, respectively. The energy gap between W 4f7/2 and W
4f5/2 peaks is 2.1 eV, which suggests that the W element existed in the form of W6+ in WO3
nanosheets [34,36]. For WO3/TiO2-25 heterojunctions, the binding energies of W 4f7/2 and
W 4f5/2 peaks were both shifted to low energy by 0.1 eV, while the energy gap between
these two peaks is unchanged, indicating the W6+ oxidation state in WO3/TiO2-25 hetero-
junctions [34,36,48], which is in good agreement with the XRD data. The high-resolution O
1s XPS spectrum of the samples is shown in Figure 3c,d. It can be seen that the Ti-O bond
peak in TiO2 nanoribbons is located at 530.0 eV (Figure 3c), while the W-O bond peak in
WO3 nanosheets is centered at 530.5 eV (Figure 3d). For WO3/TiO2-25 heterojunctions, the
binding energy at 530.4 eV corresponded to the lattice oxygen of Ti4+-O or W6+-O, indi-
cating that W-O and Ti-O shared the orbital O 1s in the W-O-Ti bond [32,43,44]. The peak
exhibited a 0.4 eV up-shift from Ti-O bonds (from 530.0 to 530.4 eV) and 0.1 eV down-shift
from W-O bonds (from 530.5 to 530.4 eV). The above XPS results show that the binding
energy of Ti 2p shifted to high energy, while the binding energy of W 4f and O 1s shifted to
low energy after the formation of WO3/TiO2-25 heterojunctions, confirming the electron
density decrease on TiO2 and electron density increase on WO3, respectively [36,49,50]. The
electron density change indicates that the photo-generated carriers have been successfully
transferred between WO3 and TiO2 in the composite, which further proved the formation
of WO3/TiO2-25 heterojunction structures [34,36].

2.5. Optical Analysis

The UV–vis diffuse reflection spectra of TiO2, WO3, and WO3/TiO2 heterojunctions
were recorded to understand the light absorption property and are shown in Figure 4a.
The TiO2 nanoribbons show strong absorbance in the ultraviolet region, and the optical
absorption edge was found to be around 400 nm owing to the large band gap of anatase
TiO2 [21,22]. After the combination of WO3, the optical absorption edge exhibits a 130 nm
red shift compared to pure TiO2 nanoribbons. Thus, the hybrid WO3/TiO2 heterostructures
can utilize a larger fraction of the solar spectrum for photocatalytic reactions. In order to
quantitatively determine their band gaps, (αhν)1/2 vs. photon energy (hν) are generated
from the diffuse reflectance spectra (Figure 4b). Therein, α is the Kubelka–Munk function
of the diffuse reflectance spectra (α = (1 − R)2/2R, and R is the reflectance). The apparent
band gaps of pristine TiO2 and WO3 were calculated to be 3.12 eV and 2.26 eV, respectively,
while the estimated band gap of WO3/TiO2 heterostructures was calculated to be 2.30 eV.
The band gap reduction in TiO2 nanoribbons after WO3 sheet growth suggests the strong
interaction between TiO2 and WO3 in WO3/TiO2 heterostructures, which can effectively
hinder the recombination of e-h+ through the WO3/TiO2 heterojunction [27,29,35].
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2.6. Photoluminescence Analysis

Photoluminescence measurements were further undertaken to unveil the charge re-
combination behavior of TiO2 and WO3/TiO2-25 heterostructures. It is widely known
that fluorescence emission signals are derived mainly from the recombination of photo-
generated electron–hole pairs, and a lower fluorescence intensity signifies a higher pho-
tocatalytic efficiency [12,31,43]. Figure 5a shows the fluorescence spectra of TiO2 and
WO3/TiO2-25 heterostructures in the wavelength range of 475–725 nm. It can be seen
clearly that the emission peaks of TiO2 and WO3/TiO2-25 heterostructures are in similar
shapes, and the fluorescence emission intensity of TiO2 shows an obvious reduction after
modification with WO3 nanosheets, indicating that growth of WO3 nanosheets on TiO2
nanoribbons can effectively suppress recombination of electron–hole pairs and increase
the lifetime of the charge carriers, which provides solid basis for photocatalytic activity
improvement. In order to further confirm the enhanced photo-generated electron–hole
separation efficiency, photocurrent responses of all samples have been recorded and shown
in Figure S4. The photocurrent of all the WO3/TiO2 composite samples is significantly
higher than that of the pure TiO2 and WO3, further confirming the higher charge sepa-
ration induced by WO3 nanosheet growth, which is consistent with photoluminescence
spectra. It is worth noting that WO3/TiO2-25 exhibits the highest photocurrent density of
7.9 µA·cm−2, which is roughly 7.1, 6.6 times higher than that of pure TiO2 nanowires and
pure WO3 nanosheets. The best photocurrent response manifests that the WO3/TiO2-25
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heterostructure composite possesses the highest photoelectrons–holes transfer efficiency
and thus should be a promising candidate as a high-performance photocatalyst.
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Figure 5. (a) Fluorescence spectrum of TiO2 nanoribbons and WO3/TiO2−25 heterojunction. (b) Pho-
tocatalytic degradation of RhB over various photocatalysts under sunlight irradiation, where C0 is the
initial concentration of the pollutant, and C is the concentration of the pollutant at irradiation time t.
(c) First-order reaction kinetic curves for the RhB degradation reaction over various photocatalysts.
(d) Curve of the degradation ratio of RhB versus reuse times of WO3/TiO2-25.

2.7. Photocatalytic Performance

UV–vis diffuse reflection, photoluminescence, and photocurrent measurements demon-
strate that construction of 2D/1D heterojunctions through vertical growth WO3 nanosheets
on TiO2 nanoribbons not only broaden the light utilization region but also effectively sup-
presses electron–hole pair recombination; thus, theoretically, WO3/TiO2 heterostructures
should possess higher photocatalytic activity than pure TiO2 and WO3 [11,12,31]. Figure 5b
shows the photocatalytic degradation behavior of RhB over various photocatalysts under
visible light irradiation. In the dark condition, all the samples exhibit similar RhB removal
efficiency, owing to the similar BET surface area (Figure S3). All five kinds of WO3/TiO2 het-
erostructures prepared under different precursor concentrations show higher photocatalytic
activity than pure WO3 nanosheets and TiO2 nanoribbons. Of the five heterojunctions, the
WO3/TiO2-25 system shows the highest photocatalytic activity, which can remove 92.8% of
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RhB pollutants in 120 min. The photocatalytic degradation ration of RhB over WO3/TiO2-
50 and WO3/TiO2-10 heterojunctions is 86.3% and 71.7%, respectively, indicating that too
much higher and lower growth density of WO3 nanosheets causes photocatalytic activity
decrease. The reason is that over-dense WO3 nanosheets result in lower exposure of junc-
tions, while sparse growth density leads to few junctions. Figure 5c shows the first-order
reaction kinetic curves for the RhB degradation reaction over various photocatalysts. It
can be seen that the slope of WO3/TiO2 heterostructures is bigger than that of pure WO3
nanosheets and TiO2 nanoribbons, suggesting the enhanced photocatalytic rate constant
after growth of WO3 nanosheets on TiO2 nanoribbons. The enhanced photocatalytic activity
of the WO3/TiO2 heterostructures is attributed to the synergetic effects of the improved
visible light utilization and enhanced electron–hole separation, which have been proven
by UV–vis diffuse reflection and photoluminescence spectra. Over five consecutive cycles,
there was no notable change for the apparent photocatalytic degradation ratio, indicating
the excellent durability of WO3/TiO2 heterostructures (Figure 5d).

The effect of WO3/TiO2-25 catalyst loading on the photocatalytic degradation ratio
of RhB is shown in Figure 6a. The photodegradation ratio increased with the increase
in catalyst loading in the range of 5–20 mg and reached a maximum when 20 mg of the
catalyst was used. Further increase in catalyst loading from 20 mg to 40 mg led to a decline
in the photodegradation ratio from 92.8% to 82.6%. The observation can be explained
as follows. Increasing catalyst loading from 5 mg to 20 mg would provide more active
photodegradation sites, thus leading to an enhancement of the degradation ratio. When the
catalyst was increased to 40 mg, the photodegradation reaction system became thick colloid,
reducing the light penetration depth, which means only the catalysts in the solution surface
layer can be photo activated as degradation sites, while the catalyst in the solution bottom
layer make little contribution to RhB photodegradation, thus resulting in a decline in the
degradation ratio [51]. Another reason might be due to catalyst aggregation resulting from
high catalyst concentration, which would lead to a decrease in total surface area available
for degradation, reduction in site density for surface holes and electrons, and an increase in
the diffusion path length [51].

In order to reveal the photocatalytic mechanism, several trapping agents, including
ascorbic acid (AC), ammonium oxalate (AO), isopropanol (IPA), and hydrogen perox-
ide (H2O2), were applied as scavengers for probing the active radicals in photocatalytic
degradation. The scavengers AC, AO, IPA, and H2O2 functioned as trapping agents for
superoxide anions (O2

−), holes (h+), hydroxyl radicals (OH), as well as electrons (e−),
respectively [52]. As shown in Figure 6b, various sacrificial agents have a great impact on
the RhB degradation efficiency. After adding AO, AC, and IPA, the RhB photocatalytic
degradation efficiency decreased obviously compared with the blank. The photodegra-
dation ratios of RhB corresponding to AC, AO, and IPA were 40.2%, 20.7%, and 32.2%,
respectively, indicating that h+ and OH constituted the major active species for RhB pho-
todegradation [52]. The photodegradation ratio of RhB reached nearly 100% in the presence
of H2O2. The addition of H2O2 resulted in the consumption of e− in the conduction band
(CB) and the enhancement of photoinduced e−/h+ pair separation. Furthermore, H2O2
was reduced by e− to generate OH, as indicated by H2O2 + e− → OH + OH− [53]. The
generation of extra ·OH further promoted photocatalytic degradation. Therefore, active
species detection reveals that photoinduced h+ and ·OH were the main active species in
the RhB photodegradation process.

93



Catalysts 2023, 13, 556
Catalysts 2023, 13, x FOR PEER REVIEW 11 of 16 
 

 

 

Figure 6. (a) The effect of WO3/TiO2−25 catalyst loading on RhB photodegradation ratio. (b) Trap-

ping test for active species during RhB photodegradation with the WO3/TiO2−25 photocatalyst. (c) 

Proposed photocatalytic mechanism of WO3/TiO2 photocatalyst. 

In order to reveal the photocatalytic mechanism, several trapping agents, including 

ascorbic acid (AC), ammonium oxalate (AO), isopropanol (IPA), and hydrogen peroxide 

(H2O2), were applied as scavengers for probing the active radicals in photocatalytic deg-

radation. The scavengers AC, AO, IPA, and H2O2 functioned as trapping agents for super-

oxide anions (O2−), holes (h+), hydroxyl radicals (OH), as well as electrons (e−), respectively 

[52]. As shown in Figure 6b, various sacrificial agents have a great impact on the RhB 

degradation efficiency. After adding AO, AC, and IPA, the RhB photocatalytic degrada-

tion efficiency decreased obviously compared with the blank. The photodegradation ra-

tios of RhB corresponding to AC, AO, and IPA were 40.2%, 20.7%, and 32.2%, respectively, 

indicating that h+ and OH constituted the major active species for RhB photodegradation 

[52]. The photodegradation ratio of RhB reached nearly 100% in the presence of H2O2. The 

addition of H2O2 resulted in the consumption of e− in the conduction band (CB) and the 

enhancement of photoinduced e−/h+ pair separation. Furthermore, H2O2 was reduced by 

e− to generate OH, as indicated by H2O2 + e− → OH + OH− [53]. The generation of extra 

Figure 6. (a) The effect of WO3/TiO2−25 catalyst loading on RhB photodegradation ratio. (b) Trap-
ping test for active species during RhB photodegradation with the WO3/TiO2−25 photocatalyst.
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The conduction band (CB) and the valence band (VB) edge level potentials of TiO2
and WO3 were measured by applying the following formula [54]: EVB = X − Ec + 0.5Eg,
ECB = EVB − Eg. Where EVB is the VB edge level potential and ECB is the CB edge level
potential, and X is the absolute electronegativity of the semiconductor material (electroneg-
ativity of TiO2 and WO3 is 5.8 eV and 6.59 eV, respectively) [54]. Ec is the energy of free
electrons (4.5 eV vs. NHE), and Eg is the band gap of TiO2 and WO3. The CB and VB
edge level potentials of TiO2 were determined as −0.26 eV and 2.86 eV, respectively, while
the CB and VB edge level potentials of WO3 were calculated to be 0.96 eV and 3.22 eV,
respectively. The photocatalytic degradation mechanism of the WO3/TiO2 heterojunctions
is schematically demonstrated in Figure 6c. When WO3/TiO2 heterojunction photocatalysts
are exposed to visible light irradiation, the photo-generated electrons in the WO3 valence
band will be excited to the conduction band, generating holes in the valence band. However,
it cannot occur for TiO2 due to the band gap energy of TiO2 (3.12 eV) being higher than
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the visible photon energy. The valence band of WO3 is higher than that of TiO2 (3.22 eV
vs. 2.86 eV), so the photo-generated holes can be easily transferred to the valence band
of TiO2 through the 2D/1D junction interface [31–36]. The photo-generated electrons on
the WO3 conduction band cannot react with O2 to produce •O2

− radicals because the con-
duction edge potential of WO3 was higher than the redox potential of O2 to •O2

− (0.96 eV
vs. −0.33 eV). Thus, the radicals of •O2

− can hardly participate in the photodegradation
reaction, which is in good agreement with the scavenger experiment results. Furthermore,
photo-generated holes (h+) can react with adsorbed H2O or OH− to generate •OH radicals,
which are the main active species for organic pollutant photo-degradation confirmed by
the scavenger experiment. The above results showed TiO2 acted as a photo-generated hole
acceptor in the heterojunction, effectively reducing the recombination of photo-generated
carriers and enhancing photocatalytic performance, and h+ and •OH are responsible for
the photodegradation of RhB.

3. Materials and Methods
3.1. Preparation of WO3/TiO2

TiO2 nanoribbons were synthesized according to our previous report [55,56]. Then,
WO3 nanosheets were vertically grown on TiO2 nanoribbons using a hydrothermal process.
Typically, 0.1 g of TiO2 nanoribbons were dispersed in 30 mL of distilled water dissolved
by 0.25 g of Na2WO4•2H2O (25 mM), 2 mL of 3 mol/L HCl aqueous solution, and 0.3 g
of citric acid. Then, the resulting suspension was transferred into a 50 mL Teflon-lined
stainless steel autoclave and kept at 120 ◦C for 24 h. After the hydrothermal reaction
was completed, the resulting products were collected by centrifugation, washed several
times with deionized water, and dried at 60 ◦C overnight. For comparison, WO3/TiO2
composites with different ratios were prepared in a similar manner. The samples were
denoted as WO3/TiO2-5, WO3/TiO2-10, WO3/TiO2-25, and WO3/TiO2-50, WO3/TiO2-75
in which the number represents the concentration of Na2WO4·2H2O.

3.2. Material Characterization

The morphology and structure of the photocatalysts were examined by a HITACHlS-
4800 field emission scanning electron microscope (SEM, Hitachi, Tokyo, Japan). Trans-
mission electron microscope (TEM, Thermo Fisher Scientific, Waltham, MA, USA) and
high-resolution TEM (HRTEM, Thermo Fisher Scientific, Waltham, MA, USA) images were
taken with an FEI Tecnai G20 electron microscope. For TEM samples, the photocatalyst
was dispersed in ethanol using ultrasonic treatment and the TEM samples were prepared
by depositing a drop of diluted suspension on a carbon-coated copper grid. UV-vis-near-
infrared (NIR, Agilent, Polo Alto, CA, USA) reflection spectra were recorded on an Agilent
Australia Carry-5000 spectrophotometer. The UV–Visible absorption spectra were recorded
on a Shimadzu UV-2550 spectrophotometer. The X-ray photoelectron spectroscopy (XPS,
Thermo Fisher Scientific, Waltham, MA, USA) analysis was carried out on an Escalab
250Xi spectrometer with monochromatic Al Kα radiation (hν = 1486.7 eV). Phase identi-
fication of the photocatalysts was measured by a Shimadzu powder difractometer with
Cu-Kα radiation. The solid-state fluorescence spectra were characterized using a FLS980
fluorescence spectrophotometer.

3.3. Photodegradation and Photocurrent Test

Rhodamine B (RhB) solution with a concentration of 9 mg/L was used as the model
waste water. An amount of 20 mg of samples were dispersed in 100 mL of RhB solution.
The solution was kept in the dark for 20 min and then exposed to visible light irradiation.
A 500 W halogen lamp was used as the visible light source, and the average light intensity
was 60 mW•cm−2. The distance between the lamp and the solution was 10 cm. During
the measurement process, a certain amount of the solution was sampled at certain time
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intervals and centrifuged (8000 rpm, 3 min) to remove the photocatalyst particles. The
supernatant was analyzed to measure the concentration of RhB by using a Shimadzu UV-
2550 UV–vis spectrometer (peak center: 554 nm). To analyze the photocatalytic degradation
mechanism, ascorbic acid (AC), ammonium oxalate (AO), isopropanol (IPA), and hydrogen
peroxide (H2O2) reagents were selected as scavengers for anions (O2

−), holes (h+), hydroxyl
radicals (·OH), as well as electrons (e−), respectively. Next, 5 mg of AC, 5 mg of AO, 0.2 mL
of IPA, and 0.2 mL of H2O2 were added into the above photodegradation system while
keeping other conditions unchanged.

Photocurrent studies were performed on a CHI 660D electrochemical workstation
using a three-electrode configuration where ITO electrodes were deposited with the sam-
ples as a working electrode, Pt as a counter electrode, and a saturated calomel electrode
as reference. The electrolyte was 0.35 M/0.25 M Na2S-Na2SO3 aqueous solution. For
the fabrication of the working electrode, 0.25 g of the sample was grinded with 0.06 g
polyethylene glycol (PEG, molecular weight: 20,000) and 0.5 mL ethanol to make a slurry.
The slurry was spread onto a 1 cm × 4 cm ITO glass using the doctor blade technique and
then allowed to air-dry. A 500 W halogen lamp was used as the visible light source and the
average light intensity was 60 mW•cm−2.

4. Conclusions

In conclusion, a novel WO3/TiO2 2D/1D heterojunction photocatalyst was constructed
via the introduction of TiO2 nanoribbons into a WO3 nanosheet growth system. Two-
dimensional WO3 nanosheets were vertically arrayed on the surface of TiO2 nanoribbons,
and the growth density could be easily controlled by adjusting the concentration of the
precursors. The UV–vis diffuse reflection result reveals that vertical growth of WO3
nanosheets on TiO2 nanoribbons successfully decreases the band gap energy of TiO2 from
3.12 to 2.30 eV and broadens the photoresponse range from the UV region to the visible light
region. Furthermore, the photoluminescence measurement demonstrates that construc-
tion of WO3/TiO2 heterojunctions significantly reduces electron–hole pair recombination.
Consequently, WO3/TiO2 heterostructures with different WO3 nanosheet growth density
show higher photocatalytic activity than pure WO3 nanosheets and TiO2 nanoribbons.
WO3/TiO2-25 possesses the highest photocatalytic activity, which can remove 92.8% of RhB
pollutants in 120 min and maintain high removal efficiency after five consecutive cycles.
The present study demonstrates that the prepared WO3/TiO2 2D/1D heterostructures are
promising materials for photocatalytic removal of organic pollutants to purify water.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/catal13030556/s1, Figure S1: SEM images of WO3/TiO2 heterostructures
prepared under different precursor concentrations: (a) 5 mM, (b) 10 mM, (c) 50 mM, (d) 75 mM.
Figure S2: SEM image of pure WO3 nanosheets. Figure S3: Nitrogen adsorptione-desorption isotherm:
(a) TiO2 nanoribbons; (b) WO3 nanosheets; (c) WO3/TiO2 heterostructures and Figure S4. Photocur-
rent responses of all samples.
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Abstract: The modulation of surface wettability and morphology are essential to optimize the photo-
catalytic H2 evolution activity of graphitic carbon nitride (CN)-based photocatalysts. In this work,
the porous hydrophilic CN/PANI heterojunction film was prepared via interfacial polymerization
and loaded on a porous PCL substrate. The construction of the type-II CN/PANI heterojunction
enabled an overall spectrum response and the efficient separation and transportation of photoexcited
charge carriers. The fabricated CN/PANI solid-state film in comparison with its powder counterpart
elevated the utilization efficiency and maintained the long-term stability of photocatalyst. The porous
morphology and hydrophilic surface increased the surface area and enhanced the surface wettability,
favoring water-molecule adsorption and activation. The as-prepared CN/PANI heterojunction film
exhibited photocatalytic H2 production activity up to 3164.3 µmol·h−1·g−1, which was nearly 16-fold
higher than that of pristine CN (569.1 µmol·h−1·g−1).

Keywords: CN/PANI heterojunction; porous solid-state film; hydrophilic surface; photocatalytic
H2 evolution

1. Introduction

Photocatalytic H2 evolution via water splitting—that is, the application of solar energy
to drive water reduction—has developed over the past decades years into an appealing
route for the green production of hydrogen energy. This technique, through which inci-
dent photons are adsorbed by semiconductor photocatalysts to generate charge carriers
participating in redox reaction, conforms to the concept of green chemistry and could help
achieve the sustainable development goals [1–3]. Its productivity is mainly determined
by the utilization range of the visible light spectrum and the photoelectric conversion
efficiency of the photocatalysts [4]. A wide range of semiconductor materials are applied
for photocatalytic H2 generation, primarily including metal-based oxides, sulfides, and
nitrides [5,6]. Non-metallic based polymers are introduced for photocatalysis owing to
their easy modification, tunable band structures, and satisfactory visible light response [7].
Among them, graphitic carbon nitride (CN) has rapidly developed into one of the most
promising photocatalysts for H2 evolution from water due to its visible light-harvesting
capacity (λ < 460 nm), strong reduction ability and environmentally friendly characteris-
tics [8]. However, there are drawbacks related to pristine CN, including an insufficient
adsorption range of the visible light spectrum and the poor separation and migration of
the photoexcited charge carriers [9]. Heterojunction fabrication offers a feasible strategy
to overcome these problems by integrating another semiconductor photocatalyst with a
suitable band structure and superior electronic properties [10,11].

Polyaniline (PANI), a conductive polymer with an extended π-conjugated system,
possesses a high absorption coefficient in the visible light range and high mobility of charge
carriers [12]. It is selected as a preferred candidate to fabricate CN-based heterojunctions
attributed to its wide spectral response, appropriate energy band edge, and high conductiv-
ity [13]. Ge et al. synthesized the CN/PANI heterojunction via in situ deposition oxidative

100



Catalysts 2023, 13, 139

polymerization. The obtained CN/PANI heterojunction showed enhanced photocatalytic
H2 evolution activity due to the effectively improved carrier separation [14]. Zhang et al.
presented the PANI nanorod array grown on the CN nanosheet by cryogenic dilution
polymerization. The as-prepared CN/PANI heterojunction boosted photocatalytic H2 pro-
duction attributed to enhanced charge carrier transportation [15]. However, these reported
CN/PANI heterojunctions were generally developed as a suspended powder in the photo-
catalytic system. There are some shortcomings in the use of the powder heterojunctions,
such as difficult separation and segregation after the reaction [16]. The large losses and
low utilization efficiency induced by the particulate properties of the heterojunctions could
significantly constrain the photocatalytic H2 generation performance. Meanwhile, the
aggregation of powder heterojunctions would reduce the surface active sites, leading to
decreased photocatalytic activity.

The membrane immobilization of powder photocatalyst is beneficial for long-term
maintenance for photocatalytic activity and stability [17]. Generally, photocatalyst precur-
sors that are dispersed into a solvent could be cast into solid state films through various
methods, including spin coating, inkjet printing, and spray coating [18]. The porous
membranes have been recognized as a suitable substrate for powder photocatalyst immo-
bilization [19]. Herein, porous PCL film was selected as the substrate to obtain porous
heterojunction film. In the presence of aniline monomer and pristine CN, the CN/PANI
heterojunction was synthesized by interfacial polymerization and loaded on the porous
PCL substrate. The obtained porous CN/PANI film exhibited a high surface area and
hydrophilicity, thereby exposing abundant reactive sites and enhancing the water molecule
adsorption. As a result, the as-prepared porous hydrophilic CN/PANI heterojunction
membrane showed a nearly 16-fold increase in photocatalytic H2 generation rate compared
to that of the pristine CN.

2. Results and Discussion
2.1. Morphology and Structure Characterization

The morphology of pristine CN, PANI, and the CN/PANI heterojunction film were
observed by scanning electron microscopy (SEM). Pristine CN showed a two-dimensional
layer-like architecture with a size range of several micrometers (Figure 1a). Bare PANI
exhibited agglomerated particles with an irregular shape (Figure 1b). The CN/PANI
heterojunction film deposited on the PCL substrate showed large numbers of macropores
and a rough surface (Figure 1c,d). As a comparison, the SEM image of the film made of
CN/PANI heterojunction powder was shown in Figure S1. No regular porous structures
were observed on its surface.

The FTIR spectra of the pristine CN, PANI, and the CN/PANI film was shown in
Figure 2a. For pristine CN, the peak located at 813 cm−1 was assigned to the bending
vibration of heptazine rings. A series of peaks ranging between 1250 and 1630 cm−1 were
ascribed to the typical stretching modes of CN heterocycles. The broad absorption peak
at around 3200 cm−1 originated from the stretching vibration of the N-H bond [20]. For
bare PANI, the peaks at 806 cm−1 and 1132 cm−1 were the out-of-plane and in-plane
stretching vibration of the C-H bond. The peak at 1302 cm−1 corresponded to the stretching
vibration of the C-N bond. The peaks at 1485 cm−1 and 1568 cm−1 were ascribed to the
vibration peaks of benzene ring and quinone ring, respectively [21–25]. For the CN/PANI
heterojunction film, the characteristic peaks of CN and PANI were simultaneously observed.

The X-ray diffraction (XRD) patterns of pristine CN, PANI, and CN/PANI heterojunc-
tion film are shown in Figure 2b. For the pristine CN, two strong diffraction peaks at 13.1◦

and 27.4◦ were observed, corresponding to the (100) and (002) crystal plane of graphitic
carbon nitride (JCPDS 87-1526) [26]. For bare PANI, the diffraction peaks at 14.94◦, 20.22◦,
and 25.52◦ were assigned to the (011), (020), and (200) crystal planes of the emerald salt (ES)
form of polyaniline [27]. The XRD pattern of the CN/PANI heterojunction film showed
characteristic peaks of CN and PANI. The FTIR and XRD result indicated the simultane-
ous presence of CN and PANI within the film, implying the successful fabrication of the
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CN/PANI heterojunction film. X-ray photoelectron spectroscopy (XPS) measurements were
conducted to identify the elemental state of as-synthesized CN/PANI heterojunction film.
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The survey XPS spectra of the CN/PANI heterojunction film in Figure 3a demonstrated
the coexistence of C, N, and O elements. The high-resolution C 1s spectra deconvoluted
into three peaks was exhibited in Figure 3b. The peaks centered at 288.4 and 284.8 eV were
ascribed to N-C=N and C-C groups of CN [26]. The peak at binding energy of 286.4 eV was
assigned to the C-N group of PANI [21]. The high-resolution N 1s spectra also confirmed
the simultaneous presence of CN and PANI. The N 1s spectra showed in Figure 3c could
be deconvoluted into four peaks centered at 398.6, 399.2, 400.1, and 401.1 eV, respectively.
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The peaks at 398.6, 400.1, and 401.1 eV were associated with C-N=C, N-(C)3, and -NHx
groups of CN, while the peak at 399.2 eV was ascribed to C-N group of PANI [21,26]. The
high-resolution O 1s spectra is given in Figure 3d. The peak at 532.2 eV was assigned
to surface-adsorbed oxygen species of CN [20]. The XPS result further confirmed the
successful construction of the CN/PANI heterojunction film.
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2.2. Photocatalytic Performance Evaluation

The photocatalytic H2 evolution rate of the pristine CN, bare PANI, and CN/PANI
heterojunction film were evaluated. As shown in Figure 4a, the bare PANI showed a
minimum H2 generation rate of 308.2 µmol·h−1·g−1, and the pristine CN exhibited an
H2 production rate of 569.1 µmol·h−1·g−1. The as-prepared CN/PANI heterojunction
film showed a significantly enhanced H2 evolution rate (3164.3 µmol·h−1·g−1) compared
to the single component, indicating that the construction of the heterojunction film was
favorable to boost the photocatalytic performance. The photocatalytic H2 generaction
activity of the CN/PANI heterojunction powder was measured for comparison (Figure S2).
Its low H2 evolution rate (1674.5 µmol·h−1·g−1) revealed that the the porous membrane
fabrication was crucial to facilitate photocatalytic H2 production. The photocatalytic H2
evolution acticities of other similar CN-based and PANI-based heterojunctions were exhib-
ited in Table S1 [28–33], suggesting the superior photocatalytic H2 generation performance
of the as-synthesized porous hydrophilic CN/PANI heterojunction film. The photocat-
alytic recycling tests of the CN/PANI heterojunction film was depicted in Figure 4b. Its
photocatalytic H2 generation activity was preserved after four cycles, confirming the excel-
lent photostability of the as-prepared CN/PANI heterojunction film. To understand the
enhanced photocatalytic performance of the CN/PANI heterojunction film, the surface
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wettability, porosity characteristics, and optical and photoelectric conversion properties
were characterized.
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2.3. Mechanism Analysis

Figure 5 presents the N2 adsorption/desorption isotherms of the pristine CN, PANI,
and CN/PANI heterojunction film. The BET surface area, pore size, and pore volume of
the as-prepared photocatalysts were displayed in Table 1. It could be seen that all of the
photocatalysts show the typical type IV isotherms with a H3 hysteresis loop, proving their
predominant mesoporous structures [34]. The measured BET surface areas of the pristine
CN and PANI were only 9.47 and 5.75 m2·g−1, much lower than the fabricated CN/PANI
heterojunction film (137.87 m2·g−1). The higher surface area of the CN/PANI film provided
more catalytic active sites and a shorted diffusion distance for charge carrier, which was
one reason for its improved photocatalytic activity.
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The surface wettability of pristine CN, bare PANI, and CN/PANI heterojunction
film were tested via the sessile drop method. As shown in Figure 6, the contact angle of
the CN/PANI heterojunction film (35.0◦) was evidently smaller than that of pristine CN
photocatalyst (50.2◦), indicating the improved hydrophilicity of the obtained heterojunction
film. The enhanced surface wettability of the CN/PANI heterojunction film was beneficial

104



Catalysts 2023, 13, 139

for the adsorption of water molecules and the escape promotion of gaseous product
(H2) [35], which was desirable for photocatalytic H2 evolution enhancement.

Table 1. BET surface area, pore size, and pore volume of the pristine CN, PANI, and CN/PANI
heterojunction film.

Photocatalyst BET Surface Area (m2·g−1) Pore Size (nm) Pore Volume (cm3·g−1)

CN 9.47 9.6 0.057
PANI 5.75 15.9 0.045

CN/PANI heterojunction film 137.87 9.4 0.177
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The visible light response capacity and photoelectric conversion efficiency of the as-
prepared photocatalysts were characterized by the UV-vis diffuse reflectance spectra, PL
spectra, and electrochemical measurements. The pristine CN showed an adsorption band
edge of 460 nm due to the typical semiconductor band–band transition (Figure 7a) [28].
Bare PANI exhibited strong light adsorption in both the ultraviolet and visible spectrum
regions attributed to the π→π* transition [36]. The CN/PANI heterojunction film exhibited
an overall spectrum response, which was conducive to utilize more photons to generate
charge carriers for photocatalytic reaction.

The separation efficiency of photogenerated charge carriers of the as-synthesized
photocatalysts was characterized by the intensity of PL emission spectra. As illustrated
in Figure 7b, the pristine CN showed the highest PL emission intensity due to the high
recombination rate of photoexcited charge carriers. Weak photoluminescence effect was
detected for the bare PANI. In comparison with pristine CN, the PL emission intensity of
the CN/PANI heterojunction film dramatically decreased, demonstrating the supriority
of porous solid-state membrane fabrication on the separation promotion of photoexcited
charge carriers. The migration resistance of photogenerated charge carriers for the as-
prepared photocatalysts was measured by EIS spectra. The typical π-conjugated skeleton
structure of conductive polymers (CPs) enabled good conductivity of the PANI molecular
chain. Therefore, the CN/PANI heterojunction film showed significantly decreased slop
of Nyquist plots in comparison with pristine CN (Figure 7c), implying the reduced trans-
portation resistance at the interface [37]. The photocurrent density indicated the migration
efficiency of photoinduced charge carriers of the as-prepared photocatalysts, which was
displayed in Figure 7d. The pristine CN showed the lowest photocurrent density attributed
to the high transportation resistance of charge carriers induced by its inherent Π-deficient
conjugated system [26]. The CN/PANI film showed evidently increased photocurrent
density, suggesting the heterojunction construction effectively promoted the migration of
photogenerated charge carriers. The optical and electrochemical measurement revealed the
extended visible light harvesting ability and optimized photoelectric conversion efficiency
of the as-prepared CN/PANI heterojunction film, which was responsible for its improved
photocatalytic H2 generation performance.
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The energy band edge potentials of CN and PANI were computed to elucidate the
enhancement of the photocatalytic activity enhancement mechanism. The highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of PANI
were composed of bonded π orbitals and anti-bonded π* orbitals. It was known that the
HOMO and LUMO of PANI were 0.62 and −2.14 V, respectively. The band gap between
orbitals was approximately 2.76 eV [14]. The band gap and conduction band minimum
(CBM) potential of CN were determined to be 2.59 eV and −1.8 V according to its Tauc
plot and Mott–Schottky plot (Figures S3 and S4). Then, the valence band minimum (VBM)
potential was derived to be 0.79 V. The schematic illustration for the energy-band structure
of the CN/PANI film was displayed in Figure 8.

The mechanism for improved photocatalytic H2 production of the CN/PANI hetero-
junction film was proposed. After interfacial polymerication of aniline, a tight interface was
formed between CN and PANI. Due to the relatively low CB and VB edge potential of CN, a
type-II heterostructure was constructed and a charge carriers channel was generated at the
interface of two phases. Under visible light irradiation, PANI absorbed photons to induce a
π→π* transition, and the excited electrons were transferred to the π* orbital. At the same
time, CN could be excited and thus create photogenerated electronhole pairs. Following
the standard type II heterojunction transfer path of photogenerated carriers, the electrons
on the LUMO of PANI were able to inject into the CB of CN and the holes on the VB of
CN could transfer to the HOMO of PANI, which effectively promoted the separation and
directional transportation of photogenerated charge carriers. The electrons accumulated on
the CB of CN participate in the water-reduction reaction, and the holes accumulated on the
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HOMO of PANI take part in the TEOA oxidation reaction. Consequently, the CN/PANI
heterojunction film showed enhanced photocatalytic H2 generation performance attributed
to increased surface area, improved surface wettability, an extended visible light response,
and the separation and migration promotion of photoexcited charge carriers.
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3. Materials and Methods
3.1. Chemicals

Urea (CH4N2O), sodium sulfate (Na2SO4), and Nafion were purchased from Beijing
Chemical Works, Beijing, China. Aniline monomer (An), hydrochloric acid (HCl), am-
monium persulfate ((NH4)2S2O8, APS), and ethanol were supplied by Yongda Chemical
Reagent, Tianjin, China. All of the chemicals were analytic-grade and used without purifi-
cation. Fluoride tin oxide (FTO) glass was purchased from Xiangcheng Technology, Hunan,
China. Deionized water (18.2 MΩ·cm) was used throughout all of the experiments.

3.2. Photocatalysts Preparation Procedure
3.2.1. Synthesis of CN

The pristine graphitic carbon nitride (CN) was prepared by direct thermal polymeriza-
tion using urea as starting material. Typically, 10 g of urea was put out in a 50 mL ceramic
crucible with a cover and calcined at 520 ◦C for 2 h in a murfle furnace with a heating rate
of 5 ◦C/min. The obtained yellow product was washed several times by water and ethanol
and dried in an oven for further use.

3.2.2. Synthesis of CN/PANI Composites and CN/PANI@PCL Film

The ordered porous polycaprolactam lactone (PCL) film substrate was prepared by
the solvent evaporation self-organization method. The detailed process had been described
in our previous study [38]. The CN/PANI@PCL composite films were prepared by im-
pregnation adsorption of aniline (An) monomer and CN on PCL substrate, followed by in
situ polymerization. Typically, 40 mL of the HCl solution containing 0.01 mol of An, the
PCL film substrate (2.5 cm × 4 cm), and 0.5 g of CN was added to a reactor. The mixture
was stirred in an ice-water bath for 1 h to obtain a homogeneous solution. A cooled HCl
solution of APS was added dropwise into the homogeneous solution to initiate the in
situ polymerization of aniline. After the complete polymerization, the film was washed
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three times by water and ethanol and dried at 80 ◦C in vacuum oven for 12 h to obtain
the CN/PANI composite loaded on the PCL substrate. For comparison, the CN/PANI
composite was synthesized by the same procedure without adding a PCL film substrate.

