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Photocatalytic CO2 Reduction with Efficient Charge Transfer
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Abstract: The green and clean sunlight-driven catalytic conversion of CO2 into high-value-added
chemicals can simultaneously solve the greenhouse effect and energy problems. The controllable
preparation of semiconductor catalyst materials and the study of refined structures are of great
significance for the in-depth understanding of solar-energy-conversion technology. In this study, we
prepared nitrogen-doped NiO semiconductors using a one-pot molten-salt method. The research
shows that the molten-salt system made NiO change from p-type to n-type. In addition, nitrogen
doping enhanced the adsorption of CO2 on NiO and increased the separation of photogenerated
carriers on the NiO. It synergistically optimized the CO2-reduction system and achieved highly active
and selective CO2 photoreduction. The CO yield on the optimal nitrogen-doped photocatalyst was
235 µmol·g−1·h−1 (selectivity 98%), which was 16.8 times that of the p-type NiO and 2.4 times that
of the n-type NiO. This can be attributed to the fact that the nitrogen doping enhanced the oxygen
vacancies of the NiOs and their ability to adsorb and activate CO2 molecules. Photoelectrochemical
characterization also confirmed that the nitrogen-doped NiO had excellent electron -transfer and
separation properties. This study provides a reference for improving NiO-based semiconductors for
photocatalytic CO2 reduction.

Keywords: NiO; nitrogen doping; photocatalysis; reduction of CO2

1. Introduction

The rapid development of current society has increased the consumption of non-
renewable fossil fuels. Human beings have to face the problem of energy shortages, and
the resulting large emissions of CO2 are also an important cause of global warming [1–4].
Currently, using sustainable solar energy to photocatalytically reduce CO2 in high-value-
added products is a promising way to simultaneously solve the greenhouse effect and the
energy crisis [5,6]. Therefore, it is very important to design and synthesize photocatalysts
with low pollution, high efficiency, and low cost [7,8].

As an environmentally friendly transition-metal-oxide semiconductor, NiO has excel-
lent conductivity, good chemical stability, and non-toxicity, and it has broad application
prospects at the nanoscale [9,10]. At the same time, it is considered to be a semiconductor
that can be used for CO2 photoreduction due to its sufficiently negative conduction band
position, fast hole mobility, and high charge-carrier concentration [11]. However, due to
the high recombination degree of photogenerated carriers, the separation efficiency of
electrons and holes in the reaction process is low, which greatly weakens the reactivity [12].
In addition, wide-band-gap NiO semiconductor catalysts can only use about 3–5% of solar
ultraviolet light, resulting in the low efficiency of the photocatalytic reduction of CO2,
limiting the application of NiO in photocatalysis [13]. Therefore, NiO is often used as a
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co-catalyst to improve photocatalytic performance and encourage the efficient separation
of photoelectrons and holes [14]. For example, NiO can significantly improve the pho-
tocatalytic hydrogen-production performance of SrTiO3, TiO2, Nb2O5, Ga2O3, and other
photocatalysts [15]. However, the activity was generally low in the reported photocatalytic
reduction of CO2 by NiO [16,17]. Therefore, NiO is usually modified by different methods
to improve the photocatalytic performance [18].

Since NiO has suitable conduction band (CB) and valence band (VB) positions, it
often forms heterostructures with many semiconductors. Zhang et al. [19] prepared an
S-type BiOBr/NiO heterojunction. The experiment showed that the layered structure
of BiOBr/NiO increased the light-absorption and charge-separation performance, and
it improved the redox ability of BiOBr/NiO. In addition, the NiO-layered porous-sheet
structure was conducive to the adsorption of CO2, exposing abundant active sites for CO2
photoreduction, thus achieving excellent CO2 photoreduction performance. Moreover,
Park et al. [20] prepared a single-layer hollow-sphere photocatalytic material (h-NiO-NiS)
of NiO and NiS by partially replacing O with S on NiO hollow spheres. The construction of
this heterojunction greatly enhanced the CO2-adsorption capacity and increased the transfer
of excited electrons from the NiS to the surface along the hollow spheres. The efficient
transfer of electrons led to the prolongation of the photogenerated charges’ recombination
times, which further increased the conversion of CO2 to CH4.

Moreover, charge separation can be increased by adjusting the electronic structure of
NiO, thereby improving its CO2 photoreduction activity. Xiang et al. [21] constructed ultra-
thin NiO nanosheets with different oxygen-vacancy concentrations to achieve efficient CO2
photoreduction performance. Density functional theory calculations and CO2-temperature
programmed desorption experiments confirmed that moderate oxygen vacancy concen-
trations achieved a strong combination of the material surface with CO2, enhanced the
adsorption and activation of CO2, and encouraged effective charge transfer. By contrast,
the excessive oxygen-vacancy content reduced the binding affinity of the CO2; thus, the
appropriate regulation of oxygen-vacancy content is an effective means to achieve a NiO
electronic structure that is suitable for CO2 photoreduction. In addition, the construction
of a ternary bridging structure is also an important method to increase the separation of
photoelectrons and holes. For example, Park et al. [22] introduced reduced graphene oxide
(rGO) into the NiO-CeO2 p-n heterostructure, which accelerated the separation and transfer
of photogenerated electrons, and the surface of the material accumulated electrons more
easily, thus improving the photocatalytic activity of the CO2 multi-electron reduction.

In addition, heteroatom doping is an effective method with which to adjust the elec-
tronic structures of catalysts and has been extensively studied [23–26]. However, compared
with anion doping, cation doping produces more harmful electron–hole recombination
centers. Because oxygen and nitrogen show similar chemical, structural, and electronic
characteristics, such as polarizability, electronegativity, coordination number, and ionic
radius, when other elements (such as N 2p) with higher potential energy than O 2p atomic
orbitals are introduced, new VBs instead of O 2p atomic orbitals can be formed, resulting in
smaller Ebg without affecting the CB level, thereby improving the visible-light response [27].
Therefore, non-metallic-element-N doping is a preferable way to improve the photocatalytic
CO2-reduction effect of NiO. Furthermore, it is also important to choose the appropriate
doping method. The molten-salt method of element doping is an efficient and low-cost
method because its molten-salt liquid environment can make the element distribution more
uniform, and the treatment process before and after the reaction is very simple [28].

In this research, NiO semiconductor catalysts with different nitrogen-doping contents
were prepared using a molten-salt calcination method, and the CO2-reduction activity was
tested in a bipyridine ruthenium/triethanolamine heterogeneous catalytic system excited
by different wavelengths of light [29]. The phase composition, band structure, optical
properties, and surface morphology of the doped NiO semiconductor were researched
through a series of characterizations. The enhancement mechanism of the photocatalytic
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performance was discussed, and the possible mechanism of the photocatalytic process
was analyzed.

2. Results and Discussion
2.1. Phase Structure

As shown in Figure 1a, all of the samples corresponded to standard NiO (JCPDS
PDF#47-1049), and no impurity phase was detected via XRD. The diffraction peaks at
2θ = 37.2◦, 43.3◦, 62.9◦, 75.4◦, and 79.4◦ corresponded to the (111), (200), (220), (311), and
(222) crystal planes of the NiO, respectively [30]. In addition, the doping of the N signifi-
cantly enhanced the crystallinity of the sample, which was more conducive to the migration
and separation of photogenerated charges [31]. By enlarging the range of 2θ = 41–45◦

(Figure 1b), it was found that the doping of N made the (200) crystal plane of the N-NiO-x
shift by a small angle. This is because the radius of the N was different from those of
the Ni and the O. After the N doping into the lattice of the NiO, the Ni–O bond became
compressed and stretched to a certain extent, resulting in a change in the crystal-plane
spacing, which showed the shift in the crystal plane’s diffraction angle macroscopically [32].
The average particle diameters of the samples calculated by the Scherrer equation are
shown in Table S1. It was found that the calculated results of the NiO and N-NiO-2 were
similar to the results of the SEM (Figure 2a,b). The particle diameter of the pure NiO was
smaller and more uniform than that of the N-NiO-2. The doping of the N made the NiO
agglomerate and the particle diameter increased.

Molecules 2023, 28, x FOR PEER REVIEW 3 of 18 
 

 

excited by different wavelengths of light [29]. The phase composition, band structure, op-
tical properties, and surface morphology of the doped NiO semiconductor were re-
searched through a series of characterizations. The enhancement mechanism of the pho-
tocatalytic performance was discussed, and the possible mechanism of the photocatalytic 
process was analyzed.  

2. Results and Discussion 
2.1. Phase Structure 

As shown in Figure 1a, all of the samples corresponded to standard NiO (JCPDS 
PDF#47-1049), and no impurity phase was detected via XRD. The diffraction peaks at 2θ 
= 37.2°, 43.3°, 62.9°, 75.4°, and 79.4° corresponded to the (111), (200), (220), (311), and (222) 
crystal planes of the NiO, respectively [30]. In addition, the doping of the N significantly 
enhanced the crystallinity of the sample, which was more conducive to the migration and 
separation of photogenerated charges [31]. By enlarging the range of 2θ = 41–45° (Figure 
1b), it was found that the doping of N made the (200) crystal plane of the N-NiO-x shift 
by a small angle. This is because the radius of the N was different from those of the Ni 
and the O. After the N doping into the lattice of the NiO, the Ni–O bond became com-
pressed and stretched to a certain extent, resulting in a change in the crystal-plane spacing, 
which showed the shift in the crystal plane’s diffraction angle macroscopically [32]. The 
average particle diameters of the samples calculated by the Scherrer equation are shown 
in Table S1. It was found that the calculated results of the NiO and N-NiO-2 were similar 
to the results of the SEM (Figure 2a,b). The particle diameter of the pure NiO was smaller 
and more uniform than that of the N-NiO-2. The doping of the N made the NiO agglom-
erate and the particle diameter increased. 
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2.2. Microstructure

The microstructure information of the NiO and N-NiO-2 were collected using SEM and
TEM. As shown in Figure 2a, the NiO appeared in the form of nanospheres, and the particles
were evenly distributed. After the introduction of the N-element doping, the surface of
the sample became irregular and agglomerated (Figure 2b). In addition, the TEM images
showed that the N-NiO-2 was stacked in sheets and irregularly distributed (Figure 2c),
which was similar to the SEM results. Furthermore, as shown by the high-resolution-TEM
imagery in Figure 2e–f, it was found that there were lattice-fringe-spacing values of d = 0.22
and 0.24 nm in the N-NiO-2, which corresponded to the (200) and (111) crystal planes of
the NiO, respectively. No lattice fringes of impurity phases were detected, indicating that
the N doping did not form impurity phases on the surface of the NiO. It is worth noting
that the formation of oxygen defects in the sample macroscopically showed the edge of the
defect band [33]. In addition, the element-mapping spectra in Figure 2g–j show that the Ni,
O, and N elements were uniformly distributed without impurity elements.
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2.3. Optical Properties

The optical absorption spectrum was used to characterize the absorption characteristics
of the sample to different wavelengths of light. In general, the larger the maximum
absorption wavelength, the wider the spectral response of the semiconductor, but this
causes the narrowing of the band gap of the semiconductor, which may further lead to a
reduction in the redox performance in the photocatalytic process [34]. Therefore, it was
necessary to balance the excitation wavelength and redox performance of the light-excited
semiconductor. As shown in Figure 3a, the DRS showed that the maximum absorbance
of all the samples was concentrated within a range of 200–350 nm. However, after the N
doping, the original black NiO was transformed into yellowish brown N-NiO-x (Figure S1);
thus, the absorption of the N-NiO-x in the visible range was weakened. In addition, the
absorption peaks of the N-NiO-x at about 390 nm and 470 nm were attributed to the N 2p
band introduced by the N doping [35]. The weak absorption band around 600 nm belonged
to the defect band [36]. The other absorption peaks at 380–500 nm and the peak around
720 nm correspond to the NiO itself [37].
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The band gap of the sample can be calculated according to the Kubelka–Munk
equation [38]:

(αhv)1/n = A(hv− Eg), (1)

where α is the absorption coefficient, hv is the light energy, A is a constant, Eg is the band
gap, the direct band-gap semiconductor n is 1/2, and the indirect band-gap semiconductor
n is 2. According to the literature, NiO is a direct band-gap semiconductor, and n is 1/2.
Through drawing a (αhv)2-hv diagram and linearly fitting the curve from the intercept to
estimate the Eg of the sample, the results were obtained and they are shown in Figure 3b. It
can be seen that the optical absorption of the NiO weakened after the introduction of the N
doping into the NiO lattice; on the other hand, the doping of N made the band-gap value
of the NiO change from 3.07 to 3.23 eV, and the wider band gap improved the reduction
performance of the NiO.

2.4. Surface Chemical States

In the XPS full spectra of the N-NiO-2 shown in Figure S2a, Ni and O elements were
present, and no obvious N element was found, which may have been due to the low
doping amount. In the C 1s spectrum (Figure S2b), the peaks at 284.8 eV, 286.2 eV, and
288.8 eV corresponded to the C-C, C-O, and C=O of the external carbon source, respectively.
Figure 4a corresponds to the energy spectrum of the Ni element. The characteristic peaks
of the NiO at the binding energies of 853.6 and 872.0 eV corresponded to Ni 2p3/2 and Ni
2p1/2, respectively, corresponding to Ni2+. In addition, the binding energies of 860.6 and
870.7 eV corresponded to the satellite peaks of Ni 2p [39]. However, compared with the
NiO, the Ni 2p characteristic peak of N-NiO-2 shifted 0.59 eV in the direction of increased
binding energy, indicating a decrease in the electron-cloud density of the Ni element [40].
This may have been due to the fact that the electronegativity of N is larger than that of
Ni, and electrons are more easily attracted by the N element. In addition, it can be seen
in Figure 4b that the O 1s were fitted to the three peaks of OI, OII, and OIII with binding
energies of 529.2 eV, 531.2 eV, and 531.9 eV, respectively, corresponding to Ni-O lattice
oxygen, the hydroxyl oxygen of the adsorbed water on the sample surface and oxygen
defects, respectively [41–43]. Compared with the NiO, the oxygen defects of the N-NiO-2
increased from 4.9% to 10.4% (Table 1). The increased oxygen defects were more conducive
to electron capture, thereby promoting the separation of photogenerated charges [44].
Moreover, the binding energy of 400.0 eV (Figure 4c) corresponded to the N 1s peak,
indicating the successful doping of the N element [45].
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Table 1. The XPS fitted peak area and oxygen-defect ratios on NiO and N-NiO-2.

Samples
Oxygen Species

Ni–O O–H OV OV Ratio

NiO 64,587 44,182 5635 4.9%
N-NiO-2 67,586 73,293 16,352 10.4%

2.5. CO2-Photoreduction Performance

Using a LED lamp as the light source, the prepared samples were tested for CO2-
photoreduction activities. As shown in Figure 3, it was found by liquid chromatography
and gas chromatography that the product had no substances other than CO and H2. As
shown in Figure 5b, the T-NiO exhibited extremely low CO2-reduction activity under
365 nm of light, with a CO yield of 14 µmol·g−1·h−1 and a selectivity of 39%, while the
prepared NiO exhibited higher CO yield (95 µmol·g−1·h−1) and selectivity (82%) under
molten-salt conditions. Furthermore, when N-doping was introduced into the NiO, the
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CO yield increased to 235 µmol·g−1·h−1 and the selectivity increased to 98%. As shown in
Figure 5a, with the increase in the N content, the yield and selectivity of the CO increased
gradually and reached its maximum on the N-NiO-2. In addition, in order to research the
photon-utilization rate of the prepared samples, the activity tests were carried out under
420-nanometer and 550-nanometer light sources, and the results are shown in Figure 5c. In
order to investigate the necessary conditions of the reaction system in the catalytic process,
a control experiment was also carried out. It can be seen from Figure 5d that only trace
products were detected under the conditions of no Ru, no catalyst, the use of N2 instead of
CO2, no light, and no TEOA, indicating that the CO did arise from the reduction of CO2
in the system, not from the decomposition of the catalyst, and any changes in the reaction
system greatly affected the catalytic activity.
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In order to further explore the light-utilization efficiency of the system under the irra-
diation of different wavelengths of light, the 2-hour CO yield of the N-NiO-2, the calculated
apparent quantum efficiency (AQE) value, and the optical power of the corresponding
wavelength were determined, and they are listed in Table 2. It can be seen from the table
that the AQE reached 2.4% at 365 nm, indicating that the activity corresponded to the
energy of the light.
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Table 2. Optical power, CO yield, and AQE of the N-NiO-2 at different wavelengths under 2 h
of illumination.

Wavelength (nm) Optical Power (mW) CO Yield (µmol·g−1·h−1) AQE (%)

365 456.4 235.5 2.4
420 358.7 48.2 0.5
550 59.2 1.3 0.06

2.6. Evaluating the Separation Performance of Photogenerated Carriers

In order to explore the photogenerated charge-separation abilities of the prepared
samples and investigate the resistance during charge transport, photoelectrochemical tests
were carried out. As shown in Figure 6a, the N-NiO-x exhibited an enhanced photocurrent
response, indicating that the N doping increased the separation of the photogenerated
carriers [46]. On the other hand, the electrochemical impedance spectra of the samples
(Figure 6b) showed that the doping made the charge-transfer resistance of the NiO smaller,
so that the electrons participated in the catalytic reaction more efficiently [47]. In addi-
tion, the laws of the photocurrent and the impedance were consistent with the activity
law, which also indicated that the charge transfer was the decisive factor in the catalytic
activity. Furthermore, the photoluminescence spectra of the prepared samples are shown in
Figure 6c. At the excitation wavelength of 250 nm, all the samples showed emission peaks
at about 400 nm, which came from the composite luminescence of the photogenerated
carriers. The fluorescence-response values of the N-doped samples were weakened, indi-
cating that the degree of recombination of the photogenerated electrons and holes reduced,
resulting in more effectively separated electrons, improving the catalytic performance of
the photocatalytic reduction system [48].
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The EPR spectra of the samples at room temperature (Figure 7) revealed the presence
of defects in the samples. The Lorentzian linear resonance peaks at g = 2.002 indicated
the presence of unpaired electrons in the samples [49–51]. The results of the EPR and XPS
showed that there were oxygen defects in the samples. The higher Lorentz resonance signal
indicated that the N-NiO-2 had more oxygen defects than the NiO, which indicated that the
molten-salt system effectively introduced oxygen defects into the NiO, and the presence of
N could further increase the formation of oxygen defects. The presence of oxygen defects
formed an electron-capture trap in the semiconductor, which encouraged the separation of
electrons and holes [52]. The CO2 combined with the accumulated electrons in the defects
and was reduced to support the improvement in the reaction performance.
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2.7. Energy-Band Structure

In order to study the energy-band structures and redox properties of the prepared
samples, the flat band potentials of the samples were tested via photoelectrochemical Mott–
Schottky (M–S) analysis. As shown in Figure 8a, the T-NiO exhibited the characteristics
of a p-type semiconductor [53], while the NiO in a molten-salt environment (Figure 8b)
exhibited the characteristics of an n-type semiconductor [54], indicating that the molten salt
encouraged the transformation of the NiO semiconductor type. The surface of the T-NiO
itself was rich in holes, so it showed p-type characteristics. The reduction environment in
the molten-salt atmosphere encouraged the formation of oxygen vacancies on the surface of
the NiO, further enriching it with surface electrons to realize electron doping. Furthermore,
the flat-band potentials of the NiO and N-NiO-2 were −0.75 V and −0.85 V (vs. Ag/AgCl
pH = 7), respectively, which corresponded to −0.55 V and −0.65 V (vs. NHE pH = 7),
respectively, as shown in Figure 8b,c. In general, the conduction band of the n-type
semiconductors was about 0.1 V more negative than the flat-band potential [55], so the
conduction band of the N-NiO-2 was reduced from −0.65 V to −0.75 V (vs. NHE pH = 7).
This indicates that the N doping reduced the conduction-band position of the NiO and
enhanced the reducibility of the reaction. In addition, the valence-band position of the
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N-NiO-2 was 2.45 V, according to the band-gap diagram obtained through the optical
absorption spectrum.
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2.8. Possible Reaction Mechanism

Figure 9 shows the physical adsorption isotherms of the CO2 on the prepared samples.
Compared with the pure NiO, the adsorption capacity of the N-NiO-x materials for the
CO2 increased first and then decreased with the increase in the N content, and it reached
a maximum with the N-NiO-2 sample, which was consistent with the order of reactivity.
These results show that the N doping increased the adsorption of CO2 on the surface of
the NiO, and the combination of electrons with CO2 on the surface of the NiO facilitated
the photoreduction performance of the CO2, indicating that the adsorption of CO2 was the
decisive factor in the activity.