3.3. Characterizations

The morphology of the as-prepared samples was observed on a Hitachi S4800 scanning
electron microscopy (SEM). Fourier transformed infrared (FTIR) spectra were recorded
using a Thermo Nicolet iS50 FTIR spectrometer. Powder X-ray diffraction (XRD) patterns
were collected with Bruker D8 Advance diffractometer with Cu Kα radiation at a scanning
rate of 5◦/min. Surface areas and pore size distributions of the photocatalysts were acquired
by nitrogen physisorption at 77 K on a Nova 1200e Surface Area and Porosity Analyzer.
X-ray photoelectron spectroscopy (XPS) measurements were performed on PHI Quantera II
spectrometer using nonmonochromatized Al-Kα X-ray as an excitation source. The water
contact angle was measured with a JY-82B Kruss DSA video-based contact angle goniometer.
The average CA value was obtained by measuring the sample at four different positions.
UV-vis diffuse reflection spectra was recorded in the spectral region of 200–800 nm on
a Shimadzu UV-2550 spectrophotometer with BaSO4 as the reference substance. Room
temperature photoluminescence (PL) spectra were monitored at a PerkinElmer LS-55
Luminesence Spectrometer under an excitation wavelength of 365 nm. Conductivity
measurements were conducted on a Chenjing ET3000 Hall system.

3.4. Photoelectrochemical Tests

Photoelectrochemical tests were performed on a Chenhua CHI760E electrochemical
workstation with a standard three-electrode photoelectrochemical cell. A gauze platinum,
Ag/AgCl (saturated KCl), and FTO glass coated with the CN/PANI membrane were used
as the counter electrode, reference electrode, and working electrode, respectively. The three
electrodes were immersed in a sodium sulfate (Na2SO4) electrolyte solution (0.5 M, pH 6.8).
A 300 W Xe lamp (Perfect Light PLS-SXE300, Beijing, China) equipped with a 420 nm
UV-cutoff filter was used as irradiation light resource. The solution was continuously in an
N2-purged flow to remove O2 before photoelectrochemical measurements. The working
electrode was illuminated to record the electrochemical impedance spectra (EIS) under the
perturbation signal of 5 mV and the frequency ranged from 0.1 Hz to 100 kHz. Periodic
on/off light was applied to monitor the transient photocurrent response in 400 s.

3.5. Evaluation of Photocatalytic Performance

A 300 W Xe lamp (Perfect Light PLS-SXE300, Beijing, China) equipped with a
420 nm UV-cutoff filter was used as irradiation resource for photocatalytic H2 evolution
measurements. For the photocatalytic film system, four pieces of as-prepared film
(2.5 cm × 4 cm) were immersed into 300 mL aqueous solution containing 10% TEOA and
3 wt.% Pt. Before light irradiation, the reactor was bubbled with N2 to remove dissolved
O2. Then, the Xe lamp was turned on to initiate the photocatalytic H2 generation test and
the gaseous products were analyzed on a gas chromatography (Fuli GC9790II(PLF-01),
Taizhou, China). The cyclic stability measurements of the CN/PANI film were evaluated
under the same procedure.

4. Conclusions

In summary, we successfully synthesized the porous and hydrophilic CN/PANI
solid-state film loaded on the porous PCL substrate. The formed type II CN/PANI hetero-
junction achieved an overall spectrum response and high-efficient separation and migration
of photogenerated charge carriers. The porous morphology and hydrophilic surface con-
tributed to an increased surface area and improved surface wettability, enhancing the
adsorption and activation of reactants (H2O). Meanwhile, the design of solid film was
conducive to maintain the long-term stability of the photocatalyst. Thereby, the obtained
porous hydrophilic CN/PANI heterojunction membrane showed the significantly enhanced
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photocatalytic H2 evolution performance. Such work will provide new ideas for further im-
proving the feasibility of CN-based photocatalysts in the practical application of hydrogen
energy production.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/catal13010139/s1, Figure S1: The SEM image of pristine CN/PANI
heterojunction film; Figure S2: Photocatalytic H2 evolution rate of the CN/PANI heterojunction
powder; Figure S3: Tauc plot of pristine CN. Figure S4: Mott–Schottky plot of pristine CN; Table S1:
Comparison in photocatalytic H2 evolution activities of similar CN based heterojunctions.

Author Contributions: Conceptualization, X.Y. and Y.Z.; methodology, J.D. and R.J.; formal analysis,
X.H.; investigation, X.Y.; data curation, X.Y. and Y.Z.; writing—original draft preparation, X.Y. and
Y.Z.; writing—review and editing, Y.W. and R.J.; visualization, X.H.; supervision, Y.Z.; project
administration, X.H.; and funding acquisition, X.Y. and R.J. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Jilin Province Science and Technology Development
Project (20220101248JC), the Jilin Provincial Education Department Project (JJKH20230538KJ), and
the Doctoral Research Start-up Fund of Jilin Medical University (JYBS2021032LK).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would like to thank Shiyanjia Lab (www.shiyanjia.com, accessed
on 1 January 2021) for their help on material characterizations.

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

References
1. Lu, Y.; Liu, X.L.; He, L.; Zhang, Y.X.; Hu, Z.-Y.; Tian, G.; Cheng, X.; Wu, S.-M.; Li, Y.-Z.; Yang, X.-H.; et al. Spatial heterojunction in

nanostructured TiO2 and its cascade effect for efficient photocatalysis. Nano Lett. 2020, 20, 3122–3129. [CrossRef] [PubMed]
2. Zhang, J.; Chen, X.; Takanabe, K.; Maeda, K.; Domen, K.; Epping, J.D.; Fu, X.; Antonietti, M.; Wang, X. Synthesis of a carbon

nitride structure for visible-light catalysis by copolymerization. Angew. Chem. Int. Ed. Engl. 2010, 49, 441–444. [CrossRef]
[PubMed]

3. Lu, Y.; Liu, Y.X.; He, L.; Wang, L.Y.; Liu, X.L.; Liu, J.-W.; Li, Y.-Z.; Tian, G.; Zhao, H.; Yan, X.-H.; et al. Interfacial co-existence
of oxygen and titanium vacancies in nanostructured Tio2 for enhancement of carrier transport. Nanoscale 2020, 12, 8364–8370.
[CrossRef] [PubMed]

4. Zhang, G.; Lan, Z.A.; Lin, L.; Lin, S.; Wang, X. Overall water splitting by Pt/g-C3N4 photocatalysts without using sacrificial
agents. Chem. Sci. 2016, 7, 3062–3066. [CrossRef] [PubMed]

5. Brown, K.A.; Harris, D.F.; Wilker, M.B.; Rasmussen, A.; Khadka, N.; Hamby, H.; Keable, S.; Dukovic, G.; Peters, J.W.;
Seefeldt, L.C.; et al. Light-driven dinitrogen reduction catalyzed by a CdS:nitrogenase MoFe protein biohybrid. Science 2016, 352,
448–450. [CrossRef]

6. Wang, L.; Dong, Y.; Yan, T.; Hu, Z.; Jelle, A.A.; Meira, D.M.; Duchesne, P.N.; Loh, J.Y.Y.; Qiu, C.; Storey, E.E.; et al. Black indium
oxide a photothermal CO2 hydrogenation catalyst. Nat. Commun. 2020, 11, 2432–2440. [CrossRef]

7. Wang, L.; Zheng, X.; Chen, L.; Xiong, Y.; Xu, H. Van Der Waals heterostructures comprised of ultrathin polymer nanosheets for
efficient Z-scheme overall water splitting. Angew. Chem. Int. Ed. Engl. 2018, 57, 3454–3458. [CrossRef]

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

9. Barrio, J.; Volokh, M.; Shalom, M. Polymeric carbon nitrides and related metal-free materials for energy and environmental
applications. J. Mater. Chem. A 2020, 8, 11075–11116. [CrossRef]

10. She, X.; Wu, J.; Xu, H.; Zhong, J.; Wang, Y.; Song, Y.; Nie, K.; Liu, Y.; Yang, Y.; Rodrigues, M.T.F.; et al. High efficiency photocatalytic
water splitting using 2D α-Fe2O3/g-C3N4 Z-scheme catalysts. Adv. Energy Mater. 2017, 7, 1700025–1700032. [CrossRef]

11. Fu, Y.; Ren, Z.; Wu, J.; Li, Y.; Liu, W.; Li, P.; Xing, L.; Ma, J.; Wang, H.; Xue, X. Direct Z-scheme heterojunction of ZnO/MoS2
nanoarrays realized by flowing-induced piezoelectric field for enhanced sunlight photocatalytic performances. Appl. Catal. B
Environ. 2021, 285, 119785–119795. [CrossRef]

12. Zhou, Q.; Zhao, D.; Sun, Y.; Sheng, X.; Zhao, J.; Guo, J.; Zhou, B. g-C3N4 and polyaniline-co-modified TiO2 nanotube arrays
for significantly enhanced photocatalytic degradation of tetrabromobisphenol A under visible light. Chemosphere 2020, 252,
126468–126475. [CrossRef]

109



Catalysts 2023, 13, 139

13. Wu, H.; Chang, C.; Lu, D.; Maeda, K.; Hu, C. Synergistic effect of hydrochloric acid and phytic acid doping on polyaniline-coupled
g-C3N4 nanosheets for photocatalytic Cr(VI) reduction and dye degradation. ACS Appl. Mater. Interfaces 2019, 11, 35702–35712.
[CrossRef]

14. Ge, L.; Han, C.; Liu, J. In situ synthesis and enhanced visible light photocatalytic activities of novel PANI-g-C3N4 composite
photocatalysts. J. Mater. Chem. 2012, 22, 11843–11850. [CrossRef]

15. Zhang, S.; Zhao, L.; Zeng, M.; Li, J.; Xu, J.; Wang, X. Hierarchical nanocomposites of polyaniline nanorods arrays on graphitic
carbon nitride sheets with synergistic effect for photocatalysis. Catal. Today 2014, 224, 114–121. [CrossRef]

16. Zhang, M.; Bao, Y.; Hou, L.; Gao, K.; Yang, Y. Will the photocatalytic ceramic membrane be the solution for the next generation of
photocatalysis?—A comprehensive comparison between g-C3N4 powder and g-C3N4 modified ceramic membrane. Sep. Purif.
Technol. 2023, 305, 122440–122451. [CrossRef]

17. Jia, C.; Yang, L.; Zhang, Y.; Zhang, X.; Xiao, K.; Xu, J.; Liu, J. Graphitic carbon nitride films: Emerging paradigm for versatile
applications. ACS Appl. Mater. Interfaces 2020, 12, 53571–53591. [CrossRef] [PubMed]

18. Lin, E.; Qin, N.; Wu, J.; Yuan, B.; Kang, Z.; Bao, D. BaTiO3 nanosheets and caps grown on TiO2 nanorod arrays as thin-film
catalysts for piezocatalytic applications. ACS Appl. Mater. Interfaces 2020, 12, 14005–14015. [CrossRef] [PubMed]

19. Liu, M.; Li, J.; Guo, Z. Polyaniline coated membranes for effective separation of oil-in-water emulsions. J. Colloid Interface Sci.
2016, 467, 261–270. [CrossRef]

20. Yang, X.; Bian, X.; Yu, W.; Wang, Q.; Huo, X.; Teng, S. Organosilica-assisted superhydrophilic oxygen doped graphitic carbon
nitride for improved photocatalytic H2 evolution. Int. J. Hydrog. Energy 2022, 47, 34444–34454. [CrossRef]

21. Naciri, Y.; Hsini, A.; Bouziani, A.; Tanji, K.; El Ibrahimi, B.; Ghazzal, M.N.; Bakiz, B.; Albourine, A.; Benlhachemi, A.;
Navío, J.A.; et al. Z-scheme WO3/PANI Heterojunctions with enhanced photocatalytic activity under visible light: A depth
experimental and DFT studies. Chemosphere 2022, 292, 133468–133481. [CrossRef]

22. Qin, N.; Pan, A.; Yuan, J.; Ke, F.; Wu, X.; Zhu, J.; Liu, J.; Zhu, J. One-step construction of a hollow Au@bimetal-organic framework
core-shell catalytic nanoreactor for selective Alcohol oxidation reaction. ACS Appl. Mater. Interfaces 2021, 13, 12463–12471.
[CrossRef]

23. Qin, L.; Li, Y.; Liang, F.; Li, L.; Lan, Y.; Li, Z.; Lu, X.; Yang, M.; Ma, D. A microporous 2D cobalt-based MOF with pyridyl sites and
open metal sites for selective adsorption of CO2. Microporous Mesoporous Mater. 2022, 341, 112098–112106. [CrossRef]

24. Qin, L.; Liang, F.; Li, Y.; Wu, J.; Guan, S.; Wu, M.; Xie, S.; Luo, M.; Ma, D. A 2D porous zinc-organic framework platform for
loading of 5-fluorouracil. Inorganics 2022, 10, 202. [CrossRef]

25. Jin, J.C.; Wu, X.R.; Luo, Z.D.; Deng, F.Y.; Wu, X.; Luo, Z. Luminescent sensing and photocatalytic degradation properties of
an uncommon (4, 5, 5)-connected 3D MOF based on 3, 5-di (3′, 5′-dicarboxylphenyl) benzoic acid. CrystEngComm 2017, 19,
4368–4377. [CrossRef]

26. Jia, R.; Zhang, Y.; Yang, X. High efficiency photocatalytic CO2 reduction realized by Ca2+ and HDMP group co-modified graphitic
carbon nitride. Int. J. Hydrog. Energy 2021, 46, 32893–32903. [CrossRef]

27. Poulain, M. Significantly improving the performance and dispersion morphology of porous g-C3N4/PANI composites by an
interfacial polymerization method. e-Polymers 2015, 15, 95–101.

28. Yu, C.F.; Tan, L.; Shen, S.J.; Fang, M.H.; Yang, L.; Fu, X.; Dong, S.; Sun, J. In situ preparation of g-C3N4/polyaniline hybrid
composites with enhanced visible-light photocatalytic performance. J. Environ. Sci. 2021, 104, 317–325. [CrossRef]

29. Li, Y.M.; Zhong, J.B.; Li, J.Z. Reinforced photocatalytic H2 generation behavior of S-scheme NiO/g-C3N4 heterojunction
photocatalysts with enriched nitrogen vacancies. Opt. Mater. 2023, 135, 113296–113304. [CrossRef]

30. Sun, N.; Zhang, Y.; Li, X.; Jing, Y.; Zhang, Z.; Gao, Y.; Liu, J.; Tan, H.; Cai, X.; Cai, J. Ultrathin g-PAN/PANI-encapsulated Cu
nanoparticles decorated on SrTiO3 with high stability as an efficient photocatalyst for the H2 evolution and degradation of
4-nitrophenol under visible-light irradiation. Catal. Sci. Technol. 2022, 12, 2482–2489. [CrossRef]

31. Li, T.; Cui, J.D.; Gao, L.M.; Lin, Y.-Z.; Li, R.; Xie, H.; Zhang, Y.; Li, K. Competitive self-assembly of PANI confined MoS2 boosting
the photocatalytic activity of the graphitic carbon nitride. ACS Sustain. Chem. Eng. 2020, 8, 13352–13361. [CrossRef]

32. Dong, P.; Zhang, A.; Cheng, T.; Pan, J.; Song, J.; Zhang, L.; Guan, R.; Xi, X.; Zhang, J. 2D/2D S-scheme heterojunction with a
covalent organic framework and g-C3N4 nanosheets for highly efficient photocatalytic H2 evolution. Chin. J. Catal. 2022, 43,
2592–2605. [CrossRef]

33. Sk, S.; Vennapoosa, C.S.; Tiwari, A.; Abraham, B.M.; Pal, U. Polyaniline encapsulated Ti-MOF/CoS for efficient photocatalytic
hydrogen evolution. Int. J. Hydrog. Energy 2022, 47, 33955–33965. [CrossRef]

34. Yang, X.; Guo, Z.; Zhang, X.; Han, Y.; Xue, Z.; Xie, T.; Yang, W. The effect of indium doping on the hydrogen evolution performance
of g-C3N4 based photocatalysts. New J. Chem. 2021, 45, 544–550. [CrossRef]

35. Zhu, H.; Cai, S.; Liao, G.; Gao, Z.F.; Min, X.; Huang, Y.; Jin, S.; Xia, F. Recent advances in photocatalysis based on bioinspired
superwettabilities. ACS Catal. 2021, 11, 14751–14771. [CrossRef]

36. Shang, M.; Wang, W.; Sun, S.; Ren, J.; Zhou, L.; Zhang, L. Efficient visible light-induced photocatalytic degradation of contaminant
by spindle-like PANI/BiVO4. J. Phys. Chem. C 2009, 113, 20228–20233. [CrossRef]

110



Catalysts 2023, 13, 139

37. Hung, S.F.; Xiao, F.X.; Hsu, Y.Y.; Suen, Y.-Y.; Yang, N.-T.; Chen, H.-B.; Liu, H.M.; Chen, B.H.M. Iridium oxide-assisted plasmon-
induced hot carriers: Improvement on kinetics and thermodynamics of hot carriers. Adv. Energy Mater. 2016, 6, 1501339–1501351.
[CrossRef]

38. Moura, N.K.d.; Siqueira, I.A.W.B.; Machado, J.P.d.B.; Kido, H.W.; Avanzi, I.R.; Rennó, A.C.M.; Trichês, E.d.S.; Passador, F.R.
Production and characterization of porous polymeric membranes of PLA/PCL blends with the addition of hydroxyapatite.
J. Compos. Sci. 2019, 3, 45. [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.

111



Citation: Imbar, A.; Vadivel, V.K.;

Mamane, H. Solvothermal Synthesis

of g-C3N4/TiO2 Hybrid

Photocatalyst with a Broaden

Activation Spectrum. Catalysts 2023,

13, 46. https://doi.org/10.3390/

catal13010046

Academic Editors: Yongming Fu

and Qian Zhang

Received: 13 November 2022

Revised: 19 December 2022

Accepted: 20 December 2022

Published: 26 December 2022

Copyright: © 2022 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/).

catalysts

Article

Solvothermal Synthesis of g-C3N4/TiO2 Hybrid Photocatalyst
with a Broaden Activation Spectrum
Amit Imbar, Vinod Kumar Vadivel and Hadas Mamane *

Environmental Engineering Program, School of Mechanical Engineering, Faculty of Engineering,
Tel Aviv University, Tel Aviv 69978, Israel
* Correspondence: hadasmg@tauex.tau.ac.il

Abstract: A solvothermal self-made composite of graphitic carbon nitride (g-C3N4) and commercially
available titanium dioxide (TiO2) demonstrated the removal of commercial acid green-25 (AG-25)
textile dye in a saline water matrix when activated by ultraviolet (UV) and visible light. The g-
C3N4-TiO2 composite was characterized by X-ray diffraction (XRD), Nitrogen sorption–desorption
recording and modeling by the Brunauer–Emmett–Teller (BET) theory, scanning electron microscopy
(SEM), energy-dispersive X-ray spectroscopy (EDX), diffuse reflectance spectroscopy (DRS), X-ray
photoelectron spectroscopy (XPS), photoluminescence (PL), and electron spin resonance (ESR). The
solvothermal process did not modify the crystalline structure of the g-C3N4 and TiO2 but enhanced
the surface area by interlayer delamination of g-C3N4. Under a simulated solar spectrum (including
UVA/B and vis wavelengths), the degradation rate of AG-25 by the composite was two and four times
higher than that of TiO2 and pure g-C3N4, respectively (0.04, 0.02, and 0.01 min−1). Unlike TiO2, the
g-C3N4-TiO2 composite was activated with visible light (the UV portion of the solar spectrum was
filtered out). This work provides insight into the contribution of various reactive oxidative species
(ROS) to the degradation of AG-25 by the composite.

Keywords: acid dyes; textile dyes; UV–vis activated photocatalyst; graphitic carbon nitride; TiO2-g-C3N4

photocatalyst; solvothermal coupling

1. Introduction

The textile industry is one of the world’s largest industries, providing jobs in low-
income countries and playing a vital role in their economy. Over 100,000 synthetic dyes
produced annually generate 7 × 105 tons of dyes [1,2]. The textile industry consumes
large amounts of water and mainly contributes to wastewater production [3]. Due to
process inefficiency, 10–15% of the dyes are washed out into sewer or water reservoir [4].
Synthetic dyes in water reservoirs pose a toxic threat to living organisms and vegetation [5]
and hinder photosynthesis by blocking light penetration and increasing biological oxygen
demand (BOD) [6,7]. Physical separation methods used in wastewater treatment (such as
filtration and sorption) transfer the dyes from the water to a solid phase [8], biodegradation
is generally inefficient in dye removal, and the use of oxidants (such as chlorine and
ozone) is expensive [4,8]. Advanced oxidation processes (AOPs) are based on reactive
oxygen treatment technologies aimed at degrading recalcitrant organic compounds in
water through reaction with highly reactive species formed from O2 as hydroxyl radical
(OH·) and superoxide (O2

−) that breakdown the organic compounds [9]. Specifically,
photocatalysis is of high potential due to the complete removal of organic compounds [10]
and the capability to avoid by-products and can be executed without consuming chemicals.
The main drawback of photocatalysis is the requirement for intensive energy and light for
activation which plays a crucial role in the photocatalytic efficiency and applicability.

The use of TiO2 in water treatment has been extensively reported in the literature; it
is inexpensive, non-toxic, and chemically stable [11–15]. Its main drawbacks are the high
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recombination rate of electron-hole (e−/h+) pairs and wide band gap (BG), ≥3.0 eV. This
BG allows electron excitation only by UV wavelengths, making solar light inefficient as
only 4% of the solar spectrum lies in the UV spectrum [16,17], making the process energy
intensive [18,19].

Coupling photocatalysts to form heterojunctions is a known method for improving
photocatalytic activity (PCA) and energy efficiency [20]. Graphitic carbon nitride (g-C3N4)
gained interest due to its photocatalytic (PC) properties (BG of 2.7 eV), biocompatibility,
low cost and easy production. g-C3N4 combined with TiO2 showed improved PCA [21–27]
while allowing a broader range of solar spectrum use.

In the past decades, many reports of photocatalysts have been published. However,
they mainly focused on pure contaminants in de-ionized (DI) water matrices and pure dyes.
These conditions are far from the purity of the dyes used in textile dyeing and the water
quality of the effluent discharged. At the same time, the existence of other ions is proved
to be harmful in photocatalysis [28]. This study demonstrates the solvothermal coupling
method of TiO2 and g-C3N4 for PC degradation of a commercial AG-25, a textile dye used
for fabric coloring in a saline water matrix, imitating the salinity and electrical conductivity
of dye house effluents.

2. Results and Discussion
2.1. X-ray Diffraction (XRD) Analysis

X-ray diffraction (XRD) analysis is a technique used in materials science to determine
the crystallographic structure of a material. The prepared PC composite (g-C3N4/TiO2)
was analyzed by an XR diffractometer. The clear, sharp peaks of the diffraction pattern
and low background noise indicate that the obtained product is of high purity. The
resulting sharp peaks in Figure 1 reveal major intensive diffraction peaks for TiO2 at 25.6◦,
corresponding to the (111) planes, confirming that the crystalline structure matches the
anatase phase of TiO2, as analyzed using JCPDS [29]. The graphitic carbon nitride has major
intensive peaks at 12.3◦ and 26.7◦, corresponding to the (100) and (200) planes as reported
by Miranda et al. [24]. These are attributed to the planar, which repeats the cell structure
and sandwich stack reflection of g-C3N4. After compositing with TiO2, the significant
peaks of g-C3N4 still had decreased peak intensity. Thus, the generation of g-C3N4/TiO2
nanostructures can confirm by these structural characterizations.
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2.2. Brunauer-Emmett-Teller (BET) Analysis

Adsorption and desorption experiments were carried out at 77 K, and N2 isotherms
were applied to calculate the specific surface area. The surface area, pore size, and volume
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distribution of the g-C3N4/TiO2 composite were measured by the multi-point BET and BJH
(Barrett, Joyner, and Halenda) method. As shown in Figure S3, mesoporous g-C3N4/TiO2
nanostructures are evident with an estimated pore volume of 0.039 cc/g, pore radius of
~2.038 nm, and pore size of 4.08 nm. As shown in Figure S4, the g-C3N4/TiO2 composite
shows a hysteresis loop with a type H3 shape and shifts at high relative pressures (P/P0)
between 0.8 and 1.0, which suggests a mesoporous structure. Mesoporosity is typical of
wrinkled, sheetlike particles, and this result is consistent with SEM images [30]. The surface
area was 15.43 m2 g−1, higher than obtained in our previous study (Kumar et al. [31]) for
sole g-C3N4 after solvothermal treatment. The different results are possibly rooted in the
large amount of TiO2 in the composite, which is smaller than g-C3N4, as shown in Figure 2.
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2.3. Scanning Electron Microscopy (SEM)

EDX analysis was performed to obtain the composite composition. Figures S5–S7
show that the sheet-shaped particles are primarily composed of carbon and nitrogen, while
the sphere-shaped particles are composed mainly of titanium and oxygen. The composition
and the shape of the sheet-shaped particles both confirm that these particles are of g-C3N4.
In contrast, the composition of the spherical particles is that of TiO2.

The SEM images of as-synthesized g-C3N4/TiO2 structures are presented in Figure 2. After
compositing TiO2 with g-C3N4, TiO2 nanoparticles uniformly adhered to g-C3N4. However,
g-C3N4 has a wrinkled sheetlike morphology, as reported in former publications [31–33],
whereas TiO2 has smaller and sphere-shaped particles. g-C3N4 has a crystalline structure
similar to the solvothermal-treated g-C3N4 and contrary to the untreated g-C3N4 [31]. This
combination could promote the charge transfer between g-C3N4 and TiO2 by the Z-scheme
route [30], as demonstrated in Figure 3.
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2.4. Absorption Spectrum and DRS Analysis

UV–vis diffuse reflectance spectra were recorded to probe the prepared photocatalysts’
optical properties. As shown in Figure S8b, the absorption edges of g-C3N4, TiO2 and the
composite are located at approximately 389, 334 and 340 nm, respectively. Compared to
TiO2, the absorption edge positions of the composite exhibited a red shift toward the visible
range alongside an extension of the absorbance spectrum toward ~430 nm wavelengths due
to the g-C3N4 introduction with TiO2 [34]. Furthermore, the band gaps of photocatalysts
could be determined by the following equation:

αhν = A(hν − Eg)n/2 (1)

where α, A, h, ν, and Eg represent the absorption coefficient, proportionality constant,
Planck constant, light frequency, and band gap energy, respectively [35]. A plot based on
the Kubelka–Munk function (Equation (1)) versus the energy of light is shown in Figure S8a.
The estimated band gap values of the photocatalysts are about 2.80, 2.86, and 3.19 eV for
g-C3N4, composite, and TiO2, respectively. The composite shows a narrower BG than
TiO2 and is slightly wider than g-C3N4. As the band gap increases, the recombination
of e−/h+ pairs decreases, enhancing the ROSs production, and the narrowing of the BG
(compared with TiO2) enables activation by the visible-light region. Therefore, the UV–vis
diffuse reflectance spectroscopy (DRS) results indicated more photogenerated charges when
activating the composite are excited under UV–vis spectrum irradiation, which enhances
their photocatalytic performance [36].

2.5. X-ray Photoelectron Spectroscopy (XPS)

Figure 4 shows the XPS spectra of g-C3N4, TiO2 and the composite. The full XPS
spectrum presented all the peaks (C 1s, N 1s, Ti 2p, O 1s) of g-C3N4, TiO2 plus composite
(TiO2/g-C3N4) nanomaterials. Thus, the generation of g-C3N4/TiO2 nanostructures can
be confirmed by these structural characterizations and well supports the XRD analysis in
Figure 1. However, the in the valence band (VB) of TiO2 and g-C3N4 is directly excited
to its conduction band (CB) by absorbing photons with energy higher than or equal to its
energy gap (Eg) and meanwhile resulting in the generation of a positive hole in the VB.
Compared to typical photocatalysts such as TiO2, g-C3N4 has the most negative CB value of
−1.69 eV versus the normal hydrogen electrode (NHE) and a neutral band gap (~3.19 eV),
summarized in Table S2. Furthermore, a detailed analysis of the XPS valence band spectra
confronted with band structure calculations was achieved for the three photocatalysts
TiO2, g-C3N4 and composite (TiO2/g-C3N4). Furthermore, through valence band spectra
analysis, conduction band offset (−0.63 eV) and valence band offset (2.23 eV) of g-C3N4–TiO2
heterojunction were estimated (Figure S9). The band gap (ECB) and valence band (EVB)
positions of the photocatalyst materials can be calculated by the following equations:

ECB = X − EC −
1
2

Eg (2)

EVB = ECB + Eg (3)

where EVB and ECB represent the valence band and conduction band position of the
semiconductor material, EC is the hydrogen electron free energy (4.5 eV), and X represents
the electronegativity of the semiconductor material.
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composite (TiO2/g-C3N4) nanomaterials.

2.6. Photo Luminescence (PL)

Figure 5 shows PL of g-C3N4, TiO2 and the composite. The spectrum shows emission
at 350 nm corresponding to the recombination of e−/h+ pairs, with the intensity directly
proportional to the photogenerated e−/h+ recombination in the catalyst. The composite’s
intensity is between the two substances of origin, a decrease in intensity was obtained with
the composite compared with g-C3N4 and increased intensity compared with TiO2.
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2.7. Electron Spin Resonance Spectroscopy (ESR)

The production of ROSs by the g-C3N4, TiO2 and the composite under solar light
was studied by ESR spin trap experiments. Aqueous suspensions of each catalyst were
irradiated separately under solar light in the presence of 5-methyl-1-pyrroline N-oxide
(BMPO), which traps both hydroxyl and superoxide radicals. To distinguish the signal cor-
responding to hydroxyl radical, dimethyl sulfoxide (DMSO), a hydroxyl radical scavenger,
was added to the catalysts-BMPO suspensions.

The resulting signals are shown in Figure 6. When only BMPO is present, the signals
show the formation of ROSs (either OH· or O2

−) by the irradiation of all three substances.
The composite’s signals almost utterly correspond to those of BMPO-OOH, implying that
it produces superoxide radicals. The consistent intensity of the signal suggests that the
composite does not produce hydroxyl radicals.
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Figure 6. BMPO-OOH with (red line) and without (black line) DMSO signal from the suspension of
the composite.

2.8. Photocatalytic Degradation of AG-25 under Solar Irradiation in Saline Water

10-ppm AG-25 in saline water matrix was used as a target pollutant to study the degrada-
tion by the catalysts. The catalyst was stirred in the solution for 30 min (time−30 to 0) under
dark conditions for sorption control, followed by simulated solar irradiation for 90 min
(time 0 to 90). Under dark conditions, 16, 12, and 11% removal of AG-25 were observed
by the composite, g-C3N4, and TiO2, respectively. The composite has an increased surface
area, as mentioned in Section 3.2, promoting higher sorption over the catalyst.

Figure 7 shows the degradation rate of AG-25 by the three catalysts. AG-25 total
removal by g-C3N4, TiO2, and the composite were 59, 86, and 98%, respectively, implying
that all three catalysts can degrade AG-25. The degradation rate of AG-25 using the
composite was twice as high as commercially available TiO2 and four times higher than
that of pure g-C3N4. The higher results obtained by TiO2 and the composite can be
explained by the type of radicals formed by the catalyst. TiO2 primarily produces hydroxyl
radicals [37,38], which have higher oxidation potential than superoxide radicals, the main
ROS produced by g-C3N4. Moreover, the PL results show significant recombination in g-
C3N4 compared with TiO2. However, coupling the two catalysts in the composite can form
a heterojunction that suppresses the recombination rate and improves photon energy usage,
as shown in PL spectra in Figure 5 and the broadened absorption spectrum demonstrated
in Figure S8, resulting in enhanced PCA [39].
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Table 1 summarizes the degradation rate and total degradation of each catalyst.
Adly et al. [40] degraded AG-25 with graphene oxide/titanium dioxide composites (GO-TiO2)
under UV–vis irradiation, reporting 40% removal (vs. 98% in our work) of AG-25 after
90 min by a similar concentration of catalysts but a higher concentration of AG-25.

Table 1. Total degradation (after 90 min) and degradation rate of AG-25 by coupled and uncoupled
g-C3N4 -TiO2 under solar irradiation, with and without LP400 filter.

Catalyst Percent Degradation of AG-25 (%) Rate of AG-25 Degradation (min−1) × 10−3

g-C3N4 59% 10.6
TiO2 86% 21.5

Composite 98% 40.1

g-C3N4—LP400 37% 5.8
TiO2—LP400 0% 0

Composite—LP400 31% 4.7

2.9. Photocatalytic Degradation of AG-25 under Solar Irradiation in Saline Water with a UV Cutoff

The role of UV and visible light in PCA was examined by degrading 10-ppm AG-25 in
saline water under simulated solar irradiation, similar to Section 2.8, with a UV filter for
UV cutoff. Figure 8 presents the degradation rate of AG-25 by the composite, g-C3N4, and
TiO2 under the visible spectrum. AG-25 degradation by g-C3N4, TiO2, and the composite
after 90 min was 37%, 0%, and 31%, respectively, demonstrating that TiO2 is a UV-driven
catalyst. Moreover, a higher g-C3N4 ratio in the catalysts resulted in higher visible-based
PCA in the absence of UV wavelengths. These results show the composite’s versatility
as both a UV and a visible light-activated catalyst. In both cases (with and without the
LP400 filter), the composite is superior to the commercial TiO2, while the cutoff results
show increased degradation (37% compared with 31% removal) by g-C3N4. However,
comparing the full spectrum results (without the LP400 filter) shows a clear advantage of
the composite over pure g-C3N4. Generally, the composite’s versatile activation spectrum
and improved results under total spectrum irradiation are advantageous.
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3. Materials and Methods
3.1. Materials

Melamine and Titanium dioxide (99% purity) were purchased from Sigma-Aldrich,
Darmstadt, Germany.

Acid Green-25 Textile Dye

AG-25, a light green textile acid dye, was provided by Colourtex Industries Ltd.,
Hamburg, Germany, and has a molecular formula of C28H20N2Na2O8S2. AG-25 stock
solution of 300-ppm AG-25 was prepared and diluted with deionized (DI) water to reach
a concentration of 10 ppm used for the experiments. The conductivity was adjusted to
36 mS cm-1 using NaCl to simulate a real textile dye effluent. Due to AG-25 physical
properties, the concentration of AG-25 could be determined by spectroscopic measurement
of the visible light spectrum. The maximum absorbance wavelength value of the dye
solutions was 614 nm (Evolution 220 UV–Visible spectrophotometer, Thermo Scientific,
Waltham, MA, USA) to determine the AG-25 concentration.

The removal of AG-25 was calculated using Equation (4).

AG-25 Removal = (Ci − Ct)/Ci (4)

Here, Ci stands for the initial concentration, and Ct stands for concentrating the samples.

3.2. Characterization

The TiO2/g-C3N4 powder crystalline structure was characterized by a D8 Advance
diffractometer (Bruker AXS, Karlsruhe, Germany) with a secondary graphite monochro-
mator, 2◦ Soller slits, and a 0.2 mm receiving slit. Low-background quartz sample holders
were carefully filled with the powdered samples. The nanoparticle morphology and aver-
age particle size were further investigated by a Quanta 200 FEG environmental scanning
electron microscope equipped with a field-emission electron gun (FEG). The samples were
coated with a conductive carbon grid and imaged in a Hitachi S3200N SEM-EDS system
at 20 kV accelerating voltage. The surface area, pore size and volume distribution of the
modified and unmodified g-C3N4 were measured by N2 adsorption–desorption and the
BJH (Barrett, Joyner, and Halenda) method, respectively. To probe the optical properties of
the prepared photocatalysts, UV–visible diffuse reflectance spectra were recorded using a
UV–Vis–NIR spectrophotometer (Cary 5000 + UMA, Agilent, Santa Clara, CA, USA).

3.3. Preparation of g-C3N4

g-C3N4 was synthesized via the thermal-condensation method. In short, 4 g melamine
(Sigma-Aldrich, 99%) was heated to 540 ◦C in a packed aluminum crucible under ambient
pressure in the air for 2 h with a heating rate of 15 ◦C min−1 in a muffle furnace. The
resultant powder reached room temperature and was washed with acetone.

3.4. Solvothermal Method

TiO2 and g-C3N4 (named composite) were coupled via the solvothermal method.
The TiO2-g-C3N4 mixture (2:1 ratio, 1 g) was stirred for 3 h in ethanol (70%) in a 50 mL
PTFE pressure-tight liner at ~65 ◦C. Subsequently, the PTFE liner was placed in a stainless-
steel jacket and heated to 180 ◦C for 10 h. The resulting catalyst was filtered and dried
before usage.

3.5. Photocatalytic Degradation of AG-25 in Saline Water

The PC experiments were conducted under a 300-W solar simulator, ozone-free xenon
arc lamp (Newport full-spectrum, 50.8 mm × 50.8 mm, Irvine, CA USA) equipped with
a 1.5 Global Air Mass filter to remove infrared light, as shown in Figure S1. The xenon
lamp’s incident spectral irradiance and photon fluence are recorded by a spectroradiome-
ter (International Light, ILT 900R, Peabody, MA, USA), as in Figure S2. The integrated
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incident irradiance was 2.865 and 62.737 mW cm−2 for the UV (280–400 nm) and visible
(400–1251 nm) ranges, respectively.

The PC experiments were conducted using AG-25 (100 mL, 10 ppm) in a crystalline
cylinder (70 × 50 mm). The powdered catalyst (500 ppm) was sonicated and added to the
AG-25 solution under stirring. The solution was constantly mixed under dark conditions
for 30 min, followed by 90 min under solar-like irradiation. Samples of the slurry solution
were taken in 30 min intervals and centrifuged (14600 RPM, 10 min) to separate the catalyst
from the solution. The samples were analyzed in a spectroradiometer (Evolution 220
UV–Visible spectrophotometer, Thermo Scientific) to determine the AG-25 concentration.

3.6. Photocatalytic Degradation of AG-25 with UV Cutoff—LP400

Distinguishing between PCA driven by visible light and UV irradiation was performed
similarly to as in Section 2.5, using a UV filter (400 HLP/130 mm, OMEGA OPTICAL,
Brattleboro, VT, USA) to block UV wavelengths (i.e., λ < 400 nm) from reaching the slurry.

4. Conclusions

The composite showed improved photocatalytic activity compared with TiO2 and
g-C3N4 under solar irradiation. As demonstrated by the BET results, the solvothermal
method increased the surface area resulting in increased photocatalytic activity relative
to the origin catalysts, reflected in the enhanced degradation rate of AG-25. The UV
cutoff experiments showed a versatile spectrum ranging from UV to the visible spectrum,
allowing composite activation at various wavelengths. This study provides a simple
synthesis method of a composite that can efficiently remove acid-dye effluents in a versatile
spectrum of wavelengths.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal13010046/s1, Figure S1: Newport solar simulator, Figure S2:
Spectral incident irradiance, Figure S3: Pore size distribution and volume curves, Figure S4: BET
sorption\desorption curves, Figures S5–S7: EDX elemental analysis, Figure S8: UV−visible DRS
spectra, Figure S9: XPS, S10:ESR, Table S1: XRD, Table S2: XPS.
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Abstract: Bi2WO6 has become a common photocatalyst due to its advantages of simple synthesis
and high activity. However, the defects of pure Bi2WO6 such as low light reception hinder its
application in photocatalysis. In this study, based on the modification of Bi2WO6 with Ti(IV) as
a cavity co-catalyst, new Ni- and Ti-doped nanosheets of Bi2WO6 (Ni/Ti-Bi2WO6) were prepared
by a one-step wet thermal impregnation method and used for the photocatalytic degradation of
tetracycline. The experimental results showed that the photocatalytic activity of Ni/Ti-Bi2WO6

modified by the two-component catalyst was significantly better than those of pure Bi2WO6 and
Ti-Bi2WO6 modified with Ti(IV) only. The photocatalytic effect of Ni/Ti-Bi2WO6 with different Ni/Ti
molar ratios was investigated by the degradation of TC. The results showed that 0.4Ni/Ti-Bi2WO6

possessed the best photocatalytic performance, with a degradation rate of 92.9% at 140 min TC.
The results of cycling experiments showed that the catalyst exhibited high stability after five cycles.
The scavenger experiment demonstrated that the h+ and O2

− were the main reactive species. The
enhanced photocatalytic activity of Bi2WO6 could be attributed to the synergistic effect between
the Ti(IV) as a hole cocatalyst and Ni(II) as an electron cocatalyst, which effectively promoted the
separation of photogenerated carriers.

Keywords: Bi2WO6 nanoflake; Ni/Ti dual cocatalyst; visible light; degradation of antibiotics

1. Introduction

Since the emergence of penicillin in the 1920s, many antibiotics have been used in
pharmaceuticals, agriculture, and aquaculture [1]. Among them, tetracycline, as one of
the most widely used antibiotics, would cause adverse impacts on human health and
environmental safety [2]. Therefore, it is imperative to develop an efficient method for the
treatment of TC. In recent years, various traditional and emerging techniques, including
biological treatment [3], the Fenton method [4], and photochemistry [5], have been devel-
oped to remove TC from water. Among them, photocatalysis has attracted considerable
attention owing to the following advantages: mild reaction conditions, high efficiency
and stability, environmental friendliness, and so on [6–8]. Semiconductor photocatalysts
represented by TiO2 have been widely used in the field of photocatalytic decontamina-
tion of environmental pollution due to the advantages of low cost, high stability, and no
environmental hazards [9,10]. However, due to the limitations of the material itself, TiO2
still has problems of the fast compounding of photogenerated electron–hole pairs, wide
band gap, and narrow absorption range [11,12]. In addition to modifying TiO2 materials
to improve their photocatalytic activity, the search for other semiconductor photocatalytic
materials is also an important way to synthesize high-performance photocatalysts [13–15].
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Among a series of developed visible-light reactive photocatalysts, Bi2WO6 has at-
tracted much attention in degrading TC in wastewater due to its unique band structure,
non-toxicity, and high stability [16,17]. However, pure Bi2WO6 suffers from the rapid
binding of photogenerated carriers, inefficient absorption of visible light at wavelengths
less than 450 nm, and the low number of active surface sites, and these drawbacks greatly
limit the potential applications of Bi2WO6 in environmental remediation [18,19]. There-
fore, many modifications of Bi2WO6 have been explored to enhance its photocatalytic
performance, such as noble metal deposition [20–22], construction of semiconductor het-
erojunctions [23–26], ion doping [27–30], and co-catalyst modification [31–33]. Among the
above improvement methods, co-catalyst modification is a promising method that can
effectively promote the separation of photogenerated electrons and holes [34–36].

Co-catalysts can be generally classified as cavity co-catalysts and electron
co-catalysts [37,38]. For the photocatalytic degradation of organic pollutants, the rapid
transfer of photogenerated holes to the catalyst surface and participation in the oxidation
reaction are generally required. Cavity co-catalysts can improve photocatalytic perfor-
mance by rapidly trapping interfacial holes and facilitating the oxidation reaction [39].
For example, Yu et al. modified several Ag-based materials (AgCl, AgBr, AgI, and Ag2O)
with Ti(IV) as a hole co-catalyst. The synthesized Ti(IV)/Ag-based photocatalysts were
all found to exhibit enhanced photocatalytic performance for the degradation of phenol,
indicating that Ti(IV) can be used as a general cavity co-catalyst to effectively improve the
photocatalytic performance of various Ag-based materials [40]. In addition to Ti(IV), other
cavity co-catalysts, such as RuO2, PdS, CoOx, and B2O3-xNx, have been widely developed
and applied in photocatalysis [41–44]. On the other hand, electron co-catalysts, such as
noble metal nanoparticles (Pt, Pd, etc.), are generally used to capture photogenerated elec-
trons [45,46]. For example, Yan et al. could greatly enhance the photocatalytic performance
of CdS by loading PdS as a hole catalyst and Pt as an electron co-catalyst on the CdS
photocatalyst [47]. However, precious metals are expensive and rare, so it is essential to
develop efficient and economical electronic co-catalyst materials.

In this work, we successfully synthesized Ti-Bi2WO6 composites loaded with Ti(IV)
hole co-catalysts on Bi2WO6. However, the rapid transfer and trapping of photogenerated
holes by the Ti(IV) hole co-catalyst led to the accumulation of a large number of photo-
generated electrons on the conduction band (CB) of Bi2WO6. This resulted in Ti-Bi2WO6
exhibiting a limited enhancement of photocatalytic activity. To improve the photocatalytic
performance of Ti-Bi2WO6, the surface was further loaded with the Ni(II) electron cata-
lyst. A series of Ni/Ti-Bi2WO6 composites loaded with different Ni/Ti molar ratios were
prepared. At this time, Ti(IV) and Ni(II) were effective co-catalysts for the fast transfer
of photogenerated holes and photogenerated electrons, respectively. The photocatalytic
activity of Ni/Ti-Bi2WO6 is expected to be further improved because the dual co-catalysts
can simultaneously promote the transfer rate of photogenerated electrons and holes to
reach the specific reaction sites of the photocatalyst. Then, the photocatalytic activity and
stability of the synthesized catalysts were investigated by TC degradation under visible-
light irradiation. The properties of the prepared samples were characterized by scanning
electron microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), and UV diffuse reflectance spectroscopy
(DRS). Among them, the 0.4Ni/Ti-Bi2WO6 photocatalyst exhibited a high degradation
efficiency of 92.9% under visible light. In addition, the photocatalytic mechanism of tetracy-
cline degradation was investigated and discussed on the basis of experiments and different
characterization methods. This work may provide new insights for the development of
low-cost and efficient photocatalytic materials.
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2. Results and Discussion
2.1. Characterization of Ni/Ti-Bi2WO6
2.1.1. SEM, TEM, and EDS Analysis

SEM and EDS characterized various Bi2WO6 photocatalysts to investigate the detailed
morphology and microstructure. As shown in Figure 1a, it can be found that the surface
of pure Bi2WO6 was relatively smooth with a layered structure. In Figure 1b, Bi2WO6
modified with Ti(IV) (Ti-Bi2WO6) showed a similar structure to the Bi2WO6 sample and
fine particles of about 8 nm appeared on the surface, indicating the successful synthesis of
Ti-Bi2WO6. In Figure 1c, the Ni-Bi2WO6 image exhibited the appearance of sharp needle-
like nanostructures and some agglomerates with the addition of Ni(II), which is consistent
with the reports in the literature, indicating the successful loading of Ni(II) [48].
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Figure 1. SEM images of (a) Bi2WO6, (b) Ti-Bi2WO6, and (c) Ni-Bi2WO6.

As for the Ni/Ti-Bi2WO6 sample (Figure 2), in addition to the presence of a large
number of fine particles on the surface of the material compared to pure Bi2WO6, sharp
needle-like nanostructures appeared in the places marked in the figure. To measure the
specific composition of 0.4Ni/Ti-Bi2WO6, EDS analysis was used and is shown in the inset
of Figure 2. The results show that the signals of Ti(IV) and Ni(II) were clearly visible, where
the weight ratio of Ti was 5.07 wt% and that of Ni was 2.42 wt%. The molar ratio of Ni/Ti
was 0.377, which is close to the expected value of 0.4Ni/Ti-Bi2WO6, which means that
Ti(IV) and Ni(II) were successfully loaded onto the Bi2WO6 surface.
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Figure 2. SEM images of Ni/Ti (0.4)-Bi2WO6 and EDX of 0.4Ni/Ti -Bi2WO6.

The detailed morphology of the 0.4Ni/Ti -Bi2WO6 and Bi2WO6 samples was further
investigated by TEM. As shown in Figure 3a,b, it was consistent with the results of SEM
tests. Observing the TEM of the 0.4Ni/Ti-Bi2WO6 sample, markings of Ni(II) and Ti(IV)
nanoparticles modification could be clearly found on the surface of Bi2WO6.
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2.1.2. XRD Analysis

To analyze the crystal structures and phase purities of the Bi2WO6, Ti-Bi2WO6, and
Ni/Ti-Bi2WO6, XRD was utilized and is shown in Figure 4.
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As can be seen, the diffraction peaks of all five samples exhibited similar crystal
structures as well without any impurity peaks, and all the characteristic peaks could
match the pure orthorhombic phase of Bi2WO6 (JCPDS Card: 39–0256). The results were
assigned to the low contents of Ti and Ni and their good dispersion in the Ni/Ti-Bi2WO6
samples. For Ti-Bi2WO6 and Ni/Ti-Bi2WO6 samples, the positions of diffraction peaks
had no noticeable change compared with those of Bi2WO6, indicating that the Ti and Ni
were only deposited on the surfaces and not incorporated into the lattice of Bi2WO6. These
results clearly suggested that the loading of Ti and Ni had no impact on the crystal phase
of Bi2WO6. However, the intensity of the characteristic peak decreased after doping Ni,
indicating the crystallite size of Bi2WO6 could decrease by doping Ni, in good agreement
with the results observed in SEM images. Therefore, it is obvious that the Bi2WO6 samples
loaded by amorphous Ti(IV) and Ni(II) cocatalysts were well synthesized by the method
mentioned above.

2.1.3. XPS Analysis

XPS analysis was employed to demonstrate the surface composition and chemical
state of Ni/Ti-Bi2WO6 composites. Figure 5 shows the survey scan spectra of pure Bi2WO6,
Ti-Bi2WO6, and 0.4Ni/Ti-Bi2WO6. As can be seen, Bi, W, and O elements were detected
in all samples, which can be mainly ascribed to the Bi2WO6 phase. Compared with pure
Bi2WO6, Ti-Bi2WO6 and Ni/Ti-Bi2WO6 exhibited new XPS peaks of Ti and Ni elements.

To further reveal Bi, W, Ti, and Ni elements and their chemical states, the high-
resolution XPS spectra of the above samples were investigated. As shown in Figure 6, the
high-resolution spectrum of Bi 4f revealed two typical peaks located at 159 eV (Bi4f7/2) and
164.1 (Bi4f5/2) eV, which match well with those from Bi2WO6 [49]. In Figure 5, the W4f
spectrum can be subdivided into two peaks at 35.1 eV and 37.2 eV that were ascribed to the
W4f7/2 and W4f5/2, respectively, indicating that W atoms presented a valence of +6 in the
samples [50]. Ti-Bi2WO6 and 0.4Ni/Ti-Bi2WO6 samples showed the obvious Ti2p peaks at
about 458.0 eV (Ti2p3/2) and 465 eV (Ti2p1/2) in Figure 5, implying that the Ti atoms were
in the +4 oxidization state in the samples [51]. From Figure 5, the binding energies of Ni
2p were located at 858.2 eV and 873.8 eV, demonstrating that the Ni elements were in +2
states in the samples [52]. In addition, the binding energy of W and Bi in 0.4Ni/Ti-Bi2WO6
was also slightly shifted to the right by 0.2~0.4 eV compared with that of pure Bi2WO6,
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which may be due to the doping of the co-catalyst producing an electron shielding effect,
resulting in a shift in the binding energy to higher energies [53].
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2.1.4. UV-vis Analysis

The optical properties of all samples were characterized by UV-vis diffuse reflectance
spectroscopy in the wavelength range of 200–500 nm. As can be seen in Figure 7a, the
absorption edge of pure Bi2WO6 was extended up to 430 nm, which presented a wide
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photo-absorption from UV to visible light, implying its potential photocatalytic activities
under visible light. After loading the Ti(IV) cocatalyst onto the Bi2WO6, the Ti-Bi2WO6
showed a similar absorption curve compared with the pure Bi2WO6, owing to the low
content of Ti(IV) on the Bi2WO6 surface. Compared with the pure Bi2WO6, the absorption
curves of Ni/Ti-Bi2WO6 samples were similar, but there was a small redshift.
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The approximate bandgap of the catalyst was illustrated from the plot of (αhv)1/2

versus energy (hv), as shown in Figure 7b. The bandgaps of Bi2WO6, 0.7Ni/Ti-Bi2WO6, Ti-
Bi2WO6, 0.1Ni/Ti-Bi2WO6, and 0.4Ni/Ti-Bi2WO6 were estimated approximately to be 2.75,
2.80, 2.83, 2.85, and 2.89 eV by extrapolation of the linear part of the dependence. Hence,
it is obvious that the doping of Ti(IV) and Ni(II) cocatalysts affected the light absorption
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capability of Bi2WO6. This result may be attributed to the synergistic effect between Ti(IV)
as a hole catalyst and Ni(II) as an electron catalyst.

2.1.5. UV-Vis Analysis

The UV-Vis absorption spectra of TC degradation on 0.4Ni/Ti-Bi2WO6 were monitored
for the corresponding time. As shown in Figure 8, the characteristic absorption peaks of
TC were observed at 275 and 360 nm. With increasing irradiation time, the two typical
absorption peaks of TC gradually became smaller, indicating that the structure of TC was
disrupted to small molecules.
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2.2. Evaluation of Photocatalytic Activity
2.2.1. Photocatalytic Degradation of TC

The photocatalytic performance of the samples was tested mainly by degrading TC
under visible-light irradiation. Figure 9 shows the degradation of TC under the conditions
of five photocatalysts and no added catalyst. First, a mixture of photocatalyst and tetracy-
cline solution was stirred in the dark for 30 min to exclude the effect of adsorption. After
reaching the equilibrium between adsorption and desorption, photoluminescence was
started. The adsorption effect of the prepared catalysts showed that Bi2WO6 < Ti-Bi2WO6
< 0.1Ni/Ti-Bi2WO6 < 0.4Ni/Ti-Bi2WO6 < 0.7Ni/Ti-Bi2WO6. This can be attributed to the
increase in the specific surface area of the Bi2WO6 composite due to the addition of the
co-catalyst, which, in turn, led to the increase in the adsorption capacity of the catalysts.

The degradation efficiency of the pure Bi2WO6 sample was the worst at 77.8% after
140 min of light exposure, which can be attributed to the rapid recombination of electron
and hole pairs generated by light. The degradation rate of Ti-Bi2WO6 reached 87.2% after
the addition of Ti(IV) co-catalyst, which indicated that Ti(IV) as a hole co-catalyst had a good
promotion effect on the photocatalytic activity. In addition, the photocatalytic degradation
efficiency of the composites was significantly improved when Bi2WO6 was modified by
Ni(II) and Ti(IV) dual co-catalysts, indicating that Ti and Ni co-catalysts had a synergistic
effect on Bi2WO6. Among a series of catalysts modified by dual co-catalysts with different
Ni/Ti molar ratios, 0.4Ni/Ti-Bi2WO6 exhibited the highest degradation efficiency of about
92.9%. The degradation efficiency of the samples decreased when the Ni/Ti molar ratio was
less than 0.4 or more than 0.4. The reason may be that when the molar ratio of Ni/Ti was
less than 0.4, the number of photogenerated electrons accepted by the Ni(II) co-catalyst as
an electron trap and the number of photogenerated holes captured by the Ti(IV) co-catalyst
as a hole trap were reduced, and the separation efficiency of photogenerated electron–hole
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pairs was not high, so the photocatalytic performance was lower. When the molar ratio of
Ni/Ti exceeded 0.4, too many Ti(IV) and Ni(II) co-catalysts covered the active surface sites
of Bi2WO6, thus leading to the lower photocatalytic activity of Bi2WO6.
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Ti(IV) has been shown to act as a hole co-catalyst to improve the photocatalytic
performance of TiO2 by effectively trapping photogenerated holes [54]. In the present work,
Ti(IV) was relied on as a hole co-catalyst to modify Bi2WO6 to improve its photocatalytic
ability. The conduction band (CB) and valence band (VB) of Bi2WO6 were about +0.3 V
and +3.0 V (vs. SHE), respectively [55]. In general, to promote the efficient transfer
of electrons from CB to oxygen, the CB potential of the semiconductor should be more
damaging than that of the single-electron oxygen reduction reaction (−0.046 V vs. SHE) [56].
However, the CB potential of Bi2WO6 was significantly more positive (+0.3 V, vs. SHE)
than that of the single-electron oxygen reduction, so it was poorly reduced, thus leading
to the poor photocatalytic performance of Bi2WO6. Ni(OH)2 and NiO have been widely
demonstrated to be effective electron co-catalysts to improve photocatalytic performance
by rapidly capturing photogenerated electrons and promoting interfacial H2 precipitation
reactions [57,58]. When the surface of Bi2WO6 is modified by the Ni(II) catalyst, the
photogenerated electrons of Bi2WO6 can be rapidly transferred to the Ni(II) co-catalyst
because the potential of Ni(II) is more positive than the CB level of Bi2WO6 [59]. When
both Ni(II) and Ti(IV) co-catalysts were loaded on the surface of Bi2WO6, it is clear that
the photocatalytic performance of the synthesized Ni/Ti-Bi2WO6 photocatalyst could be
further improved, which can be well explained by the synergistic effect of Ni(II) and
Ti(IV) co-catalysts. The loading of Ni(II) led to the effective transfer of photogenerated
electrons in the oxygen reduction reaction, and the loading of the Ti(IV) co-catalyst led to
the effective transfer of photogenerated holes in the oxidation reaction of organic matter.
This principle is very similar to that reported for co-catalyst-modified photocatalysts such as
Ag/AgCl-rGO and Cu(II)/AgCl [60,61]. Table 1 summarizes some of the recently reported
degradation capabilities of several bismuth-based photocatalytic materials for different
organic compounds.
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Table 1. The degradation efficiency of different photocatalytic materials.

Types of Catalyst Type of Degradate Degradation Rate Year Ref.

Ti-Bi2WO6 Ceftriaxone sodium 75% 2021 [62]
0.25% Ni-Bi2WO6 Rhodamine B 93% 2022 [63]
30% Bi2WO6/ZnWO4 Plasmocorinth B dye 48% 2022 [64]
Ag/WO3/Bi2WO6 chlorobenzene 79% 2019 [49]
Zn3In2S6/Bi2WO3 metronidazole 98.13% 2022 [65]
Zn3In2S6/Bi2WO3 Hexavalent chromium 99.67% 2022 [65]
0.4Ni/Ti-Bi2WO6 Tetracycline 92.9% - -
Bi2WO6/C-dots/TiO2 levofloxacin 99% 2020 [66]
Bi2WO6–TiO2-N acetone 100% 2022 [67]

2.2.2. Reusability and Stability

Reusability and stability are essential properties for photocatalysts in practical applica-
tions. To test the stability of the as-prepared samples, in this section, the 0.4Ni/Ti-Bi2WO6
photocatalysts were collected after degrading TC for the recycling experiment. Figure 10
shows the results of the cycling test. It can be clearly noted that the photocatalytic efficiency
decreased by only about 6% after five successive cycles for the degradation of TC, due to
the inevitable deficiency of the photocatalyst in the recycling process. The results showed
that the 0.4Ni/Ti-Bi2WO6 photocatalyst had high stability in the photocatalytic reaction.
The prepared Ni/Ti-Bi2WO6 photocatalyst had good photocatalytic activity and stability,
making it an excellent photocatalyst in the treatment of actual pollutants.
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2.2.3. Roles of Reactive Species

It is vital to explore the predominant reactive species in the photocatalytic degra-
dation of TC to comprehend the photocatalytic mechanism. In this study, the effects of
three sacrificial agents on photocatalytic reactions under the same conditions were stud-
ied. The three sacrificial agents included tert-Butanol (TBA) for hydroxyl radicals (OH),
triethanolamine (TEOA) for holes (h+), and p-Benzoquinone (p-BQ) for superoxide radicals
(O2−). The photocatalytic efficiency would become lower when the corresponding active
species was quenched in the photocatalytic degradation of TC. As shown in Figure 11,
the photocatalytic performance of 0.4Ni/Ti-Bi2WO6 was not obviously inhibited when 1
mmol of TBA was added into the solution, indicating that the ·OH was not involved in the
degradation of TC. However, whether the 1 mmol of TEOA or 1 mmol of BQ were added
into TC solution, the photocatalytic performance of 0.4Ni/Ti-Bi2WO6 could be obviously
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affected, which indicated that h+ and O2− radicals were the predominant active species in
the reaction system.
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2.3. Possible Photocatalytic Mechanism

To better describe the degradation process of TC, the main intermediates were identi-
fied by high-performance liquid chromatography and mass spectrometry in negative ion
scan mode, as shown in Figure 12. The main intermediates of tetracycline degradation
could be derived with mass-to-charge ratios m/z of 416, 373, and 306, etc. The intermediates
of tetracycline degradation in general are mainly formed during the photocatalytic reaction
by the removal of functional groups on the ring and ring opening reaction. Therefore, the
pathways of tetracycline degradation were inferred, as shown in Figure 13. The m/z = 445
for tetracycline; product 1 (m/z = 416) was probably formed due to the removal of the
methyl group from dimethylamine by tetracycline; product 1 was further formed by the
removal of the deamidation group to form product 2 (m/z = 373). As the photocatalytic
reaction proceeded, the ring opening reaction further occurred and product 2 (m/z = 373)
was stripped of hydroxyl, carbonyl, and amino groups to form product 3 (m/z = 306).
Eventually, these small molecules were further oxidized to form CO2 and H2O.
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According to the above results of the radical trapping experiments, the possible
photocatalytic mechanism is presented in Figure 14. Under visible-light irradiation, the
electrons and holes of Bi2WO6 were generated easily and separated, and the electrons
were excited from the valence band (VB) to the conduction band (CB), leaving holes on
the VB. However, these photogenerated electrons and holes might recombine and only
a small part of electrons and holes could participate in the photocatalytic degradation of
TC. Significantly, the Ni(II) cocatalyst that existed in Ni/Ti-Bi2WO6 samples could work as
an electron trap to accept the photogenerated electrons. Then, photogenerated electrons
reacted with oxygen in solution to form O2− that has a strong oxidation ability to promote
the degradation efficiency of TC. The photogenerated holes on the VB of Bi2WO6 could
be rapidly transferred to the surface of the Ti(IV) cocatalyst, and directly oxidized the
TC under visible-light irradiation. The corresponding reaction process can be expressed
as follows:

0.4Ni/Ti-Bi2WO6 + hv→ h+ + e− (1)
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e− + O2 →·O2
− (2)

h+ + H2O→·OH + H+ − (3)

TC+ (·O2
−, h+)→ Degradation products (4)
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3. Materials and Methods
3.1. Preparation of Photocatalyst
3.1.1. Preparation of Ni-doping Bi2WO6

Ni-doping Bi2WO6 was prepared by the hydrothermal method. The specific prepara-
tion process was as follows: Na2WO4·2H2O (0.4948 g) was dissolved in 60 mL of deion-
ized water and sonicated for 5 min. Bi(NO3)3·H2O (1.45521 g) and certain amounts of
NiCl2·6H2O were successively added into the solution during stirring and sonicated again
for 10 min to obtain a homogeneous solution. The resulting solution was transferred into a
100 mL Teflon-lined stainless-steel autoclave (Autoclave, Zibo Haiyu Chamical Equipment
Co., Ltd., Zibo, China) for hydrothermal treatment at 180 ◦C for 12 h. After the reaction
system cooled to room temperature naturally, the products were collected by filtering
with a 0.22 µm filter membrane, washed with deionized water and absolute ethanol three
times, and dried at 60 ◦C overnight. According to the molar ratio of Ni to W, the products
were referred to as 0.07Ni-Bi2WO6, 0.28Ni-Bi2WO6, and 0.49Ni-Bi2WO6, respectively. At
the same time, single Bi2WO6 was also synthesized by the same process without adding
NiCl2·6H2O.

3.1.2. Preparation of Ti-doping Bi2WO6

According to the previous studies, it was found that the samples showed the highest
photocatalytic activity when the molar ratio of Ti to Bi2WO6 was 0.7. Therefore, the molar
ratio of Ti to Bi2WO6 was determined to be 0.7 in this work. The Ti-doping Bi2WO6 was
prepared by an impregnation method. In a typical preparation, 1.25 g of Bi2WO6 and
0.32984 g of Ti(SO4)2 were dispersed into 200 mL of deionized water, and then stirred at
75 ◦C for 1 h. The products were collected by filtering with a 0.22 µm filter membrane and
washed with deionized water to neutral. Lastly, the sample was dried at 60 ◦C overnight.

3.1.3. Preparation of Ni/Ti-doping Bi2WO6

The Ni/Ti-doping Bi2WO6 was synthesized by following Sections 3.1.1 and 3.1.2. First,
the Ni-doping Bi2WO6 was prepared by the hydrothermal method according to part 2.2.1,
and then amorphous Ti was further doped onto the Ni/Bi2WO6 surface to form Ni/Ti-
doping Bi2WO6 by the impregnation method according to Section 3.1.2. According to the
molar ratio of Ni to Ti, the products were referred to as 0.1Ni/Ti-Bi2WO6, 0.4Ni/Ti-Bi2WO6,
and 0.7Ni/Ti-Bi2WO6.
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3.2. Characterization

The crystal structure and purity of the prepared photocatalyst were characterized by
X-ray diffraction (XRD) patterns, which were collected by a Bruker D8 Advanced (Bruker,
Billerica, MA, USA) instrument using Cu-Kα radiation (λ = 0.15405 nm, 40 KV × 60 mA)
from 10◦ to 80◦ (2θ) with a scanning rate of 15◦/min. The morphologies of the samples
were performed on a JSM-6700 field-emission scanning electron microscope (FESEM, JEOL
Ltd., Tokyo, Japan) equipped with an X-max 50 energy-dispersive X-ray spectroscope (EDS,
Oxford Instruments, Abington, UK) using the acceleration voltage of 2 kV. The optical
properties of the photocatalyst were investigated by UV-vis diffuse reflectance spectra
(DRS), which were monitored by a UV-Vis spectrophotometer (SHIMADZU, UV-2550,
Kyoto, Japan), in which BaSO4 served as the reflectance standard. X-ray photoelectron
spectroscopy (XPS) measurements were conducted on a Thermo Scientific ESCALAB 250Xi
(Thermo Fischer Scientific, Waltham, MA, USA) with a monochromated Al Kα X-ray source.

3.3. Photocatalytic Test
Photocatalytic Degradation

The photocatalytic activity was performed by the degradation of TC under visible-
light irradiation using a 300 W Xenon lamp (Xenon lamp, China Education Au-light,
Beijing, China) equipped with a 420 nm cut-off filter. The photocatalytic experiments were
described as follows: First, 0.05 g of photocatalysts was mixed with 100 mL of 20 mg/L
tetracycline solution. Then, the mixed solution was stirred in the dark for 30 min to exclude
the effect of the adsorption. The light experiment was started after reaching the equilibrium
of adsorption and desorption. During the irradiation process, 4 mL of the suspension
was collected and filtered using a 0.22 µm filter membrane to remove the photocatalyst
at a certain interval. Subsequently, the absorbance of the solution was measured by a
UV-vis spectrometer (UV-vis spectrometer, Hitachi, Tokyo, Japan), where the characteristic
absorption wavelengths of TC in solutions was 356 nm. By the standard curve of TC,
the degradation rate of prepared samples was calculated. To demonstrate the stability of
as-prepared samples, repeated experiments were carried out under the same conditions.
The photocatalysts were separated by centrifugation, and washed with distilled water and
ethanol three times before being redispersed into the TC solutions.

3.4. Active Species Capturing Experiments

Sacrificial agents, such as tert-Butanol (TBA), triethanolamine (TEOA), and
p-Benzoquinone (p-BQ), to quench hydroxyl radicals (·OH), holes (h+), and superoxide
radicals (·O2−), respectively, were used to determine the active species in the photocatalytic
reaction. Typically, 10 mM scavenger was added into 100 mL of 20 mg/L of TC solution
with 0.4Ni/Ti-Bi2WO6 as a photocatalyst at room temperature. The other experiment
condition was the same as the photocatalytic degradation referred to above, for instance,
the 30 min dark reaction process before irradiation. The main active species were decided
by the degradation rate of TC.

4. Conclusions

In summary, we successfully designed Ni/Ti-Bi2WO6 composites for the degradation
of TC under visible-light irradiation by a simple one-step hydrothermal and impregnation
method. The photocatalytic efficiency of Ni/Ti-Bi2WO6 under visible light was improved
compared with that of the pure Bi2WO6 photocatalyst. The highest degradation efficiency
was achieved when the molar ratio of Ni/Ti in Ni/Ti-Bi2WO6 was 0.4. After 140 min of
visible-light irradiation, the degradation efficiency of TC could reach 92.9%. This excellent
photocatalytic ability of the Ni/Ti-Bi2WO6 composite can be attributed to the synergistic
effect between Ti(IV) as a hole catalyst and Ni(II) as an electron catalyst, which prevents the
recombination of photogenerated electron–hole pairs and increases the amount of active
species for photodegradation of TC. The low-cost, non-toxic, and abundant Ti(IV) and
Ni(II) co-catalysts can be ideal co-catalysts for potential applications of new photocatalytic
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materials compared to conventional noble metal co-catalysts such as Pt, Au, and RuO2.
In addition, the synthesis of the dual co-catalyst-modified photocatalysts used in this
study can be extended for the synthesis of new dual co-catalyst-modified high-efficiency
photocatalytic materials.
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Abstract: In order to make the synthesis of pharmaceutically active carbonitriles efficient, envi-
ronmentally friendly, and sustainable, the method is regularly examined. Here, we introduce a
brand-new, very effective Cu3TiO4/g-C3N5 photocatalyst for the production of compounds contain-
ing chromene-3-carbonitriles. The direct Z-Scheme photo-generated charge transfer mechanism used
by the Cu3TiO4/g-C3N5 photocatalyst results in a suppressed rate of electron-hole pair recombination
and an increase in photocatalytic activity. Experiments showed that the current method has some
advantages, such as using an environmentally friendly and sustainable photocatalyst, having a
simple procedure, quick reaction times, a good product yield (82–94%), and being able to reuse the
photocatalyst multiple times in a row without noticeably decreasing its photocatalytic performance.

Keywords: chromene-3-carbonitriles; Cu3TiO4; g-C3N5; photocatalyst; Nanomaterials;
Z-Scheme heterojunction

1. Introduction

Multi-component reactions (MCRs) have garnered a lot of interest recently as a method
for creating a variety of heterocyclic compounds with applicability in medicine, pharma-
ceuticals, and agrochemistry [1,2]. One-pot MCRs, which induce organic reactants to react
together in a single step, have emerged as an alternative platform for organic chemists
due to their simple operation, effective purification techniques, side products, and quick
turnaround times [3,4]. In simple terms, a multi-component reaction is one in which three
or more reactants mix in a single vessel to create a single output that effectively contains
every atom of the starting elements (with the exception of condensation products, such as
water molecules, hydrochloric acid, or methanol) [5–7].

A number of naturally occurring O-bearing heterocyclic organic moieties, which are
widely present in edible fruits and vegetables, contain the chromene and related structural
skeletons as their major structural motifs [8,9]. Numerous industries, like agrochemistry,
medicine, as well as material sciences, use carbonitrile-based heterocycles and their deriva-
tives as ligands and catalysts [10]. Carbonitrile compounds have a high level of therapeutic
activity and can be employed as antibacterial [11,12], anti-tumor [13,14], anti-inflammatory,
anti-cancer [15–17], and anti-convulsant drugs [18]. Compounds with a carbonitrile base
are also employed to make electrical and optical materials as well as anion sensors [19,20].
Given the many different uses for chromenes, synthetic chemists have been exploring
new and effective catalysts. In the traditional way of making carbonitrile-based chemicals,
the product needed to be made at a high temperature and through a long process called
“synthesis”.

As a result of growing environmental worry, a lot of work has been put into creating
innovative procedures that reduce emissions in chemical synthesis. From the perspective
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of green and sustainable chemistry [21–23], designing effective and affordable chemical
processes utilising heterogeneous catalysts to create fine chemicals and pharmaceutical
goods through MCRs has recently attracted a lot of attention from academics and businesses.
The fundamental drawback of heterogeneous catalysts is, however, their decreased catalytic
activity. The best way to deal with this issue is to minimize the size of the particles in the
heterogeneous catalyst [24,25]. Metal oxide nanocatalysts combine the benefits of photo
and heterogeneous catalysts. Although this type of material has many valuable advantages,
including a high surface area, efficient particle distribution, a straightforward recovery
procedure, effective light absorption property, good stability, and non-toxic behaviour,
their propensity to agglomerate and oxidise is a drawback [26–28]. Immobilizing organic
molecules on metal oxide nanoparticles is thought to be a workable way to address this
drawback.

Given the significance of metal oxide, nanoparticles (metal oxide NPs) have received
a lot of attention and are widely employed in water splitting, catalysis, photocatalysis,
energy, and environmental remediation [29–32]. Titanium dioxide (TiO2) and copper oxide
(CuO) nanoparticles have attracted a great deal of interest. It was discovered that CuO and
TiO2 NPs worked effectively as catalysts for the oxidation of organic molecules as well as
CO and NO [33,34]. Additionally, in last decade, a lot of attention has been focused on the
use of CuO and TiO2 NPs for chemical reactions [35]. CuO NPs’ high levels of electron-hole
pair recombination and TiO2’s less obvious active nature are some of its disadvantages. We
created the Cu3TiO4 NPs for the organic reaction based on the aforementioned investigative
information. In the context of heterogeneous nanocatalysts, this class of catalysts seems
to be one of the most promising approaches toward effective reactions under mild and
ecologically nonthreatening circumstances.