The possible mechanism of the whole reaction is shown in Figure 10. Under illu-
mination, the N-NiO-x semiconductor became excited, and it produced electron–hole
pairs (e−–h+). Subsequently, the excited electrons in the conduction band of the N-NiO-x
transferred to the defect energy level and accumulated there. The holes accumulated in
the valence band were consumed by triethanolamine (TEOA), and the TEOA oxidized
to diethanolamine and glycolaldehyde. At the same time, Ru(bpy)3

2+ activated to the
excited state of Ru(bpy)3

2+* under light irradiation and was then quenched by the TEOA
to form Ru(bpy)3

+. Subsequently, the electrons of the Ru(bpy)3
+ were transferred to the
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conduction band of the NiO, and further accumulated at the defect level, and the Ru(bpy)3
+

was oxidized to the initial state, Ru(bpy)3
2+. Furthermore, CO2 molecules combined with

the excited-state electrons accumulated at the N-NiO-x defect level and protons in water
and converted into the product, CO.
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3. Experimental Section
3.1. Materials

The used chemicals were nickel nitrate hexahydrate (Ni(NO3)2·6H2O, Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China), sodium hydroxide (NaOH, Shanghai
Aladdin Biochemical Technology Co., Ltd., Shanghai, China), anhydrous lithium chloride
(LiCl, Shanghai McLean Biochemical Technology Co., Ltd., Shanghai, China), potassium
chloride (KCl, Xilong Science Co., Ltd., Shantou, China), urea (CH4N2O, Shanghai McLean
Biochemical Technology Co., Ltd., Shanghai, China), [Ru(bpy)3]Cl2·6H2O(Shanghai McLean
Biochemical Technology Co., Ltd., Shanghai, China), triethanolamine (TEOA, Xilong
Science Co., Ltd., Shantou, China) and acetonitrile (MeCN, Xilong Science Co., Ltd.,
Shantou, China). All chemicals were analytically pure and could be used directly without
purification after purchase.

3.2. Synthesis of Precursor Ni(OH)2

Precursor Ni(OH)2 was prepared by a simple precipitation method: a total of 10 mmol
Ni(NO3)2·6H2O was dissolved in 40 mL of deionized (DI) water under magnetic stirring,
after which 20 mmol of NaOH was added when the solid was completely dissolved. After
30 min of stirring, the precipitate was collected by filtration, washed once with 10 mL
of deionized (DI) water and anhydrous ethanol, and dried at 60 ◦C for 8 h to obtain
precursor Ni(OH)2.

3.3. Synthesis of NiO

The 5 mmol of precursor Ni(OH)2 was fully ground with 2.7 g of LiCl and 3.3 g of
KCl and then calcined at 400 ◦C for 3 h. After the reaction, the bulk was fully dissolved in
DI water and filtered, after which it was washed several times with DI water and ethanol
alternately before drying at 60 ◦C for 8 h to obtain NiO. For comparison, traditional P-type
NiO (T-NiO) was obtained by directly calcining Ni(OH)2.

3.4. Synthesis of N-NiO-x

With urea as the nitrogen-doping source, excessive urea was added to the reaction
to reduce the effect of volatilization. The preparation process of nitrogen-doped NiO was
as follows: a total of 5 mmol of precursor Ni(OH)2, m g urea (m = 0.2,0.3,0.4,0.5), 2.7 g of
LiCl, and 3.3 g of KCl were fully ground and then calcined at 400 ◦C for 3 h. The bulk after
reaction was fully dissolved in appropriate DI water and filtered, after which it was washed
several times with DI water and ethanol alternately and dried at 60 ◦C for 8 h to obtain
N-NiO-x (x is 1, 2, 3, 4). Nitrogen and oxygen contents over N-NiO-2 were determined by
inert-gas-fusion technique using a nitrogen-and-oxygen elemental analyzer (LECO Corp.,
TC-436AR, St. Joseph, USA). The carbon content was obtained by carbon–sulfur analyzer.
The ratio of C over N-NiO-2 was 0.02 wt% (probable error), which was negligible compared
with 2.03 wt% N and 19.21 wt% (Table S2).

3.5. Photocatalytic CO2 Reduction

In this research, the catalytic performances of the samples were evaluated for CO2-
reduction activity. The light source was an 80-watt LED lamp (illumination wavelengths
were 365 nm, 420 nm, 550 nm, Zhenjiang Yinzhu Chemical Technology Co., Ltd., Zhenjiang,
China). Typically, 30 mg of the catalyst, 5 mg of [Ru(bpy)3]Cl2·6H2O (denoted as Ru), 3 mL
of MeCN, 2 mL of H2O, and 1 mL of TEOA were added to a 50-milliliter quartz reactor.
Before the start of the reaction, the reactor was first vented with pure CO2 for 30 min in the
dark, in order to make the reaction system reach the adsorption saturation of CO2; next,
1 mL of gas was extracted every 2 h under illumination and injected into a chromatographic
system (H2 and CO were detected by thermal-conductivity detector and flame-ionization
detector, respectively).
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The CO selectivity was calculated using the following formula:

CO Selectivity (SCO) =
YCO

YCO + YH2
(2)

where YCO and YH2 represent the yields of CO and H2, respectively.
Furthermore, the optical powers at different wavelengths were measured via an optical

power meter, with a probe area of 1 × 1 cm2 to contact light. The light-irradiation area
was 2.5 × 2.5 cm2. The apparent quantum efficiency (AQE) was calculated using the
following formula:

AOE =
2 × the number o f evolved CO molecules

N
(3)

N =
Eλ

hc
(4)

where
N: the number of incident photons;
E: the accumulated light energy in the given area (J);
λ: the wavelength of the light;

h: Planck’s constant (6.626 × 10−34 J·s);
c: the velocity of light (3 × 108 m·s−1).

3.6. Characterizations

The phase structure of the material was measured using X-ray diffraction (XRD, Cu Kα,
λ = 0.15406 nm, Bruker D8 Advance). The microstructure and element distributions of the
prepared samples were evaluated using scanning-electron microscopy (SEM, FESEM ZEISS
sigma 500, Oberkochen, Batenwerburg, GER), transmission-electron microscopy (TEM,
JEM-2100F), and energy-dispersive X-ray spectroscopy (EDX). The X-ray photoelectron
spectra (XPS, Thermo Fisher, K-Alpha, Waltham, MA, USA) were examined to study the
chemical states of the elements. The UV–Vis diffuse-reflectance spectra (DRS, Shimadzu
UV-2600, Kyoto, Japan) were examined using BaSO4 as the reference standard, in order
to study the optical absorption properties of the samples. The vacancy-defect state in the
photocatalyst was analyzed with electron paramagnetic resonance (EPR, Bruker ER200-SLC,
Billerica, MA, USA) measurement at room temperature. The CO2 adsorption at 273 K under
ice–water-mixture conditions was studied on an automatic physical adsorption instrument
(ASAP 2020, Norcross, Georgia, USA). Steady-state fluorescence (PL) spectra detected the
reintegration of exposed electron–hole pairs at an excitation wavelength of 250 nm with
a fluorescence spectrometer (FLS 980, Edinburgh, Scotland). Photoelectrochemical mea-
surements were carried out in a three-electrode system on an electrochemical workstation
(Shanghai Chenhua CHI-660E, Shanghai, China) using 0.1 mol/L Na2SO4 or 0.1 mol/L
K3Fe(CN)6/K4Fe(CN)6 buffer solution as the electrolyte solution, Ag/AgCl as the reference
electrode, Pt wire as the auxiliary electrode, and indium-tin-oxide conductive glass (ITO) as
the working electrode (10 mg of the sample was dissolved in 3 drops of ethanol, including
10 µL of nafion solution, after which the solution was subjected to ultrasound for 40 min to
completely disperse the sample, with an effective loading area of 0.25 cm2).

4. Conclusions

In summary, NiO semiconductors doped with non-metallic nitrogen were successfully
prepared using a molten-salt method. Compared with the p-type NiO, the reduction
performance of the n-type NiO was improved. Furthermore, the photoreduction of CO2 by
the n-type NiO was more efficient with N doping. The improvement in the photocatalytic
performance of the NiO semiconductor doped with non-metallic nitrogen was mainly due
to three factors: (1) the molten-salt atmosphere increased the transformation of the p-type
NiO to n-type and the conduction-band position met the potential requirements for CO2
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reduction, thus enhancing the reduction performance; (2) the nitrogen doping increased the
adsorption and activation of CO2 on the surface of the NiO semiconductor, and realized
the rapid conversion of CO2; 3) the defect-energy level induced by the oxygen defects
increased the transfer and separation of electrons, and the CO2 obtained electrons at the
oxygen defects more easily and reduced. This research provides a new reference for solving
the insufficient reduction performance of p-type NiO, as well as a new control method for
inhibiting the photogenerated charge recombination of n-type NiO semiconductors.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28062435/s1, Table S1: Average particle diameters of
the samples; Table S2: The contents of C and N obtained by carbon-sulfur analyzer and nitrogen-
oxygen elemental analyzer; Figure S1: Photos of NiO and NiO-x; Figure S2: XPS survey spec-
tra (a) and C 1s spectra (b) of N-NiO-2; Figure S3: TCD (a) and FID (b) of gas chromatogram;
(c) Liquid chromatogram.
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Abstract: The development of photoelectrode materials for efficient water splitting using solar energy
is a crucial research topic for green hydrogen production. These materials need to be abundant,
fabricated on a large scale, and at low cost. In this context, hematite is a promising material that
has been widely studied. However, it is a huge challenge to achieve high-efficiency performance
as a photoelectrode in water splitting. This paper reports a study of chemical vapor deposition
(CVD) growth of hematite nanocrystalline thin films on fluorine-doped tin oxide as a photoanode for
photoelectrochemical water splitting, with a particular focus on the effect of the precursor–substrate
distance in the CVD system. A full morphological, structural, and optical characterization of hematite
nanocrystalline thin films was performed, revealing that no change occurred in the structure of the
films as a function of the previously mentioned distance. However, it was found that the thickness of
the hematite film, which is a critical parameter in the photoelectrochemical performance, linearly
depends on the precursor–substrate distance; however, the electrochemical response exhibits a
nonmonotonic behavior. A maximum photocurrent value close to 2.5 mA/cm2 was obtained for a
film with a thickness of around 220 nm under solar irradiation.

Keywords: hematite; chemical vapor deposition; thin film; water splitting

1. Introduction

Hematite is an attractive semiconductor material for photoelectrochemical and pho-
tocatalytic purposes due to its stability, abundance, and environmental compatibility, as
well as its suitable bandgap and valence band edge position [1–3]. Moreover, this oxide
shows a high potential for commercial application in water splitting since its theoretical
solar-to-hydrogen efficiency (STH) is as high as 12.9% [1,3,4]. In general, hematite ex-
hibits an n-type semiconducting behavior, which can be due to the tendency of hematite
to become oxygen-deficient, irrespective of the preparation method [1]. Unfortunately,
because hematite presents a weak optical absorption coefficient, small carrier mobility, and
a short hole diffusion length, the illuminated hematite electrodes normally exhibit poor
efficiency as photoanodes in water oxidation [5,6]. However, many studies have indicated
that nanocrystalline morphology could be one way to overcome those limitations and
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increase the photon-to-current yield by minimizing the distance that minority carriers must
diffuse before reaching the interface and contacts [1,7–10]. In addition, the large surface
area exhibited by the nanostructured semiconductors is important in photoelectrochem-
ical devices due to the large number of catalytic sites [3,7,11–13]. Additionally, the nano
structuration facilitates the incorporation of other nanomaterials or atoms that improve
the catalytic performance [14–18]. Several techniques have been investigated for the syn-
thesis of hematite nanocrystalline thin films: thermal evaporation [19], aqueous chemical
growth [20], spray-pyrolysis [10,21,22], sol-gel [23], and electrodeposition methods [1,8,13].
A low-cost and solvent-free method for preparing semiconducting thin films well-suited
for the preparation of nanostructures is chemical vapor deposition (CVD) [24,25]. In the
last years, several research groups have employed the CVD technique to obtain iron oxide
thin films. Thermal CVD synthesis of α-Fe2O3 thin films by using different iron precursors
such as carbonyls, alkoxides, and β-diketonates has been reported [24–31]. However, it is
still necessary to achieve a deep understanding of the hematite thin film growth by CVD in
order to develop efficient photoelectrodes for solar photoelectrochemical water splitting.

This work reports a study of the CVD growth process of hematite thin films onto
fluorine-doped tin oxide (FTO) substrates by using the ferrocene organometallic compound
as an iron precursor. A complete morphological and structural characterization of the
hematite films was carried out using scanning electron microscopy (SEM), energy disper-
sive X-ray spectroscopy (EDS), Raman spectroscopy, X-ray photoelectron spectroscopy
(XPS), and X-ray diffraction (XRD). An optical characterization with a thorough analy-
sis was performed due to the importance of this property for the previously mentioned
application. Finally, the photoelectrochemical response of the films was evaluated, and
the dependence of the distance between the precursor and the substrates in the CVD
system was studied in order to find the optimal fabrication condition that maximized the
photoelectrochemical response.

2. Results and Discussion
2.1. Morphological and Structural Characterization of the Hematite Thin Films

Nanostructured hematite thin films on FTO substrates were obtained by CVD using
ferrocene as precursor in a two-step method. The substrates were located at 10, 14, 18, and
22 cm from the source of the precursor, as shown in Figure 1.
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Figure 1. Scheme of the CVD system. Two quartz plugs were placed inside the quartz tube to
establish the reaction zone. At the gas entrance (from left to right), was placed a quartz plug, at 10 cm
from it was placed the boat with the precursor. The FTO substrates were located 10, 14, 18, and 22 cm
from the boat. In the gas exit, a second plug was located (12 cm away from the last substrate). It
is important to notice that the plugs do not seal the tube, they only obstruct the flow out from the
reaction zone.

It was observed that samples decreased in transparency at the same time as the distance
of the precursor, called “x”, increased (see Figure 1). Differences in color and transparency
of the electrodes can be observed in Figure S1 in the Supplementary Materials. Figure 2
shows SEM images of hematite films grown by CVD on FTO substrates at different values
of position X. Figure 2a–d corresponds to 45-degree tilted view micrographs of samples
prepared at the positions of 10, 14, 18, and 22 cm, respectively. Figure 2e–h corresponds to
cross-section micrographs of the same set of samples. From this set of images, it is observed
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that the thickness and morphology of the film depend on the position of the substrate in
the CVD system.
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Figure 2. (a–d) correspond to 45-degree tilted view SEM micrographs of samples prepared at the
positions 10, 14, 18, and 22 cm, respectively. In (d), Z1 and Z2 denote two different zones of the sample,
the zone with hematite and the zone of bare FTO, respectively. (e–h) correspond to cross-section SEM
micrographs of the same set of samples. (i) Plot of the film thickness (determined by the cross-section
micrograph) as a function of their distance to the precursor.
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The morphology of the film consists of nanostructures joined to each other, giving
the impression that growth in the form of bunches, where the upper ends could have the
same origin. So, it could be possible to note that the growth mechanism followed a similar
behavior to the one proposed in the Stranski–Krastanov model, where the interaction of the
adsorbed atoms among them was similar to that of the adsorbed atoms with the substrate
surface [9,32]. In this case, after forming one or more monolayers, subsequent layer growth
became unfavorable, and islands were formed [33].

From the cross-section SEM micrographs (Figure 2e–h), it is observed that the thickness
of the hematite films rises as the distance between the substrate and the precursor increase.
By measuring the different thicknesses in the cross-section micrographs, it was observed
that the FTO has a thickness of 315 nm, and the hematite films have thicknesses of 362,
222, 122, and 29 nm for the electrodes prepared at the positions of 10, 14, 18, and 22 cm,
respectively. The plot of the film thickness as a function of their distance to the precursor is
shown in Figure 2i. The hematite film thickness depends almost linearly on the precursor–
substrate distance. The reason for this is that the employed CVD reactor included two
quartz plugs, one at the entrance and the other at the exit of the tube reactor (see Figure 1).
The purpose of these quartz plugs was to maintain the precursor confined inside the
reaction chamber in the zone where the temperature is uniform. However, the presence of
these plugs, particularly the outlet plug, jams the gas flow outlet, resulting in an increasing
precursor concentration towards the end of the reactor tube. As a consequence of that, the
thickness of the grown films follows this concentration gradient.

The dispersive energy X-ray spectroscopy (EDS) analysis, performed under the same
conditions for all samples, showed mainly that the percentage of iron in the film rose as
their thickness increased (Table S1 in the Supplementary Materials).

Raman spectroscopy was performed in the range of 150–900 cm−1, where the iron
oxides and the hematite exhibit their characteristic vibration modes. Figure 3a shows
the Raman spectra of the hematite films prepared at 10, 14, 18, and 22 cm, and of the
FTO substrate. Seven main resonances can be observed in the hematite film spectra with
intensities that increase at the same time that the thickness of the film increases. The peaks
located at 227 cm−1 and 498 cm−1 were assigned to the A1g vibrational modes, and the
peaks in 247, 294, 301, 412, and 613 cm−1 were assigned to the Eg vibrational modes of
the hematite phase of iron oxide [19,26,34]. This analysis confirmed that the annealing
treatment for 30 min at 550 ◦C was suitable to fully transform the initial iron precursor
films to hematite. The peak at 660 cm–1 has been previously found in hematite. Initially,
some researchers attributed this peak to the maghemite or magnetite presence. However,
recent publications showed that this resonance has its origin in a Raman-forbidden LO Eu
mode, activated through disorder-induced symmetry breaking. This structural disorder
can be found in nanostructured systems, or in our case, in nanocrystalline thin films [35].