Organic synthesis research in the area of photocatalysis, notably with regard to visible
light, is appealing [36]. Heterogeneous photocatalysis has been given a significant role
by carbon-based materials. Due to a variety of characteristics, including stability, narrow
bandgap, 2D nanomaterial, excellent visible-light active absorption, low density, and low
toxicity, graphitic-carbon nitride (g-C3N4) is an effective catalyst under visible light [37,38].
Additionally, its layered structure makes the anchor metal an appropriate substrate for
its direct use as a heterogeneous photocatalyst. A variety of modified carbon nitrides,
including nanosheets, nanorods, metal-doped and non-metal modified carbon nitrides are
effective nanomaterials [39–41]. An intriguing method has been recently created to modify
the polymeric structure of C3N4 in order to create novel carbon nitrides with a wider visible-
light sensitive range. For instance, integrating an N-rich 3-amino-1,2,4-triazole unit into the
s-heptazine motif led to the highly ordered C3N5, which can increase the C:N atom ratio
from 3:4–3:5. The lower bandgap energy is a result of the extra N-atoms connected to the
terminal NH2 groups in the form of 1,2,4-triazole, which are different from the usual C3N4
in that they are bridged by a N-atom through sp2 hybridization [42–44]. The construction
of heterojunction photocatalysts based on C3N4 has received extensive research, due to
its viability and efficiency for the spatial separation of photogenerated electron-hole pairs.
Appropriate catalyst materials can generate heterojunctions, which can lower the activation
energy needed for the reduction reaction. The secondary target is to encourage the division
of photogenerated charge carriers while simultaneously providing more active locations
for the photocatalytic activity. Meticulous design of a heterojunction is a promising method
to increase photocatalytic activity, because of its rapid charge carrier separation caused
by the integrated electric field [45–48]. A switch from photocatalysts based on C3N5 to
those based on the organic transformation reaction is driving recent advancements for
cleaner, more sustainable chemistry. The heterojunction is followed by carbon nitride-based
catalysts like Type-II and Z-Scheme. A Z-scheme system has also been built with a pertinent
shuttle mediator to obtain better light-harvesting potential with high charge separation
performance and sturdy redox ability, furthermore to photocatalysts with conventional
heterojunctions that can successfully separate photogenerated electron-hole pairs via band
alignment [49,50]. Numerous studies on g-C3N4 linked to the Z-Scheme electron transfer
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mechanism have been reported, including those on TiO2/g-C3N4 [51], CuO/g-C3N4 [52],
ZnO/g-C3N4 [53], WO3/g-C3N4 [54], V2O5/C3N4 [55], MnO2/C3N4, [56] and Bi2O3/g-
C3N4 [57], among others. In recent years, g-C3N5-based heterojunction production has
become increasingly significant in photocatalysis and other applications. There are currently
very few studies on Z-Scheme mechanisms for g-C3N5-based heterojunctions, including
Ag3PO4/C3N5 [58], FeOCl/g-C3N5 [59], Bi4O5I2/g-C3N5 [60], LaCoO3/g-C3N5 [61] and
Bi2WO6/g-C3N5 [62,63]. Still, there is no report carried out on Cu3TiO4/g-C3N5 hetero-
junction fabrication and photocatalytic application.

Light-emitting diodes (LEDs) are the best type of light source for photocatalytic
applications. BLUE LEDs have benefits over other light sources in terms of efficiency,
the qualities of power, compatibility, longevity, and environmental friendliness. Due to
their unique characteristics, BLUE LEDs offer an improvement over traditional lighting
sources and allow for more innovative scope when designing different photochemical
reactions [64].

In this research, we have developed a novel and very effective Cu3TiO4/g-C3N5
photocatalyst for the construction of chromene-3-carbonitrile molecules under BLUE LED
light. The direct Z-scheme charge separation mechanism employed by the Cu3TiO4/g-C3N5
hetero-junction photocatalyst reduces the rate of electron-hole (e−/h+) pair recombination
of Cu3TiO4 and increases its photocatalytic activity. The as-prepared g-C3N5/Cu3TiO4
nanocomposites showed better photocatalytic activity and stability when compared to
pure Cu3TiO4 and pure C3N5. The spatial separation of photoinduced charge carriers
could be attributed to the improved photocatalytic performance. The characteristics of the
obtained catalysts have been studied with the help of XRD, UV-Vis DRS, FT-IR, FE-SEM,
TEM, Zetapotential, and XPS. The applications for the catalyst have also been demonstrated
and characterized. This work will be opening up a new path in the field of photocatalysts
and MCRs and can further be developed for a wide range of applications other than the
proposed one.

2. Results and Discussion
2.1. Characterization of Prepared Nanomaterials

The synthesized nanocomposite nanomaterial crystalline phase structure was investi-
gated using the X-ray diffraction technique. In Figure 1, the pristine g-C3N5 sheets peak at
13.1◦ was related to (100), and another strong peak at 27.2◦ was related to (002) for graphitic
g-C3N5 sheets (JCPDS card-87-1526) [65]. Peaks for Cu3TiO4 nanoparticles were found at
2theta = 26.4, 34.2, 38.6, 51.5, 59.1, 63.2, and 70.3◦ in relation to planes (004) (101) (102) (104)
(006) (110) (112) (107), which corresponds well to JCPDS card no. 83-1285 [66]. Both are
well-reflected in all CN5CT nanocomposites. Figure 1 shows the p-XRD patterns obtained
for g-C3N5/Cu3TiO4 with varying wt. % Cu3TiO4. The XRD patterns of the 5% CN5CT
composite showed no discernible change, while less Cu3TiO4 has been deducted because
of the low loading percentage. The intensity of Cu3TiO4 nanoparticles peaks increased as
the Cu3TiO4 nanoparticles ratio was increased to 10%, 20%, and 30%. Finally, Cu3TiO4
nanoparticles were supported on g-C3N5 nanosheets. As confirmed, they have shown good
crystalline nature.
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Figure 1. XRD images of prepared CN, CT and various percentages CNCT nanocomposites.

In BET analysis the surface area of the designed nanocomposites was examined, and
depicted in Figure 2a. The surface area of Cu3TiO4 nanoparticles, g-C3N5 and g-C3N4
values are 10, 15, and 14 m2/g respectively. Then 10% CN5CT nanocomposite has 19 m2/g
after supporting Cu3TiO4-nanoparticles, which thereby increased the surface area. The
Cu3TiO4/g-C3N4 has less surface area compared to 10% CN5CT, as shown in Figure 2a.
From BET analysis, 10%CN5CT exhibited more surface and active sites compared to others.
In FT-IR spectroscopy (Figure 2b), g-C3N5 sheets showed peaks at 808, 1234, 1405, 1575,
and 2160 cm−1, respectively. The signal at 808 cm−1 corresponds to the existence of triazine
units in g-C3N5 nanosheets. NH2 and NH peaks were obtained at 3500 cm−1 and triazine
unit stretching bands were found at 1200 cm−1. The g-C3N5 nanosheet FT-IR report is
consistent with previous literature. [67,68]. The FT-IR spectrum of Cu3TiO4 exhibited
a range between 400–700 cm−1 bands, which is owing to Ti-O-Ti and Cu-O stretching
vibration [69]. After that, Cu3TiO4 nanoparticles supported the slight shift that happened
in 5%, 10%, 20%, and 30% CN5CT nanocomposite.
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In XPS, the chemical state of the prepared 10% CN5CT was exposed in Figure S1.
Figure S1a shows the survey spectrum of the synthesized 10% CN5CT nanocomposite and
all the signals confirmed the presence of C, N, Cu, Ti, and O. For C 1s, in Figure S1b, the
three strong peaks at ~287, 285.8 and 283 eV show the presence of C 1s in nanocomposite,
which corresponds to N-C-N, C-N and C-C bonds [70]. Then N 1s displayed two peaks
at 399 and 397 eV, providing evidence for the presence of N 1s species (Figure S1c) with
different environments of N-C and C-N-C bonds [71]. Cu 2p exposed two major peaks at
953 and 933 eV (Figure S1d) combined with two satellite lines, confirming the presence
of Cu 2p species in the CN5CT composite [72]. The two peaks (Figure S1e) at 462 and
456 eV confirm the presence of Ti 2p species in CN5CT nanocomposite [72]. Finally, for
O1s species, two strong peaks (Figure S1f) at 529 and 531 eV confirmed the existence of
oxygen-metal and oxygen-hydrogen bonds in the composite.

The typical morphology of the g-C3N5 and g-C3N5/Cu3TiO4 nanocomposite is shown
in Figure 3a,b, indicating that the prepared g-C3N5 has a sheet-like morphology. As seen in
Figure 3a, exfoliation caused the evolution of 3-amino-1,2,4-triazole into a typical layered
structure, showing the formation of a loosely packed 2D g-C3N5 structure. In Figure 3b,
10%CN5CT nanocomposite, and Cu3TiO4 nanoparticles are marked. The 10% CN5CT
nanocomposites showed a strong connection between g-C3N5 and Cu3TiO4, indicating
that there would be a physical adsorption. It also implied that g-C3N5 might prevent the
aggregation of Cu3TiO4 NPs as compared to Figure 3b. The effectiveness of the electron-hole
separation can be increased by closing interfacial contacts between g-C3N4 and Cu3TiO4
nanoparticles by excellent dispersion. According to the elemental mapping in Figure 3c–f,
the elements C, N, Ti, Cu, and O were evenly distributed throughout the 2D layered and
3D nanoparticle structures.
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The perfect morphology and structural nature of the g-C3N5 and 10% CN5CT were
recorded by using TEM (Figure 4a,b). The agglomerated sheet-like structure of g-C3N5 was
confirmed by a TEM image at 50 nm (Figure 4a). The surface of the g-C3N5 was smooth
and had high porosity, which was confirmed by the sheet-like structure of the g-C3N5.
The 3-AT was thermal disintegration, copolymerization, and elimination of CO2 and NH3,
which may result in the development of g-C3N5 nanosheets, which have a smaller and
thinner nanosheet like structure than g-C3N4. Both g-C3N4 and g-C3N5 are similar in
appearance. The EDS of g-C3N5 provides information about the given sample, g-C3N5,
which has a higher quantity of nitrogen atoms compared to carbon atoms (Figure 4c). On
introducing Cu3TiO4 into g-C3N5 nanosheets, no changes were observed on the surface of
g-C3N5. The Cu3TiO4 NPs are uniformly distributed on the g-C3N5 surface and form an
effective heterojunction (Figure 4b). In Figure 4d, EDS analysis of 10%CNCT confirms the
elements with weight percentage viz., N (52.4%), C (35.1%), O (8.7%), Ti (2%), and Cu (1.8%).
Figure 4e depicts the SEAD pattern of the 10%CN5CT, demonstrating that the prepared
composite has a good crystalline nature and corresponding planes of (111), (103), (102), and
(106) in XRD. The average particle size of Cu3TiO4 (~26 nm) in 10%CN5CT was calculated
and given in Figure 4f. From the TEM image, the surface area of the compound increased
with the decrease in Cu3TiO4 particle size. The photocatalyst 10% CN5CT was found to
coexist on the surface of g-C3N5 sheets. The Cu3TiO4 (dark-coloured) nanoparticles are
uniformly scattered on the g-C3N5 matrix to produce an efficient heterojunction structure,
with the average particle size of Cu3TiO4 being found to be around 50 nm. The large
surface area enhances the photocatalytic activity. Due to their excellent surface area, both
g-C3N5 and Cu3TiO4 have close contact with each other. Due to this nature, the 10%CN5CT
nanocomposite has better photocatalytic activity.

The charge separation and transfer of the electron-hole pair were analysed by using
photoluminescence (PL) emission spectroscopy. Figure 5a shows the PL results for the
prepared CN, CT, and CN5CT at various loading percentages. The g-C3N5 nanosheets
emission peak was observed at around ~470 nm with high intensity, which confirmed the
high recombination rate. On the other hand, the introduction of Cu3TiO4 nanoparticles on
the surface of g-C3N5 nanosheets reduced the intensity of the peak, which confirmed the
suppression of recombination rate of the CN5CT nanocomposite. Notably, when compared
to other CN5CT nanocomposite, the 10% CN5CT nanocomposite has a lower emission
peak. The PL investigation is strong evidence that 10%CN5CT has less electron-hole pair
recombination than 5%, 20%, and 30% of CN5CT.

The thermal stability of the prepared nanocomposite was carried out by using thermo
gravimetric analysis (TGA). Here, in Figure 5b, is depicted the high stability of Cu3TiO4
nanoparticles, because no characteristic decomposition occurred in the Cu3TiO4 nanopar-
ticles and up to 98% of Cu3TiO4 nanoparticles were getting residue at 800 oC, show-
ing the high stability nature of nanoparticles. At 530 oC, g-C3N5 nanosheets began de-
composing, and all of the carbon and nitrogen in g-C3N5 was easily eliminated above
700 ◦C (1% residue at 800 ◦C). In 10% CN5CT nanocomposite, g-C3N5 nanosheets got
decomposed at 530 oC but the residue obtained was 12%, which shows the presence of
Cu3TiO4 nanoparticles in g-C3N5 nanosheets at a 10% ratio was confirmed. The 10%CN5CT
nanocomposite has improved the thermal stability compared to g-C3N5.
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2.2. Photocatalytic Activity of g-C3N5/Cu3TiO4 Nanocomposite

In this study, we concentrated on the synthesis of different carbonitriles using a g-
C3N5/Cu3TiO4 (CN5CT) photocatalyst. The catalyst exhibited better efficiency for the
synthesis of carbonitriles in the presence of light. Ethanol has been used as solvent, which
generated a yield of 94% (Table 1, entry 6). The reaction was carried out in the presence
of BLUE LED visible light using a photocatalyst employing diketone, malanonitrile, and
aldehyde (Scheme 1). Based on the characterization results, we investigated the CN5CT
nanocomposite, which has a strong light absorption capacity and thereby increases the
life time of electrons in the conduction band. The high electron-hole recombination rate
improves the activity of the catalyst in the production of 1.4a. In this case, 20 mg of the
catalyst was combined with the reactants and exposed to Blue LED light. Simultaneously,
radicals formed on the catalyst surface, resulting in the formation of activated complexes.
These are highly active species that are rapidly degraded to create products on the cata-
lyst surface. In Table 1, the reaction conditions were adjusted to determine the optimal
conditions for carbonitrile synthesis. Here, the solvent, catalyst, condition, and time were
varied to determine the optimization condition. (Table 1 entries 1 and 3), produced yields
(62% and 33%) that were significantly lower than the CN5CT nanocomposite. CN5CT
nanocomposite and ethanol solvent worked better in all situations in the presence of light
for 3 min. In all situations, the CN5CT nanocomposite and ethanol solvent worked better
in all situations in the presence of light for 3 min. The increase in catalyst percentage also
did not affect the product yield and for 5%, 20% and 30%, CN5CT nanocomposites give
good yields (Table 1, entry 5, 7, 8).

Table 1. Optimization for the synthesis of Carbonitriles in BLUE LED visible light.

S.No Catalyst Solvent Conditions Time (minutes) Yield a (%)

1. CuO EtOH Light 60 62

2. CuOAc EtOH Light 60 66

3. TiO2 EtOH Light 60 33

4. Cu3TiO4 EtOH Light 60 75

5. 5% CN5CT EtOH Light 3 67

6. 10% CN5CT EtOH Light 3 94

7. 20% CN5CT EtOH Light 3 81

8. 30% CN5CT EtOH Light 3 89

9. 10% CN5CT H2O Light 10 61

10. 10% CN5CT THF RT 60 23

11. 10% CN5CT Acetonitrile RT 60 21

12 10%CN5CT EtOH RT 10 95

13. Without Catalyst EtOH RT 10 Trace

14. 10% CN5CT Solvent free Heat 10 78

Diketone (1 mmol), aldehyde (1 mmol), malononitrile (1 mmol), ethanol, photocatalyst (20 mg). a Yields—Isolated
yields.
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The optimal condition from Table 1 was utilized to synthesize different carbonitrile
derivatives, which is shown in Table 2. The physicochemical properties and evidence
(FT-IR, 1H, 13C NMR, and GC-MS) of the synthesized carbonitrile derivatives 1.4a-g are
shown in Supporting Information Figures S2–S29. Light excites the electrons on the catalyst
surface, causing them to move into the excited conduction band. The radicals (•O2

− and
•OH) then react with the reactants to generate intermediates, which are then broken down
to form the desired products on the catalyst surface. The catalyst, CN5CT nanocomposite,
showed exceptional activity in the preparation of compound 1.4a. The recovered catalyst
also performed admirably in the subsequent runs, with better yields.

Table 2. Scope of different substrate.
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1.4b 4-(OCH3)-Ph 5 832 3.26 82 [73]

1.4c 2-NO2-Ph 3 876 3.78 88 [73]

1.4d 4-OH-Ph 5 831 3.22 81 [73]

1.4e 4-F-Ph 5 878 3.86 90 [73]

1.4f 2-Cl-Ph 3 923 4.63 94 [73]
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In Table 2, we studied how several heterocycles were synthesized. We successfully
prepared several substituted aldehydes such as electron donating, electron withdrawing,
and halogenated aldehydes here. When donating substitutions were compared to others,
they produced moderate yields (Table 2, compound 1.4b). In the proposed procedure,
napthaldehyde and benzaldehyde substitutions produced the highest yields of all. The
multi-component technique made good yields and cut down on the amount of time needed
to make 1.4a.

The reaction was carried out using CN5CT and irradiated for 3 min in an open
environment at RT with a BLUE LED light. Remarkably, 94% of the targeted product (1.4a)
was achieved. Nevertheless, when ambient O2 was removed from the reaction mixture, the
conversion was minimal and only a trace amount of product could be found if the reaction
was completed in darkness or without photocatalysts. As a result, CN5CT photocatalyst,
atmospheric oxygen, and BLUE LED visible light are all required for this transition.

2.3. Proposed Mechanism of 1.4a Synthesis

Based on the findings, a plausible mechanism was illustrated in Scheme 2. The more
stable triplet state CN5CT* of the photoredox catalyst is then activated by the absorption of
visible light and performs a single electron transfer (SET). This single electron transfer from
1.1 and 1.3 to the excited state of the CN5CT photocatalyst then lost a hydrogen atom and
generated malononitrile radical (1.1a) and 1,3 cyclohexanedione radical (1.3a). The Kno-
evenagel condensation process between aldehyde (1.2) and activated malononitrile (1.1a)
resulted in the synthesis of alkene intermediate (1.2a) [74]. Then, the intermediates 1.2b and
1.3a react in situ via Michael addition to give an adduct 1.3b, followed by intramolecular
cyclisation of 1.3c, giving the desired product 1.4.

2.4. Transport Process of Photo-Excited Charge Carriers

The prepared samples’ light absorption in the 200–800 nm region was examined
in order to obtain an appearance in the optical harvest property. The absorption edge
of g-C3N5 is located at approximately 680 nm, as shown in Figure 6a. In contrast, the
10% CN5CT nanocomposite clearly showed a shift, which may have been caused by the
intense interface interaction between Cu3TiO4 and g-C3N5. As a result, the representative
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10 weight percentage (10%) CN5CT nanocomposite photocatalyst exhibits a greater capacity
to capture visible light than 2D g-C3N5.
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As seen in Figure 6b, the band-gap values were also calculated from the intercept
of tangents to plots of (Ahv)1/2 versus photon energy. The optical band gap of g-C3N5,
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Cu3TiO4 and 10% CN5CT was calculated and found to be 2.02, 2.15, and 2.04 eV respec-
tively. In comparison to pure g-C3N5 and Cu3TiO4, the 10% CN5CT nanocomposite exhibits
a narrower band gap. According to the findings, the photocatalyst for the 10% CN5CT
heterojunction complex has good reactivity to visible light, which may increase its photo-
catalytic activity. The results show that photo-generated electron-hole charge carriers are
enhanced, which will boost photocatalytic activity compared to CN5 and CT.

To obtain the band levels of the g-C3N5/Cu3TiO4, the valance band (CB) and conduc-
tion band (CB) potentials for g-C3N5 & Cu3TiO4 were calculated with the aid of Equations
(1) and (2) [75].

EVB = χ − Ee + ((1/2) * Eg) (1)

ECB = EVB − Eg (2)

where, Eg-band gap calculated from Figure 6b (2.02 eV for g-C3N5, and 2.15 eV for
Cu3TiO4); ECB-CB potential; EVB-VB potential; Ee-energy of free electrons evaluated on the
H scale (4.5 eV); χ–electro negativity (6.89 eV for g-C3N5 and 5.63 for Cu3TiO4) calculated
from literature [64]. The calculated EVB and ECB were +1.38 and −0.64 eV for g-C3N5,
+0.055 and −2.095 eV for Cu3TiO4, respectively.

It is well known that the heterojunction photocatalyst g-C3N5/Cu3TiO4 will be pro-
duced when g-C3N5 and Cu3TiO4 are coupled. According to the band gap structures of
g-C3N5 & Cu3TiO4, the separation processes of photo-induced electron–hole (e−/h+) is
conveyed in Figure 7a,b, respectively.
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According to the type-II heterojunction (Figure 7a), the holes of g-C3N5 formed
by visible-light will transfer to the VB of Cu3TiO4 (0.055 eV). Altogether, e−s instanta-
neously migrate from the CB of Cu3TiO4 (−2.09 eV) to the CB of g-C3N5, (−0.64 eV).
However, the potential energy (V vs. NHE) of e−s from g-C3N5 is much lower than
O2/O2

− (−0.33 V) [76], which designates that these electrons are unable to reducing O2 to
·O2
−. Correspondingly, holes of Cu3TiO4 have inadequate potential energy to oxidize H2O

to ·OH (·OH/H2O = 2.34 V vs. NHE) [77]. Consequently, the type-II mechanism does not
well define the photocatalytic activity by the g-C3N5/Cu3TiO4 heterojunction.

Our photocatalyst works in total tandem with the visible light wavelength from BLUE
LED light sources. Both g-C3N5 and Cu3TiO4 can be stimulated to produce electrons and
holes when exposed to light. The electrons in CB of g-C3N5 tend to migrate to VB of
Cu3TiO4 and recombine with the holes there under the influence of the electron transport
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system, following the Z scheme charge transfer path. As a result, the highly redox active
photogenerated electrons in CB of Cu3TiO4 and holes in VB of g-C3N5 are retained to
participate in the photocatalytic activity. If the photo-induced charge transfer process
follows the direct Z-Scheme mechanism as illustrated in Figure 7b, the photon-induced
excited electrons would thermodynamically transfer from the CB of g-C3N5 to VB of
Cu3TiO4. Meanwhile, the O2 could be reduced into ·O2

− (reduction reaction) by the
electrons generated by CB of Cu3TiO4 because of the more negative potential (−2.09 eV).
Further, the holes of g-C3N5 are arrested by OH to produce the ˙OH, and the ˙OH are moved
to the superficial of the nanocomposite to oxidize molecules, because of the more positive
potential (+1.38 eV). This charge transfer process in the direct Z-scheme greatly improves
the efficiency of photo-generated electron-hole separation, resulting in the enhancement of
the photocatalytic activity [78–80].

The nanocomposite exhibited excellent stability, visible absorption nature, high yields,
a shortened reaction time, and reusability (Figure S30a). The photocatalyst 10%CN5CT
does not affected by the reaction mixture and giving higher yields for the next few runs.
Then after recycled catalyst was showing good crystalline nature in XRD analysis shown in
Figure S30b. In the presence of visible light, the narrow bandgap feature demonstrates a
visible active photocatalyst. In visible light, green synthesis of different heterocycles using
CN5CT nanocomposite produced good yields in a short period. The photocatalyst can be
used repeatedly without affecting the activity of the catalyst.

3. Materials and Methods
3.1. Materials Information

All of the chemicals and reagents were obtained from Avra Chemicals Private Limited,
which is located in Andhra Pradesh, India. The column solvents and other chemicals were
brought from Avra chemicals and used without further purification or processing. We
purchased the lemons from the Vellore local market in Katpadi, Tamil Nadu, India. The
NMR solvents came from Merck and was said to be 99.9% pure by the manufacturer.

3.2. Preparation of Citrus Limon Extract

Fresh lemons were split into half and squeezed to gather the pulp. There is some
excess waste in the gathered juice (seeds and peel). To eliminate the additional trash, the
pulp was centrifuged at 10,000 rpm. The clear liquid from the top layer was collected and it
was stored in refrigerator.

3.3. Preparation of Cu3TiO4 NPs

Copper acetate (1 M) and titanium tert-butoxide (1 M) were taken in two separate
beakers with 50mL of deionized water. A titanium tert-butoxide solution was added into
the copper acetate solution with constant stirring. Then 5 mL of citrus extract obtained was
added and the mixture was kept stirring overnight. Bluish-white coloured residue was
separated and washed with a water-ethanol solution to remove the other impurities. The
precipitate was heated at 500 ◦C for 4 h in a silica crucible. Finally, a black precipitate was
obtained and subjected to characterization.

3.4. Preparation of g-C3N5 Nanosheets and Composite

In a beaker, 1 mmol of 3-amino-1,2,4-triazole was stirred well with 20 pellets of NaOH
for 20 min. The colour of the mixture was altered to light brown after it was ground. For
4 h, the mixture was heated at 550 ◦C at a rate of 20 ◦C/min. Finally, grey g-C3N5 was
collected and rinsed 10 times with distilled water to eliminate unreacted NaOH before
being kept for characterization. The 5%, 10%, 20%, and 30% CN5CT were produced after
processing g-C3N5 with Cu3TiO4 at various concentrations.
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3.5. General Synthesis of Carbonitriles (1.4a-g) under Visible Light

1,3-cyclohexadione (1 mmol), corresponding aldehydes (1 mmol), malononitrile
(1 mmol), CN5CT photocatalyst (20 mg), and 5 mL of ethanol were placed into a 25 mL
round-bottom flask in the BLUE LED (12 W, 450 to 495 wavelength) light chamber. The reac-
tion mixture was illuminated, and TLC was tested every minute to identify the result. After
reaction completion, the reaction mixture was poured into crushed ice and precipitated out.
The solids were removed from the ethanol and recrystallized.

4. Conclusions

In conclusion, we described the fabrication of direct Z-scheme Cu3TiO4/g-C3N5 het-
erojunction and their characterization. The Cu3TiO4/g-C3N5 photocatalyst has expressed
excellent activity for the synthesis of carbonitriles derivatives. In an as-prepared het-
erojunction, 10% Cu3TiO4 is dispersed on surface the surface of g-C3N5 exhibited better
photocatalytic activity. When compared to pure Cu3TiO4 and g-C3N5, Cu3TiO4/g-C3N5
nanocomposites perform better at photocatalysis due to their distinctive nanostructure and
direct Z-scheme heterojunction. Low-energy consumption visible light BLUE LED lights
were used for the irradiation. The reaction has been carried out immediately and the photo-
catalyst was showing excellent activity, reusability, easily recoverable, less recombination
rate in visible light and high surface area.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12121593/s1, Figure S1: XPS of Cu3TiO4/g-C3N5 nanocom-
posites; Figures S2–S29: FT-IR, 1H, 13C NMR and GC-MS of carbonitrile derivatives 1.4a–g; Figure
S30: Reusability and reused XRD.
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Abstract: How to restrain the recombination of photogenerated electrons and holes is still very
important for photocatalytic hydrogen production. Herein, Z-scheme ZnWO4/Mn0.5Cd0.5S (ZWMCS)
nanocomposites are prepared and are applied as visible-light driven precious metal cocatalyst free
photocatalyst for hydrogen generation. The ZnWO4/Mn0.5Cd0.5S nanocomposites with 30 wt%
ZnWO4 (ZWMCS-2) can reach a photocatalytic hydrogen evolution rate of 3.36 mmol g−1 h−1, which
is much higher than that of single ZnWO4 (trace) and Mn0.5Cd0.5S (1.96 mmol g−1 h−1). Cycling test
reveals that the ZMWCS-2 nanocomposite can maintain stable photocatalytic hydrogen evolution for
seven cycles (21 h). The type of heterojunction in the ZWMCS-2 nanocomposite can be identified
as Z-scheme heterojunction. The Z-scheme heterojunction can effectively separate the electrons and
holes, so that the hydrogen generation activity and stability of the ZWMCS-2 nanocomposite can be
enhanced. This work provides a highly efficient and stable Z-scheme heterojunction photocatalyst for
hydrogen generation.

Keywords: hydrogen energy; Z-scheme; nanocomposite; heterojunction

1. Introduction

In order to alleviate the environmental pollution and energy shortage originated from
the excessive use of fossil fuels, renewable and clean energy sources are urgently needed to
replace the fossil fuels [1,2]. Hydrogen, as an ideal renewable and clean fuel, has attracted
extensive attentions [3–5]. Visible light driven photocatalytic hydrogen evolution from
water splitting is an efficient and environmentally friendly method to harvest the endless
solar energy and turn it into hydrogen energy [6–9]. This method is very helpful to alleviate
the environmental and energy issues originated from fossil fuels.

Currently, many photocatalysts are continuously discovered and intensively
studied [10,11]. Among them, CdS, as a kind of classical semiconductor material, is
widely used in solar energy generation, paints, photocatalysis, as well as other fields. Since
CdS has strong absorption of visible light, and its conduction band position is lower than
hydrogen evolution potential, it is expected to be an excellent photocatalytic hydrogen
evolution photocatalyst [12–15]. However, numerous studies have shown that the actual
photocatalytic hydrogen generation performance of CdS is not high, and the main problems
are its low separation efficiency of electrons and holes and serious photo-corrosion [16,17].
Fortunately, an increasing number of reports have proposed methods to improve the weak-
ness of CdS, such as modification of nanostructures [18], non-noble metal ion doping [19],
construction of heterojunctions [20,21], and introducing surface defects [22].

Recent studies have revealed that introducing other metal ions into CdS can form solid so-
lutions such as MnxCd1−xS [23], ZnxCd1−xS [24], CdxIn1−xS [25], and (Zn0.95Cu0.05)(1−x)CdxS [26].
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MnxCd1−xS solid solution can be formed by substitute part of Cd2+ in CdS by Mn2+. The
substitution of Cd2+ by Mn2+ can effectively enlarge the interlayer spacing of CdS, thus
promoting the ionic diffusion kinetic properties [27,28]. By changing the molar ratio
of Mn2+/Cd2+, the band edge position and the band gap width of MnxCd1−xS can be
tuned [29]. So the photocatalytic hydrogen evolution activity of MnxCd1−xS can be opti-
mized. However, some of the drawbacks of CdS are still retained in MnxCd1−xS, such as
low separation efficiency of carriers [30].

As a typical metal tungstate semiconductor, ZnWO4 has been widely used in the
fields of photocatalytic hydrogen generation and organic pollutant degradation due to its
non-toxicity, low cost, ultra-wide band gap (3.5 eV) as well as excellent physicochemical
stability [31]. However, the problems of rapid recombination of photogenerated electron-hole
and weak visible light absorption still hinder the practical usage of ZnWO4 in the field of
photocatalysis [32]. Therefore, the study on modification of ZnWO4 is of great significance.

In recent years, more and more studies tend to construct Z-scheme heterojunction to
further promote the photocatalytic hydrogen evolution rate and stability of the
photocatalyst [33,34]. For instance, Zuo et al. constructed TiO2-ZnIn2S4 nanoflower with
Z-scheme heterostructure, which effectively suppressed the recombination of photogen-
erated electrons–holes, and improved the photocatalytic H2 generation efficiency and
stability [35]. Li and co-workers successfully synthesized a Z-scheme heterostructured
NiTiO3/Cd0.5Zn0.5S photocatalyst with high photocatalytic hydrogen evolution activity
and stability relative to constituent materials [36].

In this work, ZnWO4/Mn0.5Cd0.5S (ZMWCS) nanocomposites with varied Mn0.5Cd0.5S
contents are successfully prepared through a two-step hydrothermal method. their photo-
catalytic hydrogen evolution performances are measured under visible light and free of
any noble-metal cocatalysts. Among them, the ZMWCS-2 nanocomposite with ZnWO4
mass ratio of 30 % shows the optimal photocatalytic hydrogen evolution activity, and it
still maintains stable photocatalytic hydrogen evolution activity after 21 h cycling test.
Through experiments as well as theoretical calculations, the separation method of photo-
generated carriers through the heterojunction in ZMWCS-2 nanocomposite is confirmed as
Z-scheme. Through the Z-scheme heterojunction, the photogenerated electrons and holes
can be effectively separated, thus the hydrogen evolution reaction can be accelerated, and
the self-corrosion of Mn0.5Cd0.5S can be alleviated. The existence of Z-scheme heterojunc-
tion lead to the excellent photocatalytic hydrogen evolution activity and stability of the
ZMWCS nanocomposites.

2. Results
2.1. Process of Materials Synthesis

As shown in Scheme 1, ZnWO4/Mn0.5Cd0.5S (ZWMCS) nanocomposites are synthe-
sized via two-step hydrothermal method. First, NaWO4 solution was slowly dropped
into Zn(NO)3 solution, and then the mixed solution was heated at 180 ◦C for 8 h to obtain
ZnWO4 nanoparticles. Then, ZnWO4 nanoparticles, Cd(CH3COO)2·2H2O, Mn(CH3COO)2·
4H2O, and TAA were together added in water, fully dissolved, and heated at 160 ◦C for
24 h. Through these two steps, ZWMCS nanocomposites were obtained.

2.2. Phase and Morphology Analysis

Figure 1 shows the X-ray powder diffraction (XRD) patterns of Mn0.5Cd0.5S, ZnWO4
and ZWMCS nanocomposites. The XRD pattern of Mn0.5Cd0.5S is very similar to that of
hexagonal phase CdS (JCPDS 80-0006), except a slight shift in peak positions (Figure S1).
The peak shift can be attributed to the partial substitution of Cd2+ by Mn2+ [37]. The XRD
pattern of ZnWO4 is in good agreement with that of monoclinic ZnWO4 (Figure S2, JCPDS
No.73-0554). These results confirm the successful preparation of Mn0.5Cd0.5S and ZnWO4.
The ZWMCS nanocomposites (ZWMCS-1, ZWMCS-2, ZWMCS-3, and ZWMCS-4) contain
all the characteristic peaks of ZnWO4 and Mn0.5Cd0.5S, which confirms that both ZnWO4
and Mn0.5Cd0.5S are contained in ZWMCS nanocomposites. In addition, with the increase

157



Catalysts 2022, 12, 1527

of ZnWO4 content, the diffraction peak intensity of ZnWO4 in ZWMCS nanocomposites
gradually enhances.
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Figure 1. XRD patterns of ZWMCS nanocomposites.

Figure 2 shows the scanning electron microscopy (SEM) images of Mn0.5Cd0.5S,
ZnWO4 and ZWMCS-2 nanocomposite. In Figure 2a, Mn0.5Cd0.5S presented nanoparticle
morphology (~50 nm). In Figure 2b, ZnWO4 exhibits rod-like morphology. In Figure 2c,
numerous Mn0.5Cd0.5S and ZnWO4 are attached to each other to form the ZWMCS-2
nanocomposite. Figure 2d–f shows the energy dispersive spectroscopy (EDS) spectra of
Mn0.5Cd0.5S, ZnWO4 and ZWMCS-2 nanocomposite. It reveals that Mn0.5Cd0.5S, ZnWO4,
and ZWMCS-2 nanocomposite only contain the respective constituent prime peaks and no
impurity peaks, which indicates the purity of the synthesized samples. The EDS mapping
images in Figure 2g confirm that the constituent elements of ZWMCS-2 nanocomposite are
well distributed, which further indicates the composition of the ZWMCS-2 nanocomposite.
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The morphology of the material can be further observed by transmission electron mi-
croscopy (TEM). As shown in Figure 3a, Mn0.5Cd0.5S presents nanoparticles with diameter
of about 50 nm. In Figure 3b, ZnWO4 takes on short nanorods morphology with a diameter
in the range of 5–50 nm. Figure 3c shows the morphology of ZWMCS-2 nanocomposite.
It can be seen that Mn0.5Cd0.5S and ZnWO4 cluster together to form the nanocomposite.
Figure 3d shows a HRTEM image of ZWMCS-2 nanocomposite, the lattice fringe spacing
of ZnWO4 is 0.293 nm, corresponding to the (111) crystal plane of ZnWO4, and the lattice
fringe spacing of Mn0.5Cd0.5S is 0.173 nm, corresponding to the (112) crystal plane of
Mn0.5Cd0.5S. The lattice distortion appears at the junction between them, which indicates
the formation of heterojunction. The presence of heterojunctions indicates the successful
formation of composites between ZnWO4 and Mn0.5Cd0.5S.