XPS spectra of the hematite films grown at 14, 18, and 22 cm are shown in Figure 3b.
The signals associated with Fe and O are clearly identified in the spectra, and with lower
intensity, the adventitious carbon is also present. High-resolution measurements of Fe2p
and O1s are shown in Figure 3c,d, respectively. The shape of these signals is very similar
between the films. Figure 3e,f presents the Fe2p and O1s signals of the film grown at 18
cm and fitted using the software Multipack (the fits for the other films are shown in Figure
S2). The binding energy (BE) of peaks associated with Fe 2p1/2 and Fe 2p3/2 are 724.5 and
710.9 eV, respectively. These BE values are characteristic of the Fe(III) in hematite, which
is also consistent with the BE of the peak associated with the Fe(III)–O bond in the signal
O1s, which is 529.3 eV [3,23,36]. The Raman and XPS results confirm that the films are
composed of hematite.
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In order to study the structural properties of the hematite films, X-ray diffraction
experiments have been carried out. Figure 4 shows the X-ray diffraction patterns of films
prepared at positions 14, 18, and 22 cm. It can be seen that all diffraction peaks (except the
peaks of the substrate), can be indexed to the rhombohedrally centered hexagonal structure
of Fe2O3 (α-Fe2O3, hematite), which are in agreement with standard reported values [37],
see JCPDS pattern at the bottom of each panel in Figure 4. All samples are polycrystalline,
and the broadening of the diffraction peaks demonstrates the nanocrystalline character of
nanostructured α-Fe2O3 layers. An average crystallite size could be obtained using the
Scherrer formula for the crystallite size broadening of diffraction peaks:

D =
kλ

βcosθ
(1)
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where k = 0.94, λ is the X-ray wavelength, θ is the Bragg angle, and β is the FWHM of the
diffraction peak [38]. By applying the above-mentioned Scherrer equation, typical crystallite
size values of ca. 25 nm were estimated from (110) diffraction peak for the hematite films,
irrespective of the position in the CVD reactor. Moreover, it can be appreciated in the
XRD diffraction patterns depicted in Figure 4, that in contrast to the powder diffractogram
α-Fe2O3 JCPDS pattern, the relative intensity of the (110) plane, is anomalous with respect
to the other planes, evidencing a preferred crystallographic orientation along the (110)
direction axis vertical to the substrate [5]. Therefore, this indicates that the hematite films
grow along the (110) crystallographic direction (energetically most favorable [39]), that is,
the growth axis is along the c direction [40]. It is worth mentioning that this preferential
orientation is the best one for the hematite structure with good electrical conductivity [5],
and it is good for the photoelectrochemical process, where the electron can flow through
the (001) basal plane (due to anisotropic conductivity of hematite iron oxide [6]), to the back
contact, and the hole can still hop laterally between (001) planes to reach the electrolyte
interface [2,5].
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Figure 4. X-ray diffraction patterns of hematite films grown at (a) 14 cm, (b) 18 cm, and (c) 22 cm.
JCPDS pattern of rhombohedrally centered hexagonal structure of Fe2O3 (α-Fe2O3, hematite), labeled
with the corresponding crystallographic planes is also shown for comparison at the bottom of each
panel. A zooming of the XRD pattern in the 2 theta range from 30 to 45 degrees is depicted as an inset
in each panel. (•) and (*) symbols indicate the diffraction peaks originated from the hematite phase
and from the SnO2:F substrate, respectively.
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2.2. Optical Characterization of the Hematite Thin Films

As is shown in Figure S1 in the Supplementary Materials, all samples have a brick-red
color, with the sample becoming less translucent as the distance to the precursor increases.
The optical transmittance T spectra are shown in Figure 5. For all samples, except x = 10 cm,
the transmittance is lower than 25% for wavelengths shorter than 500 nm and has an abrupt
increase between 500 and 600 nm. This spectral feature is characteristic of an absorption
edge; the position of this edge depends on the sample. A redshift of this absorption edge
can be seen at the same time the x value increase. The sample x = 18.0 cm has a decrease in
the transmittance after the absorption edge. It may originate in interferences by reflections
at the film–air and film–substrate interfaces. The other samples have smaller variations in
the transmittance, like oscillations, that could also be because of interferences by reflections.

Molecules 2023, 28, x FOR PEER REVIEW 8 of 15 
 

 

 

Figure 5. Optical transmittance of hematite films grown by CVD on FTO substrates. The spectra 

correspond to samples prepared at the positions of 10, 14, 18, and 22 cm. 

To study the absorption edge, it is necessary to find the optical band gap Eg. For this 

optical gap determination, the nature of the absorption edge must be assumed. This is 

because Eg values are obtained from plots of (α hν)m vs photon energy hν where the ab-

sorption coefficient α is estimated from the transmittance as α ~–lnT [41]. For direct tran-

sitions, the plot with m = 2 shows a linear region [42]. For indirect transitions, the plot will 

show a linear region for m = 1/2 [43]. In both cases, the corresponding Eg is obtained by 

extrapolating the linear fitting from the plot and finding the energy value where this linear 

fitting intersects the zero line. The lowest bandgap of α-Fe2O3 is usually reported to be 

around 1.9–2.2 eV [7,8,10,13,22,34,36,44–54]. However, while many authors address the 

corresponding transition to be indirect [13,44,46,47,54], others found direct transitions cor-

responding to the same edge [7,22,34,49,51,53]. As a way of comparing the results to pre-

vious works, several authors report both direct and indirect Eg values from different linear 

fittings made in the same spectral regions [8,50]. 

Nevertheless, the absorption coefficient is the sum of all processes occurring in the 

sample. It has contributions of absorption because of amorphous phases, light dispersion, 

and reflections on the interfaces. All these processes introduce uncertainty in the zero-

absorption line. Because of this, a correction of the absorption coefficient is made. The 

correction method used is like the one used in nanostructured composite materials 

[11,12,55,56]. It consists of subtracting an amorphous-like background absorption coeffi-

cient (αback) from the measured absorption coefficient (αexp) [43]. This background is ob-

tained from a linear fitting in the transparency region of the (αexp hν)1/2 vs. hν plot, where 

it should go to zero. After this correction, either a direct or an indirect optical gap can be 

estimated more precisely from αcorr = αexp − αback using the same method described before. 

The results obtained with this method can be seen in Figure 6a,b. For either case, the same 

αcorr was used. In Figure 6a the value of Eg is estimated, assuming that the gap is direct, 

and in Figure 6b, is estimated assuming the gap is indirect. The obtained values are sum-

marized in Table 1. All values are within the usually reported range of 1.9–2.2 eV 

[7,8,10,13,22,34,36,44–54]. 

Table 1. Optical bandgap values estimated assuming direct and indirect optical transitions. 

Precursor-Substrate Distance Xsp 

(cm) 
Direct Optical Bandgap (eV) 

Indirect Optical 

Bandgap (eV) 

22 2.16 2.00 

18 2.18 1.99 

14 2.21 2.08 

10 2.31 2.12 

Figure 5. Optical transmittance of hematite films grown by CVD on FTO substrates. The spectra
correspond to samples prepared at the positions of 10, 14, 18, and 22 cm.

To study the absorption edge, it is necessary to find the optical band gap Eg. For
this optical gap determination, the nature of the absorption edge must be assumed. This
is because Eg values are obtained from plots of (α hν)m vs photon energy hν where the
absorption coefficient α is estimated from the transmittance as α ~−lnT [41]. For direct
transitions, the plot with m = 2 shows a linear region [42]. For indirect transitions, the plot
will show a linear region for m = 1/2 [43]. In both cases, the corresponding Eg is obtained
by extrapolating the linear fitting from the plot and finding the energy value where this
linear fitting intersects the zero line. The lowest bandgap of α-Fe2O3 is usually reported
to be around 1.9–2.2 eV [7,8,10,13,22,34,36,44–54]. However, while many authors address
the corresponding transition to be indirect [13,44,46,47,54], others found direct transitions
corresponding to the same edge [7,22,34,49,51,53]. As a way of comparing the results to
previous works, several authors report both direct and indirect Eg values from different
linear fittings made in the same spectral regions [8,50].

Nevertheless, the absorption coefficient is the sum of all processes occurring in the
sample. It has contributions of absorption because of amorphous phases, light disper-
sion, and reflections on the interfaces. All these processes introduce uncertainty in the
zero-absorption line. Because of this, a correction of the absorption coefficient is made.
The correction method used is like the one used in nanostructured composite materi-
als [11,12,55,56]. It consists of subtracting an amorphous-like background absorption
coefficient (αback) from the measured absorption coefficient (αexp) [43]. This background
is obtained from a linear fitting in the transparency region of the (αexp hν)1/2 vs. hν plot,
where it should go to zero. After this correction, either a direct or an indirect optical gap can
be estimated more precisely from αcorr = αexp − αback using the same method described
before. The results obtained with this method can be seen in Figure 6a,b. For either case,
the same αcorr was used. In Figure 6a the value of Eg is estimated, assuming that the
gap is direct, and in Figure 6b, is estimated assuming the gap is indirect. The obtained
values are summarized in Table 1. All values are within the usually reported range of
1.9–2.2 eV [7,8,10,13,22,34,36,44–54].
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Table 1. Optical bandgap values estimated assuming direct and indirect optical transitions.

Precursor-Substrate Distance
Xsp (cm) Direct Optical Bandgap (eV) Indirect Optical

Bandgap (eV)

22 2.16 2.00
18 2.18 1.99
14 2.21 2.08
10 2.31 2.12

Comparing the values of both determinations, in all cases, the energy gap is lower
when it is calculated as an indirect edge. The difference between a direct and indirect energy
gap is between 100 and 200 meV. The linear region is clearer and more evident for the case
that a direct transition is assumed. Recently, the properties of the hematite were calculated
by several ab initio techniques, showing an indirect edge and a direct edge, dozens of
meV above, from the calculation of its band structure [57]. Meanwhile, the absorbance
obtained from the same calculations shows the behavior of a direct absorption edge like
these samples [54]. If both bandgaps are present, the absorption due to direct bandgap
dominates because it does not involve interaction with phonons, so it is a transition much
more probable and faster. A shift of the Eg to lower energy values from the closest sample
to the precursor (x = 10 cm) to the furthest (x = 22 cm) can be observed; the Eg energy
decrease and the sample gets darker. It may be related to a decrease in the Eg value with
the increase of the film thickness. This tendency was already reported for α-Fe2O3 [21,58]
and other semiconductor oxides [59].

Finally, the theoretical absorption was compared with the experimental absorption.
This comparison can be seen in Figure S3 in the Supplementary Materials. A better agree-
ment is obtained in the direct gap method, so it can be concluded the nature of the gap
resembles more a direct transition than an indirect transition, although several works assign
Fe2O3 an indirect nature [13,44,46,47,54].
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2.3. Photoelectrochemical Properties of the Hematite Thin Films

To study the semiconducting and photoelectrochemical properties of hematite films,
they were characterized by Mott–Schottky and by linear scan voltammetry in the dark
and under illumination. Due to the nanocrystalline morphology of the films, the simple
Mott–Schottky equation may not be applicable. However, in a first approximation, this type
of analysis can be applied to nanostructured systems. Examples of this approach to charac-
terize nanostructured semiconductor thin films can be encountered in the literature [10].
The Mott–Schottky diagrams for α-Fe2O3 electrodes in 1 M NaOH solution measured at
1.0 kHz are shown in Figure 7. All samples exhibit similar behaviors where two regions
can be defined, one with a dependence almost parallel to axis X, extended from 0.2 V to
0.6 V, approximately, and the other with a pronounced positive slope from 0.6 to higher
potentials. From a linear fit of the data in the second region, the flat band potential and the
apparent majority carrier density values, have been obtained from the extrapolation and
the slope, respectively. For all samples, an n-type behavior was observed, and a value close
to 0.8 V was found for the flat band potential (EFB). The obtained majority carrier density
(ND) values are 4.55·1021, 5.08·1021, 2.27·1021, and 5.13 ·1021 cm−3 for samples fabricated
at 10, 14, 18, and, 22 cm, respectively. It can be seen that all the values are in the order of
magnitude of 1021, and only the sample prepared at 18 cm has a value close to half of the
others. The values of flat band potentials and the density of majority carriers are similar to
those reported in the literature [10,60]. In the case of flat band potential, several authors
report that same value [1,7,10]; however, it is noteworthy that the density of majority load
carriers is between 2 and 3 orders of magnitude higher than those reported by these authors
which could be explained by the growth structure obtained by CVD [1].
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Figure 7. Mott–Schottky diagrams registered in NaOH 1 M, at 1 kHz. The diagrams correspond to
samples prepared at the positions of 10, 14, 18, and 22 cm.

In Figure 8, the potentiodynamic j/E profiles of the electrodes with and without white
light illumination are shown. In this figure, it is possible to observe that in dark conditions,
only capacitive currents are observed in all the potential range studied and from 1.6 V an
anodic current is observed due to the water electrooxidation. The increase in the current
density of the electrode observed under illumination confirms that the hematite film is
photoelectrochemically active. Figure 8 shows the current density versus the potential
for samples fabricated at 10, 14, 18, and 22 cm. The start of the photocurrent, that is,
the potential at which the current density begins to increase is different for sample 18
being 0.76 V, whereas, for samples 10, 14, and 22, it is 1.20, 1.16, and 1.11 V respectively.
Samples were determined by the percentage of photocurrent efficiency being 0.28, 0.50,
1.35, and 0.46% for the sample prepared at 10, 14, 18, and 22 cm, respectively. Differences in
sample thicknesses may explain the difference in the percentages of photocurrent efficiency.
When the light falls on the hematite film, and the electron–hole pair is generated, the
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electrons migrate to FTO and the holes at the surface [4,5,25]. When the film is very thin,
the formation of a few excitons occurs, and when the thickness is too thick, the separation
is limited by the long diffusion distance that the load carriers must travel. A calculation of
the effective absorption (AE) was performed [27], which depends on the absorption of the
material and the solar photons flux; therefore, a relationship can be observed between the
calculation made and the efficiencies obtained, as shown in Table 2.
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Figure 8. (a–d) are the current density-potential (J–E) characteristics of α-Fe2O3/FTO electrodes in
1 M NaOH in dark and under illumination for samples prepared at 10, 14, 18, and 22 cm, respectively.
(Inset) The photocurrent-potential curve of α-Fe2O3/FTO electrode in 1 M NaOH.

Table 2. Values of Thickness, Effective Absorption (AE), and Photocurrent Efficiency.

Precursor-Substrate Distance
xsp (cm)

Thin-Film Thickness
(nm) AE (%) Eff. (%)

22 362 65 0.46
18 222 75 1.35
14 122 56 0.50
10 29 13 0.28

The insets of Figure 8a–d correspond to plots of the difference of the current density
under illumination and darkness against the potential. It is clearly observed that sample 18
has a greater photocurrent at all potentials, particularly at 1.23 and 1.58 V, it presents 1.31
and 2.36 mA/cm2, respectively. The anodic character of the photocurrent indicates that the
film exhibits photoactivity with n-type behavior [1,7,9,28]. The oxygen vacancies are the
main defects in hematite films, and these are responsible for the n-type behavior, due to the
electrons that are donated to the driving band [13].

26



Molecules 2023, 28, 1954

3. Materials and Methods

The synthesis of the hematite was carried out in two steps, the first being the volatiliza-
tion and decomposition of the ferrocene (dicyclopentadienyliron from Sigma Aldrich) used
as a precursor in an Ar (99.999% purity) atmosphere at 500 ◦C, and subsequently, the
formation of the hematite was obtained in an O2 (99.999% purity) atmosphere at 550 ◦C.
Both processes were carried out for 30 min with a 200 sccm flow of the respective gas.

Hematite films were characterized by a field-emission SEM (FEI-Quanta 250 FEG).
Cross-section, top, and 45 degrees views of each sample were imaged. Raman spectroscopy
was performed by using a Witec Alpha 300 equipped with a laser of 785 nm. XPS was
performed by using a system from physical electronics (Versa Probe II), and the structural
characterization of the hematite films was examined by X-ray diffraction (XRD) by using a
PW1840 diffractometer (30 kV, 40 mA, Cu Kα radiation with λ = 1.5406 Å). The transmit-
tance spectra of the samples were measured in equipment consisting of a 1000 W Xe lamp
(ORIEL 6271) light source and an ORIEL 77,250 monochromator. The transmitted light was
detected with a UDT 11-09-001-1 (100 mm2 wide-area UV-enhanced unbiased silicon detec-
tor). Mott–Schottky diagrams were determined in a three-electrode cell (counter electrode:
Pt; reference: Ag/AgCl) using a 1 M NaOH electrolyte with potentiostat 604C from CH
Instruments. The potentiodynamic j/E profiles were determined in a three-electrode cell
(counter electrode: Pt; reference: Ag/AgCl) using a 1 M NaOH electrolyte with potentiostat
EZstat-Pro from NuVant System Inc and a solar simulator 96,000 from Newport-Oriel
Instruments equipped with an Air Mass 1.5 G filter.

4. Conclusions

In this work, hematite thin films were grown by the CVD technique by using ferrocene
as an iron precursor. The influence of the distance between the precursor and FTO substrate
position (in the CVD system), on the different properties of the hematite films, has been ex-
haustively studied. It was found that the thickness of the hematite films (which is a critical
parameter in the photoelectrochemical performance), depends linearly on this precursor–
substrate distance. XRD results showed that the obtained films exhibited a single phase of
the rhombohedrally centered hexagonal structure of Fe2O3 (α-Fe2O3, hematite). The XRD
study also revealed that the obtained hematite films exhibited a pronounced preferential
orientation along the highly conductive (001) basal plane of hematite. All samples are poly-
crystalline, and the broadening of the diffraction peaks demonstrates the nanocrystalline
character of nanostructured α-Fe2O3 layers. Raman and XPS characterization confirmed
the XRD results, showing that the obtained phase was pure α-Fe2O3 hematite without the
presence of other impurity phases. The UV–VIS spectra showed an absorption edge in the
region between 500 and 600 nm. Both direct and indirect bandgap energies were found
close to 2 eV, the indirect one being between 100 and 200 meV lower than the direct one.
Both bandgap energies decreased when film thickness increased. All samples exhibited
an n-type electronic conductivity type and majority carrier density (ND) values close to
1021 cm−3. It was observed that the thickness of the films has a great influence on the
photocurrent efficiency, obtaining the best results for thicknesses of approximately 200 nm.
In fact, photoelectrochemical studies give photocurrent efficiencies from 0.28% to 1.35%.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28041954/s1, Figure S1: Electrode photography (FTO
with hematite). All samples have a reddish bricklike color, getting darker as distance from precursor
(x) increases (samples prepared at the positions 10, 14, 18, and 22 cm); Figure S2: XPS spectra of
Fe2p and O1s signals fitted by using the software Multipack of hematite films grown at 14, 18, and
22 cm; Figure S3: Comparison between theoretical absorption and the experimental one. From the
estimated gap, a theoretical absorption coefficient was constructed using the method that was used
for obtaining αcorr. Starting from the linear fitting for determining the energy gap, an absorption
coefficient was constructed for a direct and an indirect edge. Then the αback was added to make
the comparison; Table S1: Values of atomic percentages obtained by EDS of the elements present in
the samples.
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Abstract: New surface coordination photocatalytic systems that are inspired by natural photosynthe-
sis have significant potential to boost fuel denitrification. Despite this, the direct synthesis of efficient
surface coordination photocatalysts remains a major challenge. Herein, it is verified that a coordina-
tion photocatalyst can be constructed by coupling Pd and CTAB-modified ZnIn2S4 semiconductors.
The optimized Pd/ZnIn2S4 showed a superior degradation rate of 81% for fuel denitrification within
240 min, which was 2.25 times higher than that of ZnIn2S4. From the in situ FTIR and XPS spectra
of 1% Pd/ZnIn2S4 before and after pyridine adsorption, we find that pyridine can be selectively
adsorbed and form Zn···C-N or In···C-N on the surface of Pd/ZnIn2S4. Meanwhile, the superior
electrical conductivity of Pd can be combined with ZnIn2S4 to promote photocatalytic denitrification.
This work also explains the surface/interface coordination effect of metal/nanosheets at the molecular
level, playing an important role in photocatalytic fuel denitrification.

Keywords: ZnIn2S4; surface coordination; denitrification; pyridine; photocatalysis

1. Introduction

Nitrogen-containing compounds (NCCs) have been regarded as some of the most
significant atmospheric pollutants, whose combustion will cause serious environmental pol-
lution [1–3] and the excess release of NOx into the air, causing acid rain [4]. Petroleum con-
tains high amounts of NCCs [5–8], such as pyridine. Pyridine, as a representative nitrogen
heterocycle, is reported to exert toxic, teratogenic, and carcinogenic effects, and it is classi-
fied as a priority pollutant [9,10]. Meanwhile, the stable structures of pyridine are difficult to
degrade and they persist for long periods in the environment [11,12]. Therefore, the removal
of pyridine from crude fuels has become a global research hotspot [13–15]. The question of
how to deal with these problems has attracted the attention of researchers.

Thus far, the main denitrification method is HDN, which is expensive and inefficient
because of its strict temperature and pressure requirements [16,17]. Alternative tech-
nologies have been studied, such as absorption [18], ODN [19], and photocatalysis [20].
Among them, photocatalytic technology has been regarded as a prospective technology for
converting NCCs into fuels because of its good selectivity, the direct utilization of sunlight
at room temperature, and high efficiency [20–22], which is consistent with the concepts
of environmental protection and sustainability. Moreover, oxidation processes play an
important role in photocatalytic pyridine denitrification. It was reported that pyridine was
attacked by free radicals or adsorbed photons, leading to ring opening and causing a range
of oxygen-containing products in the process of photocatalysis [15,23]. Meanwhile, a study
found that the pyridine denitrification efficiency has been restricted by the rapid recom-
bination of photogenerated carriers, insufficient reactive sites, and sluggish kinetics of
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the electron transfer process [24]. Therefore, it is desirable to design a photocatalyst with
superior electron transfer and separation.

Two-dimensional nanosheets not only possess a high specific surface area and abun-
dant catalytically active sites but also shorten the diffusion distance of charge carriers [25].
Notably, ZnIn2S4, with a 2D structure, serves as visible light response photocatalyst
with a distinctive and tunable electronic structure for improved photocatalytic perfor-
mance [26,27]. Consequently, ZnIn2S4 photocatalysts have aroused attention in photocatalytic
hydrogen production [28], CO2 reduction [29], and contaminant degradation [30–33]. However,
for prospective uses in the actual world, ZnIn2S4’s photocatalytic activity needs to be substan-
tially enhanced [34,35]. It is well known that semiconductor photocatalysts’ photocatalytic
activity can be significantly increased by coupling cocatalysts [36–42]. In current photocatalytic
applications, noble metals such as Pt, Au, and Pd are commonly used because of their ability
to form Schottky barriers, which can accelerate the separation of photogenerated carriers [43].
Moreover, compared with other noble metals, Pd has a relatively high Fermi energy level,
low electronic affinity for effective electron transfer to protons, and a high state density close
to the semiconductor Fermi energy level [44]. Meanwhile, numerous studies have shown
that the use of surfactants can significantly improve the dispersibility and contact area of
semiconductors, further improving the reaction efficiency [45–49].

Herein, Pd/ZnIn2S4 heterostructures were successfully synthesized for the selec-
tive transformation of pyridine under visible light. Systematic studies showed that the
1% Pd/ZnIn2S4 heterojunction exhibited the optimal degradation rate of 81% in the pho-
tocatalytic denitrification of pyridine, being nearly 2.25 times higher than that of pristine
ZnIn2S4. Such remarkably enhanced photocatalytic performance was mainly ascribed to
the Zn···C-N or In···C-N coordination for pyridine molecules’ selective adsorption and
activation. Meanwhile, the electron separation and transfer ability of Pd, as well as SPR,
affect Pd. Under visible light irradiation, the Pd/ZnIn2S4 composites outperform pure
ZnIn2S4 in photocatalytic performance and cycle stability, confirming that the material has
excellent fuel denitrification performance. Finally, we suggest a potential photocatalytic
mechanism for the degradation of pyridine by Pd/ZnIn2S4 at the molecular level.

2. Results
2.1. Characterization

The crystal structure of the synthesized photocatalyst was characterized by XRD.
As shown in Figure 1, all characteristic peaks of the pure ZnIn2S4 (ZIS) were consistent
with the ZnIn2S4 hexagonal. The diffraction peaks located at 27.7◦, 30.5◦, and 47.2◦ were
ascribed to the (102), (104), and (110) crystal planes of hexagonal ZnIn2S4 (PDF: 65-2023) [29].
However, due to the low quantity and homogeneous dispersion of Pd, the distinctive
diffraction peaks of Pd were not observed.

The morphologies and microstructures of ZIS and Pd/ZIS were characterized by
SEM and TEM. As displayed in Figure 2a, the synthesized ZIS exhibited a flower-like
structure with a diameter of 4–5 µm, which was composed of abundant 2D nanosheets.
After Pd was loaded on ZIS, the flower-like structure was well maintained (Figure 2b).
As shown in Figure 2c,d, the Pd nanoparticles had a uniform distribution on the ZIS
ultrathin nanosheet surface. In addition, the magnified HRTEM images shown in Figure 2d
display obvious lattice fringes of ca. to 0.32 and 0.22 nm, which correspond to the (102)
crystal plane of hexagonal ZIS and the (111) plane of face-centered cubic Pd [36]. It is
further confirmed that the development of a 2D nano-junction between Pd and ZIS indicates
intimate contact between them. Meanwhile, the EDX spectrum of the Pd/ZIS heterojunction
demonstrates the presence of Zn, In, S, and Pd elements in Pd/ZIS composites (Figure 2e).
In addition, the actual proportion of Pd in the 1% Pd/ZIS photocatalyst is shown in Table S1.
According to the above results, it is indicated that the Pd nanoparticles were successfully
uniformly dispersed on the ZIS surface.
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The surface chemical states of the as-prepared samples were investigated by XPS
analysis. The binding energies in the XPS spectra were calibrated by the adventitious
carbon C 1s peak at 284.8 eV. As shown in Figure 3, four elements, Zn, In, S, and Pd, can be
observed, which are consistent with the EDS results. The binding energy of Zn 2p can
be resolved into two peaks located at 1044.48 eV and 1021.45 eV, which correspond to Zn
2p1/2 and Zn 2p3/2, respectively [32]. As shown in Figure 3b, the two peaks exhibited
at 451.99 and 444.45 eV could be assigned to In 3d3/2 and In 3d5/2 [39]. Meanwhile, the
binding energies of S 2p can be divided into two peaks located at 162.54 and 161.25 eV,
which were attributed to the S 2p1/2 and S 2p3/2 [43]. Compared with the ZIS, the Zn 2p,
In 3d, and S 2p of 1% Pd/ZIS exhibited a 0.4 eV blue shift, which could be ascribed to the
electron transfer between the two components [40]. In addition, the peaks at 341.10 and
335.42 eV correspond to the Pd 3d3/2 and Pd 3d5/2, which are associated with the metallic
Pd [36]. The above results confirm that Pd was successfully deposited on the ZIS surface
and existed in strong interactions.
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2.2. Photocatalytic Performance

UV–vis DRS was applied to investigate the optical properties and band gaps of
the synthesized samples. The absorption band edge of ZIS, as illustrated in Figure 4a,
was approximately 536 nm, which corresponded to a band gap of 2.53 eV. The light
absorption of Pd/ZIS in the visible area was improved when Pd was added. With an
increase in the mass ratio of Pd in the composite, the adsorption intensity in the whole
visible region gradually became stronger. The band gaps of ZIS and 1% Pd/ZIS were
obtained from the Kubelka–Munk plots [50]. As displayed in Figure 4b, the band gaps of
pure ZIS and 1% Pd/ZIS were calculated to be 2.53 and 2.48 eV, respectively. Moreover, the
Mott–Schottky curves of ZIS exhibited positive slopes, suggesting that this semiconductor
is an n-type one [51]. The flat-band potential of the sample was determined by extrapolating
the lines to 1/C2 = 0 and was found to be −1.11 eV (vs. Ag/AgCl, pH = 7). According to the
conversion relation between the Ag/AgCl electrode and the standard hydrogen electrode,
ENHE = EAg/AgCl + 0.197 [29], the CB position of the sample was finally calculated to be
−0.91 eV (vs. NHE, pH = 6.8). Consequently, VB-XPS was able to identify the VB potential
of ZIS. According to the VB-XPS plots of ZIS, the VB potential of ZIS was calculated to be
1.51 eV. The contact potential difference between the sample and the XPS analyzer was
used to compute the VB potential of the normal hydrogen electrode (EVB-NHE vs. NHE,
pH = 6.8) using the following calculation [24]:

EVB-NHE = ϕ + EVB − XPS − 4.44 (1)

ϕ was the electron work function (4.55 eV) of the XPS analyzer, and EVB-XPS was the
VB measured from the VB-XPS plots. Therefore, the EVB-NHE value of ZIS was calculated
to be 1.62 eV. The band gap of ZIS could be computed using Mott–Schottky and VB-XPS
spectral analyses, and it was matched with the bandgap values obtained from the UV–vis
DRS spectra to obtain a value of 2.53 eV.
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The photocatalytic activity of the samples was evaluated based on the photocatalytic
degradation of pyridine under visible light (λ > 420 nm). As shown in Figure 5a, when the
reaction system did not contain catalysts, the concentration of the pyridine solution did not
decrease remarkably. Moreover, pure ZIS demonstrated the lowest activity, with only 36%
pyridine degradation, which was ascribed to the rapid recombination of photogenerated
carriers. However, after the Pd and CTAB loading, the activity of pyridine degradation
significantly improved (Figure S8). Furthermore, the 1% Pd/ZIS composite exhibited
the most effective photocatalytic activity and fuel denitrification efficiency of up to 81%.
With the increase in the Pd loading ratio, the degradation rate of the Pd/ZIS decreased
significantly, which was caused by the massive Pd load, resulting in the blocking of active
sites. Moreover, we investigated the kinetics of the denitrification process in photocatalytic
fuel using the pseudo-first-order model. As displayed in Figure 5d, the 1% Pd/ZIS photo-
catalyst exhibited the maximal rate constant (0.45 h−1), which was nearly 3.6 times greater
than that of pristine ZIS (0.12 h−1). It was confirmed that there was a strong interaction
between ZIS and Pd. Meanwhile, compared with the other catalysts, it was lower than that
of the Pd/ZIS composite sample (Table S2).

To explore the catalytic stability, we sought to detect the stability of 1% Pd/ZIS. As shown
in Figure 6a, the fuel denitrification of the composite remained at a relatively high level.
The degradation rate of pyridine still reached 73.5% after five cycles. Further research on
the stability of 1% Pd/ZIS, XRD, and TEM was conducted to characterize the 5-cycle using
1% Pd/ZIS. From the XRD patterns (Figure 6b) and TEM images (Figure S1), no obvious
change could be observed when comparing the used and fresh 1% Pd/ZIS, indicating that the
composition and morphology of 1% Pd/ZIS were maintained after the reaction.
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2.3. Adsorption Performance

According to the above experimental results for photocatalytic fuel denitrification,
it is found that ZIS, Pd, and pyridine play vital roles in the photocatalytic performance.
To further reveal the adsorption phenomenon of pyridine molecules on the Pd/ZIS sur-
face, the adsorption behavior of pyridine molecules over the catalyst was investigated.
As shown in Figure 7a (2), several characteristic peaks ascribed to pyridine (3080, 3037,
1582, and 1442 cm−1) could be observed after absorbing pyridine for 60 min. Meanwhile,
these characteristic peaks could still be observed after vacuum degassing (Figure 7a (3)),
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indicating the strong chemisorption interaction between Pd/ZIS and pyridine molecules.
The characteristic peaks at 3080 and 3037 cm−1 were attributed to the C-H stretching vi-
bration of pyridine, while the characteristic peaks at 1582 and 1442 cm−1 were assigned
to the stretching vibration of C-N and C-C [52]. Furthermore, with the evacuation at
150 ◦C, the characteristic peak of the stretching vibration of C-N at 1582 cm−1 showed an
obvious shift, while the characteristic peak of C-H and C-C remained unchanged. It is
speculated that the C-N groups of pyridine could be selectively chemisorbed on Pd/ZIS
via the formation of surface coordination species to promote activity for fuel denitrifica-
tion [53]. In addition, as shown in Figure 7b, the strong peaks at 1450 cm−1 and 1540 cm−1

corresponded to Lewis acids and Bronsted acids, revealing that the presence of abundant
acid sites on Pd/ZIS and combined with pyridine (a Lewis base) [24]. Based on the above
analysis, it can be concluded that Pd/ZIS has a strong binding affinity for pyridine.
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degassing in vacuum at 150 ◦C for 30 min (chemisorption), and (4) FTIR spectra of pyridine;
(b) Fourier transform infrared spectrum of 1% Pd/ZIS during pyridine adsorption.

To further study the interaction mechanisms between the representative pyridine
molecules and the Pd/ZIS surface, we investigated the changes in elements’ (Zn, In, S, Pd)
binding energy by XPS characterization of the ZIS and Pd/ZIS samples before and after
pyridine adsorption. As demonstrated in Figure 8 and Figure S2, the peaks of Zn 2p were
shifted to a low binding energy following pyridine adsorption in the XPS spectra of ZIS and
Pd/ZIS samples, indicating that the electron cloud density of Zn was increased. It validated
the production of Zn···C-N coordination between pyridine molecules and Pd/ZIS Zn2+

sites, leading to electron transfer from the C-N group to Zn2+ via Zn···C-N coordination [53].
Meanwhile, the binding energy shift of In 3d following pyridine adsorption was comparable
to Zn 2p. These findings revealed that surface Zn2+ and In3+ would combine with C-N
groups via Zn···C-N and In···C-N coordination, respectively. Notably, peaks of Zn 2p and
In 3d of Pd/ZIS were higher than the shift of ZIS following pyridine adsorption, while 1%
Pd/ZIS was the highest. It is proven that Pd loaded on the ZIS can lead to more electron
transfer from the C-N group to Zn2+ and In3+ via Zn···C-N coordination and In···C-N
coordination. It was further shown that the abundant surface Zn2+ and In3+ sites of Pd/ZIS
as Lewis acid sites make a substantial contribution to the selective adsorption and activate
C-N groups, significantly enhancing the pyridine selectivity. In addition, the UV–vis
DRS spectra of Pd/ZIS adsorbed pyridine are displayed in Figure S3. The UV–vis DRS
spectra of Pd/ZIS showed a redshift after adsorbing the pyridine molecule, which also
indicated that surface coordination species were formed between the produced materials
and pyridine [54].
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2.4. Photocatalytic Mechanism

To explain further the efficiency of charge carrier transfer and separation, it was
demonstrated by photoelectrochemical and photoluminescence (PL) studies. As shown in
Figure 9a, the photocurrent intensity of Pd/ZIS was significantly higher than that of pure
ZIS, while that of 1% Pd/ZIS was the highest, implying that 1% Pd/ZIS can more efficiently
promote photogenerated carriers separation and transfer. Meanwhile, Figure 9b shows
that the radius of 1% Pd/ZIS was the smallest, indicating that 1% Pd/ZIS can maximally
reduce the interfacial charge transfer resistance. At the same time, according to the PL
spectra of ZIS and Pd/ZIS, the PL intensity of 1% Pd/ZIS was the lowest, indicating that
the photogenerated electrons of 1% Pd/ZIS can be more effectively separated [55]. From the
above results, it is concluded that the Pd loaded on the ZIS can accelerate the separation
and transfer of photogenerated carriers.
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To provide a direct representation of the enhanced photocatalytic fuel denitrification
after Pd loading, it was measured by HPLC-MS and ESR spectroscopy. The peak intensity of
pyridine at around m/z = 80.1 was gradually decreased during the reaction process (Figure S4),
indicating that the pyridine was successfully denitrogenated. Meanwhile, new peaks formed
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at m/z = 110.1, 116, and 61.1, revealing the conversion of pyridine to protonated intermediates
such as C4H4O3, C4H4O4, and NH2COOH. Meanwhile, the pyridine adsorption value was
obtained by conversion in Table S3. The reactive species in the reaction system that the ESR
detected should be further explored. As illustrated in Figure 10, TEMPO molecules were
regarded as hole probes during the reaction process, because their free radicals could be
oxidized by holes [56]. In the presence of 1% Pd/ZIS, the signal of TEMPO gradually decreases,
revealing the generation of photogenerated holes (h+). With the extension of the illumination
time, the signal of DMPO-•O2

− was enhanced step by step, which indicated that the •O2
−

was the main active species during the reaction process. Meanwhile, the signal of DMPO-·OH
was relatively weak, which was ascribed to the VB position of ZIS, which was lower than that
of E (-OH/•OH; 1.99 eV) [57]. However, the generation of •OH radicals may originate from
the •O2

− combined with H+ to form •OH [58].
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Based on the above results, the photocatalytic mechanism (Figure 11, Figure S5) for the
denitrification of pyridine over the Pd/ZIS composite was proposed [11]. When 1% Pd/ZIS
composites are excited by visible light, the photogenerated electrons of Pd nanoparticles could
migrate to the surface of the ZIS; once electrons reach ZIS, they react with pyridine and oxy-
gen in the solution to yield a range of oxygen-containing products and •O2

−, respectively.
Meanwhile, the generated •O2

− reacts with H+ to form •OH radicals. The e−, •O2
−, and •OH

of reactive species could participate in the degradation of pyridine. The possible mechanism
of denitrification can be found in the Supplementary Materials. In the denitrification process,
pyridine combines with the H+ and the •O2

− to generate a ring and a ring-opening intermedi-
ate product successively [11,59]. The intermediate product is converted into mineralization
products including NO3

−, CO2, and H2O in the presence of e−, •OH, and •O2
−.
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3. Materials and Methods
3.1. Materials

Zinc chloride (ZnCl2), indium chloride tetrahydrate (InCl3·4H2O), thioacetamide
(TAA), cetyltrimethylammonium bromide (CTAB), palladium chloride (PdCl2), methanol,
and ethanol were purchased from Sinopharm Chemical Reagent Co. Ltd.(Shanghai, China).
and Macklin Reagent Co. Ltd. (Shanghai, China).

3.2. Synthesis of ZnIn2S4 Nanosheets (ZIS)

The ZIS was synthesized via a typical hydrothermal method [21]. First, 1 mmol
ZnCl2, 2 mmol InCl3·4H2O, and 8 mmol TAA were dissolved in 30 mL of ethanol aqueous
(ethanol:water = 1:2). Then, the mixture was transferred into a 50 mL Teflon-lined autoclave
and heated at 180 ◦C for 2 h. After the reaction, the solid products were washed with
deionized water and ethanol several times. Finally, the obtained products were dried at
60 ◦C for 12 h.

3.3. Synthesis of Pd/ZnIn2S4 Nanosheets (Pd/ZIS)

First, 100 mg ZIS was dispersed in a 20 mL aqueous solution containing 25 % methanol
as a sacrificial agent. Pd (1%) was loaded on the ZIS surface using an in-situ photodeposition
method with PdCl2 as a precursor (Scheme 1). While under the N2 atmosphere, the mixture
solution was stirred to remove O2. Afterward, the above solution was irradiated by a
300 W Xenon lamp for 1 h. Then, 70 mg CTAB was added to the above solution and stirred
overnight. The final product was washed with ethanol and deionized water and collected
by centrifugation and dried at 60 ◦C for 12 h.
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3.4. Dispersion Experiment

A 5 mg sample was dissolved in 5 mL pyridine/octane solution (Figure S6).

3.5. Characterization Methods

The crystalline phase of the photocatalysts was obtained using a Bruker D8 Advance
X-ray diffractometer (Salbruken, Germany). The surface morphology and microstructures
were observed with SEM (Czech TESCAN MIRA LMS, Brno, Czech Republic) and TEM
(FEI Talos F200s, Massachusetts, American) instruments. UV–vis absorption spectra were
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characterized by a Shimadzu UV-2700 (Kyoto, Japan), using BaSO4 as a reflectance stan-
dard. X-ray photoelectron spectroscopy (XPS) measurements were conducted on a Thermo
Scientific K-Alpha+ spectrometer (Massachusetts, American). Photoluminescence (PL)
spectra were characterized with a fluorescence spectrophotometer (Edinburgh FLS1000,
Livingston, Scotland, UK) with an excitation wavelength of 225 nm. The in situ FTIR
spectra of pyridine absorbed over the photocatalysts were collected on a Tensor 27 Fourier
transform infrared (FT-IR) spectrometer (Salbruken, Germany) with a resolution of 4 cm−1

for 64 scans. EPR spectra of the prepared samples were obtained using a Germany Bruker
EMX nano-spectrometer (Salbruken, Germany). Photoelectrochemical measurements were
performed using an electrochemical workstation (CHI-660, Shanghai, China) with a conven-
tional three-electrode cell, including the reference electrode (Pt wire), the counter electrode
(Ag/AgCl), and the working electrode (FTO as a support). Mott–Schottky plots were
generated with different frequencies of 500and 1000 Hz.