2.3. X-ray Photoelectron Spectroscopy (XPS) and Elemental Analysis

The chemical state and elemental composition of ZWMCS-2 nanocomposite are ana-
lyzed by X-ray photoelectron spectroscopy (XPS). As shown in Figure S3, the characteristic
peaks of Cd, Mn, S, Zn, W, and O elements can be clearly seen in the XPS survey spec-
trum of ZWMCS-2 nanocomposite. Figure 4a–f shows the high-resolution XPS spectra
of Cd 3d, Mn 2p, S 2p, Zn 2p, W 4f, and O 1s elements, respectively. In Figure 4a, the
two peaks at 411.07 and 404.33 eV belong to Cd 3d3/2 and Cd 3d5/2, respectively [23,30].
The two peaks at 651.56 and 639.96 eV (Figure 4b) correspond to Mn 2p1/2 and Mn 2p3/2,
respectively [23,30]. In Figure 4c, the peaks at 161.95 and 160.69 eV correspond to S 2p3/2
and S 2p1/2, respectively [23,30]. The peaks at 1044.08 and 1021.06 eV (Figure 4d) represent
Zn 2p3/2 and Zn 2p1/2, respectively [31,38]. As shown in Figure 4e, the two peaks at
36.98 and 34.84 eV belong to W f5/2 and W f7/2, respectively [31,38]. In the high-resolution
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XPS spectra of O 1s (Figure 4f), the peaks located at 530.72 and 529.48 eV represent the
characteristic peaks of lattice oxygen in ZnWO4 [31,38].
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Figure 4. XPS spectra of the as-prepared samples: (a) Cd 3d; (b) Mn 2p; (c) S 3d; (d) Zn 2p; (e) W 4f;
(f) O 1s.

2.4. BET Surface Area Analysis

Figure 5a,b show the N2 adsorption–desorption isotherms of Mn0.5Cd0.5S, ZnWO4 and
ZWMCS nanocomposites. It can be seen from the figure that all samples have hysteresis
loops, corresponding to Type IV isotherms [35,39]. Figure 5c shows the BET surface areas of
each sample (specific values are shown in Table 1), and the specific surface area of ZWMCS
nanocomposites are gradually elevated with the increase of the content of ZnWO4.
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Table 1. The BET surface areas and H2 evolution rate of the Mn0.5Cd0.5S, ZnWO4, and
ZWMCS nanocomposites.

Samples BET Surface Area (m2 g−1) H2 Evolution Rate (mmol g−1 h−1)

Mn0.5Cd0.5S 6.29 1.96
ZWMCS-1 9.48 1.20
ZWMCS-2 13.34 3.36
ZWMCS-3 15.52 2.28
ZWMCS-4 16.91 1.89

ZnWO4 24.24 0.06

2.5. UV-Vis Diffuse Reflectance Spectroscopy and Band Gap Analysis

Figure 6a shows the UV-vis diffuse reflectance spectroscopy (DRS) of Mn0.5Cd0.5S,
ZnWO4 and ZWMCS-2 nanocomposite. The absorption edges of Mn0.5Cd0.5S and ZnWO4
are at 578.15 and 358.76 nm, respectively. This result indicates that ZnWO4 is a typical
invisible light excitation semiconductor material, while Mn0.5Cd0.5S has good visible light
absorption ability. Figure 6a shows that ZWMCS-2 nanocomposite also has good light
absorption ability. These results indicate that the ZWMCS-2 nanocomposite formed by
Mn0.5Cd0.5S and ZnWO4 retains the good visible light absorption ability of Mn0.5Cd0.5S.
The linear conversion of absorption curves of Mn0.5Cd0.5S and ZnWO4 (Figure 6b) shows
that the band gap (Eg) of Mn0.5Cd0.5S and ZnWO4 are 2.24 and 3.68 eV, respectively. Ac-
cording to (Supporting Information Equations (S2) and (S3)) [39,40], the EVB of Mn0.5Cd0.5S
and ZnWO4 are 1.63 and 3.65 eV, respectively, and the ECB of Mn0.5Cd0.5S and ZnWO4
are −0.61 and −0.03 eV, respectively. Therefore, the conduction and valence band posi-
tions of Mn0.5Cd0.5S are interlaced with those of ZnWO4, the type of heterojunction formed
between Mn0.5Cd0.5S and ZnWO4 in ZWMCS-2 nanocomposite can be Type-II or Z-scheme.

2.6. Photocatalytic H2 Evolution Performance and Electrochemical Analysis

Figure 7a shows the photocatalytic hydrogen evolution rate of each photocatalyst
under visible light and without cocatalyst conditions. Among them, the photocatalytic
hydrogen evolution rate of Mn0.5Cd0.5S is 1.96 mmol g−1 h−1, which is significantly higher
than that of CdS (trace). This indicates that Mn2+ doping can significantly increase the pho-
tocatalytic hydrogen evolution activity of CdS. The ZWMCS nanocomposites synthesized
by combining ZnWO4 and Mn0.5Cd0.5S together have improved photocatalytic hydrogen
evolution activity than the single material. Among them, the ZWMCS-2 nanocomposite has
the highest photocatalytic hydrogen evolution rate of 3.32 mmol g−1 h−1, which is much
higher than that of Mn0.5Cd0.5S. Cycling test shows that the ZWMCS-2 nanocomposite still
maintains good photocatalytic activity after seven cycles (21 h) of photocatalytic hydrogen
evolution test (Figure 7b).
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Figure  8.  The  curve  of  ZnWO4  is  almost  a  straight  line,  which  indicates  that  the 
photocurrent  response  of  ZnWO4  under  visible  light  is  very  weak.  Unlike  ZnWO4, 
Mn0.5Cd0.5S  show  obvious  photocurrent  response  under  visible  light. Compared with 
Mn0.5Cd0.5S,  the  ZWMCS‐2  nanocomposite  has  obvious  higher  photocurrent.  This 
indicates  that  the  ZWMCS‐2  nanocomposite  has  higher  photogenerated  electron‐hole 
separation efficiency. The excellent electron‐hole separation efficiency of the ZWMCS‐2 
nanocomposite is conducive to the photocatalytic hydrogen evolution reaction. 
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2.7. Photocatalytic H2 Evolution Performance and Electrochemical Analysis

Figure 7a shows the photocatalytic hydrogen evolution rate of each photocatalyst
under visible light and without cocatalyst conditions. Among them, the photocatalytic
hydrogen evolution rate of Mn0.5Cd0.5S is 1.96 mmol g−1 h−1, which is significantly higher
than that of CdS (trace). This indicates that Mn2+ doping can significantly increase the pho-
tocatalytic hydrogen evolution activity of CdS. The ZWMCS nanocomposites synthesized
by combining ZnWO4 and Mn0.5Cd0.5S together have improved photocatalytic hydrogen
evolution activity than the single material. Among them, the ZWMCS-2 nanocomposite has
the highest photocatalytic hydrogen evolution rate of 3.32 mmol g−1 h−1, which is much
higher than that of Mn0.5Cd0.5S. Cycling test shows that the ZWMCS-2 nanocomposite still
maintains good photocatalytic activity after seven cycles (21 h) of photocatalytic hydrogen
evolution test (Figure 7b).
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In order to further explore the photogenerated electron hole separation efficiency of
each photocatalyst, their photocurrent responses are tested, and the results are shown in
Figure 8. The curve of ZnWO4 is almost a straight line, which indicates that the photocur-
rent response of ZnWO4 under visible light is very weak. Unlike ZnWO4, Mn0.5Cd0.5S
show obvious photocurrent response under visible light. Compared with Mn0.5Cd0.5S,
the ZWMCS-2 nanocomposite has obvious higher photocurrent. This indicates that the
ZWMCS-2 nanocomposite has higher photogenerated electron-hole separation efficiency.
The excellent electron-hole separation efficiency of the ZWMCS-2 nanocomposite is con-
ducive to the photocatalytic hydrogen evolution reaction.
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2.8. Photocatalytic H2 Evolution Mechanism

The type of heterojunction is studied by theoretical calculation and EPR. Figure 9a
and b show the electrostatic potential diagrams of Mn0.5Cd0.5S and ZnWO4, respectively.
The insets in the figure show the optimization models of Mn0.5Cd0.5S (112) and ZnWO4
(111) crystal planes, respectively. The calculation results reveal that the surface work
functions of Mn0.5Cd0.5S (112) and ZnWO4 (111) are 4.29 and 5.07 eV, respectively. So, the
fermi level of ZnWO4 (111) is significantly lower than that of Mn0.5Cd0.5S (112). When
ZnWO4 and Mn0.5Cd0.5S are combined together, a built-in electric field is formed between
ZnWO4 and Mn0.5Cd0.5S, and the electron movement direction is from Mn0.5Cd0.5S to
ZnWO4. The continuous movement of electrons in the built-in electric field and the
continuous accumulation of holes make the bands of Mn0.5Cd0.5S and ZnWO4 gradually
bend, forming Z-scheme heterojunction, as shown in Figure 9c [40]. It should be noted that
the heterojunction herein cannot be Type-II. According to Type-II mechanism (Figure S4),
the effective valence band of the ZWMCS-2 nanocomposite is only 1.63 eV, which is much
lower than the potential of H2O/OH (2.27 eV) [39], so the ·OH radical cannot be generated.
However, the ZWMCS-2 nanocomposite is found to have a significant ·OH signal by
EPR test (Figure 9d). Therefore, the separation mechanism of electrons–holes through the
heterojunction in ZWMCS-2 nanocomposite does not belong to Type-II. Following the Z-
scheme mechanism (Figure 9e), the effective valence band of the ZWMCS-2 nanocomposite
is 3.68 eV, which is much higher than the H2O/OH potential (2.27 eV), and ·OH can be
generated. As revealed by Figure 9d, obvious signals of ·OH can be detected in ZWMCS-2
nanocomposite by EPR. Therefore, the type of heterojunction in ZWMCS-2 nanocomposite
is determined to be Z-scheme.

The photocatalytic hydrogen evolution mechanism of the ZWMCS-2 nanocomposite
can be described as following. After irradiated by visible light, ZWMCS-2 nanocomposite
generates electron-hole pairs. Due to the existence of Z-scheme heterojunction, the photo-
generated electrons in the conduction band of ZnWO4 are transferred to the valence band
of Mn0.5Cd0.5S, and then recombines with the photogenerated holes there. Through this
process, the holes in the valence band of Mn0.5Cd0.5S are consumed, avoiding the recom-
bination with electrons, so that a large number of photogenerated electrons are collected
in the conduction band of Mn0.5Cd0.5S. The effective conduction band of the ZWMCS-
2 nanocomposite is −0.61 eV, which is higher than the H+/H2 potential (0 eV) [33,34].
Therefore, the photogenerated electrons in the conduction band of Mn0.5Cd0.5S can reduce
hydrogen ions in water to hydrogen. At the same time, the holes in the valence band of
ZnWO4 are consumed by the sacrificial agents (S2− and SO3

2−). The existence of Z-scheme
heterojunction promotes the effective separation of photogenerated electrons and holes, and
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promotes the performance of photocatalytic hydrogen evolution. Therefore, the ZWMCS-2
nanocomposite has excellent photocatalytic activity and stability for hydrogen production.
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DMPO spin trapping EPR spectra of Mn0.5Cd0.5S, and ZWMCS-2 nanocomposite. (e) The photocatal-
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3. Materials and Methods
3.1. Synthesis of ZnWO4 Nanoparticles

Solution A was obtained by dissolving 1.65 g of NaWO4·2H2O in 15 mL of distilled
water. Solution B was obtained by dissolving 1.49 g of Zn(NO)3·6H2O in 15 mL distilled
water. Under continuous stirring, solution A was slowly dropped into solution B. The
mixed solution was stirred for 1 h, then it was transferred to a 50 mL reaction kettle,
heated at 180 ◦C for 8 h. After cooling to room temperature, the sample was collected by
centrifugation, washed repeatedly with distilled water, and freeze-dried for 18 h.

3.2. Synthesis of ZnWO4/Mn0.5Cd0.5S Nanocomposites

First, 0.0992 g of ZnWO4, 0.2451 g of Mn (CH3COO)2·4H2O, 0.2665 g of Cd (CH3COO)2·
2H2O, and 0.1503 g of TAA were dissolved in 35 mL distilled water. After continuous
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agitation for 1 h, the mixed suspension was transferred to a 50 mL reaction kettle and
heated at 160 ◦C for 48 h. After cooling to room temperature, the sample was collected by
centrifugation, washed repeatedly by distilled water, and freeze-dried for 18 h. This sample
was named as ZWMCS-2. Other ZnWO4/Mn0.5Cd0.5S nanocomposites and Mn0.5Cd0.5S
nanoparticles were synthesized by similar method with different mass contents of ZnWO4.
Table 2 lists the abbreviations of the as-synthesized samples.

Table 2. The amounts of raw materials for preparing the ZnWO4/Mn0.5Cd0.5S nanocomposites.

Samples ZnWO4
(g)

Mn(CH3COO)2·4H2O
(g)

Cd(CH3COO)2·2H2O
(g) TAA (g) Content of ZnWO4

(%)

Mn0.5Cd0.5S 0 0.2451 0.2665 0.1503 0
ZWMCS-1 0.0534 0.2451 0.2665 0.1503 20
ZWMCS-2 0.0992 0.2451 0.2665 0.1503 30
ZWMCS-3 0.1542 0.2451 0.2665 0.1503 40
ZWMCS-4 0.2313 0.2451 0.2665 0.1503 50

3.3. Photocatalytic Measurements

Photocatalytic measurements were performed in a 250 mL three-necked flask sealed
by rubber stopper. The visible light source is a 300 W Xenon lamp with a λ ≥ 420 nm
filter. In a typical photocatalytic hydrogen production process, 0.05 g of catalyst, 8.40 g of
Na2S·9H2O, and 3.15 g of Na2SO3 were dissolved in 100 mL distilled water in the flask, and
then N2 gas was passed into the flask for 30 min to remove air. The flask was illuminated by
the Xenon lamp. At an interval of one hour, the gases in the flask was collected by a 1 mL
syringe, and was measured by gas chromatography.

3.4. Characterizations

All the characterization equipment and their working parameters are given in the
supporting information.

4. Conclusions

ZnWO4/Mn0.5Cd0.5S nanocomposites are prepared through a two-step hydrother-
mal method. Under visible light irradiation, and without the help of any noble metal
cocatalyst, the ZWMCS-2 nanocomposite exhibits a high hydrogen evolution rate of
3.36 mmol g−1 h−1, and does not show obvious deterioration after 21 h cycling test. More-
over, the photocatalytic hydrogen evolution activity of the ZWMCS-2 nanocomposite is
significantly higher than that of the constituent materials. Through experimental analysis
and theoretical calculation, it is confirmed that the type of the heterojunction in the ZWMCS-
2 nanocomposite is Z-scheme. The Z-scheme heterojunction can effectively separate the
photogenerated electrons and holes, reduce the photo-corrosion of the single material, and
maximize the photocatalytic hydrogen evolution.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal12121527/s1. Figure S1: (a) XRD patterns of as-prepared CdS,
MnS, and Mn0.5Cd0.5S (S1. (b) is an enlarged view of the dotted box area.). Figure S2: XRD patterns
of as-prepared ZnWO4. Figure S3: XPS survey spectra of ZWMCS-2 nanocomposite. Figure S4: The
schematic diagrams of charge transfer in supposed Type-II heterojunction.
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Abstract: Composite photocatalysts are crucial for photocatalytic hydrogen evolution. In this work,
ZrO2/CdSe-diethylenetriamine (ZrO2/CdSe-DETA) heterojunction nanocomposites are synthesized,
and efficiently and stably catalyzed hydrogen evolution under visible light. X-ray photoelectron spec-
troscopy (XPS) and high resolution transmission electron microscope (HRTEM) confirm the formation
of heterojunctions between ZrO2 (ZO) and CdSe-DETA (CS). Ultraviolet–visible spectroscopy diffuse
reflectance spectra (UV-vis DRS), Mott–Schottky, and theoretical calculations confirm that the mecha-
nism at the heterojunction of the ZrO2/CdSe-DETA (ZO/CS) nanocomposites is Type-I. Among the
ZO/CS nanocomposites (ZO/CS-0.4, ZO/CS-0.6, and ZO/CS-0.8; in the nanocomposites, the mass
ratio of ZO to CS is 0.1:0.0765, 0.1:0.1148, and 0.1:0.1531, respectively). ZO/CS-0.6 nanocomposite has
the best photocatalytic hydrogen evolution activity (4.27 mmol g−1 h−1), which is significantly higher
than ZO (trace) and CS (1.75 mmol g−1 h−1). Within four cycles, the ZO/CS-0.6 nanocomposite
maintains an efficient catalytic hydrogen evolution rate. Due to the existence of the heterojunction of
the composites, the photogenerated electron-hole pairs can be effectively separated, which accelerates
the photocatalytic hydrogen evolution reaction and reduces the progress of photocorrosion. This
work reveals the feasibility of ZO/CS nanocomposite photocatalysts for hydrogen evolution.

Keywords: photocatalysts; stably; nanocomposites; photogenerated electron-hole pairs; hydrogen

1. Introduction

The increasing consumption of nonrenewable energy has caused many environmental
problems, and the exploration of clean energy is gradually increasing [1–4]. Hydrogen
energy is considered as one of the ideal green energy sources because of its high heat,
it only leaves water behind after combustion, it is completely pollution-free, and it is
recyclable [5–9]. Photocatalytic technology can effectively solve the hydrogen acquisition
problem by utilizing the continuous production of hydrogen from a wide range of solar
energy photocatalytic semiconductor material sources [10–14]. As a classical semiconductor
material, cadmium selenide (CdSe) has been widely used in photocatalytic hydrogen evolu-
tion experiments due to its suitable band gap, visible light absorption, and better hydrogen
evolution activity [15–18]. However, the inherent drawbacks of a single photocatalyst still
limit the development of CdSe. Therefore, research is needed to explore ways to effectively
solve the above problems.

The traditional way to change the photocatalytic properties of a single semiconductor
is to modify its morphology and thus improve its intrinsic properties. Therefore, we synthe-
sized CdSe-diethylenetriamine (CdSe-DETA) with a large Brunauer–Emmett–Teller (BET)
surface area by the method of hybridizing diethylenetriamine with CdSe, obtaining better
photocatalytic hydrogen evolution activity and stability, which alleviated the inherent
drawbacks of CdSe [11]. Yet, there were still no substantial changes in the band structure,
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light absorption characteristics, or the charge mobility of a single photocatalyst. In recent
years, more and more researchers have found that the mutual recombination between semi-
conductor materials can effectively solve the shortcomings of a single photocatalyst [19–26].
For example, Ma et al. combined CdSe with WO3(H2O)0.333 to significantly enhance the
photocatalytic hydrogen evolution activity of single materials [24]. Wang et al. combined
CoOx with Pt to effectively enhance the hydrogen evolution activity and stability of single
materials [25]. These studies are based on the combination of photocatalysts that have a
broad forbidden band width, good stability, and are non-toxic and inexpensive. Among
numerous semiconductor photocatalysts, ZrO2 (ZO) perfectly meets the above conditions.
However, the study of the composite of (ZO) and CdSe-DETA (CS) in the photocatalytic
system has not been reported. Therefore, we combined ZO with CS to address the inherent
drawbacks of a single semiconductor photocatalyst.

After the successful composite of ZO and CS, the nanocomposites showed excellent
photocatalytic hydrogen evolution activity and good stability. This is attributed to the
fact that the composites can effectively separate the photogenerated electrons and holes,
resulting in continuous photocatalytic hydrogen evolution. We confirmed the existence
of the composites by HRTEM, XPS, and photocatalytic hydrogen evolution activity exper-
iments [27–35]. The accuracy of the mechanism at the heterojunctions derived from the
experiments is confirmed by theoretical calculations and Mott–Schottky analysis deriving
the band gap and conduction band positions of the single materials, respectively. The rea-
sons for the excellent photocatalytic hydrogen evolution activity and stability of the ZO/CS
nanocomposites are explored in detail by combining theory and experiment. This work
provides a feasible way to explore the way in which composite semiconductor materials
can effectively solve the inherent defects of a single semiconductor material.

2. Results
2.1. Flow Chart of Materials Synthesis

The synthesis process of ZO/CS nanocomposites is plotted by constructing a model,
as shown in Scheme 1. First, ZO is added to the reactor as a substrate material. After that,
Cd2+ (derived from CdCl2·2.5H2O), Se2− (derived from selenium powder), DETA, and
N2H4·H2O are added to the reaction solution and stirred for 1 h at room temperature. Then,
the above solution is transferred to the reaction kettle and heated in the oven (100 ◦C for
2 h). Finally, ZO/CS nanocomposites are obtained by repeated centrifugation (five times)
and freeze-drying (≥18 h, ≤-45 ◦C).
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2. Results 

2.1. Flow Chart of Materials Synthesis 

The synthesis process of ZO/CS nanocomposites is plotted by constructing a model, 

as shown in Scheme 1. First, ZO is added to the reactor as a substrate material. After that, 

Cd2+ (derived from CdCl2·2.5H2O), Se2− (derived from selenium powder), DETA, and 
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2 h). Finally, ZO/CS nanocomposites are obtained by repeated centrifugation (five times) 

and freeze−drying (≥18 h, ≤−45 °C). 

 
Scheme 1. Schematic diagram for the synthesis of ZO/CS nanocomposites.
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2.2. Phase and Microscopic Morphology Analysis

Figure 1 shows the X-ray diffraction (XRD) patterns of ZO, CS, and ZO/CS nanocom-
posites. ZO has a good crystallinity, and its XRD pattern is consistent with ZrO2 of a
monoclinic phase (JCPDS No. 65-1025) [23]. The main peaks at 24.05◦, 28.18◦, 31.47◦, 34.16◦,
35.31◦, 40.73◦, 49.26◦, 50.11◦, 54.10◦, 55.28◦, 60.05◦ and 62.84◦ can be indexed to the (011),
(-111), (111), (002), (200), (-211), (022), (220), (202), (221), (-302), and (311) crystal planes.
The crystallinity of CS is low, which is due to its special synthesis conditions. When the
reaction time of CS is prolonged, it will crystallize completely (shown in Figure 1b). In
this work, the XRD of CS is in agreement with CdSe of the hexagonal phase (JCPDS No.
77-2307), which has been demonstrated in previous work [27]. The main peaks at 23.88◦,
25.39◦, 27.10◦, 42.00◦, 45.81◦, and 49.72◦ can be indexed to the (100), (002), (101), (110),
(103), and (112) crystal planes. Here, the crystallite sizes of ZO and CS are calculated from
Scherrer’s formula [21] to be 28.04 and 20.04 nm, respectively. XRD patterns of ZO/CS
nanocomposites contain peaks of ZO and CS, and peaks of CS are gradually highlighted
with increasing CS content in ZO/CS (as shown by dashed boxes in Figure 1a). This
indicates that ZO and CS are contained in the ZO/CS nanocomposites. In addition, there
are no other miscellaneous peaks in the synthesized samples, which indicates the purity of
the synthesized samples.
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Figure 1. XRD patterns of (a) ZO, ZO/CS nanocomposites, and CS; (b) CdSe-DETA in 100 ◦C for
12 h.

Scanning electron microscope (SEM) and transmission electron microscope (TEM)
were used in order to better observe the micro morphology and element composition of the
synthesized samples, as shown in Figure 2. It can be easily observed from the SEM images
in Figure 2a–c that CS (Figure 2a) has the morphology of a flower bud, with a diameter of
about 20 nm; ZO (Figure 2b) shows a nanospherical appearance, and its size is in the range
of 20–100 nm; ZO/CS-0.6 (Figure 2c) nanocomposite shows the morphology of mutual
wrapping of CS and ZO. Figure 2d–f is the EDS spectrum of the characterized samples,
showing the elemental composition of the photographed samples. Among them, Figure 2d
shows the elemental composition of CS. The results showed that only Cd, Se, C, and N
elements are contained in CS, and there are no impurity peaks [11,27]. The atomic contents
of Se, Cd, N, and C are 32.23%, 12.41%, 16.48%, and 38.88%, respectively. Figure 2e shows
the elemental composition of ZO. ZO contained only O and Zr elements with no impurity
peaks [31]. The atomic contents of O and Zr are 59.53% and 40.47%, respectively. Figure 2f
shows the elemental composition of ZO/CS-0.6 nanocomposite. ZO/CS-0.6 nanocomposite
contains all the pure material elements and has no impurity peaks. The atomic contents of
Se, Cd, N, C, O, and Zr are 4.87%, 0.34%, 10.75%, 28.34%, 11.67%, and 6.62%, respectively.
Here, the C element comes from DETA or conducting resin. The N element comes from
DETA or N2H4. The difference in the content of each element is due to the fact that different
elements have different energy, and the stacking of samples leads to the deviation of the
test results. The results show that the tested samples contain all the constituent elements
and there are no impurity peaks, which indicates the purity of the synthesized samples, in
agreement with the result in Figure 1.
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Figure 2g–i is the clearer TEM images of CS, ZO, and ZO/CS-0.6, which is consis-
tent with the morphology of Figure 2a–c. Among them, the illustration in Figure 2i is
the high-resolution TEM (HRTEM) image of the ZO/CS-0.6 nanocomposite. The lattice
fringes of ZrO2 (110) and CdSe (101) can be clearly seen from this figure, while the ap-
pearance of a fuzzy interface for lattice fringes between them confirms the existence of
heterojunctions. The presence of heterojunctions confirms the successful preparation of the
ZO/CS-0.6 nanocomposite. Furthermore, Figure S1 presents the high angle annular dark
field (HAADF) and elemental mapping images of ZO/CS-0.6 nanocomposite. As can be
seen in Figure S1, the elements consisted of ZO/CS-0.6 nanocomposite are well distributed,
indicating the homogeneous texture of the synthesized samples.

2.3. X-ray Photoelectron Spectroscopy (XPS) and Elemental Analysis

Figure 3 shows the XPS spectra of ZO, CS, and ZO/CS-0.6 nanocomposite. In Figure 3a,
ZO/CS-0.6 nanocomposite contains all the elements in ZO (O, C, and Zr) and CS (Cd, N,
and Se). Except for the elements of the respective samples themselves, the N element is
from DETA or N2H4·H2O, and the C element is from DETA or surface adsorbed carbon
dioxide. Figure 3b–f shows the high-resolution XPS spectra of some core elements of ZO,
CS, and ZO/CS-0.6 nanocomposite. In Figure 3b, the two peaks (Zr 3d3/2 and Zr 3d5/2)
of Zr 3d of ZO are located at 184.28 and 181.92 eV, respectively. The two peaks (Zr 3d3/2
and Zr 3d5/2) of Zr 3d of ZO/CS-0.6 nanocomposite are located at 183.50 and 181.14 eV,
respectively [30]. In Figure 3c, O 1s of ZO is divided into lattice oxygen and surface-
adsorbed oxygen, and the positions are located at 531.45 and 529.74 eV, respectively [30].
Similarly, the two peaks of the O 1s of ZO/CS-0.6 nanocomposite are located at 530.51
and 528.95 eV, respectively. In Figure 3d, the Cd 3d3/2 and Cd 3d5/2 peaks of the Cd 3d
of CS are located at 410.90 and 404.14 eV, respectively [11]. Similarly, the two peaks of the
Cd 3d of ZO/CS-0.6 nanocomposite are located at 410.93 and 404.17 eV, respectively. In
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Figure 3e, the Se 3d of CS can be divided into two peaks: Se 3d3/2 and Se 3d5/2, which are
located at 53.60 and 52.74 eV, respectively [11]. The two peaks of the Se 3d of ZO/CS-0.6
nanocomposite are located at 52.64 and 52.78 eV, respectively. In Figure 3f, the N 1s peak of
CS is located at 398.76 eV [11], which is shifted to the right by 0.11 eV relative to ZO/CS-0.6
nanocomposites. The above results show that the peak positions of each element of ZO/CS-
0.6 nanocomposite are shifted relative to ZO or CS, which confirms the heterojunctions
between ZO and CS. This result is consistent with that of Figure 2i.
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2.4. Optical Property and Band Gap Analysis

In order to explore the optical absorption properties and band gap of materials, ZO,
CS, and ZO/CS nanocomposites are characterized by ultraviolet–visible spectroscopy
diffuse reflectance spectra (UV-vis DRS), as shown in Figure 4. In Figure 4a, CS behaves
as a visible light absorbing material with excellent visible light absorption ability, which
tends to represent its smaller band gap. In contrast, ZO shows strong UV light absorption
ability and is not excited in the visible range, while usually represents a large band gap. In
the ZO/CS nanocomposites, the light absorption range of the nanocomposites increased
gradually with increasing CS content. Furthermore, the color of each sample was uniform
and without variegation, which illustrated the purity of the samples. After that, according
to Figure 4a, the linear transformation plots of CS and ZO absorption curves are drawn
(Figure 4b). As can be seen from the figure, the band gap of CS is 2.36 eV. The band gap of
ZO is 5.17 eV, which is significantly larger than that of CS. In addition, the theoretical band
gaps of ZO and CS are obtained by theoretical calculation (Figure S2). The results show
that the band gap of ZO is significantly larger than that of CS, confirming the accuracy of
the above results.

2.5. Fourier Transform Infrared Spectoscopy (FT-IR) Analysis

FT-IR is used to explore the functional groups of each sample in order to further
explore its elemental composition. As shown in Figure 5, CS contains strong vibration
bands of N-H (about 3090–3500 and 1000–1320 cm−1), -CH2- (approximately 2750–3000
cm−1), C-N (around 1468 cm−1) and C-H (roughly 550–850 and 1590 cm−1) [24]. Wherein,
C-H, C-N, and -CH2- are from DETA. N-H comes from DETA or N2H4·H2O. ZO does not
contain the above functional groups. Nevertheless, the ZO/CS nanocomposites formed
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by the composite of ZO and CS contain the vibration bands mentioned above, and the
frequency is strong. This indicates that both CS and ZO/CS nanocomposites contain DETA.
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2.6. BET Surface Area

Figure 6 shows the specific surface analysis of ZO, CS, and ZO/CS nanocomposites.
In Figure 6a, all samples show Type IV isotherms and H3 hysteresis loops [35]. As can
be seen from the illustrations in Figure 6a, all the samples characterized are mesoporous
materials. Among them, most of the pore sizes of the tested materials are distributed in the
range of 2–50 nm, conforming to the characteristics of mesoporous materials. Figure 6b
shows the BET surface areas of the characterized materials. In Table S1, the BET surface
areas of ZO, CS, ZO/CS-0.4, ZO/CS-0.6, and ZO/CS-0.8 are 16.41, 14.87, 13.73, 18.64, and
14.97 m2 g−1, respectively. The results show that the BET surface areas of CS and ZO are
smaller, and the ZO/CS nanocomposites also exhibit smaller BET surface areas. However,
ZO/CS-0.6 nanocomposite exhibits the optimal BET surface area. A larger BET surface
area will provide more active sites for the reaction, which is helpful to the photocatalytic
hydrogen evolution reaction. In addition, the details of the average pore size and total pore
volume of the tested samples are shown in Table S1.
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Figure 6. (a) N2 adsorption–desorption isotherms of ZO, ZO/CS nanocomposites, and CS, inserts are
the pore size distribution curves; (b) BET surface area for the above samples.

2.7. Photocatalytic H2 Evolution Performance and Electrochemical Analysis

Figure 7 shows the photocatalytic hydrogen evolution rate of ZO, CS, and ZO/CS
nanocomposites, and the photocatalytic hydrogen evolution stability of ZO/CS-0.6. In
Figure 7a, CS has a relatively excellent photocatalytic hydrogen evolution rate (1.75 mmol
g−1 h−1). Yet, ZO has no photocatalytic hydrogen evolution activity, which is represented
here by trace. When the two pure materials are compounded, ZO/CS nanocomposites
show excellent photocatalytic hydrogen evolution rates, which are much higher than that
of CS and ZO alone. Among them, ZO/CS-0.6 shows the best photocatalytic hydrogen
evolution rate, reaching 4.27 mmol g−1 h−1. Moreover, the present work still possesses
excellent photocatalytic hydrogen evolution activity compared with the photocatalysts in
other literatures (Table S2). Figure 7b shows the photocatalytic hydrogen evolution stability
test of ZO/CS-0.6 nanocomposite. The results showed that ZO/CS-0.6 nanocomposite
showes excellent photocatalytic activity for hydrogen evolution in four cycles. In Figure
S3a, ZO/CS-0.6 nanocomposite is recrystallized after cycling, showing a slightly sharp XRD
peak, while the other peaks remained almost unchanged. In Figure S3b,c, the recrystallized
ZO/CS-0.6 nanocomposites are recrystallized after cycling, but the overall morphology
did not change obviously, which verified the results of Figure S3a. This fully shows the
excellent stability of ZO/CS-0.6 nanocomposite.
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The photocurrent response can effectively explore the photoexcitation ability of photo-
catalysts. Figure 8 shows the photocurrent density-time curves of ZO, CS, and ZO/CS-0.6
nanocomposite. It can be seen from the figure that ZO shows a very weak photocurrent
response curve, which is approximately a straight line. However, CS shows a higher
photocurrent response curve, which is obviously better than that of ZO. After forming
the ZO/CS-0.6 nanocomposite with the composite of ZO and CS, it exhibits an excellent
photocurrent response curve, which is much higher than that of ZO and CS alone. This
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shows that the composite of ZO and CS can effectively improve the light excitation ability
of the materials and contribute to the photocatalytic hydrogen evolution reaction. This is
consistent with the results of Figure 7.
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2.8. Photocatalytic Mechanism

The photocatalytic hydrogen evolution mechanism at the heterojunction of ZO/CS
nanocomposites is shown in Figure 9, which is the classical Type-I model [36–38]. According
to the formula (S1)–(S3) (Supporting information) [11] and the results of Figure 4, the
conduction band of ZO is at -1.17 eV and the valence band is at 4 eV. Similarly, the
conduction band of CS is at -0.63 eV and the valence band is at 1.73 eV. According to
the valence band position, the heterojunction mechanism of ZO/CS nanocomposites is
the classical Type-I model. In addition, ZO and CS are characterized by Mott–Schottky
analysis in electrochemical methods (Figure 9a,b). The results show that the mechanism
of the heterojunction formation between ZO and CS is the classical Type-I model, which
verifies the experimental results.
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As shown in Figure 9, ZO and CS produce photogenerated electron-hole pairs under
visible light irradiation. After that, the photogenerated electron-hole pairs are separated
rapidly, the photogenerated electrons gather in the conduction band of the semiconductor
material, and the photogenerated holes gather in the valence band. At this time, many
electrons on the surface of the ZO conduction band are transferred to the position of the
CS conduction band. A large number of electrons on the surface of the ZO valence band
are transferred to the CS valence band location. Abundant photogenerated electrons are
gathered on the surface of the CS conduction band, which are continuously transferred to
the surface of the co-catalyst Pt and combine with H+ to produce hydrogen [39–41]. On
the other hand, there are a large number of photogenerated holes on the surface of the CS
valence band, which are consumed by the sacrificial agent [28]. In this way, the photogen-
erated electrons and holes in ZO/CS nanocomposites are continuously separated, which
accelerates the photocatalytic hydrogen evolution reaction and alleviates the occurrence of
photocorrosion. Therefore, ZO/CS nanocomposites show excellent photocatalytic activity
and stability for hydrogen evolution.

3. Conclusions

In summary, we have successfully prepared ZO/CS nanocomposites, which effec-
tively overcome the inherent defects of the single materials and elevate the photocatalytic
hydrogen evolution activity and stability of the single materials. Among the ZO/CS
nanocomposites, ZO/CS-0.6 nanocomposite showed the best photocatalytic hydrogen evo-
lution activity (4.27 mmol g−1 h−1), which is much higher than those of CS (1.75 mmol g−1

h−1) and ZO (trace) individually. In addition, ZO/CS-0.6 nanocomposite showed excellent
corrosion resistance and maintained excellent photocatalytic hydrogen evolution activity in
four cycles. This is due to the Type-I mechanism at the heterojunction of ZO/CS nanocom-
posites, which effectively separates the photogenerated electron hole pairs, thus enabling
efficient and stable photocatalytic hydrogen evolution. This work provides a way to change
the inherent characteristics of a single material, which may be helpful for the development
of high performance and stable photocatalysts.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12111385/s1, Figure S1: HAADF and elemental mapping
images of ZO/CS-0.6 nanocomposite; Figure S2: Optimized models of (a) ZrO2 and (b) CdSe.
Calculated energy band structures for the (c) ZrO2 and (d) CdSe; Figure S3: (a) XRD patterns of
ZO/CS-0.6 nanocomposite before and after cycling test. (b) TEM image ZO/CS-0.6 nanocomposite
before cycling test. (c) TEM image ZO/CS-0.6 nanocomposite after cycling test; Table S1: The amounts
of precursors in preparing CdSe-DETA, ZrO2 and ZO/CS nanocomposites and the BET surface area,
average pore size and total pore volume of above materials; Table S2: Comparison of photocatalytic
H2 production rate of the catalysts in references and this work.
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Abstract: As a green and sustainable technology to relieve environmental pollution issues, semicon-
ductor photocatalysis attracted great attention. However, most single-component semiconductors
suffer from high carrier recombination rate and low reaction efficiency. Here, we constructed a
novel visible-light-driven Z-scheme g-C3N4/AgBr-Ag photocatalyst (noted as CN-AA-0.05) using
a hydrothermal method with KBr as the bromine source. The CN-AA-0.05 photocatalyst shows
an excellent photocatalytic degradation performance, and a rhodamine B (RhB) degradation ratio
of 96.3% in 40 min, and 2-mercaptobenzothiazole (MBT) degradation ratio of 99.2% in 18 min are
achieved. Mechanistic studies show that the remarkable performance of CN-AA-0.05 is not only
attributed to the enhanced light absorption caused by the Ag SPR effect, but also the efficient charge
transfer and separation with Ag nanoparticles as the bridge. Our work provides a reference for the
design and construction of efficient visible-light-responsive Z-scheme photocatalysts, and an in-depth
understanding into the mechanism of Z-scheme photocatalysts.

Keywords: degradation of organic pollutants; heterogeneous catalysis; surface plasmon resonance;
visible light; Z-scheme photocatalyst

1. Introduction

Organic pollutants in environmental water bodies such as dyes and pesticides seri-
ously endanger the ecological environment and human health [1]. Due to the requirements
of green and low carbon, the greatest expectation for the treatment of organic pollutants
in water is semiconductor photocatalytic degradation [2–4]. However, single-component
semiconductors are commonly confronted with low efficiency due to the poor charge trans-
fer and separation [5–8]. The construction of Z-scheme photocatalytic systems that mimic
natural photosynthesis is a promising strategy to improve the photocatalytic efficiency of
semiconductor photocatalysts [9–11]. A Z-scheme photocatalytic system generally consists
of an oxidation reaction catalyst (PS II), a reduction reaction catalyst (PS I), and an electron
mediator [5,6]. Under irradiation, both PS II and PS I catalysts of the Z-scheme system
generate photo-generated charges [5,6]. The photo-generated electrons of PS II migrate
to the electron mediator and recombine with the photo-generated holes of PS II, then the
photo-generated electrons in PS I induce a reduction reaction while the photo-generated
holes in PS II induce an oxidation reaction [5,6]. Since the reduction reaction and oxidation
reaction occur at different sites, the Z-scheme system not only reduces the thermodynamic
requirements of the photocatalytic reaction, providing a large space for the selection and
design of photocatalytic materials, but also promotes the separation and transport of
photo-generated carriers, greatly inhibiting the recombination of carriers [5,6].

Graphitic carbon nitride (g-C3N4) is a unique two-dimensional semiconductor photo-
catalyst without metal elements. It is regarded as one of the most likely semiconductors
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for large-scale applications in the future because of low cost, high stability, and visible-
light-responsive activity [12,13]. Z-scheme systems based on g-C3N4, such as WO3/g-
C3N4 [14–16], Ag3PO4/g-C3N4 [17,18], TiO2/g-C3N4 [19–21], and AgX/g-C3N4 [22], were
reported to be widely used in various environmental remediation reactions. To further
improve the performance of g-C3N4-based Z-scheme photocatalysts, researchers also tried
to introduce a third component such as noble metal nanoparticles into the system [23–25].
On one hand, noble metal nanoparticles can act as electron acceptors to further promote the
interfacial charge transfer and separation. On the one hand, noble metal nanoparticles can
induce a surface plasmon resonance (SPR) effect and, effectively enhance the light absorp-
tion ability. For example, Shen [23] et al. constructed g-C3N4/Ag/Ag3PO4 composites by a
simple in-situ deposition method. The g-C3N4/Ag/Ag3PO4 shows a phenol degradation
kinetic constant of 1.13 min−1, almost 60 and 2.5 times higher than that of pure g-C3N4 and
Ag/Ag3PO4, respectively. In addition, the CdS/Ag/g-C3N4 Z-scheme photocatalyst re-
ported by Qian [24] et al. has a high H2 evolution rate of 1376.0µmol h−1·g−1 in lactic acid
scavenger solution, which is 3.12 and 1.76 times that of CdS and CdS/g-C3N4, respectively.

In this work, we prepared a series of novel visible-light-driven Z-scheme g-C3N4/AgBr-
Ag photocatalysts with different component ratios, through a hydrothermal method with
KBr as the bromine source. Different from other methods [26–28] that use CTAB as the
bromine source, our method with KBr as the bromine source avoids the surfactant con-
tamination of water body. In addition, compared with the method of combining g-C3N4
and AgBr by direct physical means, our method of compounding different components
by a hydrothermal process led to the formation of a new component metallic Ag. The
g-C3N4/AgBr-Ag Z-scheme photocatalyst showed excellent photocatalytic degradation
activities of RhB and MBT under visible light irradiation. Moreover, the stability and the
possible photocatalytic mechanism of the g-C3N4/AgBr-Ag Z-scheme photocatalyst were
also investigated in detail.

2. Results and Discussion

Figure 1a shows the XRD patterns of the CN, Ag/AgBr, and CN-AA-X catalysts
(X = 0.03, 0.05, or 0.07), and CN-AA-0.05-D. The characteristic peaks at 13.1◦ and 27.5◦ for
CN sample are clearly observed, which are attributed to the (1 0 0) in-plane of tris-triazine
units and the (0 0 2) diffraction planes of g-C3N4, respectively [29]. The diffraction peaks at
26.8◦, 31.0◦, 44.4◦, 55.1◦, 64.6◦, 73.3◦, and 81.8◦ for the Ag/AgBr sample are assigned to
the (1 1 1), (2 0 0), (2 2 0), (2 2 2), (4 0 0), (4 2 0), and (4 2 2) planes of AgBr crystal (JCPDS
06-0438), respectively [30], and the faint diffraction peak at 38.1◦ for Ag/AgBr sample
corresponds to the metallic Ag. For all the CN-AA-X catalysts, the characteristic peaks
present the coexistence of Ag, AgBr, and g-C3N4 phases, although the characteristic peaks
ascribed to the metallic Ag are much weaker due to the low content. For the CN-AA-0.05-D
catalyst, the characteristic peaks are similar to those of CN-AA-X catalysts, except that no
peak ascribed to the metallic Ag is observed.

The microstructures and morphologies of prepared CN, CN-AA-0.05, and CN-AA-
0.05-D catalysts are revealed by SEM, TEM, and HRTEM observations (Figure 1b–f). It
can be seen that the pure g-C3N4 presents a compact lamellar structure with a rough
surface (Figure 1b). Some slit-shaped pores appear in the CN-AA-0.05 sample due to the
introduction of Ag/AgBr (Figure 1c). The CN-AA-0.05-D shows a microstructure similar
to that of pure g-C3N4, but some irregular particles deposition is observed on the surface
(Figure 1e). Figure 1d is the TEM of CN-AA-0.05, in which the Ag/AgBr nanoparticle is
anchored on the surface of g-C3N4. The Ag/AgBr nanoparticle is confirmed by HRTEM
image, as shown in Figure 1f, and the particle displays three distinct areas with different
lattice fringes. The lattice with d spacing of 0.24 nm corresponds to the (1 1 1) plane of
metallic Ag, while those of 0.28 and 0.33 nm can be indexed to the (2 0 0) plane and the (1 1 1)
plane of AgBr, respectively. This undoubtedly shows the effectiveness of hydrothermal
treatment to partially reduce Ag+ to Ag0. All of these confirm the formation of the contact
interface between AgBr, g-C3N4, and metallic Ag.
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Figure 1. (a) XRD patterns of CN, Ag/AgBr, CN-AA-X(X = 0.03, 0.05 or 0.07), CN-AA-0.05-D. (b) The
SEM image of CN. (c) SEM images of CN-AA-0.05 and (d) TEM images of CN-AA-0.05. (e) The SEM
image of CN-AA-0.05-D. (f) The HRTEM image of CN-AA-0.05.

The elemental composition and chemical valence state of as-prepared CN, CN-AA-
0.05, and CN-AA-0.05-D catalysts were investigated by XPS (Figure 2). It is clearly shown
in Figure 2a that CN consists of C, N, and small amounts of adsorbed O elements, while
both the CN-AA-0.05 and CN-AA-0.05-D samples consist of Ag, Br, C, N, and O elements.
Figure 2b shows the C 1s XPS spectra of CN, CN-AA-0.05, and CN-AA-0.05-D samples.
For all the three samples, the peaks at 284.62, 285.93, and 287.81 eV correspond to the
surface adventitious carbon, sp2 C atoms bonded to N in an aromatic ring (N-C=N), and
sp3 hybridized C atoms [C-(N)3], respectively [31]. According to the N 1s XPS spectra of
the CN, CN-AA-0.05, and CN-AA-0.05-D samples (Figure 2c), the peaks at 398.31, 398.93,
400.60, and 404.42 eV are attributed to the signals of sp2 hybridized aromatic N atoms
bonded to carbon atoms (C-N=C), tertiary N bonded to C atoms in the form of N-(C)3, N–H
structure, and charging effect, respectively [32]. Figure 2d displays the Ag 3d XPS spectra
of the CN-AA-0.05 and CN-AA-0.05-D samples. For the CN-AA-0.05 sample, the two peaks
corresponding to the Ag 3d5/2 and Ag 3d3/2, respectively, can be fitted to four peaks. The
Ag+ in AgBr is responsible for the peaks at 367.08 eV and 373.18 eV, while metallic Ag is
responsible for the peaks at 367.80 eV and 374.36 eV [30,33]. For the CN-AA-0.05-D sample,
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only peaks ascribed to the Ag+ can be observed, which is consistent with the XRD result. It
implies that the hydrothermal treatment plays a key role in the formation of metallic Ag.
For both the CN-AA-0.05 and CN-AA-0.05-D samples, the two peaks at 67.68 and 68.77 eV
in Figure 2e are attributed to the Br 3d5/2 and Br 3d3/2, respectively [30].

Figure 2. Full (a), C 1s (b), N 1s (c) XPS spectra of CN, CN-AA-0.05 and CN-AA-0.05-D; Ag 3d (d), Br
3d (e) XPS spectra of CN-AA-0.05 and CN-AA-0.05-D.

The optical property of CN, AgBr, CN-AA-X (X = 0.03, 0.05 or 0.07), and CN-AA-
0.05-D were determined by UV–vis DRS test (Figure 3a). CN shows an absorption edge of
about 460 nm, while AgBr exhibits an absorption edge of about 480 nm. For the CN-AA-X
sample, the absorption intensity enhances compared with that of CN, and the absorption
intensity increases with the increasing X value (the Ag/AgBr content), mainly due to the
surface plasmon absorption of Ag and the interaction between Ag and AgBr. The estimated
bandgaps of CN, AgBr, CN-AA-0.03, CN-AA-0.05, CN-AA-0.07, and CN-AA-0.05-D are
2.48, 2.36, 2.43, 2.38, 2.39, and 2.40 eV, respectively (Figure 3b) [34,35].

PL spectra (Figure 3c) and time-resolved fluorescence decay spectra (Figure 3d) were
measured to study the transfer and annihilation processes of photo-generated carriers of
CN-AA-0.05 and other comparative catalysts. As shown in Figure 3c, the PL intensity of
CN is the highest, and the PL intensity decreases significantly after the introduction of
Ag/AgBr. For CN-AA-0.05, the PL intensity is the lowest. These results indicate that an
appropriate amount of Ag/AgBr introduction can effectively suppress the recombination
of photo-generated carriers, thereby enhancing the catalytic performance. According to
Figure 3d, the carrier lifetime of the CN-AA-0.05 catalyst is much shorter than that of CN,
which indicates the efficient charge transfer among the components of the Z-scheme system.

Figure 3e shows the FTIR spectra of the pure g-C3N4 and CN-AA-X catalysts. The
broadband at 3000–3400 cm−1 corresponds to the stretching modes of terminal NH2 or NH
groups. The absorption peaks at 1641 and 1567 cm−1 are attributed to C=N stretching, and
1406, 1330, and 1241 cm−1 are assigned to the aromatic C-N stretching [36,37]. Additionally,
the sharp characteristic ring breath peak of the triazine units is found at 808 cm−1 [36,37]. It
is noticed that the introduction of Ag/AgBr does not obviously affect the FTIR of g-C3N4.
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Figure 3. (a) UV–vis DRS and (b) plots of (ahν)1/2 versus energy (hν) of CN, AgBr, CN-AA-X
(X = 0.03, 0.05, 0.07), and CN-AA-0.05-D. (c) The PL spectra of CN and CN-AA-X (X = 0.03, 0.05, 0.07).
(d) The time-resolved fluorescence decay spectra of CN and CN-AA-0.05. (e) The FTIR spectra of CN
and CN-AA-X (X = 0.03, 0.05, 0.07).

The photocatalytic activities of CN, AgBr, CN-AA-X (X = 0.03, 0.05 or 0.07), and CN-
AA-0.05-D materials were firstly evaluated by the degradation of dye RhB under visible
light. As shown in Figure 4a, CN shows a photocatalytic degradation rate of 41.2% within
50 min, while AgBr or CN-AA-0.05-D exhibit a slightly better photocatalytic degrada-
tion performance than CN. For all CN-AA-X catalysts, the activities increase significantly
compared with pure CN or AgBr, demonstrating the importance of the construction of
g-C3N4/AgBr-Ag heterojunction photocatalysts for enhancing the photocatalytic perfor-
mance. CN-AA-0.05 exhibits the best photocatalytic degradation performance of RhB
among all CN-AA-X catalysts, with a degradation rate of 96.3% within 40 min, which
indicates that there is an optimal Ag/AgBr introduction amount for the enhancement of
photocatalytic degradation performance. Finally, after the first-order kinetic curve fitting,
the calculated degradation rate constants are 0.008 min−1 for CN, 0.014 min−1 for AgBr,
0.030 min−1 for CN-AA-0.03, 0.061 min−1 for CN-AA-0.05, 0.032 min−1 for CN-AA-0.07,
and 0.017 min−1 for CN-AA-0.05-D (Figure 4b). Subsequently, the activities of photocat-
alytic degradation MBT under visible light by these materials were further investigated. As
shown in Figure 4c, CN-AA-0.05 exhibits the best photocatalytic degradation performance
of MBT, with a degradation rate of 99.2% within 18 min. The activity trend of CN, AgBr,
CN-AA-0.03, CN-AA-0.05, CN-AA-0.07, and CN-AA-0.05-D for photocatalytic degradation
of MBT is the same as that of RhB, and the calculated degradation rate constants are 0.0234,
0.040, 0.128, 0.197, 0.157, and 0.049 min−1, respectively (Figure 4d). The slope values of the
linear fit corresponding to CN-AA-0.03, CN-AA-0.05, and CN-AA-0.07 seem to be affected
especially by the very last irradiation point (i.e., 40 min) in Figure 4b. This may be due to
degradation characterization of RhB. Degradation of RhB is accompanied by the blue shift
of the absorption maximum due to the N-deethylation reaction, as we reported before [38],
but the recorded value is still the maximum absorption position of RhB (553 nm), resulting
in a deviation from first-order linear fitting.
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Figure 4. Photocatalytic (a) RhB and (c) MBT degradation activities of CN, AgBr, CN-AA-X (X = 0.03,
0.05, 0.07), and CN-AA-0.05-D. Kinetic curves of photocatalytic degradation of (b) RhB and (d) MBT
by CN, AgBr, CN-AA-X (X = 0.03, 0.05, 0.07), and CN-AA-0.05-D.

In conclusion, the CN-AA-0.05 composite material prepared by hydrothermal method
with the AgNO3 addition amount of 0.05 g shows the best degradation performance, with
the RhB degradation rate of 96.3% in 40 min and the MBT degradation rate of 99.2% in
18 min. As shown in Figure 5, the MBT degradation rate of CN-AA-0.05 remains above
90% after five cycles of 20 min per cycle, which demonstrates the excellent stability of the
CN-AA-0.05 catalyst.

Figure 5. The cycling experiments of photocatalytic degradation of MBT by CN-AA-0.05 catalyst.

The reactive species that may be involved in a photocatalytic process mainly include
·OH, ·O2

−, h+, and e−. To accurately infer the mechanism of a photocatalytic reaction,
it is first necessary to determine the type of active species that plays the most critical
role in the photocatalytic process. Here, the essential active species during the MBT
degradation process were investigated by quenching experiments [39]. EA (10 mmol/L), BQ
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(12 mmol/L), EDTA-2Na (12 mmol/L), and Cr(VI) (0.05 mmol/L) were applied to quench
·OH, ·O2

−, h+, and e−, respectively. As shown in Figure 6a, the addition of BQ and EDTA-
2Na greatly reduces the photocatalytic degradation performance of MBT, which indicates
the important roles of ·O2

− and h+ in the photocatalytic degradation process. The addition
of EA has little effect on MBT degradation, suggesting a negligible contribution of ·OH.
Furthermore, the addition of Cr(VI) enhances the activity of photocatalytic degradation of
MBT, which is attributed to the fact that more h+ can react with MBT rather than recombine
with electrons due to the quenching of electrons by Cr(VI). In detail, under visible light
irradiation, CN-AA-0.05 can be photo-excited to yield electron (e–) and hole (h+). On
one hand, organic pollutants that react irreversibly with photo-generated h+ can enhance
the photocatalytic electron–hole separation, which results in more CB electrons for Cr(VI)
reduction. On the other hand, photoelectrons transfer to the conduction band and are
captured by oxygen to form O2

•−, or by Cr(VI) to form lower valent state chromium,
which results in more holes for organic pollutants oxidation. The synergistic effect of
Cr(VI) reduction and organic pollutants degradation over semiconductor photocatalysis
was reported previously [40–42].

Figure 6. (a) Effects of different scavengers on photocatalytic degradation of MBT over CN-AA-0.05.
(b) EPR spectra of CN-AA-0.05 in DMSO with DMPO as the capture agent. (c) EPR spectra of
CN-AA-0.05 in deionized water with DMPO as the capture agent.

To identify the carrier transfer mechanism in the photocatalytic degradation process
over CN-AA-0.05, radical spin-trapping experiments were further carried out. For the O2

•−

spin-trapping test, there is no signal in dark, however, characteristic peaks of DMPO-OOH
adduct (pointing to superoxide radical) emerge under visible light (Figure 6b). This result
is coherent with the scavenging investigation, where O2

•− seems to have an important
contribution to MBT degradation. For the ·OH spin-trapping test, the quartet ascribed to
DMPO-OH spin-adduct (hydroxyl radical EPR fingerprint) is also observed under visible
light (Figure 6c), but the signal disappears in an oxygen-free condition. It is very well-
known that in aqueous solution, the DMPO-OOH spin-adduct has a lifetime of ca. 30 s
that rapidly evolves into DMPO-OH spin-adduct [43]. This indicates that the observed
DMPO-OH signal should be the transformation product of DMPO-OOH, which verifies
the negligible contribution of ·OH to MBT degradation.

Based on the above results and the related literature [44–47], the possible photocatalytic
mechanism of CN-AA-0.05 was proposed (Figure 7). Under visible light, both g-C3N4 and
AgBr are excited to generate eCB

− and hVB
+. The eCB

− of AgBr are quickly transferred
to metallic Ag through the Schottky barrier, and, subsequently, the electrons in Ag are
transferred to the VB of g-C3N4 and recombine with the hVB+ of g-C3N4. That is, Ag
acts as an electron transfer bridge. Therefore, the eCB

− of g-C3N4 with strong reduction
capability and hVB

+ of AgBr with strong oxidation capability remain, enabling the Z-scheme
mechanism. The eCB

− of g-C3N4 can further react with O2 to form crucial active species
O2·−, which, together with hVB

+ of AgBr, can oxidize and degrade organic pollutants.
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Figure 7. Schematic illustration of proposed photocatalysis mechanism of g-C3N4/AgBr-Ag compos-
ites under visible light irradiation.

3. Experimental Section
3.1. Catalyst Preparation

The g-C3N4 powders were synthesized by heating melamine in a muffle furnace. In
a typical process, 10 g melamine was placed in a crucible with a cover. The crucible was
heated to 550 ◦C at a heating rate of 5 ◦C/min and then kept for 3 h. After cooling to the
room temperature, the yellow product g-C3N4 was obtained and noted as CN.

The g-C3N4/AgBr-Ag was synthesized as follows: X g of AgNO3 (X = 0.03, 0.05, or
0.07) and 0.5 g of g-C3N4 were added to 80 mL of ethylene glycol, and the mixture was
stirred at room temperature for 1 h. Then, 0.7X g KBr was added, and the mixture was
stirred for another 6 h. Subsequently, the obtained mixture was transferred to an autoclave
for the hydrothermal reaction at 180 ◦C for 10 h. Finally, the product was washed with
deionized water 5 times, washed with ethanol once, and dried in an oven at 50 ◦C. The
obtained sample was noted as CN-AA-X (X is the added mass of AgNO3). For comparison,
g-C3N4/AgBr-Ag without hydrothermal treatment was also prepared by the same method,
which was marked as CN-AA-X-D.

3.2. Catalyst Characterization

The crystal structures of the samples were investigated on a Bruker D8 Advance X-ray
diffractometer (XRD) using Cu Kα radiation source. The morphologies and microstruc-
tures of catalysts were observed by scanning electron microscopy (SEM) and transmission
electron microscopy (HRTEM) on a Zeiss Sigma500 (Oberkochen, Baden-Württemberg,
Germany) and a JEOL JEM 2100F electron microscope (Tokyo, Japan), respectively. X-ray
photoelectron spectroscopy (XPS) was performed on a Kratos AXIS SUPRA spectrometer
(Manchester, UK). The UV–vis diffuse reflectance spectra (DRS) were obtained by a Cary
5000 spectrophotometer (Santa Clara, CA, USA) using BaSO4 as the reflectance standard.
Photoluminescence (PL) spectra and time-resolved fluorescence emission decay spectra
were recorded on an Edinburgh FS5 fluorescence spectrometer (Edinburgh, UK) with the
excitation wavelength of 350 nm. Fourier-transform infrared (FTIR) spectra of synthesized
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samples were obtained on a spectrophotometer (Vertex70, Bruker, Saarbrucken, Germany)
using the standard KBr disk method. Electron paramagnetic resonance (EPR) analyses
were performed on a Bruker E500 spectrometer (Karlsruhe, Germany). Reactive radicals
with short lifetimes are difficult to study directly by EPR spectroscopy. The spin-trapping
approach allows us to identify the radical by causing them to react with trap molecules cho-
sen so as to obtain relatively stable radical adducts [48]. DMPO (5,5-Dimethyl-1-pyrroline
N-oxide) was used as spin-trap agent, ·OH was detected in deionized water, but ·O2

−

was detected in methyl sulfoxide (DMSO) solution in the present study. EPR tests were
performed as follows: reaction solutions in 1 mm quartz capillary inside a 4 mm quartz
tube were introduced into EPR cavity and tested before/after visible light irradiation.
Oxygen-free spin-trapping investigation was performed through nitrogen bubbling of the
solutions prior to the experiment. Sweep width of 100 G, microwave power of 0.2 mW,
sweep time 5.24 s, microwave frequency of 9.41 GHz, and microwave attenuation of 30 dB
were used during test.

3.3. Photocatalytic Tests

The photocatalytic activities of prepared photocatalysts were evaluated by the degra-
dation of rhodamine B (RhB) and 2-mercaptobenzothiazole (MBT) under visible light. The
light source used in the tests was a xenon lamp (300 W) with a 420 nm cut filter, and the dis-
tance between the reactor and the light source was 5 cm. For all photocatalysis experiments,
15 mg of photocatalyst was dispersed in MBT (30 mL, 20 mg/L) or RhB (30 mL, 50 mg/L)
aqueous solution, and the suspension was stirred in the dark for 1 h. Then, the lamp was
turned on to initiate the photocatalytic reaction. A total of 3 mL of suspension was taken at
given time intervals, followed by centrifugation to remove the photocatalyst completely.
The concentrations of RhB and MBT in the degradation process were determined by a
UV–vis spectrometer (UV-2600) at wavelengths of 553 nm and 312 nm, respectively. Similar
to aforementioned catalytic removal processes in the presence of sample CN-AA-0.05, EA
(10 mmol/L), BQ (12 mmol/L), EDTA-2Na (12 mmol/L), and Cr(VI) (0.05 mmol/L) were
added into reaction system to quench ·OH, ·O2

−, h+, and e−, respectively. Each experiment
was conducted three times.

MBT was selected as the target for the stability test experiment. The number of cycles
was 5, and the reaction time for each cycle was 20 min.

4. Conclusions

Here, a novel visible-light-driven Z-scheme g-C3N4/AgBr-Ag photocatalyst was
fabricated by a simple hydrothermal method with KBr as the bromine source. Compared
with pure g-C3N4 or AgBr, the photocatalytic degradation activity of organic pollutants
over g-C3N4/AgBr-Ag is significantly enhanced. Hydrothermal treatment is believed to
transforms part of AgBr into metallic Ag. Metallic Ag initiates the SPR effect and acts as an
electron transfer bridge, which finally improves the visible light absorption capacity and
carrier separation efficiency of Z-scheme g-C3N4/AgBr-Ag. Our work not only provides
an experimental basis for the design and construction of efficient visible-light-responsive
Z-scheme photocatalysts, but also provides an in-depth understanding into the mechanism
of Z-scheme photocatalytic degradation of organic pollutants.

Author Contributions: Conceptualization, X.H. and M.Y.; methodology, X.H., T.L. and M.Y.; investi-
gation, T.L. and X.H.; writing—original draft preparation, Y.L.; writing—review and editing, X.H.
and M.Y.; supervision, X.H. and M.Y.; project administration, X.H. and M.Y.; funding acquisition,
X.H. and M.Y. All authors have read and agreed to the published version of the manuscript.

Funding: National Natural Science Foundation of China (no. 22176120, 22206118) and Shaanxi
Thousand Talents Plan-Youth Program Scholars.

Data Availability Statement: Not applicable.

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

187



Catalysts 2022, 12, 1309

References
1. Alharbi, O.M.L.; Basheer, A.A.; Khattab, R.A.; Ali, I. Health and environmental effects of persistent organic pollutan. J. Mol. Liq.

2018, 263, 442–453. [CrossRef]
2. Chen, D.; Cheng, Y.; Zhou, N.; Chen, P.; Wang, Y.; Li, K.; Huo, S.; Cheng, P.; Peng, P.; Zhang, R.; et al. Photocatalytic degradation

of organic pollutants using TiO2-based photocatalysts: A review. J. Clean. Prod. 2020, 268, 121725. [CrossRef]
3. Zhao, Y.; Li, Y.; Sun, L. Recent advances in photocatalytic decomposition of water and pollutants for sustainable application.

Chemosphere 2021, 276, 130201. [CrossRef] [PubMed]
4. Hassan, J.Z.; Raza, A.; Qumar, U.; Li, G. Recent advances in engineering strategies of Bi-based photocatalysts for environmental

remediation. Sustain. Mater. Technol. 2022, 33, e00478. [CrossRef]
5. Li, H.; Tu, W.; Zhou, Y.; Zou, Z. Z-Scheme photocatalytic systems for promoting photocatalytic performance: Recent progress and

future challenges. Adv. Sci. 2016, 3, 1500389. [CrossRef]
6. Xu, Q.; Zhang, L.; Yu, J.; Wageh, S.; Al-Ghamdi, A.A.; Jaroniec, M. Direct Z-scheme photocatalysts: Principles, synthesis, and

applications. Mater. Today 2018, 21, 1042–1063. [CrossRef]
7. Li, S.; Cai, M.; Liu, Y.; Wang, C.; Lv, K.; Chen, X. S-scheme photocatalyst TaON/Bi2WO6 nanofibers with oxygen vacancies for

efficient abatement of antibiotics and Cr (VI): Intermediate eco-toxicity analysis and mechanistic insights. Chin. J. Catal. 2022, 43,
2652–2664. [CrossRef]

8. Shi, Q.; Raza, A.; Xu, L.; Li, G. Bismuth oxyhalide quantum dots modified sodium titanate necklaces with exceptional population
of oxygen vacancies and photocatalytic activity. J. Colloid Interf. Sci. 2022, 625, 750–760. [CrossRef]

9. Zhou, P.; Yu, J.; Jaroniec, M. All-solid-state Z-scheme photocatalytic systems. Adv. Mater. 2014, 26, 4920–4935. [CrossRef]
10. Zhang, W.; Mohamed, A.R.; Ong, W.-J. Z-Scheme photocatalytic systems for carbon dioxide reduction: Where are we now?

Angew. Chem. Int. Ed. 2020, 59, 22894–22915. [CrossRef]
11. Huang, D.; Chen, S.; Zeng, G.; Gong, X.; Zhou, C.; Cheng, M.; Xue, W.; Yan, X.; Li, J. Artificial Z-scheme photocatalytic system:

What have been done and where to go? Coord. Chem. Rev. 2019, 385, 44–80. [CrossRef]
12. Shi, Q.; Zhang, X.; Liu, X.; Xu, L.; Liu, B.; Zhang, J.; Xu, H.; Han, Z.; Li, G. n-situ exfoliation and assembly of 2D/2D g-

C3N4/TiO2 (B) hierarchical microflower: Enhanced photo-oxidation of benzyl alcohol under visible light. Carbon 2022, 196,
401–409. [CrossRef]

13. Ong, W.-J.; Tan, L.-L.; Ng, Y.H.; Yong, S.-T.; Chai, S.-P. Graphitic carbon nitride (g-C3N4)-based photocatalysts for artificial
photosynthesis and environmental remediation: Are we a step closer to achieving sustainability? Chem. Rev. 2016, 116, 7159–7329.
[CrossRef]

14. Cadan, F.M.; Ribeiro, C.; Azevedo, E.B. Improving g-C3N4: WO3 Z-scheme photocatalytic performance under visible light by
multivariate optimization of g-C3N4 synthesis. Appl. Surf. Sci. 2021, 537, 147904. [CrossRef]

15. Zhou, S.; Wang, Y.; Zhou, K.; Ba, D.; Ao, Y.; Wang, P. In-situ construction of Z-scheme g-C3N4/WO3 composite with enhanced
visible-light responsive performance for nitenpyram degradation. Chin. Chem. Lett. 2021, 32, 2179–2182. [CrossRef]

16. Jing, H.; Ou, R.; Yu, H.; Zhao, Y.; Lu, Y.; Huo, M.; Huo, H.; Wang, X. Engineering of g-C3N4 nanoparticles/WO3 hollow
microspheres photocatalyst with Z-scheme heterostructure for boosting tetracycline hydrochloride degradation. Sep. Purif.
Technol. 2021, 255, 117646. [CrossRef]

17. Du, J.; Xu, Z.; Li, H.; Yang, H.; Xu, S.; Wang, J.; Jia, Y.; Ma, S.; Zhan, S. Ag3PO4/g-C3N4 Z-scheme composites with enhanced
visible-light-driven disinfection and organic pollutants degradation: Uncovering the mechanism. Appl. Surf. Sci. 2021, 541, 148487.
[CrossRef]

18. Cheng, R.; Wen, J.; Xia, J.; Shen, L.; Kang, M.; Shi, L.; Zheng, X. Photo-catalytic oxidation of gaseous toluene by Z-scheme
Ag3PO4-g-C3N4 composites under visible light: Removal performance and mechanisms. Catal. Today 2022, 388–389, 26–35.
[CrossRef]

19. Xu, C.; Li, D.; Liu, X.; Ma, R.; Sakai, N.; Yang, Y.; Lin, S.; Yang, J.; Pan, H.; Huang, J.; et al. Direct Z-scheme construction of g-C3N4
quantum dots/TiO2 nanoflakes for efficient photocatalysis. Chem. Eng. J. 2022, 430, 132861. [CrossRef]

20. Bi, X.; Yu, S.; Liu, E.; Liu, L.; Zhang, K.; Zang, J.; Zhao, Y. Construction of g-C3N4/TiO2 nanotube arrays Z-scheme heterojunction
to improve visible light catalytic activity. Colloids Surf. A 2020, 603, 125193. [CrossRef]

21. Hu, K.; Li, R.; Ye, C.; Wang, A.; Wei, W.; Hu, D.; Qiu, R.; Yan, K. Facile synthesis of Z-scheme composite of TiO2 nanorod/g-C3N4
nanosheet efficient for photocatalytic degradation of ciprofloxacin. J. Clean. Prod. 2020, 253, 120055. [CrossRef]

22. Murugesan, P.; Narayanan, S.; Manickam, M.; Murugesan, P.K.; Subbiah, R. A direct Z-scheme plasmonic AgCl@g-C3N4
heterojunction photocatalyst with superior visible light CO2 reduction in aqueous medium. Appl. Surf. Sci. 2018, 450, 516–526.
[CrossRef]

23. Shen, Y.; Zhu, Z.; Wang, X.; khan, A.; Gong, J.; Zhang, Y. Synthesis of Z-scheme g-C3N4/Ag/Ag3PO4 composite for enhanced
photocatalytic degradation of phenol and selective oxidation of gaseous isopropanol. Mater. Res. Bull. 2018, 107, 407–415.
[CrossRef]

24. Qian, L.; Hou, Y.; Yu, Z.; Li, M.; Li, F.; Sun, L.; Luo, W.; Pan, G. Metal-induced Z-scheme CdS/Ag/g-C3N4 photocatalyst for
enhanced hydrogen evolution under visible light: The synergy of MIP effect and electron mediator of A. Mol. Catal. 2018, 458,
43–51. [CrossRef]

25. Bao, Y.; Chen, K. AgCl/Ag/g-C3N4 hybrid composites: Preparation, visible light-driven photocatalytic activity and mechanism.
Nano-Micro Lett. 2016, 8, 182–192. [CrossRef]

188



Catalysts 2022, 12, 1309

26. Yang, Y.; Guo, W.; Guo, Y.; Zhao, Y.; Yuan, X.; Guo, Y. Fabrication of Z-scheme plasmonic photocatalyst Ag@ AgBr/g-C3N4 with
enhanced visible-light photocatalytic activity. J. Hazard. Mater. 2014, 271, 150–159. [CrossRef]

27. Li, Y.; Zhao, Y.; Fang, L.; Jin, R.; Yang, Y.; Xing, Y. Highly efficient composite visible light-driven Ag–AgBr/g-C3N4 plasmonic
photocatalyst for degrading organic pollutants. Mater. Lett. 2014, 126, 5–8. [CrossRef]

28. Xu, Y.; Xu, H.; Yan, J.; Li, H.; Huang, L.; Xia, J.; Yin, S.; Shu, H. A plasmonic photocatalyst of Ag/AgBr nanoparticles coupled with
g-C3N4 with enhanced visible-light photocatalytic ability. Colloids Surf. A 2013, 436, 474–483. [CrossRef]

29. Dong, F.; Wu, L.; Sun, Y.; Fu, M.; Wu, Z.; Lee, S.C. Efficient synthesis of polymeric gC 3 N 4 layered materials as novel efficient
visible light driven photocatalysts. J. Mater. Chem. 2011, 21, 15171–15174. [CrossRef]

30. An, C.; Wang, J.; Jiang, W.; Zhang, M.; Ming, X.; Wang, S.; Zhang, Q. Strongly visible-light responsive plasmonic shaped AgX: Ag
(X = Cl, Br) nanoparticles for reduction of CO2 to methanol. Nanoscale 2012, 4, 5646–5650. [CrossRef]

31. Chai, B.; Peng, T.; Mao, J.; Li, K.; Zan, L. Graphitic carbon nitride (gC3N4)–Pt-TiO2 nanocomposite as an efficient photocatalyst
for hydrogen production under visible light irradiation. Phys. Chem. Chem. Phys. 2012, 14, 16745–16752. [CrossRef] [PubMed]

32. Ge, L.; Han, C. Synthesis of MWNTs/g-C3N4 composite photocatalysts with efficient visible light photocatalytic hydrogen
evolution activity. Appl. Catal. B 2012, 117–118, 268–274. [CrossRef]

33. Luo, T.; Hu, X.; She, Z.; Wei, J.; Feng, X.; Chang, F. Synergistic effects of Ag-doped and morphology regulation of graphitic carbon
nitride nanosheets for enhanced photocatalytic performance. J. Mol. Liq. 2021, 324, 114772. [CrossRef]

34. Li, S.; Cai, M.; Liu, Y.; Wang, C.; Yan, R.; Chen, X. Constructing Cd0. 5Zn0. 5S/Bi2WO6 S-scheme heterojunction for boosted
photocatalytic antibiotic oxidation and Cr (VI) reduction. Adv. Powder Mater. 2023, 2, 100073. [CrossRef]

35. Li, S.; Cai, M.; Wang, C.; Liu, Y.; Li, N.; Zhang, P.; Li, X. Rationally designed Ta3N5/BiOCl S-scheme heterojunction with oxygen
vacancies for elimination of tetracycline antibiotic and Cr (VI): Performance, toxicity evaluation and mechanism insight. J. Mater.
Sci. Technol. 2022, 123, 177–190. [CrossRef]

36. Ji, H.; Chang, F.; Hu, X.; Qin, W.; Shen, J. Photocatalytic degradation of 2,4,6-trichlorophenol over g-C3N4 under visible light
irradiation. Chem. Eng. J. 2013, 218, 183–190. [CrossRef]

37. Li, W.; Ma, Q.; Wang, X.; He, S.; Li, M.; Ren, L. Hydrogen evolution by catalyzing water splitting on two-dimensional g-C3N4-
Ag/AgBr heterostructure. Appl. Surf. Sci. 2019, 494, 275–284. [CrossRef]

38. Hu, X.; Mohamood, T.; Ma, W.; Chen, C.; Zhao, J. Oxidative decomposition of rhodamine B dye in the presence of VO2
+ and/or

Pt(IV) under visible light irradiation: N-deethylation, chromophore cleavage, and mineralizatio. J. Phys. Chem. B. 2006, 110,
26012–26018. [CrossRef]

39. Pan, C.; Zhu, Y. New type of BiPO4 oxy-acid salt photocatalyst with high photocatalytic activity on degradation of dye. Environ.
Sci. Technol. 2010, 44, 5570–5574. [CrossRef]

40. Hu, X.; Ji, H.; Chang, F.; Luo, Y. Simultaneous photocatalytic Cr (VI) reduction and 2,4,6-TCP oxidation over g-C3N4 under visible
light irradiation. Catal. Today 2014, 224, 34–40. [CrossRef]

41. Wang, C.; Li, S.; Cai, M.; Yan, R.; Dong, K.; Zhang, J.; Liu, Y. Rationally designed tetra (4-carboxyphenyl) porphyrin/graphene
quantum dots/bismuth molybdate Z-scheme heterojunction for tetracycline degradation and Cr (VI) reduction: Performance,
mechanism, intermediate toxicity appraisement. J. Colloid Interface Sci. 2022, 619, 307–321. [CrossRef] [PubMed]

42. Li, S.; Wang, C.; Cai, M.; Liu, Y.; Dong, K.; Zhang, J. Designing oxygen vacancy mediated bismuth molybdate (Bi2MoO6)/N-
rich carbon nitride (C3N5) S-scheme heterojunctions for boosted photocatalytic removal of tetracycline antibiotic and Cr(VI):
Intermediate toxicity and mechanism insight. J. Colloid Interface Sci. 2022, 624, 219–232. [CrossRef] [PubMed]

43. Finkelstein, E.; Rosen, G.M.; Rauchman, E.J.; Paxton, J. Spin trapping of superoxide. Mol. Pharmacol. 1979, 16, 676–685. [PubMed]
44. Wang, P.; Huang, B.; Dai, Y.; Whangbo, M.-H. Plasmonic photocatalysts: Harvesting visible light with noble metal nanoparticles.