3.6. Performance Testing

The fuel denitrification of the photocatalyst was performed in a quartz reactor.
First, 50 mL of pyridine/n-octane solution (70 mg/mL) was used to distribute 50 mg
of photocatalyst. The solution was stirred for 1 h in the dark to achieve adsorption equi-
librium. Then, using a 420 nm cutoff filter, the suspension was performed under 300 W
Xe lamp irradiation (Figure S7). At given time intervals, 1.5 mL aliquots were sampled.
A Varian Cary 50 spectrometer (Palo Alto, American) was used to monitor the residual
concentration of pyridine in the supernatant at a 252 nm peak position.

4. Conclusions

In summary, we have successfully prepared a Pd/ZIS photocatalyst for the efficient
photocatalytic denitrification of pyridine. When exposed to visible light, 1% Pd/ZIS pro-
duces a 2.25-fold greater reaction rate for the photocatalytic denitrification of pyridine
than ZIS. From all the experimental results, the superior photocatalytic performance of
1% Pd/ZIS was ascribed to the enhanced visible light absorption, as well as the Zn···C-N
or In···C-N coordination for pyridine molecules’ selective adsorption and activation.
Meanwhile, the electron separation and transfer ability of Pd can be combined with ZIS to
promote photocatalytic denitrification. This work provides a pathway for the photocatalytic
denitrification of pyridine and explores organic molecules’ selective adsorption, activation,
and photocatalytic conversion on metal/nanosheet surfaces.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28010282/s1, Table S1: Actual mass content of Pd from
EDS analysis of the prepared samples; Table S2: Comparison between the photocatalytic activity of 1%
Pd/ZnIn2S4 and that of other reported catalysts for pyridine denitrogenation; Table S3: Pyridine peak
area from LC-MS analysis of the prepared samples; Figure S1: (a,b) HRTEM of Pd/ZIS after 5-times
recycling and element mapping images; Figure S2: XPS spectra of the other ratio Pd/ZIS sample
before and after pyridine adsorption. Figure S3: UV–vis DRS spectra of the Pd/ZIS before and after
pyridine adsorption; Figure S4: High-performance liquid chromatography profiles of pyridine after
different irradiation times: (a) 0 and (b) 4 h; Figure S5: Possible denitrification pathway of pyridine;
Figure S6: Dispersion experiment before and after CTAB absorption; Figure S7: Schematic diagram of
photocatalytic fuel denitrification reaction; Figure S8: Photocatalytic denitrification of pyridine under
visible light irradiation over ZIS, Pd/ZIS (no CTAB), CTAB/ZIS, and 1% Pd/ZIS. Refs. [60–63] are
cited in the Supplementary Materials.
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Abstract: With the rapid development of modern industries, water pollution has become an urgent
problem that endangers the health of human and wild animals. The photocatalysis technique is
considered an environmentally friendly strategy for removing organic pollutants in wastewater.
As an important member of Bi-series semiconductors, Bi2WO6 is widely used for fabricating high-
performance photocatalysts. In this review, the recent advances of Bi2WO6-based photocatalysts are
summarized. First, the controllable synthesis, surface modification and heteroatom doping of Bi2WO6

are introduced. In the respect of Bi2WO6-based composites, existing Bi2WO6-containing binary
composites are classified into six types, including Bi2WO6/carbon or MOF composite, Bi2WO6/g-
C3N4 composite, Bi2WO6/metal oxides composite, Bi2WO6/metal sulfides composite, Bi2WO6/Bi-
series composite, and Bi2WO6/metal tungstates composite. Bi2WO6-based ternary composites
are classified into four types, including Bi2WO6/g-C3N4/X, Bi2WO6/carbon/X, Bi2WO6/Au or
Ag-based materials/X, and Bi2WO6/Bi-series semiconductors/X. The design, microstructure, and
photocatalytic performance of Bi2WO6-based binary and ternary composites are highlighted. Finally,
aimed at the existing problems in Bi2WO6-based photocatalysts, some solutions and promising
research trends are proposed that would provide theoretical and practical guidelines for developing
high-performance Bi2WO6-based photocatalysts.

Keywords: Bi2WO6; photocatalysis; degradation performance; composite

1. Introduction

With the rapid development of various industries, pollution problems, including soil
pollution, air pollution, and water pollution, are becoming more and more serious. The
problem of water pollution is endangering the health of humans and wild animals; thus,
wastewater treatment has become an important task of scientists and technicians. The
photocatalysis technique is regarded as an environmentally friendly route for solving water
pollution [1]. Therefore, the development of highly active photocatalysts is regarded as
the major task of photocatalysis [2]. Lots of semiconductors are adopted as photocatalysts
for the degradation of organic pollutants under the irradiation of visible light or UV
light [3]. However, the general photocatalytic mechanism of different photocatalysts can be
classified into the following three steps: The first step is the generation of photogenerated
electrons and holes. When the light irradiation energy surpasses the energy gap (Eg) of the
semiconductor, the electrons jump from valence band (VB) to conduction band (CB) and
leave holes in the VB [4]. The second step is the transfer of charge carriers. The electrons
transfer to the surface of catalysts or recombine with holes. In this process, preventing the
recombination of electrons and holes increases the lifetime of photogenerated electrons and
holes and enhances the photocatalytic activity by prolonging the redox reaction time [5].
The last step is the surface redox reaction between electrons or holes with O2 in H2O.
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Consequently, highly active oxidants are produced and degrade organic pollutants into
H2O and CO2, without secondary pollution. Based on the photocatalytic mechanism,
the design principles of high-performance photocatalysts include, but are not limited to,
enhancing the light harvesting capability and suppressing the recombination of electrons
and holes [6]. Bi2WO6 is a commonly-used Bi-series semiconductor [7], which has widely
served as a visible light photocatalyst for the degradation of organic pollutants due to
its advantages of a perovskite-type layered structure, light harvesting ability (band gap
of 2.8 eV), low cost, chemical stability, and non-toxicity [8]. In the respect of controllable
synthesis, hydrothermal/solvothermal, sol-gel process, calcination, and electrodeposition
can be used to prepare Bi2WO6 nanoplates, nanosheets, nanorods, and nanoflowers or
spheres. Besides microstructure control, surface modification and heteroatom doping are
adopted for enhancing the photocatalytic activity through generating surface vacancies
or defects. In addition, the construction of Bi2WO6-based composite photocatalysts has
become the most popular research topic for the diversity of alternative semiconductive
materials.

In view of the important role of Bi2WO6 in Bi-series semiconductor photocatalysts,
herein, we summarize the recent advances of Bi2WO6-based photocatalysts. Figure 1
shows that the whole review involves three sections. The first section is the controllable
synthesis, surface modification, and heteroatom doping of Bi2WO6. In the second section,
we majorly introduce the progress of Bi2WO6-based binary composite photocatalysts, in-
cluding Bi2WO6/carbon or MOF composite, Bi2WO6/g-C3N4 composite, Bi2WO6/metal
oxides composite, Bi2WO6/metal sulfides composite, Bi2WO6/Bi-series composite, and
Bi2WO6/metal tungstates composite. In the last section, Bi2WO6-based ternary composites
are reviewed, including Bi2WO6/g-C3N4/X, Bi2WO6/carbon/X, Bi2WO6/Au or Ag-based
materials/X, and Bi2WO6/Bi-series semiconductors/X. The design, microstructure, and
photocatalytic performance of Bi2WO6-based binary and ternary composites are high-
lighted in detail. Lastly, we summarize the research highlights and existing problems in
Bi2WO6-based photocatalysts. Based on the existing problems, some solutions and promis-
ing research trends are put forward, finally, that would provide theoretical and practical
guidelines for developing novel Bi2WO6-based photocatalysts.
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2. Morphology Control, Surface Modification, and Heteroatom Doping of Bi2WO6

2.1. Morphology Control

The microstructure of Bi2WO6 seriously affects the specific surface area and pho-
tocatalytic performance. Therefore, the controllable synthesis and surface modification
of Bi2WO6 have become the basic topic in preparing high-performance Bi2WO6-based
photocatalysts. The synthetic methods of Bi2WO6 include the hydrothermal/solvothermal
method, sol-gel process and calcination, and the electrodeposition method. However,
the hydrothermal and solvothermal methods have been widely adopted for fabricating
Bi2WO6, due to the easy operation and controllable microstructure. In this respect, Lai
et al. [9] synthesized various Bi2WO6 photocatalysts via the solvothermal route and dis-
cussed the influence of reaction temperature on photocatalytic activity. The BWO-140
sample prepared at 140 ◦C delivered the best activity for the removal of Erichrome Black T
(EBT) dye due to the oxygen vacancies, small size, and large surface area. Selvi et al. [10]
discussed the influence of reaction time on the performance of Bi2WO6 photocatalysts.
Under the same hydrothermal conditions, the nanoplates of Bi2WO6-24 h delivered the
optimum photocatalytic activity for the degradation of MB due to the narrow band, smaller
crystallite size, and hierarchical structure.

2.2. Surface Modification

Besides the effect of reaction conditions, hexadecyl trimethyl ammonium bromide
(CTAB) and polyvinylpyrrolidone (PVP) are adopted to adjust the microstructure of
Bi2WO6. By using CTAB and PVP surfactants, Guo et al. [11] prepared nanosheet-assembled
Bi2WO6 microspheres and investigated the growth mechanism of the assembled micro-
spheres. When used for the degradation of Rh B under visible light, the degradation
efficiency was 98% within 50 min. By adopting CTAB surfactant and the mixed solvent of
ethyl alcohol and ethylene glycol, Bai et al. [12] synthesized Bi2WO6 photocatalysts with
abundant oxygen vacancies. The generation of oxygen vacancy enhanced the photogen-
erated carrier separation efficiency and visible light absorption ability, which resulted in
superior photocatalytic activity for the degradation of ciprofloxacin, and the degradation
rate reached 90% within 6 h. In addition, the CTAB-capped Bi2WO6 photocatalyst was syn-
thesized with flower-like structures [13]. The CTAB surfactant affected the microstructure,
which facilitated the physical adsorption of Rh B dye and enhanced the photoactivity of
the resulting product. Consequently, the 0.20CTAB-Bi2WO6 sample degraded 100% Rh
B within 120 min. By using the CTAB surfactant and an ethylene glycol-water mixed sol-
vent, Zhou et al. [14] synthesized Bi2WO6 and Au-decorated Bi2WO6 hollow microspheres.
When used for the degradation of phenol under visible light, Au nanoparticle-decorated
Bi2WO6 delivered enhanced photocatalytic activity due to the cooperative electron trapping
abilities and the SPR effect of Au nanoparticles.

2.3. Heteroatom Doping

Heteroatom doping can be adopted to adjust the crystal plane structure of Bi2WO6 and
broaden the light absorption range, which is widely reported to enhance the photoactivity
of Bi2WO6. In this section, we summarize the advances of non-metal-doped Bi2WO6 and
metal-doped Bi2WO6.

In the existing non-metal dopants, N, F, Cl, and I serve as dopants for fabricating
non-metal-doped Bi2WO6 photocatalysts, and the major topics mostly involve the influence
of the doping amount on the microstructures and photodegradation performance. In this
respect, Hoang et al. [15] synthesized N-doped Bi2WO6 nanoparticles and discussed the
influence of the N-doping amount on photocatalytic activity. Through a comparison, the
doped sample with a N/Bi atomic ratio of 0.5% presented the best photodegradation per-
formance for removing Rh B under the irradiation of visible light. Chen et al. [16] prepared
F-doped Bi2WO6 via a hydrothermal route and investigated the effect of the F-doping
amount on the sample morphology and degradation performance. With an increase of
the F-doping amount, ultrathin Bi2WO6 nanosheets were transformed into hierarchical
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nanoflowers. When used for the degradation of tetracycline (TC), the degradation rate
constant of the optimized F-BWO4 sample was about 4.5 times higher than that of pris-
tine Bi2WO6 due to the hierarchical structure and strong electronegativity. Phuruangrat
et al. [17] reported the preparation of I-doped Bi2WO6 photocatalysts and their degradation
performance. The results showed that 3 wt% I-doped Bi2WO6 presented the best perfor-
mance, which degraded 100% Rh B in 100 min under the radiation of visible light, with a
degradation rate of 0.044 min−1.

Compared to non-metal doping, there are abundant works about metal-doped Bi2WO6,
including Fe, Ti, Sr, Er, La, Au, Ag, and Mo dopants. Besides mono-metal doping, dual-
metal doping was reported to further improve the photocatalytic activity of Bi2WO6.
Among various metal dopants, the incorporation of Fe dopants would accelerate the
electron-hole separation and improve the photocatalytic activity. In respect of the Fe-
doping mechanism, Hu et al. [18] confirmed that Fe doping narrowed the energy band
gap and induced abundant oxygen vacancies, which enhanced the separation efficiency of
photogenerated carriers and the light absorption capability. When used for the degradation
of Rh B and salicylic acid (SA), the optimized BW-Fe-0.10 sample showed 11.9 and 8.0
times higher than that of pristine Bi2WO6, respectively. Arif et al. [19] prepared Ti-doped
Bi2WO6 photocatalysts and confirmed that the presence of Ti3+/Ti4+ in Ti-doped Bi2WO6
promoted the generation of reactive oxygen species, which greatly enhanced the photocat-
alytic activity of Bi2WO6. Furthermore, the layered 3D hierarchical structure adjusted the
band structure of Bi2WO6, further facilitating the enhancement of the photocatalytic perfor-
mance. Maniyazagan et al. [20] synthesized hierarchical Sr-Bi2WO6 photocatalysts for the
degradation of 4-NP and MB. As shown in Figure 2a, by optimizing the content of Sr2+ ions,
the composite of 15% Sr-Bi2WO6 delivered the highest photocatalytic activity. Under the
irradiation of UV light with NaBH4, the optimized sample degraded 99.5% MB in 25 min
and 99.4% 4-NP reduction in 15 min, respectively. The major reason was the enhanced
charge carrier separation and the generation of oxygen vacancies. Qiu et al. [21] fabri-
cated an Er3+-mixed Bi2WO6 photocatalyst by a one-step hydrothermal route (Figure 2b).
After adding Er3+ ions, Bi2WO6 was transformed into a layered nanosheet with a high
specific surface area. The sample of 16% Er3+-Bi2WO6 presented a high degradation rate of
94.58% TC within 60 min. The enhanced activity was attributed to the porous structure and
enhanced separation efficiency of photogenerated electrons. Ning et al. [22] synthesized
La3+-doped Bi2WO6 nanoplates for the degradation of Rh B. Compared to Bi2WO6, the
doped sample showed a higher specific surface area, and the band gap reduced to 2.81 eV
from 2.89 eV. Furthermore, the La3+-doping enhanced the separation efficiency of electron
and hole pairs. Therefore, the La3+-doped Bi2WO6 presented a higher degradation rate
constant than pure Bi2WO6.

In respect of noble metal dopants, Phuruangrat et al. [23] synthesized Au-doped
Bi2WO6 and incorporated Au3+ ions into Bi2WO6 lattice. By adjusting the doping amount
of Au, 3% Au-doped Bi2WO6 nanoplates presented the highest Rh B degradation rate
of 96.25% within 240 min, which was 2.15 times higher than that of pure Bi2WO6. The
superior performance was ascribed to the enhanced separation efficiency of photogenerated
electrons and holes. In another work, Phu et al. [24] discussed the photocatalytic activities
of Ag-doped Bi2WO6 and Ag nanoparticle-decorated Bi2WO6. For Ag-doped sample,
Ag ions substituted the lattice of Bi2WO6, while, for the decorated sample, abundant Ag
nanoparticles were dispersed on the surface of Bi2WO6 nanoparticles with no lattice change.
When used for the degradation of Rh B by visible light, the activity of the Ag nanoparticles-
modified sample was more than two times higher than that of the Ag-doped sample due to
the enhanced surface plasmon resonance caused by Ag nanoparticles. Besides mono-metal
doping, (La, Mo) co-doped Bi2WO6 was reported [25]. The introduction of La and Mo
adjusted the particle size and lattice spacing of Bi2WO6. Moreover, the La and Mo co-
dopants inhibited the charge recombination. Consequently, the (0.25La, 0.25Mo)-Bi2WO6
sample containing 0.25 mol% La and 0.25 mol% Mo showed the highest activity for the
photodegradation of MB.
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3. Bi2WO6-Based Binary Composite

Besides the decoration or doping of Bi2WO6, the construction of Bi2WO6-based com-
posite is widely reported for enhancing the photoactivity of Bi2WO6. According to the type
of candidate materials, we classified the existing Bi2WO6-based binary composites into six
types: Bi2WO6/carbon or MOF composite, Bi2WO6/g-C3N4 composite, Bi2WO6/metal
oxides composite, Bi2WO6/metal sulfides composite, Bi2WO6/Bi-series composite, and
Bi2WO6/metal tungstates composite. The design idea, microstructure, and photocatalytic
performance of these binary composite photocatalysts are summarized in detail.

3.1. Bi2WO6/Carbon or MOF Composite

Carbon materials exhibit good conductivity and a large specific surface area, which are
more suitable for loading Bi2WO6 nanostructures. In this section, various carbon materials,
including graphene, carbon nanotube, carbon dots, and biomass-derived carbon are used
for hybridizing with Bi2WO6. Among carbon materials, graphene oxide (GO) is a typical
two-dimension template with abundant oxygen-containing groups, which can be served as
ideal 2D substrates for loading semiconductors. Compared to GO, reduced GO (rGO) exhibits
a superior electronic conductivity, which was adopted to hybridize with Bi2WO6 to enhance
the photodegradation efficiency. For example, Zhao et al. [26] fabricated an rGO/Bi2WO6
composite photocatalyst via the hydrothermal method, and the composite degraded 87.49%
norfloxacin within 180 min. The photocatalytic activity was much higher than that of pure
Bi2WO6 due to the efficient charge separation and enhanced light-harvesting capacity. Arya
et al. [27] also prepared an rGO-Bi2WO6 heterostructure via hydrothermal route and investi-
gated their photocatalytic activity for the removal of levofloxacin. When kept in visible light
at room temperature, the rGO-Bi2WO6 composite achieved a high degradation rate of 74.3%
within 120 min due to the inhibition of charge carrier recombination. Furthermore, multi-
walled carbon nanotubes (MWNTs) were coupled with Bi2WO6 to fabricate 3D mesoporous
MWNTs-Bi2WO6 microspheres [28]. The MWNTs promoted the transfer and separation of
hole and electron pairs, which enhanced the light absorption capability of Bi2WO6. The
composite containing 3% MWNTs showed the optimum photoactivity, and the degradation
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efficiency was 1.35 times higher than that of pure Bi2WO6. In addition, carbon dots (CDs) were
used for decorating a 3D Cl-doped Bi2WO6 hollow microsphere to construct CDs/Cl-Bi2WO6
composite photocatalysts [29]. The introduced CDs and Cl doping enhanced the visible light
absorption capability and inhibited the recombination of electron–hole pairs. The optimized
0.5% CDs/Cl-Bi2WO6 composite degraded 85.1% TCH within 60 min, which was much better
than Bi2WO6 and Cl-Bi2WO6.