Phys. Chem. Chem. Phys. 2012, 14, 9813–9825. [CrossRef]
45. Chen, D.; Li, T.; Chen, Q.; Gao, J.; Fan, B.; Li, J.; Li, X.; Zhang, R.; Sun, J.; Gao, L. Hierarchically plasmonic photocatalysts of

Ag/AgCl nanocrystals coupled with single-crystalline WO3 nanoplates. Nanoscale 2012, 4, 5431–5439. [CrossRef]
46. Ye, L.; Liu, J.; Gong, C.; Tian, L.; Peng, T.; Zan, L. Two different roles of metallic Ag on Ag/AgX/BiOX (X = Cl, Br) visible light

photocatalysts: Surface plasmon resonance and Z-scheme bridge. ACS Catal. 2012, 2, 1677–1683. [CrossRef]
47. Jiang, J.; Li, H.; Zhang, L. New insight into daylight photocatalysis of AgBr@Ag: Synergistic effect between semiconductor

photocatalysis and plasmonic photocatalysis. Chem. Eur. J. 2012, 18, 6360–6369. [CrossRef]
48. Lauricella, R.; Tuccio, B. Detection and characterisation of free radicals after spin trapping. In Electron Paramagnetic Resonance

Spectroscopy; Springer: Cham, Switzerland, 2020; pp. 51–82.

189



Citation: Sun, L.; Zhang, Q.; Liang,

Q.; Li, W.; Li, X.; Liu, S.; Shuai, J.

α-Fe2O3/Reduced Graphene Oxide

Composites as Cost-Effective

Counter Electrode for Dye-Sensitized

Solar Cells. Catalysts 2022, 12, 645.

https://doi.org/10.3390/

catal12060645

Academic Editor: Vincenzo Baglio

Received: 16 May 2022

Accepted: 8 June 2022

Published: 13 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 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/).

catalysts

Article

α-Fe2O3/Reduced Graphene Oxide Composites as Cost-Effective
Counter Electrode for Dye-Sensitized Solar Cells
Lian Sun 1, Qian Zhang 1,* , Qijie Liang 2,* , Wenbo Li 2, Xiangguo Li 1, Shenghua Liu 1 and Jing Shuai 1

1 School of Materials, Shenzhen Campus of Sun Yat-sen University, No. 66, Gongchang Road,
Guangming District, Shenzhen 518107, China; sunlian@mail2.sysu.edu.cn (L.S.);
lixguo@mail.sysu.edu.cn (X.L.); liushengh@mail.sysu.edu.cn (S.L.); shuaij3@mail.sysu.edu.cn (J.S.)

2 Songshan Lake Materials Laboratory, Room 425, C1 Building, University Innovation City, Songshan Lake,
Dongguan 523000, China; liwb98@163.com

* Correspondence: zhangqian6@mail.sysu.edu.cn (Q.Z.); liangqijie@sslab.org.cn (Q.L.)

Abstract: The counter electrode (CE) is an important and vital part of dye-sensitized solar cells
(DSSCs). Pt CEs show high-performance in DSSCs using iodide-based electrolytes. However, the
high cost of Pt CEs restricts their large-scale application in DSSCs and the development of Pt-free CE
is expected. Here, α-Fe2O3/reduced graphene oxide (α-Fe2O3/RGO) composites are prepared as
the Pt-free CE materials for DSSCs. A simple hydrothermal technique was used to disseminate the
α-Fe2O3 solid nanoparticles uniformly throughout the RGO surface. The presence of the α-Fe2O3

nanoparticles increases the specific surface area of RGO and allows the composites to be porous, which
improves the diffusion of liquid electrolyte into the CE material. Then, the electrocatalytic properties
of CEs with α-Fe2O3/RGO, α-Fe2O3, RGO, and Pt materials are compared. The α-Fe2O3/RGO CE
has a similar electrocatalytic performance to Pt CE, which is superior to those of the pure α-Fe2O3

and RGO CEs. After being fabricated as DSSCs, the current–voltage measurements reveal that the
DSSC based on α-Fe2O3/RGO CE has a power conversion efficiency (PCE) of 6.12%, which is 88%
that of Pt CE and much higher than that of pure α-Fe2O3 and pure RGO CEs. All the results show
that this work describes a promising material for cost-effective, Pt-free CEs for DSSCs.

Keywords: electrocatalytic; α-Fe2O3; reduced graphene oxide; counter electrode; dye-sensitized
solar cells

1. Introduction

Due to their low price, greater energy conversion efficiency, and easy manufacturing
technique, dye-sensitized solar cells (DSSCs) have received much interest [1,2]. The choice
of counter electrode (CE) material is different for different electrolytes [3]. CE electron trans-
mission from the external circuit to iodine and triiodide (I−/I3

−) in the redox electrolyte is
crucial for developing DSSCs [4]. On the CE of DSSCs, thin films of Pt are often utilized as
catalysts. However, large-scale production is not possible because Pt is a precious metal
and costly. As a result, various attempts have been made to determine potential alternative
materials for replacing Pt CE in DSSCs, such as transition metal oxides, which are cheaper,
more conductive, and more chemically stable. Among the transitional metal oxides, iron
oxides have the features of low cost, no toxicity, elemental abundance [5,6]. Fe2O3 is an
important iron oxide found in various forms, such as α-Fe2O3, β-Fe2O3, γ-Fe2O3, and
ε-Fe2O3 [7]. Each has its own unique characteristics. For example, α-Fe2O3 has very
good electrochemical activity and is the most stable phase of iron oxide under ambient
conditions [8,9], which makes it a promising candidate for cost-effective CE materials for
DSSC [10]. Moreover, α-Fe2O3 is an n-type indirect semiconductor that is able to utilize
about 40% of sunlight. Miao et al. reported that flower-shaped α-Fe2O3 could be used as the
photoanode of DSSC and achieved 1.24% power conversion efficiency (PCE) [11]. However,
the poor conductivity of the α-Fe2O3 restricts its further development and application [7].
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Graphene is also a suitable material for the CE of DSSCs due to its long-term stability,
with atoms organized in close-packed conjugated hexagonal lattices similar to graphite,
but a one-atom-thick sheet [12,13]. Graphene has attracted considerable interest for energy
convention owing to its superior electroconductibility, chemical stability, large specific
area, and broad electrochemical window [14,15]. Graphene CEs possess a large surface
area, defects, and oxygen-containing groups (such as reduced graphene oxide, RGO),
suggesting the possibility of achieving comparable electrochemical performances to Pt
CEs. [16] However, the poor electrocatalytic activity of RGO limits its application in DSSCs
as a CE material.

Above all, the synergistic effect arising from interactions between α-Fe2O3 and RGO
is essential because the presence of RGO can increase the electrical conductivity of α-Fe2O3
as well as α-Fe2O3 improving the electrocatalytic activity and reducing the cost of the CE
materials. Furthermore, previous work found that the open spaces caused by α-Fe2O3
between graphene nanosheets may mitigate the effect of RGO volume change [17], which
is beneficial to the electron transfer process in catalysis. Therefore, the composites based
on α-Fe2O3 and RGO (α-Fe2O3/RGO) are expected to take advantage of the structural
characteristics to yield improved CE performance in DSSCs. Chen et al. reported that
a DSSC with 3D α-Fe2O3/GFs as the CE material displayed a superior PCE to that of
Pt due to the positive synergistic effects of α-Fe2O3 and the 3D graphene frameworks
(GFs) [18]. However, the synthesis process of the reported α-Fe2O3/GF materials not
only requires a long time hydrothermal treatment, but also requires a high-temperature
annealing process in Ar2, which limits its large-scale application in DSSCs. Zhao et al.
demonstrated 3D α-Fe2O3 hollow meso-microspheres on graphene sheets by applying a
solvothermal strategy [19]. The synthesis process involves two hydrothermal treatments
at 150 ◦C for hours. This structure delivers decent electrocatalytic performance in a dye-
sensitized solar cell that is comparable to that of Pt. Employing α-Fe2O3, which has distinct
morphology, as well as optimizing the energy and cost can further advance its potential in
high-performance catalysts. In previous research, graphene oxide (GO) and Fe(OH)3 were
used to synthesize the α-Fe2O3/RGO composites by a facile and cost-effective process [20].
The Fe(OH)3 sol contributed to the homogeneous size and excellent dispersity of α-Fe2O3
solid nanoparticles on RGO. The concentration of the composite was 73% α-Fe2O3/RGO,
with the best performance exhibited when the volume ratio between the GO solution and
the Fe(OH)3 sol was 2:1.

Here, in this work, α-Fe2O3/RGO composites are developed to be used as a cost-
effective CE in a DSSC system and the performances of DSSCs withα-Fe2O3/RGO,α-Fe2O3,
RGO, and Pt CEs are compared under the same conditions. A facile synthesis process
is used to develop α-Fe2O3 solid nanoparticles on RGO with outstanding homogeneity
and dispersion by employing Fe(OH)3 and a GO sol. As a CE material for DSSCs, the α-
Fe2O3/RGO composites have a larger specific surface area than pure RGO, which induces
the composites to have better electrocatalytic activity. The PCE of the DSSC using α-
Fe2O3/RGO CE is increased by 30.5% compared to the pure α-Fe2O3 CE (4.69%), which
itself is much higher than pure RGO (98.7% increase). This work presents a promising
route for a cost-effective production way for CE materials for DSSCs.

2. Results and Discussion

By comparing the X-ray diffraction (XRD) patterns of α-Fe2O3/RGO composites,
α-Fe2O3, RGO, and GO, it can seen that GO has been transformed to RGO (Figure 1a). Pure
and composite α-Fe2O3 particles are all highly crystalline, which agrees with the reference
(PDF#89-0597). The diffraction peaks at 2θ of 24.1◦, 33.1◦, 35.6◦, 40.8◦, 49.4◦, 54.0◦, 62.4◦,
and 64.0◦ correspond to (012), (104), (110), (113), (024), (116), (214), and (300). There are
no significant variations in the XRD data of pure α-Fe2O3 and α-Fe2O3/RGO, except that
the α-Fe2O3/RGO has a diffraction peak at 2θ = 25.6◦, which corresponds to the graphene
crystal faces (d-spacing of 3.35 Å) [21].
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TEM studies of the α-Fe2O3/RGO composites were performed to define their micro-
structure further (Figure 3). Figure 3a shows that α-Fe2O3 solid nanoparticles ranging in 
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assembly of the α-Fe2O3 particles and graphene sheets during the hydrothermal treatment. 
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Figure 1. (a) XRD patterns and (b) Raman spectra of α-Fe2O3/RGO, α-Fe2O3, RGO, and GO.

Figure 1b shows the Raman spectra of the α-Fe2O3/RGO, α-Fe2O3, RGO, and GO
samples. The D and G bands reveal typical peaks at 1350 cm−1 and 1589 cm−1 in all
three graphene-related compounds. α-Fe2O3/RGO and RGO have higher ID/IG values
than GO, indicating that GO has been reduced to RGO [22]. GO has an ID/IG ratio of
0.95, while α-Fe2O3/RGO has the most significant ratio at 1.57. Two peaks are presented
for α-Fe2O3/RGO and pure α-Fe2O3 at 221 cm−1 and 285 cm−1, which correspond to
hematite’s standard A1g and Eg Raman modes, respectively, while the peak for pure α-
Fe2O3 at 1299 cm−1 is due to two magnetic oscillator scattering of hematite [23]. From the
XRD and Raman result, the RGO sheets are probably attached by α-Fe2O3 nanoparticles.

FE-SEM was utilized to examine the morphologies of the α-Fe2O3/RGO, α-Fe2O3,
and RGO materials fabricated as films that were used as CEs in DSSCs. Figure 2 presents
a top view of films of different materials on FTO at the same magnification. As shown
in Figure 2a, the pure α-Fe2O3 nanoparticles exhibit uniformly regular solid shape with
a size of about 20–50 nm. The pure RGO has a typical wrinkled and folded structure as
observed in Figure 2b. Figure 2c illustrates the SEM image of the α-Fe2O3/RGO composites
film. The graphene sheets are evenly coated with uniform α-Fe2O3 particles on both sides
and the α-Fe2O3/RGO film has a rough surface and many more pores than pure RGO.
This variation in shape indicates that the strong force between GO sheets and Fe3+ has a
significant impact on the crystalline growth of α-Fe2O3 nanoparticles [24].
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TEM studies of the α-Fe2O3/RGO composites were performed to define their mi-
crostructure further (Figure 3). Figure 3a shows that α-Fe2O3 solid nanoparticles ranging
in size from 20 to 50 nm are evenly dispersed over RGO. This result also reveals effi-
cient assembly of the α-Fe2O3 particles and graphene sheets during the hydrothermal
treatment. The 0.22 nm lattice spacing in the (113) plane identifies the α-Fe2O3 particles
(Figure 3b) [25], matching with the XRD data. The three images (Figure 3d–f) of the targeted
region (Figure 3c) illustrate the TEM elemental mapping findings of the α-Fe2O3/RGO
composites. Figure 3d demonstrates that carbon (C) atoms are numerous in the composites,
but iron (Fe) and oxygen (O) atoms are scarce in Figure 3e,f. However, all three images
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demonstrate the distribution of C, Fe, and O elements in the α-Fe2O3/RGO composites are
highly homogeneous.
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Figure 4a depicts the N2 adsorption–desorption isotherms of the α-Fe2O3/RGO com-
posites. The sample showed a curve pattern between Type IV (BDDT classification)
that displays hysteresis loops predominantly of type H3 in the adsorption isotherms
in Figure 4a [26]. The BET specific surface area of the α-Fe2O3/RGO samples are measured
to be 136.16 m2 g−1. According to the previous study [4], the addition of α-Fe2O3 provides
a larger specific surface area for the composites (the specific area of RGO prepared by the
same synthesis method is 32.2 m2 g−1). In addition, obvious pressure hysteresis can be
observed in the N2 adsorption–desorption isotherms, revealing the porous nature of the
α-Fe2O3/RGO nanostructure. This can be further identified by the BJH pore size distri-
bution analysis which is shown in Figure 4b. The total pore volume of α-Fe2O3/RGO
composites are 0.244 cm3 g−1 according to the BJH method. The α-Fe2O3/RGO composites
have a narrow pore size distribution centered at 3.7 nm, while the RGO sample was sug-
gested in the before work to be a structure without large number of holes. The incorporation
of α-Fe2O3 particles enhanced the specific surface area of α-Fe2O3/RGO composites with
a porous architecture. The abovementioned results are also consistent with the result in
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Figure 2. Liquid electrolyte may more readily permeate into this porous nanostructure,
which significantly improves electrocatalytic performance.
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To evaluate the electrocatalytic activities of as-prepared α-Fe2O3/RGO, α-Fe2O3, RGO,
and Pt, three-electrode cyclic voltammetry (CV) was performed (Figure 5). As previously
reported, a representative curve with two couples of redox peaks was found for Pt. The
I and I’ peaks correspond to the oxidation and reduction peaks of I3

−/I2, whereas the II
and II’ peaks correspond to those of I−/I3

− [27]. During the electrochemical process in a
DSSC, it is crucial that electrons from CE reduce I3

− to I−. Therefore, the II and II’ peaks
represent the electro-catalytic capabilities of the CEs. By analyzing the reduction peaks of
all the CEs, we can see that the α-Fe2O3/RGO and Pt have sharper II’ peaks, demonstrating
that their catalytic activities are considerably higher than others. It is well known that
peak-to-peak separation and peak current density are two essential metrics for assessing the
electrocatalytic activities of CE [28]. The magnitude of peak current density is correlated to
the capacity of the CE to decrease the I3

− species. Compared with pure RGO and α-Fe2O3
CEs, the α-Fe2O3/RGO CE exhibits a greater peak current density (Figure 5), indicating
that it has stronger electrocatalytic activity and a faster response rate.
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To further examine the liquid electrolyte diffusion rate into the material and interfacial
charge transfer properties of the triiodide/iodide pair on the electrode surface, Tafel
polarization experiments were performed in a virtual device made with two duplicate
electrodes. Figure 6 depicts the logarithmic current density (log J0) versus voltage (U)
during the oxidation/reduction of triiodide to iodide. While the I3

− is converted to I−

in the electrochemical cell, the impedance to charge transfer is inversely related to the
exchange current density (J0). Using the Equation (1), this may be computed from the
intersection of the tangent line of the polarization curve and the prolongation of the linear
section to zero bias.
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J0 = RT/nFRct (1)

where R and F are constant, T is the room temperature, n is the amount of electrons
participating in the reaction. The limiting diffusion exchange current density (Jlim) can also
be computed from the Tafel curve using the Equation (2).

D = l Jlim/2nFC (2)

where D is the diffusion coefficient of the triiodide, l is the thickness of the spacer, C is the
triiodide concentration and n and F retain their defined meanings. Jlim depends on the
diffusion rate of the I−/I3

− redox couple. An optimal auxiliary counter electrode should
have high J0, Jlim, and lower Rct values.
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RGO, and Pt electrodes.

Theoretically, the curve with a relatively low potential but higher than 0.1 V corre-
sponds to the Tafel zone, in which the voltage is a linear function of the log of the current
density (log J0) (Equation (1)). It is possible to determine the exchange current density
(J0) in this region using Equation (1). In addition, the steeper the Tafel zone of the curve,
the bigger the J0 and the greater the material’s catalytic activity. Pt has the greatest J0
in the Tafel zone, followed by the α-Fe2O3/RGO, α-Fe2O3, and RGO. This reveals the
α-Fe2O3/RGO composite CE has more electrocatalytic activity when compared to the pure
α-Fe2O3 and RGO CEs. The Tafel curves of the α-Fe2O3/RGO, α-Fe2O3, and RGO Ces are
asymmetric may due to the different diffusion time of the electrolyte on two electrodes of
symmetric dummy cells. To test the Tafel curve, the electrolyte was firstly dripped on one
electrode (always the cathode), and then covered with another electrode on the electrolyte.
This process causes the electrolyte to diffuse first on the cathode, resulting in asymmetry
between the two electrodes in the Tafel curve. For this reason, the Pt electrode is also
slightly asymmetrical. However, the asymmetric degree of the Pt CE is lighter because of
the better catalytic ability.

To investigate the effects of the α-Fe2O3/RGO composites as a CE material for DSSC,
the DSSCs were assembled using α-Fe2O3/RGO as the CE. For comparison, the properties
of DSSCs fabricated with α-Fe2O3, RGO, and Pt Ces were also investigated. Five parallel
devices for each sample were tested. The photovoltaic properties results of the four different
DSSCs are summarized in Table 1. The short-circuit photocurrent (jsc), open-circuit voltage
(Voc), fill factor (FF), and the power conversion efficiency (PCE, η) calculated photovoltaic
parameters are provided. Due to its weak electrocatalytic activity, the DSSC with RGO CE
has a poor transfer efficiency, of 3.08%, whereas the DSSC with α-Fe2O3/RGO CE has an
open-circuit voltage of 645 mV, a short-circuit current of 15.43 mA cm−2, a fill factor of
0.61, and a cell efficiency of 6.12%, which is 88% of that of the DSSC with Pt CE (6.93%). In
comparison to the α-Fe2O3 and RGO Ces, the α-Fe2O3/RGO CE has a substantially higher
FF value. The photocurrent–voltage (I–V) curves of the DSSCs are shown in Figure 7a.
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Table 1. PCE performances and EIS parameters of the DSSCs with different CEs.

CEs
Rct jsc Voc

FF
η

(Ω) (mA cm−2) (mV) (%)

Pt 1.78
16.33 635 0.67 6.93
±0.06 ±0 ±0.00 ±0.05

α-Fe2O3 5.42
13.3 635 0.55 4.69
±0.05 ±5 ±0.01 ±0.03

RGO 11.02
12.47 555 0.45 3.08
±0.05 ±5 ±0.01 ±0.05

α-Fe2O3/RGO 3.81
15.43 645 0.61 6.12
±0.00 ±0 ±0.00 ±0.004
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Figure 7b illustrates the resulting Nyquist plots from the EIS measurements performed
on the DSSCs using the CEs above to obtain insight into the variation in FF values. The
spectra were simulated using the matching circuit shown in the inset of Figure 7b, which
contains high-frequency series resistance (Rs). The interfacial charge transfer resistance Rct
and the capacitance of the electrical double layer (CPE1) are related to the RC processes of
the CE/electrolyte interface in the intermediate frequency area. In addition, the interfacial
charge transfer resistance (RR) and capacitance of the depletion layer of the TiO2 electrode
(CPE2) are related to the RC processes of the TiO2 electrode/electrolyte interface in the low
frequency range. The electrocatalytic property of the CE for triiodide reduction may be
assessed, which is defined from the first hemicycle of the EIS spectrum [29]. According to
Table 1, the α-Fe2O3 CE exhibits a greater Rct, suggesting weak electrocatalytic performance
(as also proven by CV outcomes). When the RGO and the α-Fe2O3 are combined, the Rct
decreases from 5.42 Ω to 3.81 Ω. The Rct value of the α-Fe2O3/RGO composites are much
smaller than that of the RGO CE (11.02 Ω). This may be attributable to the integration of
α-Fe2O3’s intrinsic high electrocatalytic activity on the RGO’s highly active electric transport
channel [30]. Nonetheless, the α-Fe2O3/RGO CE has a substantially bigger sum of Rs and
Rct than the Pt CE, leading to a lower FF and η values for the photovoltaic properties of
the DSSCs [31].

3. Materials and Methods
3.1. Synthesis of Materials

First, a solution was prepared by adding 1.3 g FeCl3 (Aldrich, 98%, Shanghai, China)
in 4 mL distilled water. Second, 50 mL distilled water was boiled. Third, the as-prepared
solution (0.5 mL) was added into the boiling distilled water dropwise. Then, the mixture
was kept boiling for several minutes to prepare the Fe(OH)3 sol. GO was manufactured
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from modified graphite oxide (GO), produced from natural scale graphite using a revised
Hummers method technique [32,33]. In a typical synthesis, Fe(OH)3 sol was added drop-
wise to the GO solution (1 mg mL−1) at a volume ratio of 1:2 and then stirred for 30 min.
Next, the mixture was heated to 85 ◦C in a water bath and hydrazine hydrate (Aldrich, 85%,
Shanghai, China) was added into the mixture. Then, an ultrasonication process was applied
for 30 min. After that, the solution was transferred into a Teflon-lined autoclave and heated
at 150 ◦C for 6 h. The comparison mixture was prepared by centrifugation; α-Fe2O3 and
RGO were prepared using the same technique, but without GO and FeCl3, respectively.

3.2. Fabrication of CEs and DSSCs

The CEs were fabricated by a doctor blade technique [34]. In one batch, films of a
certain thickness were made. Comparatively, platinized CEs were made by a thermal
breakdown. The chloro-platinic acid hexahydrate (H2PtCl6·6H2O, Pt ≥ 37.5%, AR, Al-
addin, Shanghai, China) was mixed with isopropanol (C3H8O, ≥99.5%, AR, Aladdin,
Shanghai, China) and the mixture was dropped on the cleaned fluorine-doped tin oxide
(FTO) glass sheets (Nippon Sheet Glass Co., Osaka, Japan, surface resistance = 15 Ω/cm2,
transmittance = 90%) and then heated for 15 min at 390 ◦C.

TiO2 was synthesized by using a sol–gel method [35]. Then, the TiO2 films (ca. 11 µm)
were coated on the FTO glass using the doctor blade technique. The FTO glass coated
with TiO2 was heated at 450 ◦C for 30 min. When the temperature dropped to around
90 ◦C, the electrodes were submerged for 24 h in a dye solution containing 0.5 mM cis-Ru
(H2dcbpy)2 (NCS)2 (H2dcbpy = 4,4′-dicarboxy-2,2′-bipyridyl) (N3) dissolved in ethanol.
After this, the TiO2 photoanodes are complete. The DSSCs were constructed using the
aforementioned TiO2 photoanode, a CE, and a redox electrolyte comprising 0.5 M LiI (AR,
Alfa, Zhengzhou, China), 0.05 M I2 (AR, Alfa), 0.6 M 4-tert-butylpyridine (TBP, >96%,
Tokyo Chemical Industry Co., Ltd. Tokyo, Japan), and 0.6 M 3-hexyl-1-methylimidazolium
iodide (HMII, AR, Alfa, Zhengzhou, China) in 3-methoxypropionitrile (MPN, 99%, GC,
Alfa, Zhengzhou, China). The tested DSSCs were masked to a working area of 0.2 cm2.

3.3. Characterization

XRD (Cu Kαirradiation, D8-ADVANCE, Billerica, MA, USA) was used to analyze
the crystalline structure and state of the samples. At room temperature, Raman spectra
were acquired using a Raman spectroscope meter (Horiba LabRam HR Evolution, Tokyo,
Japan) equipped with a 633 nm laser. Field emission scanning electron microscopy (FE-SEM,
Gemini 300, Oberkochen, Germany) was used to examine the sample morphology (FE-SEM,
Gemini 300, Oberkochen, Germany). The crystal structure was measured by high-resolution
transmission electron microscopy (JEM-F200, Akishima, Japan). The specific sur face area
and total pore volume of samples were determined by the Brunauer–Emmett–Teller (BET)
method, in which the N2 adsorption at −195.8 ◦C was measured using an adsorption
instrument (ASAP 2460, Norcross, GA, USA). The pore size distribution was estimated
based on the desorption isotherm using the Barrett–Joyner–Halender (BJH) method [26].

Utilizing an electrochemical analyzer, cyclic voltammetry (CV) was performed in a
three-electrode setup in an acetonitrile solution containing 0.1 M LiClO4, 10 mM LiI, and
1 mM I2 at a scan rate of 100 mV s−1 (Solartron SI 1287, Illinois, IL, USA). The Ag/Ag+

combination acted as the comparison electrode, while platinum served as the counter elec-
trode. The spectra were fitted by the Zview software. Using an electrochemical workstation
system (Solartron SI 1287, Illinois, IL, USA) in symmetric dummy cells built with two
identical CEs and a scan speed of 50 mV S−1, Tafel polarization studies were performed.
The photocurrent density–voltage (jsc-V) performance of the DSSCs was measured with a
Keithley digital source meter (Keithley 2410, Cleveland, OH, USA) and simulated under
AM 1.5 illumination (100 mW cm−2, Newport 69907). The incident light was calibrated
with a power meter (model 350) and a detector (model 262). Electrochemical impedance
spectroscopy (EIS) was performed on the Solartron SI 1260 frequency response analyzer and
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Solartron SI 1287 electrochemical interface system. The frequency range was 0.1–100 kHz
and the AC voltage was 10 mV.

4. Conclusions

In this work, we demonstrated a novel Pt-free CE made of α-Fe2O3/RGO composites
for DSSCs. The α-Fe2O3/RGO composites were proven to be synthesized successfully via
a facile method as the α-Fe2O3 nanoparticles were found to be dispersed over the RGO
surface. Compared with pure α-Fe2O3 and RGO, the α-Fe2O3/RGO composites have a
larger specific surface area and a more porous microstructure, which provides an advantage
to catalytic reactions. The α-Fe2O3/RGO CE was prepared on an FTO glass-substrate via
the doctor blade process. Comprehensive electrochemical investigations revealed that the
α-Fe2O3/RGO CE exhibited Pt-like electrocatalytic activity for I3

− reduction owing to
the synergistic effect between the inherently high catalytic performance of α-Fe2O3 and
the easy charge transfer properties of RGO. The PCE of the DSSCs constructed with the
α-Fe2O3/RGO CE was 6.12%, up to 88% of that achieved with the Pt CE. Therefore, the
α-Fe2O3/RGO CE is a promising candidate for application as a cost-effective CE material in
Pt-free transparent DSSCs. This work presents a solution that can easily prepare large-scale
DSSCs with low cost, which is expected to improve the possibility of commercialization of
DSSCs in the future.
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Abstract: The modification of inert boron nitride by carbon doping to make it an efficient photocat-
alyst has been considered as a promising strategy. Herein, a highly efficient porous BCN (p-BCN)
photocatalyst was synthesized via precursor reconfiguration based on the recrystallization of a new
homogeneous solution containing melamine diborate and glucose. Two crystal types of the p-BCN
were obtained by regulating the recrystallization conditions of the homogeneous solution, which
showed high photocatalytic activities and a completely different CO2 reduction selectivity. The CO
generation rate and selectivity of the p-BCN-1 were 63.1 µmol·g−1·h−1 and 54.33%; the correspond-
ing values of the p-BCN-2 were 42.6 µmol·g−1·h−1 and 80.86%. The photocatalytic activity of the
p-BCN was significantly higher than those of equivalent materials or other noble metals-loaded
nanohybrids reported in the literature. It was found that the differences in the interaction sites
between the hydroxyl groups in the boric acid and the homolateral hydroxyl groups in the glucose
were directly correlated with the structures and properties of the p-BCN photocatalyst. We expect that
the developed approach is general and could be extended to incorporate various other raw materials
containing hydroxyl groups into the melamine diborate solution and could modulate precursors to
obtain porous BN-based materials with excellent performance.

Keywords: carbon-doped BN; homogeneous; precursor reconfiguration; photocatalysis; selectivity

1. Introduction

Hexagonal boron nitride (h-BN), called “white graphene”, is a versatile material used
in a number of diverse applications due to its thermal conductivity, mechanical strength,
and chemical stability [1–4]. Although h-BN has so many advantages, it is a wide-band
semiconductor (~5.5 eV) and is not suitable for use as a photocatalyst [4]. At present, h-BN
is mainly used as a catalyst support, with its high specific surface areas and active edges
examined in studies on its application as a photocatalyst [5].

Only a few studies have reported that the band gap of h-BN can be adjusted by doping
to make it a suitable photocatalyst [6–10]. Among them, the doped h-BN structures with
carbon atoms have been regarded with particular interest due to their simple preparation
process and superior photocatalytic performance. The precursors of the reported carbon
doping of h-BN (BCN) can be prepared by mechanically mixing a carbon source, boron
source, and nitrogen source together using grinding mechanochemistry methods [8,11–14].
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Manual grinding refines the size of the bulk raw materials into desired sizes; however,
segregation often occurs in the mixing process due to the different densities of the raw
materials, and an unevenly mixed precursor results [15,16]. Moreover, the influence of
mechanical energy on the material properties in the grinding process is very complex
and uncertain, resulting in the formation difficulty in controlling the crystal type and
morphology of the product [17].

However, the chemical synthesis method can effectively avoid the above problems [18,19].
For instance, boric acid and melamine can be dissolved in water to form a homogeneous
solution at high temperatures by this method, which are recrystallized to obtain a melamine
diborate (C3N6H6·2H3BO3, M·2B) hydrogen-bond adduct with a uniform and definite
structure [18,19]. Additionally, M·2B has been used as a highly promising precursor to
porous h-BN nanosheets, with a desirable morphology and function [20,21]. In addition,
glucose in the furanose form, as a polyhydroxy monosaccharide, can react with boric
acid to form boronated complexes [22–24]. Therefore, it is expected that glucose as a
carbon source can react with the boric acid in the M·2B solution to obtain a new precursor
by the rational design, which, upon pyrolysis, could form BCN photocatalysts with a
similar morphology as the porous h-BN nanosheets and with superior performance in the
photocatalytic reaction. Such an insight makes it possible to tailor-make the synthesis of
BCN photocatalysts with the desired properties and structures from the precursor [25].

In this work, a strategy was introduced for preparing precursors with a uniform and
definite structure by recrystallization from a homogeneous solution containing M·2B and
glucose, which was pyrolyzed to synthesize a highly efficient and selectively porous BCN
(p-BCN) photocatalyst. By systematically studying the chemistry of the precursor, it was
found that boric acid reacted with both melamine and a pair of adjacent hydroxyl groups
on the anomeric carbon C(1) and C(2) or terminal carbon C(4) and C(6) of glucose to obtain
the reconfigurated precursors by two cooling modes in the homogeneous solution. The
resultant p-BCN photocatalysts showed two distinct structures with excellent photocatalytic
activities and distinct selectivity for CO2 conversion. This work is a new case of preparing
a high-performance BCN photocatalyst by the recrystallization of a homogeneous solution,
which will provide guidance to optimize precursor modulation so as to fully satisfy the
application design of h-BN-based functional materials.