In addition, biomass-derived carbon materials were coupled with Bi2WO6 to fabri-
cate Bi2WO6/C hybrid photocatalysts. In this respect, Liang et al. [30] firstly prepared
bamboo leave-derived carbon and then fabricated 3D flower-like Bi2WO6/C composites
by hydrothermal route. The large specific surface area of biomass carbon enhanced the
adsorption capacity; meanwhile, the good conductivity promoted the separation of charge
carriers. The optimized Bi2WO6/C (6: 1) sample had a high degradation rate of 85.4% for
the removal of TC within 90 min. Wang et al. [31] prepared a Bi2WO6/N-modified biochar
(BW/N-B) composite for the degradation of Rh B pollutant. The loading of N-B improved
the photocatalytic activity due to the enhanced separation and transfer of electron–hole
pairs. Under the irradiation of visible light, the BW/N1-B sample with a urea/biochar ratio
of 2:1 presented the best photocatalytic activity, which degraded 99.1% Rh B within 45 min.
In addition, N and S co-doped corn straw biochar (NSBC) was used to hybridize with
Bi2WO6 to form Bi2WO6/NSBC composite photocatalysts (Figure 3a) for the degradation
of ciprofloxacin (CIP) [32]. The N and S co-doped biochar exhibited a high specific surface
area and interconnected fiber structure and high catalytic property, which effectively pre-
vented the agglomeration of Bi2WO6. The combination of NSBC and Bi2WO6 extended the
visible light response, adjusted the band gap, and promoted the separation and transfer of
photoinduced carriers, which achieved the fast degradation of CIP (5 mg/L) within 75 min.
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Metal-organic frameworks (MOFs) consist of metal ions or metal clusters and organic
ligands, which show some advantages in permanent porosity, tunable pore size, high
specific surface area, and active surface chemistry. Various MOFs are widely utilized in
adsorption, gas storage and separation, energy storage, and photocatalysis. In the field of
photocatalysis, various MOFs, including Fe-based MOFs and Zn-based MOFs, are coupled
with Bi2WO6 to fabricate hybrid photocatalysts. In this respect, MIL-100(Fe) nanoparticles
were hybridized with Bi2WO6 nanosheets to construct MIL-100(Fe)/Bi2WO6 Z-scheme
heterojunction [34]. When tested for the degradation of TC under sunlight, the optimized
12%MIL/BWO delivered the highest photocatalytic activity due to the large specific surface
area, enhanced light adsorption range, and high charge transfer and separation efficiency.
In addition, the MIL-88A(Fe)/Bi2WO6 heterojunction was synthesized for the degradation
of Rh B and TC [35]. The combination of MIL-88A(Fe) and Bi2WO6 effectively inhibited
the recombination of photogenerated carriers. Under the irradiation of visible light, the
heterojunction degraded 96% Rh B and 71% TC within 50 min and 80 min, respectively. Kaur
et al. [33] prepared a Bi2WO6/NH2-MIL-88B(Fe) heterostructure for the degradation of TC
(Figure 3b). Due to the promoted separation and transfer of photoexcited charges caused by
the interfacial contact, the heterostructure presented a high degradation efficiency of 89.4%
within 130 min under solar illumination. Tu et al. [36] synthesized MIL-53(Fe)/Bi2WO6
heterostructure photocatalysts. The formation of heterojunction extended the visible light
absorption capability and accelerated the transfer of photogenerated electrons. When used
for the degradation of Rh B and phenol Rh B under visible light irradiation, the degradation
rate constants of the heterostructure containing 5 wt% MIL-53(Fe) were 3.75-fold and
3.27-fold higher than that of pristine Bi2WO6.

Besides various Fe-based MOFs, Zhang et al. [37] prepared hydrangea-like Bi2WO6/
ZIF-8 (BWOZ) hybrid photocatalysts by using a flower-like Bi2WO6 template. The genera-
tion of heterojunction induced the fast separation of photogenerated carriers. Meanwhile,
the optimized BWOZ containing 7.0 wt% Bi2WO6 showed a large specific surface area,
which degraded 85.7% MB within 240 min, and the reaction kinetic constant was 23-fold
and 1.61-fold higher than that of pure Bi2WO6 and ZIF-8, respectively. In addition, Dai
et al. [38] also fabricated Bi2WO6/ZIF-8 composite photocatalysts for the degradation of
TC. Under the irradiation of UV light, the optimized sample achieved the fast degradation
of 97.8% TC (20 mg/L) within 80 min, and the degradation rate constant was about 3-fold
higher than that of pure Bi2WO6.

3.2. Bi2WO6/g-C3N4 Composite

Serving as a non-metal semiconductor, graphitic carbon nitride (g-C3N4) presents two-
dimensional graphite-like structures with a high specific surface area, which are widely
adopted as active templates for loading various semiconductor photocatalysts. In this
section, we introduce the research progress of Bi2WO6/g-C3N4 composite photocatalysts.
Qi et al. [39] prepared Bi2WO6/g-C3N4 heterojunction by hydrothermal reaction and dis-
cussed the effect of g-C3N4/Bi2WO6 ratio on photodegradation performance. When the
Bi2WO6 ratio was 10 wt%, the composite presented the highest photocatalytic activity for
the degradation of MB, and the reaction rate constant was 4 and 1.94 times higher than that
of pristine g-C3N4 and Bi2WO6, respectively. In addition, Zhao et al. [40] also prepared
Bi2WO6/g-C3N4 (BW/CNNs, Figure 4a) composite photocatalysts for the degradation
of Ceftriaxone sodium in an aquatic environment. The combination of the two compo-
nents enhanced the absorption capability of visible light and accelerated the separation
of photogenerated electron–hole pairs. As a result, the 40%-BW/CNNs delivered the
best photocatalytic activity, which degraded 94.50% Ceftriaxone sodium within 120 min
under the irradiation of visible light. Chen et al. [41] synthesized Bi2WO6 on g-C3N4 to
fabricate Bi2WO6/g-C3N4 heterojunctions by a hydrothermal route. When used for the
degradation of Rh B and phenol solution, the composite with a Bi/g-C3N4 molar ratio of
4% presented the highest photodegradation activity for the highest separation efficiency of
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photogenerated electron–hole pairs. Moreover, the separation and transfer of electron–hole
pairs were proven as a direct Z-scheme mechanism.
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In respect of the microstructure design, Zhu et al. [42] prepared various N-doped
g-C3N4 (NCN)/Bi2WO6 (BWO) composites by using NCN as the template, as shown in
Figure 4b. The ratio of NCN/BWO was adjusted to reduce the band gap and increase
the surface area. The 60% NCN/BWO presented the best photocatalytic activity, which
achieved the fast degradation of 93.1% phenol within 5 h, and the degradation rate constant
was 18.5 times higher than that of Bi2WO6. The major reason was ascribed to the enhanced
visible light absorption capability caused by NCN. Wang et al. [43] prepared core-shell
structured g-C3N4@Bi2WO6 composite by in situ, forming an ultrathin g-C3N4 shell layer
on Bi2WO6 nanosheets. By adjusting the thickness of the g-C3N4 shell layer, the interface
of g-C3N4@Bi2WO6 was optimized to promote the separation efficiency of photogenerated
electron–hole pairs. As a result, the composite photocatalyst with a 1 nm-thick shell
layer delivered the optimum degradation phenol activity under visible light, which was
about 1.9 times higher than that of Bi2WO6 and 5.7 times higher than that of g-C3N4.
Zhang et al. [44] prepared g-C3N4 quantum dot (CNQD)-decorated ultrathin Bi2WO6
nanosheets for the degradation of Rh B and tetracycline (TC) under the irradiation of
visible light. By optimizing the ratio, the composite of 5% CNQDs/BWO delivered the
highest photocatalytic performance, which degraded 87% TC and 92.51% Rh B within
60 min. The superior activity can be ascribed to the Z-scheme charge transfer mechanism,
the up-conversion behavior of CNQDs, and the enhanced separation and transfer rates of
photo-generated charges. Regarding the performance of different S-scheme heterojunctions,
Gordanshekan et al. [45] compared the photocatalytic activity of Bi2WO6/g-C3N4 with
Bi2WO6/TiO2. When serving as photocatalysts for removing cefixime (CFX) in polluted
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water, Bi2WO6/g-C3N4 showed a removal efficiency of 94%, which was slightly higher
than that of Bi2WO6/TiO2 (91%).

3.3. Bi2WO6/Metal Oxides Composite

Metal oxides have a wide range, and most of them can serve as semiconductor photo-
catalysts. To further enhance the photoactivity of Bi2WO6, various metal oxide semiconduc-
tors, including TiO2, ZnO, and other metal oxides, are reported to hybridize with Bi2WO6,
and the research progress of Bi2WO6/metal oxides composites is introduced in this section.

3.3.1. Bi2WO6/TiO2 Composite

Compared to other metal oxides, TiO2 exhibits some advantages of low cost, low
toxicity, strong redox ability, and high catalytic activity, and it is regarded as the most
popular photocatalyst in the past few decades. However, the wide band gap of 3.0~3.2 eV
limits the visible light adsorption, only allowing a UV light response. Moreover, the fast
recombination of photogenerated electron–hole pairs further weakens the photocatalytic
activity of TiO2. The combination of TiO2 with Bi2WO6 overcomes the shortage of TiO2,
and various TiO2/Bi2WO6 composite photocatalysts were developed in recent years. For
example, Li et al. [46] fabricated TiO2/Bi2WO6 microflowers via a one-step hydrothermal
reaction, in which TiO2 nanoparticles (10 nm) were dispersed on Bi2WO6 microflowers. The
TiO2/Bi2WO6 composite degraded 100% Rh B within 60 min under visible light or 30 min
under UV-vis light. The enhanced photocatalytic activity was ascribed to the synergistic
effect of two components. Furthermore, the improved light adsorption capacity and carrier
separation efficiency also facilitated the photoactivity. In addition, an electrospinning
technique was adopted to fabricate Bi2WO6/TiO2 nanofibers (BTNF) by decorating Bi2WO6
nanosheets on the TiO2 fiber surface [47]. In this composite, the Bi2WO6 extended the light
absorption range, and the Bi2WO6/TiO2 heterojunction promoted the charge separation.
Therefore, BTNF presented a superior visible light activity for degrading Rh B, which was
much better than pure Bi2WO6, TiO2, and their mixture. Lu et al. [48] deposited Bi2WO6
nanosheets onto TiO2 nanotube arrays (TNTAs) to fabricate BWO/TNTAs composite
photocatalysts. The 0.2BWO/TNTAs sample achieved the fast degradation of 92.2% TC
within 180 min due to the promoted charge separation and extended light absorption range.

Besides the direct combination of Bi2WO6 and TiO2, Wang et al. [49] prepared Sb3+

doped Bi2WO6/TiO2 nanotube photocatalysts. A rose-like BWO-10 sample showed supe-
rior photocatalytic activity, which achieved the fast degradation of 80.58% Rh B, 77.23%
MO, and 99.06% MB under the irradiation of visible light, and the best performance re-
sulted from the uniform rose-like structure and adjusted energy level. Sun et al. [50]
prepared N/Ti3+ co-doped TiO2/Bi2WO6 heterojunctions (NT-TBWx) and proved that the
degradation rate order of organic pollutants was photocatalysis < sonocatalysis < sonopho-
tocatalysis. The superior performance was attributed to the doping level, heterophase
junction, and heterojunction.

3.3.2. Bi2WO6/ZnO Composite

To achieve the combination of narrow-band gap Bi2WO6 and wide-band gap ZnO, var-
ious ZnO/Bi2WO6 (ZBW) heterostructures were developed to improve the photocatalytic
activity of Bi2WO6. In this respect, Liu et al. [51] synthesized the ZBW heterostructure via
the hydrothermal method and investigated the photocatalytic activity for degrading MB
under ultraviolet light. ZBW degraded 95.48% MB within 120 min, and the excellent photo-
catalytic performance was due to the promoted separation of electrons and holes caused by
the heterojunction. Koutavarapu et al. [52] synthesized a hetero-structured Bi2WO6/ZnO
composite via a hydrothermal route for the degradation of Rh B under solar irradiation. The
formation of a Bi2WO6/ZnO interface reduced the charge transfer resistance and inhibited
the recombination of charge carriers. By adjusting the additional amount of ZnO, the
optimized BWZ-20 composite showed the best photocatalytic activity, which degraded 99%
Rh B within 50 min. Chen et al. [53] synthesized a ZnO/Bi2WO6 heterostructure on flexible
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carbon cloth (CC) substrate. The optimized Z3B-CC sample containing 3 wt% Bi2WO6
degraded 96.9% MB within 100 min, which also facilitated the reuse of the photocatalyst.
The enhanced activity was related to the enhanced light absorption range and the formation
of a type-II energy band structure. To further enhance the activity, Zhao et al. [54] prepared
a Z-scheme C and N-co-doped ZnO/Bi2WO6 (CZB) hybrid photocatalyst, and the influ-
ence of the C and N-co-doped ZnO content on the photodegradation performance of CZB
composites was investigated. In this complicated structure, C and N co-doping adjusted
the energy level and enhanced light absorption. Furthermore, residual C accelerated the
separation and transfer of photogenerated carries. Through a comparison, CZB containing
5 wt% C/N-ZnO presented the best activity for the removal of tetracycline, enrofloxacin,
and norfloxacin under visible light, and the photodegradation mechanism was confirmed
as the formation of a Z-scheme heterojunction.

3.3.3. Bi2WO6/Other Metal Oxides Composite

Besides commonly used TiO2 and ZnO, other metal oxides, including SnO2, MnO2,
Co3O4, Fe3O4, CuO, WO3, Bi2O4, and In2O3, were hybridized with Bi2WO6 to enhance
photocatalytic activity. For example, Salari et al. [55] prepared Z-scheme flower-like
Bi2WO6/MnO2 composite photocatalysts, in which MnO2 nanoparticles that were dis-
persed on 3D Bi2WO6 flowers enhanced the transfer and separation of charge carriers. As a
result, the optimized Bi2WO6/MnO2 (1:10) degraded 100% MB within 100 min. Mallikar-
juna et al. [56] deposited small SnO2 nanoparticles onto Bi2WO6 nanoplates to fabricate
SnO2/2D-Bi2WO6 photocatalysts (Figure 5a). The loading of SnO2 nanoparticles adjusted
the visible light absorption region and promoted charge separation and transfer efficiency.
When used for degrading the Rh B pollutant, the photocatalytic activity of the composite
was more than 2.7 times higher than that of 2D-Bi2WO6 nanoplates.
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Zhang et al. [58] prepared flower-like Co3O4 QDs/Bi2WO6 composite photocatalysts
to achieve the uniform dispersion of Co3O4 QDs on flower-like nanosheets. By adjusting
the ratio of Co3O4 QDs, the sample of 10%-Co3O4 QDs/Bi2WO6 presented the optimum
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performance for the removal of TC, and the degradation rate constant was about 1.55 and
3.40 times higher than that of Bi2WO6 and Co3O4 QDs, respectively. The superior perfor-
mance was ascribed to the formation of a p–n heterojunction and enhanced the visible light
absorption capacity. Zhu et al. [57] prepared Z-scheme Fe3O4/Bi2WO6 heterojunctions as
photocatalysts for degrading ciprofloxacin (CIP), in which the flower-like composite was
assembled by abundant nanosheets (Figure 5b). The formation of Z-scheme heterojunctions
facilitated the light-harvesting capacity and suppressed the recombination of photogener-
ated carriers. Under the irradiation of visible light, the FB-180 sample prepared at 180 ◦C
with 4% Fe delivered optimum photoactivity, which degraded about 99.7% CIP within
15 min. Moreover, the sample showed superior reusability and stability. Koutavarapu
et al. [59] fabricated CuO/Bi2WO6 (CuBW) composite photocatalysts for degrading TC and
MB. In this composite, Bi2WO6 provided transfer pathways for photogenerated electrons,
while CuO was used to receive carriers from Bi2WO6 and inhibited the recombination of
charge carriers; thus, the formation of the heterostructure improved the photocatalytic
activity. The optimized CuBW sample containing 10 mg Bi2WO6 showed the highest
degradation efficiency, which degraded 97.72% TC within 75 min and 99.43% MB within
45 min.

In respect of interface engineering design, Chen et al. [60] achieved the in-situ growth
of (001)- and (110)-exposed WO3 on (010)-exposed Bi2WO6 to form Z-scheme heterojunc-
tion photocatalysts. The facet control produced some dislocation defects for promoting
the carriers transfer. Furthermore, Z-scheme transfer mode optimized the transfer of
photogenerated electrons and improved the oxidization ability of photogenerated holes.
Consequently, the WO3 (001) and (110)/Bi2WO6 achieved a high removal rate of 74.5% for
salicylic acid within 6 h, and the kinetic constant was 2.4 times higher than that of WO3
(001)/Bi2WO6.

In addition, Bi2O4 micro-rods were in situ grown on Bi2WO6 microspheres to form
a Bi2O4/Bi2WO6 heterojunction [61]. The heterojunction facilitated the separation and
transfer of charge carriers. When used for the degradation of Rh B under visible light,
the degradation rate constant of the composite was 5 times higher than that of pure
Bi2WO6. While degrading MO, the enhanced factor reached 90-fold. Besides Bi2O4, a flower-
like Bi2WO6/Bi2O3 photocatalyst was also synthesized by the ionic liquid solvothermal
method and calcination [62], and it presented a higher photocatalytic H2 production activity
than pure Bi2WO6. Qin et al. [63] prepared a rich oxygen vacancy (OVs) Bi2WO6/In2O3
hybrid photocatalyst for the degradation of Rh B. The formation of a Bi2WO6/In2O3
heterostructure extended the lifetime of photogenerated charge carriers. Furthermore, the
OVs in Bi2WO6/In2O3 accelerated the separation of photogenerated electron–hole pairs.
Through comparison, the BiIn80 sample containing 80 wt% Bi2WO6 exhibited the best
photocatalytic activity, and the reaction rate constant was about 4.17-fold and 15-fold higher
than that of Bi2WO6 and In2O3, respectively.

3.4. Bi2WO6/Metal Sulfides Composite

To effectively optimize the band edge of Bi2WO6, except for metal oxides, various
metal sulfides were used to construct a Bi2WO6-containing Z-scheme heterojunction for
enhancing visible light harvesting capability, such as, Cu2S, MoS2 or MoSe2, SnS2, WS2,
CdS, Bi2S3, In2S3, CuInS2, and FeIn2S4.

In this field, Tang et al. [64] prepared hierarchical flower-like Cu2S/Bi2WO6 pho-
tocatalysts via a three-step method, in which Cu2S particles were distributed on the
surface of Bi2WO6 nanosheets (Figure 6a). Attributed to the hierarchical structure, the
enhanced visible light absorption capacity, and the Z-scheme transfer mechanism, the
sample of 1%Cu2S/Bi2WO6 presented the highest photocatalytic activity for the removal of
glyphosate. Based on the exfoliated MoS2 nanosheets as substrates, Zhang et al. [65] synthe-
sized Z-scheme hetero-structured MoS2/Bi2WO6 hierarchical flower-like microspheres, in
which the MoS2 substrate greatly affected the morphology and photocatalytic activity of the
heterostructure (Figure 6b). The optimized composite degraded 100% Rh B within 90 min
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and killed almost all of Pseudomonas aeruginosa within 60 min. Similar to MoS2, layered
MoSe2/Bi2WO6 composite photocatalysts were reported for the photocatalytic oxidation
of gaseous toluene [66]. The formation of a p–n heterojunction provided a strong interlayer
interaction, which effectively inhibited the recombination of photoinduced electron–hole
pairs. The optimized 1.5%-MoSe2/Bi2WO6 presented the highest activity, which degraded
80% gaseous toluene within 3 h under the irradiation of visible light, and the rate constant
was about 7 times and 6 times higher than that of pure MoSe2 and Bi2WO6, respectively.
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Kumar et al. [67] synthesized a SnS2/Bi2WO6 plate-on-plate composite via a two-step
hydrothermal route for the degradation of tetracycline (TC) and ciprofloxacin (CIP). Due
to the formation of a Z-scheme heterojunction, the optimized 0.10SnS2/Bi2WO6 exhibited
superior photocatalytic activity, which degraded 97% TC and 93% CIP within 90 min under
sunlight exposure, and the degradation rate constant was three-fold higher than that of pure
Bi2WO6. Similar to the plate-on-plate structure, Su et al. [68] synthesized an sTable 2D/2D
WS2/Bi2WO6 heterostructure photocatalyst via a hydrothermal reaction. The generated
Z-scheme heterostructure promoted the separation and transfer of photogenerated carriers,
which showed much higher photocatalytic activity for the degradation of Rh B and OTC
than pure WS2 or Bi2WO6.

Su et al. [69] synthesized CdS quantum dots (QDs) on a Bi2WO6 monolayer via an in
situ hydrothermal method to construct a S-scheme heterojunction. The Bi–S coordination
at the junction interface enhanced the charge separation and interfacial charge migration.
The optimized composite containing 7% CdS exhibited the best photocatalytic activity,
which completely decomposed 100 ppm C2H4 within 15 min, and the degradation rate
constant was 88 times and 194 times higher than that of pure CdS and Bi2WO6. In addition,
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CdS nanocrystals were decorated on the surface of Bi2WO6 clusters to form CdS@Bi2WO6
photocatalysts [70]. By adjusting the microstructure of CdS, the CdS nanorod-decorated
Bi2WO6 showed a higher charge separation capability than that of CdS cluster-decorated
Bi2WO6, which degraded 96.1% Rh B within 120 min. Xu et al. [71] fabricated Bi2S3/2D-
Bi2WO6 composite photocatalysts by using the ion exchange method, in which the Bi2S3
nanoparticle loading on Bi2WO6 nanosheets enhanced the light absorption ability and
promoted the transfer and separation of photogenerated carriers. The optimized BWS-
2 sample achieved the complete degradation of Rh B much better than that of Bi2WO6
nanosheets. He et al. [72] fabricated a core-shell structured In2S3/Bi2WO6 composite by
using In2S3 microspheres as templates. The combination of the core and Bi2WO6 shell
extended the visible-light absorption range and enabled the Z-scheme transfer pathway.
Therefore, the core-shell composite achieved the fast degradation of TCH, and the activity
was 2.1 and 2.4 times higher than that of pure Bi2WO6 and In2S3, respectively.

As important semiconductors, CuInS2 and FeIn2S4 exhibit a strong light absorption
capability, with suitable energy band edges, which serve as high-performance visible light
photocatalysts in the photocatalytic field. Lu et al. [73] synthesized Bi2WO6 on the surface of
network-like CuInS2 microspheres to fabricate a Z-scheme CuInS2/Bi2WO6 heterojunction.
The heterojunction interface enhanced the charge transfer capability, further promoting the
separation of charge carriers. When used for the degradation of tetracycline hydrochloride
(TCH), the activity of 15% CuInS2/Bi2WO6 was three-fold higher than that of pure CuInS2
and 17% higher than that of pure Bi2WO6. Shangguan et al. [74] prepared Z-scheme
FeIn2S4/Bi2WO6 composite photocatalysts for the degradation of TCH. The formation of
a direct Z-scheme heterojunction promoted the separation of photogenerated holes and
electrons, which presented enhanced activity for the removal of TCH, much better than
pure Bi2WO6 and FeIn2S4.

3.5. Bi2WO6/Bi-Series Composite

Except for Bi2WO6, other Bi-containing semiconductors, including BiOCl, BiOBr, BiOI,
Bi2O2CO3, BiPO4, Bi2Sn2O7, BiFeO3, and CuBi2O4, also exhibit excellent visible light
adsorption capability and photocatalytic activity. The combination of Bi2WO6 and other
Bi-containing semiconductors can be regarded as an effective strategy for enhancing the
photoactivity of Bi2WO6.

In this field, Guo et al. [75] synthesized Bi2WO6 nanoparticles on layered BiOCl
nanosheets to fabricate 0D/2D Bi2WO6/BiOCl composite photocatalysts. The formed het-
erojunction interface promoted the separation of photogenerated charge carriers. As a result,
the optimized 1%Bi2WO6/BiOCl sample showed a superior degradation performance for
removing OTC and phenol, and the degradation rate of OTC and phenol was 2.7-fold
and 6.1-fold higher than that of pure BiOCl. Liang et al. [76] prepared a Bi2WO6/BiOCl
heterojunction via the one-step hydrothermal method for the degradation of Rh B and
TC. The formed heterojunction at the Bi2WO6/BiOCl interface promoted the separation
of photogenerated electron–hole pairs, further improving the photocatalytic activity. Liu
et al. [77] synthesized a 2D-3D BiOBr/Bi2WO6 composite with 2D Bi2WO6 nanosheets in-
serted in BiOBr microspheres. 3D BiOBr microspheres reduced the aggregation of Bi2WO6
nanosheets and enhanced the visible light absorption capability by providing interfacial
contact. Through optimization, the BiOBr/Bi2WO6 (8:1) delivered the highest degradation
efficiency for removing Rh B, TC, CIP, and MB (100%, 96%, 90% and 94%). Ren et al. [78] syn-
thesized Bi2WO6/BiOBr composites via a one-step solvothermal route by using [C16mim]
Br ionic liquid as the Br source. In this composite, Bi2WO6 nanoparticles wrapped on
flower-like BiOBr and formed a type II heterojunction, which promoted the transfer and
separation of charge carriers and enhanced visible light harvesting. The optimized compos-
ite with a W/Br ratio of 1:2 delivered the highest photocatalytic activity for the gradation
of MB, Rh B, and TC. Chen et al. [79] synthesized a BiOBr/Bi/Bi2WO6 composite via the
hydrothermal method to construct a Z-scheme heterojunction for enhancing photocatalytic
activity. Due to the synergistic effect of the Z-scheme BiOBr/Bi2WO6 heterojunction and
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the surface plasmon resonance (SPR) effect of Bi, the optimized 20%BiOBr/7%Bi/Bi2WO6
achieved the fast degradation of Rh B under visible light, and the degradation rate of Rh B
reached 98.02% within 60 min. He et al. [80] prepared a hydrangea-like BiOBr/Bi2WO6
composite via an ionic liquid-assisted hydrothermal route. The core-shell structured 3D/2D
BiOBr/Bi2WO6 (Figure 7a) displayed an enhanced degradation performance for removing
organic dye and drugs due to the formation of the Z-scheme heterojunction.

Besides BiOCl and BiOBr, flower-like BiOI/Bi2WO6 microspheres were prepared via
the hydrothermal route for the degradation of phenol [81]. The formed heterojunction
between Bi2WO6 and BiOI enhanced the separation efficiency of the electron and hole,
further improving the photocatalytic activity. To further improve the photoactivity of the
Bi2WO6/BiOI composite, Zheng et al. [82] deposited Ag nanoparticles onto the surface
of Bi2WO6/BiOI to fabricate a Bi2WO6/BiOI/Ag heterojunction (Figure 7b). Besides
the function of the heterojunction structure, Ag particles contributed to the SPR effect,
which extended the visible-light absorption and accelerated the separation/transfer of
photogenerated carriers. The sample of Bi2WO6/BiOI/Ag-8 displayed the highest activity
for the degradation of tetracycline and a superior recycling performance.
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Qiang et al. [83] synthesized I-doped Bi2O2CO3/Bi2WO6 heterojunction microspheres
via the ionic liquid-assisted solvothermal method. The I-doped heterojunction adjusted
the energy band structure and enhanced visible light adsorption, charge separation, and
proton reduction. Therefore, the doped composite presented outstanding photocatalytic
performance for the degradation of TC and Rh B. Wu et al. [84] prepared 3D flower-like
BiPO4/Bi2WO6 composites via the hydrothermal method for the degradation of Rh B under
visible light irradiation. The hybridization of two components accelerated the separation
efficiency of charge carriers and inhibited their recombination. The composite containing
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15% BiPO4 displayed the highest photocatalytic activity, which degraded 92% Rh B within
100 min, about 3.7 and 1.4 times higher than that of BiPO4 and Bi2WO6, respectively. Zhang
et al. [85] deposited Bi2Sn2O7 (BSO) nanoparticles onto Bi2WO6 (BWO) nanosheets to
fabricate flower-like Bi2Sn2O7/Bi2WO6 hierarchical composite photocatalysts. When used
for the degradation of Rh B under visible light, the 7% BSO/BWO composite displayed
the best photocatalytic activity, much better than that of pure BWO or BSO, due to the
promoted separation of the photogenerated electron-hole pairs.

Tao et al. [86] synthesized Bi2WO6 nanosheets (NSs) on electrospun BiFeO3 nanofibers
(NFs) to fabricate 1D discrete heterojunction nanofibers. The ferromagnetic feature of
BiFeO3 facilitated the recycling treatment, and the high surface area facilitated the pho-
tocatalytic reaction by providing abundant active sites. Moreover, the 1D heterojunction
promoted the separation/transport of photogenerated charges. As a result, the reaction
rate constant of the nanofiber-like photocatalyst for Rh B degradation was 36.7 times
and 8.7 times higher than that of pure BiFeO3 and Bi2WO6, respectively. Integrating
the solvothermal reaction with the electrospinning technique, Teng et al. [87] prepared
a one-dimensional CuBi2O4/Bi2WO6 fiber composite. Due to the formation of a Z-type
heterojunction, a fiber-like photocatalyst achieved the fast degradation of more than 90%
TCH within 120 min. In addition, Wang et al. [88] created flower-flake-like CuBi2O4/BWO
composite via a hydrothermal route. Under the irradiation of visible light, the composite
containing 60 wt% CuBi2O4 delivered the highest photocatalytic activity, which degraded
93% TC (20 mg/L) within 1 h. The superior performance was ascribed to the improved vis-
ible light absorption, interfacial charge transfer and separation, and the prolonged lifetime
of photogenerated carriers.

3.6. Bi2WO6/Metal Tungstates Composite

Metal tungstates (MWO4) show the wolframite-type monoclinic structure and scheelite-
type tetragonal structure, which received more attention in the photocatalytic field. The
combination of Bi2WO6 with metal tungstates integrates the advantage of each component
and presents enhanced photocatalytic activity for the degradation of organic pollutants.
In this field, Kumar et al. [89] synthesized a Bi2WO6/ZnWO4 composite photocatalyst via
the modified hydrothermal method. The bi-crystalline framework of Bi2WO6 and ZnWO4
played a synergistic effect, which reduced the crystallite size and band gap and effectively
separated and transferred the photo-generated electron–hole pairs. Under UV irradiation,
the optimized 30% Bi2WO6/ZnWO4 delivered the maximum degradation performance
for the removal of Plasmocorinth B dye. Miao et al. [90] prepared Sb2WO6/Bi2WO6 com-
posite photocatalysts and evaluated their photocatalytic activity for the degradation of
Rh B and MO. The composite showed an increased specific surface area and an enhanced
visible-light absorption capability, and it suppressed the recombination of electron–hole
pairs. The composite containing 6% Sb achieved the fast degradation of 100% Rh B and
70% MO within 90 min, much better than pure single phase Bi2WO6 and Sb2WO6. Ni
et al. [91] synthesized a flower-like Ag2WO4/Bi2WO6 (AWO/BWO) composite for the
degradation of Rh B. AWO and BWO formed a direct Z-scheme heterojunction, which
promoted the migration of interface charges, enhanced the light absorption capability, and
inhibited the recombination of the electron-hole pairs. The composite containing 3 wt%
AWO exhibited the highest activity, which degraded nearly 100% Rh B within 150 min,
11.5-fold and 1.5-fold higher than that of pristine AWO and BWO.

4. Bi2WO6-Based Ternary Composite

Besides Bi2WO6-based binary heterojunction composites, lots of Bi2WO6-containing
ternary composites were developed as high-performance photocatalysts. From the re-
ported Bi2WO6-based ternary composites, commonly used components involve carbon
materials, g-C3N4, BiOX, AgBr, Ag2CO3, Ag2O, Cu2O, TiO2, ZnO, Ti3C2, Bi2MoO6, BiPO4,
and Au/Ag nanoparticles. Compared to binary composites, the advantage of ternary
composites exhibits optimized light harvesting capability and photocatalytic activity due
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to the constructed double heterostructure interfaces and the synergistic effect derived from
three components. In view of the broad selectivity of semiconductor candidates, it is hard
to summarize the design principle of Bi2WO6-based ternary composites. However, the
fixed binary combination of Bi2WO6/g-C3N4, Bi2WO6/carbon materials, Bi2WO6/Au or
Ag-based materials, and Bi2WO6/Bi-series semiconductors is reported to hybridize with
the third component.

4.1. The Composite of Bi2WO6/g-C3N4/Other Materials

In respect of the Bi2WO6/g-C3N4 combination, Zhang et al. [92] prepared a dual
Z-scheme BiSI/Bi2WO6/g-C3N4 photocatalyst via hydrothermal method. The generation
of dual Z-scheme heterojunction promoted the transfer and separation of photogenerated
electron–hole pairs. When used for the degradation of TC, Rh B, and chlortetracycline
(CTC), the optimized BiSI/Bi2WO6/20%g-C3N4 exhibited the highest photocatalytic activ-
ity, much better than that of the single and binary systems. Sun et al. [93] fabricated a double
Z-scheme g-C3N4/Bi2MoO6/Bi2WO6 (CN/MO/WO) composite for the degradation of
TC. In this ternary system, g-C3N4 enhanced the specific surface area and accelerated the
carrier transfer. Bi2WO6 and Bi2MoO6 extended the light absorption range and inhibited
the recombination of photogenerated electron–hole pairs. As a result, the optimized 15%
CN/MO/WO composite achieved the fast photodegradation of 98% TC within 30 min
under the irradiation of visible light. Zhou et al. [94] synthesized dual Z-scheme BiOBr/g-
C3N4/Bi2WO6 photocatalysts via one-pot hydrothermal reaction. The dual heterojunction
effectively suppressed the recombination of photogenerated carriers and presented superior
photocatalytic activity, which degraded 90% TC within 40 min under the irradiation of
visible light. In addition, a Bi2WO6/BiOI/g-C3N4 ternary composite photocatalyst was
prepared for the degradation of TC [95], and the optimized composite degraded over
90% TC within 120 min. Moreover, the ternary photocatalyst also exhibited a superior
performance for the degradation of municipal waste transfer station leachate.

Hu et al. [96] fabricated a ternary heterojunction g-C3N4/BiVO4-Bi2WO6 photocata-
lyst by the intercalation of a BiVO4-Bi2WO6 composite into compressed layered g-C3N4
nanosheets. The compressed layer structure accelerated the transfer of electrons and the
generation of superoxide radicals, which enhanced photocatalytic activity, and the degrada-
tion efficiency of Rh B and TC was 96.7% and 94.8% within 60 min, respectively. In another
work, a 2D/2D/2D Bi2WO6/g-C3N4/Ti3C2 composite (Figure 8a) was prepared via a
one-step hydrothermal reaction [97]. In this system, seamless interfacial contact of the 2D
heterojunction facilitated the separation and transfer of photogenerated electron–hole pairs.
Moreover, Ti3C2 also promoted charge separation. As a result, the composite achieved the
fast photodegradation of CIP, and the reaction rate constant was 4.78 times higher than that
of Bi2WO6. Li et al. [98] prepared a 2D/2D Z-scheme g-C3N4/Au/Bi2WO6 (CN/Au/BWO)
composite for the photodegradation of Rh B. Serving as a redox mediator, Au nanoparticles
accelerated the transmission and separation of photogenerated carriers. Moreover, the
2D/2D Z-scheme structure provided abundant active sites for enhancing the photocatalytic
activity. The CN/Au(1)/BWO sample degraded 88.7% Rh B within 30 min, and the rate
constant was 1.48-fold and 1.62-fold higher than that of pure BWO and CN, respectively.
To further enhance the photocatalytic activity of the g-C3N4/Bi2WO6 Z-scheme hetero-
junction, Jia et al. [99] introduced nitrogen-doped carbon quantum dots (NCQs) onto a
g-C3N4/Bi2WO6 interface to form g-C3N4/Bi2WO6/NCQs ternary composites (Figure 8b).
The NCQs extended the light absorption range and promoted the transfer and separation of
photogenerated electron–hole pairs. Compared to single or binary composites, the ternary
composite showed the highest degradation efficiency for the removal of Rh B and TC under
visible light irradiation.
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4.2. The Composite of Bi2WO6/Carbon/Other Materials

In the field of Bi2WO6/carbon materials, Guan et al. [100] synthesized a ternary
AgBr/GO/Bi2WO6 Z-scheme photocatalyst and discussed the effect of AgBr and GO
fractions on photocatalytic activity. The optimized 15%AgBr/5GO/Bi2WO6 delivered
the highest degradation efficiency for the removal of 84% TC under visible light, and the
reaction kinetic constant was about 3.16-fold and 4.60-fold higher than that of pure Bi2WO6
and AgBr, respectively. The superior performance was due to an extended visible light
adsorption range and an enhanced charge separation and transfer. Zhu et al. [101] prepared
a GO@BiOI/Bi2WO6 composite for the removal of Bisphenol A (BPA). In this ternary system,
GO effectively modified the surface of BiOI/Bi2WO6 and improved the physico-chemical
property. The optimized composite degraded 81% BPA within 5 h under the irradiation of
UV-vis light. Tian et al. [102] prepared a Z-scheme flower-like Bi2MoO6/Bi2WO6/MWCNTs
photocatalyst via hydrothermal route. Under visible light irradiation, the ternary composite
degraded 96% reactive blue 19 (RB-19) within 4 h, the photocatalytic efficiency was much
higher than that of Bi2MoO6/MWCNTs, and pure Bi2MoO6 and Bi2WO6. Niu et al. [103]
synthesized Bi2WO6/C@Cu2O Z-scheme photocatalysts for TC degradation. The wrapped
carbon layer on Cu2O avoided the photo-corrosion of Cu2O. Furthermore, the oxygen-
containing groups in the carbon layer decreased interfacial resistance and promoted electron
transfer. The degradation rate constant of the ternary composite was 2.8 times higher than
that of pure Bi2WO6.

4.3. The Composite of Bi2WO6/Au or Ag-Based Materials/Other Materials

Among the Bi2WO6/Ag-based materials, Wang et al. [104] prepared a Ag2CO3/
AgBr/Bi2WO6 ternary photocatalyst via a precipitation method. When used for the degra-
dation of Rh B, the degradation rate of the ternary composite was 95.1% within 60 min
under solar illumination, and the degradation efficiency was much higher than that of each
component. Gang et al. [105] synthesized a Ag/AgBr/Bi2WO6 composite via the oil/water
self-assembly method. In this ternary composite, Ag/AgBr was uniformly dispersed on
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the Bi2WO6 surface, which extended the visible-light absorption range for the surface plas-
monic resonance (SPR) effect of Ag. Moreover, the composite accelerated the separation of
photogenerated charges. When utilized for the degradation of Rh B and phenol, the ternary
composite presented optimum photocatalytic activity under visible light, much better than
Ag/AgBr and pure Bi2WO6. Jin et al. [106] prepared a Au@TiO2/Bi2WO6 composite via
a sol-gel method followed by hydrothermal reaction. In this ternary system, core-shell
structured Au@TiO2 nanoparticles were dispersed on flower-like Bi2WO6 nanosheets. The
formation of a Z-scheme heterojunction and SPR effect of Au promoted the generation,
separation, and interfacial transfer of photogenerated charge carriers. When served for the
degradation of sulfamethoxazole (SMX) and TCH under visible light, the degradation rate
was 96.9% and 95.0% within 75 min, respectively. Moreover, the degradation rate constant
was 7.2 times and 1.9 times higher than that of pure Bi2WO6, respectively.

4.4. The Composite of Bi2WO6/Bi-Series Semiconductors/Other Materials

In the field of Bi2WO6/Bi-series semiconductors, Zhu et al. [107] prepared a magnetic
Bi2WO6/BiOI@Fe3O4 ternary composite for the photodegradation of TC. The optimized
Bi2WO6/BiOI@5%Fe3O4 sample showed the highest TC degradation rate of 97%, much
higher than that of pure Bi2WO6 (63%). Moreover, the spent powder can be magnetically
recycled, and the recycled sample also exhibited good photocatalytic activity. Combining
the electrostatic spinning technique, Chen et al. [108] fabricated 1D magnetic flower-like
CoFe2O4@Bi2WO6@BiOBr photocatalysts for the degradation of Rh B. The resulting flower-
like heterojunction enhanced the specific surface area and accelerated the separation of
photogenerated charge carriers. Consequently, the ternary composite degraded 92.08% Rh
B within 3 h.