2. Results
2.1. Characterization of Precursors

The microstructures and composition of the P1 and P2 precursors were studied and
Figure 1a shows the crystallographic character of the samples. M·2B was crystallized in
a monoclinic P21/m space group by single crystal analysis (Table S1 and Figure S1 in
Supplementary Materials) and the I(031)/I(033) values of the XRD of P1 and P2 were lower
than that of the M·2B [19,20]. These results imply that the addition of glucose had an
evident effect on the crystal structure of the M·2B, which may have been caused by the
preferred orientation between the boric acid and the melamine or glucose [19]. Figure 1b
shows the Raman spectra of P1 and P2 in the region of 100~1100 cm−1. Compared with the
M·2B, the broader and stronger peaks for P1 and P2 at 593 cm−1 and 200 cm−1, assigned to
O−B−O bending and O−H twisting, originated from the interaction between the glucose,
boric acid, and melamine, which resulted in an increase in the intermolecular distances
and weaker intermolecular coupling [18]. Meanwhile, the lost intensity of the internal
modes (200~1100 cm−1) with the broadening peaks of both the precursors are attributed
to a random arrangement and distortion within or between the molecules. The properties
and variations of the N−H and O−H stretching modes of the precursors were further
corroborated in the range of 3000~3600 cm−1 (Figure 1c). Since the melamine unit only
utilized two N-donor sites to interact with the four boric acid units in the M·2B [20], the
weak and wide Raman bands centered at 3362 cm−1 and 3298 cm−1 probably correspond
to the stretching modes of the hydrogen-bonded N−H bonds of the melamine, while the
strong bands observed at 3518 cm−1, 3483 cm−1, and 3410 cm−1 are assigned to the free
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N−H bonds of the melamine. Additionally, the O−H stretching mode appeared as weak
broad Raman bands around 3187 cm−1. As displayed in Figure 1c, the relative intensity of
the free N−H bonds in both P1 and P2 became weaker than that in the M·2B, suggesting
that the surplus of the free N−H bonds of the melamine unit reacted with the O−H groups
of the glucose through reconfiguration to form hydrogen bonds, resulting in less exposure
of the free amino groups in the melamine. The N−H···O hydrogen bonds in P1 and P2, with
an increase in the relative intensity of the Raman bands, verified that the O−H bonds of
both the boric acid and glucose molecules could link with the N−H bonds of the melamine
molecules via N−H···O hydrogen bonds. The results indicated that the addition of glucose
had a great influence on the molecular interaction of the M·2B, and the new hydrogen
bonds were formed in P1 and P2.
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Figure 1. (a) Powder XRD patterns. (b,c) Raman spectra in the different wavenumber range. (d) An
enlarged view of the FTIR spectra in the range of 1700~1650 cm−1 for glucose, M·2B, P1, and P2.

The partial enlargement of the FTIR spectra was performed in two different regions to
explicitly investigate the changes in the precursor structures. For P1 and P2, the weak broad
band observed at 3189 cm−1 corresponded to the O−H stretching mode (Figure S2) [18,26],
which became broader with the addition of glucose. In addition to the peak at 1669 cm−1,
which was assigned to −NH2 bending in the range of 1650~1695 cm−1, several new
absorption peaks were also detected in P1. The bands at 1681 cm−1, 1672 cm−1, and
1666 cm−1, which were assigned to the C−OH vibrations of the hemiacetal groups in the
glucose (Figure 1d), shifted to the lower wavenumbers of 1676 cm−1, 1670 cm−1, and
1663 cm−1 in P1, respectively [23]. These results indicate that glucose molecules existed in
P1, and that there may have been hydrogen bonding interactions between the hydroxyl
group of the glucose and the amino group of the melamine. The FTIR spectrum of P2 was
similar to that of the M·2B; there were no C−OH vibrations of the hemiacetal groups in the
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glucose molecules. There were also some obvious differences in the FTIR spectra between
P1 and P2 (Table S2). The results suggested that some of the peaks of P1 and P2 became
broader, less intense, some of them were merged together, and some new peaks were even
detected, inferring that the glucose was not simply mixed with the M·2B but interacted
with the M·2B in P1 and P2 at a molecular level.

The 13C and 11B solid-state MAS NMR spectra are shown in Figure 2. Compared with
the pure melamine, the 13C chemical shifts of the melamine in P1 and P2 decreased to
various degrees because of the hydrogen bonds formed between the melamine and glucose
(Figure 2a). In addition, the 13C chemical shifts of both C(1) and C(2) in P1 and C(4) and
C(6) in P2 were lower than those in the glucose (Figure 2b and Table S3), probably because
of the presence of the boron ester deriving from the reaction between the hydroxyl groups
on C(1) and C(2) or the hydroxyl groups on C(4) and C(6) of the glucose and boric acid in
P1 and P2, respectively [22,27]. Kennedy et al. proved that glucose is mainly complexed
with ortho hydroxyl groups by 11B NMR spectra [28]. This inference was further confirmed
by 11B MAS NMR spectra analysis. The 11B chemical shift δ of the P1 and P2 samples were
lower than that of the M·2B (Figure 2c). Because the electronegativity of the B atoms was
lower than that of the H atoms and C atoms, the chemical shift of the 13C moved to the
high field due to the inductive effect, resulting in a decrease in the 13C chemical shift. On
the contrary, the chemical shift of the 11B moved to the low field due to the inductive effect,
resulting in an increases in the 11B chemical shift. These results indicate that the boric acid
could not only interact with the melamine to form a M·2B supramolecule, but could also
interact with the glucose to form a boron ester. Therefore, the glucose molecules could
combine with the boric acid and melamine through chemical bonding in P1 and P2 with
large intermolecular distances, weak intermolecular coupling, random arrangement, and
distortion, which are favorable for C element doping into the BN lattice to form p-BCN.
Moreover, thermogravimetric (TG) analysis performed in N2 confirmed that the temperatures
of the endothermic peaks of P1 (150 ◦C) and P2 (167 ◦C) were different due to the difference
in the hydrogen bonds of P1 and P2 in comparison with the M·2B (Figure S3) [29].
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Figure 2. (a,b) 13C Solid-state MAS NMR spectra of M·2B, P1, and P2. Arabic numerals in inset of
(b) represent the location of carbon of glucose. (c) 11B Solid-state MAS NMR spectra, * denotes
spinning side band.

2.2. Characterization of p-BCN Photocatalysts

Figure 3a is a typical TEM image of the p-BCN-1 fibers with a diameter of 0.73 ± 0.40 µm
(Figure S4a). It clearly discerns that the p-BCN-1 contained a high-density and uniform
porous structure in sizes ranging from 10~20 nm (Figure S4b), which was similar to that of
the p-BN (Figure S5a,b). The high-resolution TEM image (Figure 3b) presents the lattice
fringes with a measured interspacing of 0.35 nm, accompanied by the selected area electron
diffraction (SAED) pattern of the p-BCN-1 (inset of Figure 3a). It was found that the scarcely
observed diffraction patterns suggested the poor crystallinity of the p-BCN-1. These results
indicate that the p-BCN-1 had both a turbostratic and amorphous structure [12,25]. The
p-BCN-2 displayed a non-uniform pore structure (Figure 3c) which was probably formed
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via bubbles blown by the gas released from the decomposition of the P2 precursor during
calcination. Notably, the hexagonal phase (002) planes with a broader lattice fringe of
0.37 nm and the cubic phase (111) planes with a lattice fringe of 0.22 nm are clearly seen
in Figure 3d, respectively [30]. It can be inferred that the composition and structure of P1
and P2 played an important role in the microstructure of the p-BCN. The p-BCN-1 and
p-BCN-2 basically maintained the high porosity and amorphous structure of the p-BN,
which facilitated the reactant diffusion and accommodated the linkage of the reactant
transport channels to the catalytic active sites [31].
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A N2 adsorption/desorption isotherm and the corresponding pore size distribution of
the samples were performed, and the results are summarized in Table S4. It was clearly
found that the p-BN, p-BCN-1, and p-BCN-2 all showed a type IV isotherm with an H4
hysteresis loop (Figure 4a). The rapid growth at a low p/p0 and the typical hysteresis loop
observed at a higher p/p0 region proved the existence of micropores and mesopores [25,32].
It is noteworthy that the p-BCN-1 and p-BCN-2 exhibited a high Brunauer–Emmett–Teller
(BET) surface area of 918 m2·g−1 and 730 m2·g−1, respectively, which can provide abundant
active adsorption sites [33]. Furthermore, the characteristic pore sizes of the p-BCN-1 and
p-BCN-2 were ca. 22 nm, accompanied by a decrease in the amount of micropores at ca.
2 nm (Figure 4b). Therefore, the morphology of the p-BCN slightly changed in comparison
with that of the p-BN. However, their pore size distributions were changed significantly,
which further shows that the chemistry of the P1 and P2 precursors had an effect on the
structure of the p-BCN.
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calculated by the BJH method of samples.

The X-ray diffraction (XRD) patterns of the samples are shown in Figure 5a. The
diffraction peaks of the p-BN located at 25.6◦ and 42.9◦ can be ascribed to the (002) and (100)
planes of the h-BN (PDF JCPDS No 34-0421), respectively. The p-BCN-1, obtained by P1
being calcinated at 900 ◦C, possessed the same crystal structure as the p-BN (Figure S6). The
2θ values of the (002) and (100) planes of the p-BCN-1 correspond to those of the p-BN,
indicating that the basic characteristic structure of the h-BN was well maintained in the
p-BCN-1 materials. The p-BCN-2 sample displayed a lower 2θ value of the (002) plane
and a higher interlayer distance than those of the p-BN. These results confirmed that the
precursor reconfiguration with the glucose had an effect on the crystal structure of the
p-BCN. Figure 5b shows the Raman spectra of the p-BN, p-BCN-1, and p-BCN-2. Only one
single peak at 1372 cm−1 was observed in the p-BN, assigned to the E2g mode vibration of
the h-BN [34,35]. Two strong peaks centered at 1347 and 1595 cm−1 in the p-BCN-1 were
observed. Because the E2g mode of the h-BN and the D band of the carbon were very close,
we tended to think that the peak at 1347 cm−1 was the overlap of the above two peaks,
and the peak at 1595 cm−1 can be ascribed to the G band of the carbon materials [36,37].
A red shift of the G band (1595 cm−1) in the p-BCN-1 was observed compared with the
pure graphene (1580 cm−1), which originated from the structural distortion of the graphitic
carbon with different bond lengths of B−N, C−B, and C−N [33]. The Raman peak located
at 1855 cm−1 was related to the coalescence-inducing mode (CIM) vibration of the linear
carbon chains, which could be detected in the carbon tube materials induced by the boron
atoms [38]. The Raman spectrum of the p-BCN-1 also showed two bands at 2125 and
2283 cm−1, corresponding to the C−C and C−N symmetric stretching modes [39]. These
results show that the C atoms were incorporated within the h-BN network. The peaks at
1595, 1855, 2125, and 2283 cm−1 in the p-BCN-1 were the same as those in the p-BCN-2.
However, two weak peaks around 1083 cm−1 and 1306 cm−1 in the p-BCN-2 may be
ascribed to the cubic BN (c-BN) [40], inferring that in addition to the hexagonal phase, a
new cubic phase emerged in the p-BCN-2 due to the reaction of the boric acid with the
terminal carbon C(4) and C(6) hydroxyl groups of the glucose in P2.
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Figure 5. (a) Powder XRD patterns and (b) Raman spectra of p-BN, p-BCN-1, and p-BCN-2.

The FTIR spectra of the p-BN, p-BCN-1, and p-BCN-2 samples are shown in Figure 6.
The FTIR spectra confirmed that the intrinsic structure of the BN could not be formed in the
p-BCN-1 until the calcination temperature of P1 reached 900 ◦C (Figure S7). Compared with
that of the p-BN, the position of the in-plane stretching band of the p-BCN-1 shifted from
792 cm−1 to 799 cm−1, while the out-of-plane B−N bending band shifted from 1380 cm−1

to 1388 cm−1, respectively (Figure 6a). It may be the disruption of the B−N−B bond by
the C element due to the conjugative effect of the C−N−B bond [33,41] which lead to a
vibration at a higher wavenumber. The position of the in-plane B−N stretching band of
the p-BN was consistent with that of the p-BCN-2, while the peak assigned to the out-
of-plane B−N bending band at 792 cm−1 for the p-BN blue shifted to 772 cm−1 for the
p-BCN-2 (Figure 6b). Due to the typical overlap of the C–N with the B–N bands around
1100~1300 cm−1, the peaks assigned to the C–N bonds faded. The FTIR spectra of the
p-BCN-2 also exhibited absorption at 2850 cm−1 and 2922 cm−1, which was assigned to
C–H stretching vibrations [42], revealing the presence of an amorphous hydrogenated
carbon (α-C:H) in the p-BCN-2. Those results probably led to the vibration of the in-plane
B−N stretching bands at a lower wavenumber [43]. The possible chemical composition of
the p-BCN-2 is illustrated in the inset of Figure 6b. Compared with the p-BCN-2, the sp3

amorphous hydrogenated carbon band assigned to the C–H stretching vibrations was not
found in the p-BCN-1 (Figure S7). The sp2 hybridization of the carbon was in the p-BCN-1
while the sp3 was in the p-BCN-2. The broad bands of the samples ranging from 3100 cm−1

to 3450 cm−1 could be assigned to B−OH and B−NH2, indicating that there were the same
B−OH and B−NH2 active groups in the p-BCN-1 and the p-BCN-2 as the p-BN.
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The XPS spectra are shown in Figure 7. The B 1s spectra show, for both samples,
two components centered at 189.9 eV and 190.8 eV, assigned to the sp2 of the B–C–N and
B–N bonds (Figure 7a,b) [44]. The shoulder peak located at 192.1 eV corresponds to the
edges or interfacial B atoms dangling bonds linked with –OH [45]. The deconvolution
of the C 1s peaks shows that the p-BCN-1 exhibited a stronger preference of carbon to
form new bonds with the B atoms than the p-BCN-2, as clearly observed from the intensity
of the peaks at 284.1 eV assigned to C–B (Figure 7c,d) [8,11]. However, compared with
the p-BCN-1 and p-BCN-2, for the deconvoluted spectra of the B 1s and C 1s, there were
no B–C peaks in the p-BN (Figure S8a,b). Meanwhile, the presence of the B–C–N bonds
suggests that hybridized atomic layers were formed in the p-BCN-1 and p-BCN-2. The
relative atomic percentage calculated by the XPS data indicated that the contents of the
B–N bonds were considerably higher than those of the B–C and C–N bonds (Table S5),
indicating that the p-BCN-1 and p-BCN-2 retained the main structure of the p-BN.
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Figure 7. XPS high-resolved spectra of (a) B 1s and (b) C 1s of p-BCN-1 and (c) B 1s and (d) C 1s of
p-BCN-2, respectively.

Solid-state MAS NMR spectroscopy was employed to obtain a closer insight into
the chemical environment of the p-BN, p-BCN-1, and p-BCN-2 (Figure 8). As displayed
in Figure 8a, the 1H MAS NMR spectrum of the p-BN consisted of two distinct peaks
centered at 6.9 and 4.1 ppm, which could be tentatively ascribed to –OH and –NH2 groups,
respectively [46]. After the precursor reconfiguration with glucose, the 1H MAS NMR
spectrum of the as-prepared p-BCN-1 showed three signal peaks; two peaks appeared
at 6.7 and 4.9 ppm along with a small peak at 3.7 ppm. The signal at 3.7 ppm can be
assigned to –NH2 groups. The signals at 6.7 and 4.9 ppm, similar to those of the p-BN,
can be attributed to –OH and–NH2 groups due to the inductive effect stemming from the
electronegativity of the C element [8]. When the N atoms in the BN were replaced by the
C atoms, there were less electrons around the C–B–OH (6.7 ppm) bonds compared with
those of the N–B–OH bonds in the BN. Similarly, after the B atoms in the BN were replaced
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by the C atoms, the electrons around C–NH2 (4.9 ppm) were much richer than the B–NH2
bonds in the BN. The only one peak that appeared at 6.9 ppm in the p-BCN-2 was assigned
to the –OH group. Figure 8b shows the 11B MAS NMR spectra of the samples. There
was a single main signal at 17.7 ppm assigned to B in trigonal coordination (turbostratic
B3N3) due to the B element’s nature of sp2 hybridization in the p-BN, as already reported
by Marchett’s group [47]. In addition, a small resonance at ca. −4.0 ppm was detected,
indicating the presence of a small quantity of 4-coordinate boron (BO4) in the p-BN [47,48].
Compared with the p-BN, the 11B position of the p-BCN-1 shifted slightly (0.2 ppm), which
was probably because a small amount of C atoms reduced the chemical shielding of the
boron atoms in the 3-coordinate boron compounds. In other words, some N atoms in
the BN domains were partly substituted by C atoms, leading to a change in the chemical
environment of the p-BCN-1. However, the 11B spectrum of the p-BCN-2 showed mainly
two signals at 16.6 ppm and 1.5 ppm, which correspond to the B in the h-BN and c-BN,
respectively. This result indicates that both h-BN and c-BN were found in the p-BCN-2.
The 13C MAS NMR spectra of the samples are displayed in Figure 8c. The peak at ca.
158 ppm was assigned to the sp2 C–N bonds, which originated from C3N3 rings with a
similar electron density [49] and were also detected in the p-BCN-1 and p-BCN-2. This may
have been because there were still parts of the carbon atoms from the melamine remaining
in the samples [50]. The new peaks centered at 187.9 and 176.8 ppm were detected in the
p-BCN-1 and p-BCN-2, respectively, which could account for the sp2 B–C bonds [51]. The
presence of the h-BN and c-BN phases in the p-BCN-2 can be connected with the difference
in the chemical shift of the B–C bonds between the p-BCN-1 and p-BCN-2. It was also
further confirmed that the C atoms were doped into the BN for the p-BCN, providing
insights into the chemical bonding scheme within the two p-BCN materials. According to
the above results, an illustration of the as-synthesized p-BCN-1 and p-BCN-2 is exhibited
in Figure 8d.
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XPS and NMR have often been used to validate the C doping of BCN, but the location
of the C species on the plane has been vaguely described [8]. Herein, electron energy loss
spectroscopy (EELS) was employed to probe the location of the C species in the p-BCN
(Figure 9) since the light elements (B, C, N, and O) in p-BCN can be detected by EELS
with the same resolution as TEM. The EELS of the p-BCN-1 obviously exhibited four
distinct absorption peaks located at ~195, 295, 414, and 533 eV, which corresponds to the
K-shell ionization edges of boron, carbon, nitrogen, and oxygen elements, respectively
(Figure 9a). The sharp doublet of the 1s–π* and 1s–σ* K edges of the B and N are in
accordance with those of the h-BN, which are characteristic peaks for the sp2 hybridized
B−N bonds, confirming that the intrinsic hexagonal structure of the h-BN still remained in
the p-BCN-1 [8,52]. The C–K peak of the p-BCN-1 at ~295 eV in areas one, two, and three
were observed, and the peak intensity along the edges of the p-BCN-1 was weak. However,
the closer the area was to the center, the stronger the C–K peak intensity was. In addition,
the signal C–K (π*) and C–K (σ*) also demonstrated rather perfect sp2 bonding with the B
and N for the C positions [8], confirming the introduction of C dopants into the BN lattice.
The EELS of the p-BCN-2 obviously exhibited three distinct absorption peaks located at
~195, 295, and 414 eV, which correspond to the K-shell ionization edges of the boron, carbon,
and nitrogen elements, respectively, and no O–K peak was detected (Figure 9b). The C–K
peak of the p-BCN-2 at ~295 eV only in areas one and two were observed. The C–K peak
intensity along the edges of the p-BCN-2 was strong. However, the closer the area was
to the center, the weaker the C–K peak intensity was. The signal C–K (σ*) demonstrated
an sp3 hybridization with the B and N for the C positions, which is consistent with the
FTIR analysis. The 1s–π* and 1s–σ* peaks corresponding to the B–K edge and N–K edge in
area three confirmed that the intrinsic hexagonal structure of the h-BN still remained in
the p-BCN-2. Based on the results, the structures of the p-BCN-1 and p-BCN-2 changed
dramatically, which is attributed to the unique structures of the P1 and P2 precursors.
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Figure 9. EELS mappings of (a) p-BCN-1 and (b) p-BCN-2. The Arabic digits on the yellow arrow
represent the location of the tested sample, and the Arabic digits on the spectrograms represent the
EELS mappings determined at the corresponding location of samples.

The UV–vis diffuse reflectance spectrum (DRS) of the as-prepared p-BN, p-BCN-1, and
p-BCN-2 are shown in Figure 10. The obvious color variation of these samples corresponds
to the absorbance curves (inset of Figure 10). It was observed that the p-BN sample
was white and so nearly 100% transmittance throughout visible spectra occurred. The
p-BCN-1 was dark gray and had enhanced absorption throughout the visible spectra by
the modification of carbon atoms (Figure S9). The color of the p-BCN-2 was a mixture of
white and dark grey; the absorption intensity was only slightly broadened compared with
that of the p-BN. The absorption peak at 212 nm is attributed to the band gap transition
absorption of the h-BN phase in the p-BN, which disappeared in the p-BCN-1 and p-BCN-2,
indicating that bonding occurred among the B, C, and N atoms. Compared with the peak at
252 nm in the p-BN, the broad absorption peak at 243 nm in the p-BCN-1 and at 259 nm in the
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p-BCN-2 were observed, which can be attributed to the resonant exciton effects due to the π-π*
transition that occurred for the samples [42]. Moreover, a new absorption peak appeared at
330 nm in the p-BCN-1, which is associated with defects such as vacancies and impurities [53].

Catalysts 2022, 12, 555 11 of 19 
 

 

the p-BCN-1 and p-BCN-2 changed dramatically, which is attributed to the unique struc-
tures of the P1 and P2 precursors. 

 
(a) (b) 

Figure 9. EELS mappings of (a) p-BCN-1 and (b) p-BCN-2. The Arabic digits on the yellow arrow 
represent the location of the tested sample, and the Arabic digits on the spectrograms represent 
the EELS mappings determined at the corresponding location of samples. 

The UV–vis diffuse reflectance spectrum (DRS) of the as-prepared p-BN, p-BCN-1, 
and p-BCN-2 are shown in Figure 10. The obvious color variation of these samples corre-
sponds to the absorbance curves (inset of Figure 10). It was observed that the p-BN sample 
was white and so nearly 100% transmittance throughout visible spectra occurred. The p-
BCN-1 was dark gray and had enhanced absorption throughout the visible spectra by the 
modification of carbon atoms (Figure S9). The color of the p-BCN-2 was a mixture of white 
and dark grey; the absorption intensity was only slightly broadened compared with that 
of the p-BN. The absorption peak at 212 nm is attributed to the band gap transition ab-
sorption of the h-BN phase in the p-BN, which disappeared in the p-BCN-1 and p-BCN-
2, indicating that bonding occurred among the B, C, and N atoms. Compared with the 
peak at 252 nm in the p-BN, the broad absorption peak at 243 nm in the p-BCN-1 and at 
259 nm in the p-BCN-2 were observed, which can be attributed to the resonant exciton 
effects due to the π-π* transition that occurred for the samples [42]. Moreover, a new ab-
sorption peak appeared at 330 nm in the p-BCN-1, which is associated with defects such 
as vacancies and impurities [53]. 

 
Figure 10. UV–vis diffuse reflectance spectra of p-BN, p-BCN-1, and p-BCN-2 samples. 

As calculated by the Tauc plot method from the DRS spectra and the VB values 
(Figure S10), the energy levels (Figure S11) show that the bandgaps of the p-BCN-1 and 
p-BCN-2 narrowed with the addition of the C atoms from 3.57 eV of the p-BN to 2.97 eV 

200 300 400 500 600 700 800
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

p-BCN-1
p-BCN-2
p-BN

A
bs

or
ba

nc
e 

(a
.u

.)

Wavelength (nm)

21
2 

nm
 

259 nm 

252 nm 

243 nm 

carbon impurity
330 nm 

Figure 10. UV–vis diffuse reflectance spectra of p-BN, p-BCN-1, and p-BCN-2 samples.

As calculated by the Tauc plot method from the DRS spectra and the VB values
(Figure S10), the energy levels (Figure S11) show that the bandgaps of the p-BCN-1 and
p-BCN-2 narrowed with the addition of the C atoms from 3.57 eV of the p-BN to 2.97 eV
and 3.28 eV. Considering that the electronegativity of the C element was lower than the
N element but higher than the B element, the dopant atoms underwent a charge transfer
with the atoms through the B–C and N–C bonds, which in turn altered their electronic
structure [54,55]. Furthermore, as shown in Figure 11a, the higher transient photocurrent
response was observed for the p-BCN-1 and p-BCN-2 in contrast to the p-BN. This result
demonstrated the more efficient separation of the photogenerated electron holes at the
p-BCN interface, owing to the donation of the carbon doping in the p-BCN [7]. The
electrochemical impedance spectroscopy (EIS) in Figure 11b displayed that the p-BCN-1 and
p-BCN-2 composites exhibited a much smaller diameter of the semicircular Nyquist plots
compared with that of the p-BN, revealing that the decreased electron transfer resistance
in the p-BCN-1 and p-BCN-2 could effectively promote the interface charge transport
compared with the p-BN.
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2.3. Photocatalytic CO2 Reduction Performance of p-BCN

The photocatalytic CO2 reduction performances of the p-BN, p-BCN-1, and p-BCN-2
were studied as displayed in Figures 12 and S12. The p-BN sample exhibited a very poor
photocatalytic performance of a CO2 reduction reaction with a H2 generation rate of 0.78
µmol·g−1·h−1, and H2 was the only product. However, for the p-BCN-1, the products
included not only 69.4% CO but also 21.4% H2 and 9.2% CH4, and their generation rates
were 63.1 µmol·g−1·h−1, 19.4 µmol·g−1·h−1, and 8.4 µmol·g−1·h−1, respectively. Remark-
ably, CO instead of H2 became the main product of the CO2 conversion. The selectivity
of the CO, CH4, and H2 was 54.33%, 28.97%, and 16.70%, respectively, which means that
CO2 was more likely to reduce into CO than CH4 and H2. With the coexistence of the
two-phase structure in the p-BCN-2, the products of the CO2 reduction reaction were
94.4% CO and 5.60% CH4 over the p-BCN-2, and their generation rates were 42.6 and
2.52 µmol·g−1·h−1, respectively. Moreover, no H2 products were observed. The selectivity
of the p-BCN-2 for CO was improved significantly (80.86% for p-BCN-2 and 54.33% for
p-BCN-1, Figure 12), indicating that the p-BCN-2 had a higher catalytic selectivity for CO2
reduction to CO in comparison with the p-BCN-1. Meanwhile, as shown in Table 1, the
photocatalytic CO2 reduction performances of the p-BCN-1 and p-BCN-2 were signifi-
cantly higher than those of equivalent materials or other noble metals-loaded nanohybrids
reported in the literature. These results indicate that the formation of p-BCN-1 with a
hexagonal (h) type can significantly promote CO2 conversion, while the formation of
p-BCN-2 with an h type and cubic (c) type can not only improve CO2 conversion, but also
remarkably improve the CO selectivity.
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Table 1. Photocatalytic CO2 reduction performance of different photocatalysts in the presence of H2O.

Photocatalysts
Formation Rate (µmol·g−1·h−1)

CO CH4 H2

BN [56] 0 - 0.7
O/BN [56] 12.5 - 3.3
g-C3N4 [57] 0.1 0.07 1.0

TiO2 [58] 1.2 0.38 2.1
Pt-TiO2 [58] 1.1 5.2 33
Pd-TiO2 [58] 1.1 4.3 25
Rh-TiO2 [58] 0.62 3.5 18
Au-TiO2 [58] 1.5 3.1 20
Ag-TiO2 [58] 1.7 2.1 16

Porous BN [59] 1.17 - -
p-BN a 0 0 0.78

p-BCN-1 a 63.1 8.4 19.4
p-BCN-2 a 42.6 2.52 -

a this work.
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Based on the above characterization and analysis results, as shown in Figure 13,
p-BCN with different crystal structures can be prepared by regulating the recrystallization
conditions of the homogeneous precursor solution. Condition (I): The P1 precursor was
prepared when boric acid reacted with both melamine and the hydroxyl groups on the
C(1) and C(2) of glucose according to cooling in bath ice. The resultant p-BCN-1 sample
with a homogeneous h-type crystal was successfully developed by the calcination of P1.
Condition (II): The P2 precursor was prepared when boric acid reacted with both melamine
and the hydroxyl groups on the C(4) and C(6) of glucose according to natural cooling.
A p-BCN-2 sample with an h-type and c-type coexistent crystal was developed by the
calcination of P2. Furthermore, the differences between P1 and P2 were found to be directly
correlated with the photocatalytic performance of the p-BCN.
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A Strong Electron paramagnetic resonance (EPR) signal was detected at a magnetic
field of ~3503 G with a calculated g-value of 2.0033 in the p-BCN-1 and 2.0034 in the
p-BCN-2 (Figure 14). This implies the presence of free electrons along with the substitution
of B or N with C atoms in a BN lattice in the p-BCN and an increase in the density state
of conduction band electrons from the electron donation by C atoms [7,60]. The N atom
had one extra electron in comparison with the substituted C atom, which resulted in the
presence of unpaired electrons after the in-plane bonding with the B atoms in the p-BCN.
The free electrons promoted electron separation to improve photocatalytic CO2 reduction
activity. As a comparison, no such resonance peak was observed for the p-BN. In addition,
the difference in the photocatalytic activity and selectivity between the p-BCN-1 and p-
BCN-2 under simulated solar irradiation depends on the energy band structure [61]. It
was reported that the required energy for the conversion of CO2 into CO, CH4, and H2
production is −0.52 eV, −0.24 eV, and −0.41 eV (vs. NHE), respectively [62,63]. The main
factors influencing the selectivity of photocatalytic CO2 reduction reactions include light-
excitation attributes, band structures, charge separation efficiencies, and so on. Here, the
position of the CB of the p-BCN-1 (−1.65 eV) was more negative than that of the p-BCN-2
(−0.77 eV), resulting in the p-BCN-1 having a higher reduction potential to drive charge
transfer. Moreover, the band gap of the p-BCN-1 (2.97 eV) was narrower than that of the
p-BCN-2 (3.28 eV), making the p-BCN-1 absorb a wider wavelength of light and produce
more photogenerated electrons. Additionally, more free electrons caused by C doping in the
p-BCN-1 improved the charge separation efficiency. Therefore, the higher surface density
of the photogenerated electrons in the p-BCN-1 was more conducive to the occurrence of
CO2 reduction reactions, producing higher reduced state products. When the p-BCN-1 and
p-BCN-2 photocatalysts were excited by the same incident light, on one hand, the faster
and more photogenerated electrons transfer made a more complete reduction reaction in
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the p-BCN-1, while on the other hand, the greater energy level difference between the
CB of the p-BCN-1 and the reduction potential of the reaction product (CO, CH4, and
H2) provided a stronger driving force for the charge transfer between them. However,
there were not enough electrons in the p-BCN-2 to reduce the H+ to H2 and to, in turn,
improve the selectivity of the CO. As a result, photocatalytic performance tests indicated
that the CO and CH4 production yields of the p-BCN-1 were significantly higher than
those of the p-BCN-2, but the selectivity of the CO of the p-BCN-1 was lower than that of
the p-BCN-2. Furthermore, the p-BCN provided a high surface area for CO2 adsorption
and abundant active sites at the edges of the p-BCN for the reduction reaction. A possible
photocatalytic CO2 reduction mechanism of the p-BCN photocatalysts was proposed and
is shown in Figure 14. “*” is the adsorption state at the surface of the photocatalysts. The
surfaces of the catalysts adsorbed the CO2 molecules. Firstly, the p-BCN-1 effectively
absorbed the UV–vis light and generated electron holes. Secondly, the holes on the VB
of the p-BCN-1 oxidized H2O to generate OH and protons (H+). Thirdly, CO2* reacted
with photogenerated electrons and H+ to reduce into CO*. Fourthly, CO* combined with
photogenerated electrons and H+ to form CH4. Lastly, the photogenerated electrons and H+

were further reduced to H2. The process of the photocatalytic reduction of the CO2 of the
p-BCN-2 is similar to that of the p-BCN-1. However, there were not enough photogenerated
electrons in the p-BCN-2 to reduce H+ to H2. Therefore, H+ could not be reduced to H2.
Furthermore, the catalytic performance and selectivity of the CO2 reduction of the p-BCN
were also correlated with its phase structure, which will be the focus of our future research.
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Figure 14. The possible scheme of p-BCN-1 and p-BCN-2 for photoreduction of CO2 under simulated
solar irradiation.

3. Materials and Methods
3.1. Materials

Melamine (M), boric acid (B), and D-glucose (G) were obtained from Shanghai Aladdin
Biochemical Technology Co., Ltd., Shanghai, China. All chemicals were used as received
without further purification. Deionized water was used in the experiment.
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3.2. Synthesis of C-Doped BN (p-BCN)

The p-BCN samples were prepared by a two-step-synthesis method using melamine,
boric acid, and glucose as the source materials, which is based on the previous preparation
method of p-BNNS [25]. Firstly, the solution was prepared at 95 ◦C upon mixing 18.92 g
of melamine (M, N source), 18.55 g of boric acid (B, B source), and 13.5 g of D-glucose (G,
C source) in 1000 mL deionized water. Subsequently, the transparent and homogeneous
solution was heated at 90 ◦C for 6 h. The mixture precursor solution was labeled as
M·2B·G. The solid precursor named P1 was obtained by the prompt recrystallization from
the homogeneous solution in an ice bath (Figures S13 and S14a) then was filtered and
dried at 70 ◦C for 24 h. Secondly, P1 was pyrolyzed at 300 ◦C for 1 h, 550 ◦C for 1 h, and
900 ◦C for 2 h under a N2 atmosphere (a heat rate of 2 ◦C·min−1) to obtain a sample named
p-BCN-1. Meanwhile, the solid precursor named P2 was obtained by recrystallization from the
homogeneous solution via natural cooling to room temperature (Figures S13 and S14b). The
p-BCN-2 was prepared by calcining P2 under the same conditions. Figure 15 and Figure S13
describe the preparation process of the p-BCN-1 and p-BCN-2 samples by different cooling
modes. As a comparison, when the glucose was removed, the p-BN sample was further
prepared by calcining the M·2B precursor under the same condition as P2.
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4. Conclusions

In summary, p-BCN photocatalysts were synthesized by the pyrolysis of new precur-
sors prepared by the recrystallization of a homogeneous solution with M·2B and glucose.
This experimental study suggests that the two precursors were obtained from the reactions
between boric acid and specific hydroxyl groups (on anomeric carbons C(1) and C(2) or on
terminal carbons C(4) and C(6)) of glucose during the recrystallization of the homogeneous
solution. The chemical composition and structure of the precursors could be remarkably
changed by adjusting the recrystallization conditions of the homogeneous solution, leading
to the resultant p-BCN products with distinctly different structures and properties. The
resultant p-BCN-1 sample with a homogeneous h-type crystal and a p-BCN-2 sample with
an h-type and c-type crystal exhibited excellent photocatalytic activity and high selectivity
for CO2 conversion, respectively, accompanying with the changes in the structure and
properties of the p-BCN, such as narrowing the band gap, broadening the range of visible
light absorption, promoting the interface charge transport, and efficiently separating photo-
generated electron holes. This work provides a novel strategy to modulate precursors to
design and develop BN-based materials with superior performance and to broaden the
potential applications of BN-based materials.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12050555/s1, Experimental details for the apparatus and
characterization, and photocatalytic performance test for CO2 reduction. Table S1. Crystal data and
structure refinement for M·2B; Figure S1. Arrangements of melamine and boric acid molecules in
the crystal of M·2B; Figure S2. (a) Raman and FTIR spectra of M·2B (black line), P1 (red line), and
P2 (blue line): (b) in the 500~4000 cm−1 region: (c) in the 3000~3600 cm−1 region; Table S2. Spectral
data (cm−1) and band assignments of M·2B, P1 and P2; Table S3. Chemical shifts of 13C of glucose,
P1, and P2; Figure S3. TGA thermograms of M·2B, P1 and P2 samples: (a) from 40 to 1000 ◦C in N2;
(b) from 40 to 300 ◦C in N2; and (c) DSC curves of M·2B, P1, and P2 samples from 40 ◦C to 1000 ◦C in
N2; Figure S4. (a) The SEM image of p-BCN-1, inset: the diameter distribution histogram. (b) HRTEM
image of p-BCN-1; Figure S5. Morphologies of the p-BN: (a) TEM (scale bar: 500 nm); (b) HRTEM
(scale bar: 10 nm); and (c) Measured the layer distance of the red rectangle of (b); Table S4. Physical
and textural properties of p-BN, p-BCN-1, and p-BCN-2; Figure S6. Powder XRD patterns of calcined
product p-BCN-1 of the P1 at different temperatures; Figure S7. FTIR spectra of the calcined product
p-BCN-1 of P1 at different temperatures; Figure S8. XPS high-resolved spectra of p-BN, (a) B 1s and
(b) C 1s; Table S5. The peak position and relative atomic percentage of various functional groups in
p-BN, p-BCN-1, and p-BCN-2 samples; Figure S9. UV–vis diffuse reflectance spectra of the calcined
product p-BCN-1 of P1 at different temperatures; Figure S10. (a) Plots of ε0.5/λ versus 1/λ based on
the optical absorption data from p-BN, p-BCN-1, and p-BCN-2 samples, respectively. VB-XPS spectra
of (b) p-BN, (c) p-BCN-1, and (d) p-BCN-2; Figure S11. Schematic illustration of the band structures of
p-BN, p-BCN-1, and p-BCN-2 samples; Figure S12. Photocatalytic activities over the p-BN, p-BCN-1,
and p-BCN-2 samples: (a) CO production, (b) H2 production, and (c) CH4 production; Figure S13.
Photographic synthesis of the p-BCN samples by two different cooling modes; Figure S14. Cooling
curves of (a) P1 and (b) P2. [18,20,33,61,64]
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