4.5. Other Composites

In view of the high surface area and tight interfacial contact of 2D nanomateri-
als [109–111], Sharma et al. [112] prepared a 2D-2D-2D ZnO/Bi2WO6/Ti3C2 ternary com-
posite photocatalyst via two-step electrostatic assembly. The optimized ZBT05 containing
5 wt% Ti3C2 delivered the highest degradation rate (~77%) for the removal of ciprofloxacin
(CFX) within 160 min due to the enhanced photogenerated charge carrier separation caused
by the generated ternary interface. Besides ternary composites, the composite photocat-
alysts composed of four or five components were reported for enhancing photocatalytic
activity. In this respect, Ma et al. [113] prepared a GO-modified Ag/Ag2O/BiPO4/Bi2WO6
multi-component composite photocatalyst and investigated the photocatalytic activity for
the degradation of Rh B and amoxicillin (AMX). The composite exhibited a small size, fast
charge transfer efficiency, and extended light absorption range, which presented enhanced
photocatalytic activity for the degradation of AMX, Rh B, and E. coli under visible light
irradiation.

5. Conclusions and Prospects

To sum up, the advances of Bi2WO6-based photocatalysts are summarized in this
review, including morphology control, the surface modification and heteroatom doping of
Bi2WO6, Bi2WO6-based binary composites, and Bi2WO6-based ternary composites. The
most popular synthesis method of Bi2WO6 is the hydrothermal or solvothermal method,
and the reaction temperature and time heavily affect the microstructure and photocatalytic
performance of Bi2WO6. The surfactants of CTAB and PVP were used to adjust the mi-
crostructure of Bi2WO6. Furthermore, Au-decorated Bi2WO6 hollow microspheres were
synthesized to utilize the SPR effect of Au nanoparticles. Heteroatom doping can be used
to enhance the photoactivity of Bi2WO6. Among various dopants, N, F, Cl, and I serve as
non-metal dopants for doping Bi2WO6. In addition, Fe, Ti, Sr, Er, La, Au, Ag, and Mo are
used to fabricate metal-doped Bi2WO6. Besides single atom doping, (La, Mo) co-doped
Bi2WO6 was reported to enhance the photoactivity of Bi2WO6 by adjusting the particle size
and lattice spacing. In view of the limited photocatalytic activity of single Bi2WO6, the
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development of Bi2WO6-based binary and ternary composites has become a major topic
for constructing high-performance photocatalysts. Bi2WO6-based binary composites show
a wide research range for the diversity of alternative materials. The existing Bi2WO6-based
binary composites can be classified into six types: Bi2WO6/carbon or MOF composite,
Bi2WO6/g-C3N4 composite, Bi2WO6/metal oxides composite, Bi2WO6/metal sulfides
composite, Bi2WO6/Bi-series composite, and Bi2WO6/metal tungstates composite. Due
to the diversity of target organic pollutants, and the difference of pollutant concentration,
light source or powder, and catalyst dosage, it is very difficult to compare the photocatalytic
activity of different Bi2WO6-based binary composites. Compared to other semiconductors,
g-C3N4 and metal oxides are widely used to hybridize with Bi2WO6, and the resulting
Bi2WO6/g-C3N4 and Bi2WO6/metal oxides composites deliver enhanced photodegrada-
tion efficiency, which is much better than each component. Besides Bi2WO6-based binary
composites, lots of Bi2WO6-based ternary composites were developed as high-performance
photocatalysts. The commonly used components include carbon materials, g-C3N4, BiOX,
AgBr, Ag2CO3, Ag2O, Cu2O, TiO2, ZnO, Ti3C2, Bi2MoO6, BiPO4, and Au/Ag nanoparti-
cles. According to the material type, binary Bi2WO6/g-C3N4, Bi2WO6/carbon materials,
Bi2WO6/Au or Ag-based materials, and Bi2WO6/Bi-series semiconductors were fabricated
for further hybridizing with the third component, and they present outstanding photocat-
alytic activity for the formation of double heterostructures and the synergistic effect of three
components. In addition, a GO modified Ag/Ag2O/BiPO4/Bi2WO6 multi-component
composite was synthesized to further improve photocatalytic activity.

Based on the summary above, abundant progress has been achieved in Bi2WO6-
based photocatalysts. However, some urgent problems still exist, such as the controllable
microstructure, the suitable component and ratio optimization, and the photocatalytic
mechanism of different Bi2WO6-based composites. Aiming to solving the three problems
mentioned above, we put forward the following promising research trends:

(1) The controllable synthesis and microstructure optimization of Bi2WO6 and Bi2WO6-
based composite. The ideal microstructures of photocatalysts include hierarchical
hollow structures, flowers, or spheres with a high specific surface area. Moreover,
binary or ternary composites should have a strong interfacial binding strength, and
the ratio optimization of different components is a major task.

(2) The selection of suitable candidate semiconductor photocatalysts. The selection of
semiconductors should consider the band gap feature of Bi2WO6, and the resulting
Bi2WO6-based composite should form a Z-scheme, S-scheme heterojunction, or double
heterojunctions. In addition, the heteroatom doping and introduction of noble metal
nanoparticles can be adopted as an effective strategy for enhancing photocatalytic
activity.

(3) The combination of theoretical calculation and experimental results clarify the photo-
catalytic mechanism. The photocatalytic mechanism of the Bi2WO6-based composite
is the difficulty for designing high-performance hybrid photocatalysts. Besides the
traditional characterization techniques, theory computations should be paid more
attention for clarifying the photocatalytic mechanism.
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Abstract: For achieving the goal of peaking carbon dioxide emissions and achieving carbon neutrality,
developing hydrogen energy, the green and clean energy, shows a promising perspective for solving
the energy and ecological issues. Herein, firstly, we used the hydrothermal method to synthesize the
ZnS(en)0.5 as the precursor. Then, ZnS/ZnO composite was obtained by the in situ transformation of
ZnS(en)0.5 with heat treatment under air atmosphere. The composition, optical property, morphology,
and structural properties of the composite were characterized by X-ray photoemission spectroscopy
(XPS), Ultraviolet-visible absorption spectra (Uv-vis Abs), Scanning electron microscopy (SEM) and
Transmission electron microscopy image (TEM). Moreover, the content of ZnO in ZnS/ZnO was
controlled via adjustment of the calcination times. The visible-light response of ZnS/ZnO originated
from the in situ doping of N during the transformation of ZnS(en)0.5 to ZnS/ZnO under heat treat-
ment, which was verified well by XPS. Photocatalytic hydrogen evolution experiments demonstrated
that the sample of ZnS/ZnO-0.5 h with 6.9 wt% of ZnO had the best H2 evolution activity (1790
µmol/h/g) under visible light irradiation (λ > 400 nm), about 7.0 and 12.3 times that of the pure ZnS
and ZnO, respectively. The enhanced activities of the ZnS/ZnO composites were ascribed to the
intimated hetero-interface between components and efficient transfer of photo-generated electrons
from ZnS to ZnO.

Keywords: ZnS/ZnO; N-doped; photocatalytic H2 evolution; heterojunction

1. Introduction

Hydrogen, as a clear and renewable energy, has been considered as a candidate for
future energy use. Photocatalysis is a powerful technology for transforming solar energy
into chemical energy [1–3]. The search for and design of photocatalysts are the key ways
for achieving the highly efficient photocatalytic hydrogen evolution [4,5].

ZnS is one of the well-known photocatalysts for H2 production, but suffers from a
ultraviolet response, a low surface area and a repressed carriers migration [6]. As reported
by our previous work [7], designing ZnS with a porous plate-like structure and N-doping
in crystal lattice is a feasible approach to broaden the optical absorption and increase the
surface areas of ZnS. Therefore, to further enhance the photocatalytic hydrogen evolution
activity of N-doped porous ZnS nanoplates, one’s attentions should be focused on the
issues of carriers separation. Over the past decades, engineering heterojunctions in photo-
catalysts have been proved to be a promising route for promoting carriers separation [8,9].
One of the most vital factors for the effective separation of electron–hole pairs involves
the ohmic contact interface and energy band structures of different components in photo-
catalyst [10,11]. Fortunately, ZnO, as another important II-VI group semiconductor, has
similar physical and chemical properties to ZnS [12]. Their energy band structures are
generally staggered, forming a so-called type II heterojunction, which facilitates the sep-
aration of carriers [13,14]. More importantly, hexagonal ZnS and ZnO are isomorphous
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compounds and a mutual transformation between ZnS and ZnO can be executed via
anion exchange [15]. Hence, the preparation of the composition of ZnS/ZnO by partial
sulfuration of ZnO or oxidation of ZnS could form a firm heterojunction with a superior
ohmic contact interface [16–18] This has been further confirmed by recent reports. As Wang
et al. reported [19], an all-solid-state Z-Scheme ZnS-ZnO heterostructure photocatalyst
was prepared via in situ sulfurization of ZnO sheets. The obtained ZnS-ZnO showed a
remarkable enhancement of photocatalytic H2 evolution activity, but pursuing visible-light
activity was still in demand. Additionally, Cheng et al. reported a ZnO/ZnS heteronanos-
tructure for photocatalytic H2 evolution under visible light (λ >420 nm) [20]. The method
for preparing ZnO/ZnS suffered from a tedious process, including synthesis of Zn-MOF,
partial sulfuration of Zn-MOF, high temperature treatment for in-situ transformation of
ZnS@Zn-MOF into ZnS@C, and further oxidation of ZnS@C in air into ZnS/ZnO. The
visible-light photocatalytic H2 evolution activity of the ZnS/ZnO was not more desirable.
Therefore, engineering a ZnS/ZnO heterojunction photocatalyst with visible-light response
for photocatalytic H2 evolution is still imperative and challenging. For addressing these
terms, this work provides a feasible and simple way to fabricate a ZnS/ZnO photocatalyst
for H2 evolution with visible-light response and a heterojunction structure simultaneously.

Herein, N-doped ZnS/ZnO composition was prepared by the in situ transformation of
ZnS(en)0.5 with heat treatment under air atmosphere. The content of ZnO in ZnS/ZnO was
able to be controlled via adjustment of the calcination times. Photocatalytic hydrogen evolu-
tion experiments demonstrated that the sample of ZnS/ZnO-0.5 h with 6.9 wt% of ZnO had
the best H2 evolution activity (1790 µmol/h/g) under visible light irradiation (λ > 400 nm),
about 7.0 and 12.3 times that of the pure ZnS and ZnO, respectively. The enhanced activities
of the ZnS/ZnO composites were ascribed to the formation of heterojunction between ZnS
and ZnO.

2. Results and Discussion
2.1. Structure and Morphology

The X-ray diffraction (XRD) diffraction pattern of the as-prepared precursor is shown
in Figure 1A. As shown, the pattern perfectly matched the referenced date of ZnS(en)0.5
(CCDC No. 200433), indicating that ZnS(en)0.5 was synthesized successfully [21]. The
strongest peak, at about 10◦, was assigned to the stacking direction (a axis) of a S-Zn-S
layer slab. The scanning electron microscopy (SEM) image in Figure 1B and transmission
electron microscopy image (TEM) in Figure 1C show that ZnS(en)0.5 had a slab morphology
with various lateral sizes and thicknesses, consistent with the crystal structure of ZnS(en)0.5.
Meanwhile, the selected area electron diffraction (SAED) image (inset in Figure 1C) revealed
that ZnS(en)0.5 had a polycrystalline structure. The first diffraction ring in the SAED
image had a radius of around 3.22 nm, which was ascribed to the diffraction of (002) plane
of ZnS(en)0.5. Moreover, the high-resolution TEM (HRTEM) image in Figure 1D further
confirmed that the bulk ZnS(en)0.5 consisted of a nanocrystal of ZnS(en)0.5 [7].
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Figure 1. (A) XRD diffraction patterns, (B) SEM image, (C) TEM image and (D) HRTEM image of the
as-prepared ZnS(en)0.5. Inset in C is the SAED image.

Figure 2 shows the XRD patterns of the samples obtained via calcination of ZnS(en)0.5
at 500 ◦C for different times. When time was 5 min, the obtained sample, defined as ZnS,
was assigned to pure hexagonal ZnS. The diffraction peaks at 27.0◦, 28.6◦, 30.6◦, 39.5◦,
47.6◦, 51.9◦, 56.4◦ were attributed to the (100), (002), (101), (102), (110), (103) and (112)
planes of hexagonal ZnS (PDF#02-1310), respectively. Alongside increasing to 10 min,
the XRD diffraction patterns of the sample (ZnS/ZnO-10 min) exhibited three extra weak
diffraction peaks at 31.7◦, 34.3◦ and 36.2◦, which corresponded to the (100), (002) and
(101) planes of hexagonal ZnO (PDF#05-0664), respectively, indicating the beginning of
the transformation from ZnS to ZnO. With a further increase in the heat treatment time,
the intensity of diffraction peaks assigned to ZnS and ZnO tended to decay and enhance,
respectively. Until the time extended to 5 h, the obtained sample was pure hexagonal ZnO.
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Figure 2. XRD diffractions patterns of the samples obtained via calcination of ZnS(en)0.5 at 500 ◦C for
different times including 5 min, 10 min, 0.5 h, 1.0 h, 3.0 h and 5.0 h.

The morphologies of the samples were obtained via SEM observation (Figure 3). As
shown in Figure 3A, ZnS had a plate-like morphology. Meanwhile, some tiny nanoparticles
and pores in nanoscale were observed on ZnS nanoplates for ZnS/ZnO-10 min (Figure 3B).
As confirmed by XRD analysis, these nanoparticles should be ZnO. Furthermore, along
with the increasing time of heat treatment for the sample of ZnS/ZnO-30 min (Figure 3C),
ZnS/ZnO-1 h (Figure 3D) and ZnS/ZnO-3 h (Figure 3E), the amount and the size of the
ZnO nanoparticles on the ZnS surface increased and grew up. As for the sample of ZnO
(Figure 3F), only nanoparticles with several tens of nanometer were seen. Furthermore,
based on the XRD diffraction dates at 2θ = 36.20 (Figure 2), the ZnO particle sizes in
ZnS/ZnO compositions were calculated via the Debye–Scherrer Formula of D = Kγ/Bcosθ.
The obtained ZnO particle sizes in the samples of ZnS/ZnO-10 min, ZnS/ZnO-0.5 h,
ZnS/ZnO-1 h, ZnS/ZnO-3h and ZnO were 13.9, 16.4, 18.1, 23.2 and 24.3 nm, respectively.
The morphology and structure of ZnS/ZnO composition, and ZnS/ZnO-0.5 h as a repre-
sentative sample, was further confirmed by TEM, HAADF-STEM mapping and HRTEM,
(shown in Figure 4. TEM image in Figure 4A demonstrated that ZnS/ZnO-0.5 h had a
nanoporous plate-like morphology with nanoparticles anchored on. The inset in Figure 4A
shows that the surface nanoparticle had a size mainly ranging from 10–70 nm. The HAADF-
STEM and mapping images in Figure 4B verified that Zn, S, O, C and N were uniformly
dispersed on ZnS/ZnO-0.5 h. The elements of C and N should originate from the residual
carbon and the N-doping in composition, because of the decomposition of ethanediamine
(en) in the precursor of ZnS(en)0.5 under calcination [7]. The existence of O might indicate
that partial ZnS was transformed into ZnO. Figure 4C is the HRTEM image of the surface
nanoparticle in site 1 in Figure 3A. It shows the nanoparticle-owned clear lattice fringes
with a distance of 0.28 nm, which was assigned to the (100) plane of ZnO [22]. It further
confirmed ZnS that was transformed into ZnO. Figure 4D shows the HRTEM image of the
nanoplate’s counterpart in site 2 in Figure 4A. As shown, it also exhibited distinct lattice
fringes with a distance of 0.33 nm, corresponding to the (100) plane of hexagonal ZnS [23].
Additionally, some defects were found, possibly arising from the N-doping, thus leading to
the local disorder of ZnS.
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Figure 3. SEM images of the as-prepared samples, (A) ZnS, (B) ZnS/ZnO-10 min, (C) ZnS/ZnO-0.5 h,
(D) ZnS/ZnO-1 h, (E) ZnS/ZnO-3 h, (F) ZnO.
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in site 1 and site 2 in A, respectively. Inset in A is the amount of the nanoparticles in different sizes.

2.2. Analysis of Components, BET Surface Area and Energy Band Structure

To further confirm the surface elemental components and valence states of samples,
X-ray photoemission spectroscopy (XPS) was carried out. As shown in Figure 5A, the Zn
2p3/2 and Zn 2p1/2 of ZnO, ZnS/ZnO-0.5 h, and ZnS located at 1021.48 eV and 1044.58 eV,
1021.78 eV, 1044.88 eV, 1021.88 eV, and 1044.98 eV, respectively, corresponding to the binding
energy of Zn2+ [24]. The XPS spectra of S2− 2p (Figure 5B) showed that the binding energy
of S 2p3/2 and 2p1/2 for ZnS and ZnS/ZnO-0.5 h were around 161.78 eV and 162.98 eV. No
signal of S 2p was detected in ZnO, demonstrating that ZnS was completely transformed
into ZnO, thus matching the analysis results of the XRD diffraction. Figure 5C shows O
1s spectra. The binding energies of O 1s, located at about 530.18 eV and 531.78 eV, were
assigned to O2− of Zn-O and surface O-H [16], respectively. Moreover, the binding energy
of O 1s of Zn-O (529.98 eV) in ZnS/ZnO reduced by 0.2 eV, compared with that of Zn-O
in pure ZnO. The negative shift of binding energy of O 1s in ZnS/ZnO was attributed to
the formation of a heterojunction between ZnS and ZnO [19], which resulted in a transfer
of electron density from ZnS to ZnO, thus leading to an enhanced electron density of the
ZnO surface [25]. Furthermore, as shown in Figure 5B and C, during the transformation of
ZnS→ZnO, the content of O and S was increased and decreased, respectively. Based on the
calculation of the peak area of S 2p of Zn-S and O 1s of Zn-O, the ratio of S/O was 11.3,
meaning that the weight percentage of ZnO in the sample of ZnS/ZnO-0.5 h was about
6.9 wt%. Furthermore, Figure 5D shows that ZnS, ZnS/ZnO, and ZnO all exhibited the N
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1s spectrum located at 399.58 eV, 399.78 eV and 400.38 eV, respectively, due to N-doping,
which was the origination of the visible-light photocatalytic activity of these photocatalysts.
Noticeably, the binding energy of N 1s gradually had a positive shift. In terms of ZnS, the
N 1s arose from the Zn-N bond. During ZnS→ZnO, the oxidation of Zn-N resulted in the
increasing binding energy of N, benefiting the generation of ZnO derived from ZnS directly.
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Figure 6 shows the specific surface areas and pore size distributions of ZnS, ZnS/ZnO-
0.5 h and ZnO, respectively, which were obtained via Brunauer–Emmett–Tell (BET) N2
adsorption–desorption isothermal measurements. As shown in Figure 6A, the three samples
all had a typical IV adsorption isotherm, proving the existence of mesopores. The BET
surface areas were 88.2, 33.9 and 14.2 m2/g for ZnS, ZnS/ZnO-0.5 h and ZnO, respectively.
Along with the transformation from ZnS to ZnO, a decrease in surface areas was noticed,
which should arise from the destruction of the nanoporous plate-like structure of ZnS
and the block effect of newborn ZnO nanoparticles. The pore size distribution curves
in Figure 6B show that the average pore sizes and the pore volumes were enlarged and
decreased, respectively, which further confirmed the collapse of the mesoporous structure,
consistent with the SEM and TEM observations discussed above.
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Figure 7A shows the optical absorption property of the samples. As shown, ZnS,
ZnS/ZnO-0.5 h and ZnO displayed a band-edge absorption (λabs) around 398, 412 and
427 nm, corresponding to the band gap (Eg) of 3.16, 3.01 and 2.90 eV estimated via the
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empirical equation of 1240/λabs [26], respectively. Noticeably, the three samples had an
obvious tailing absorption in the visible region (400–700 nm), indicating that the samples
were visible-light response photocatalysts. However, with the transformation from ZnS
to ZnO, the samples displayed a decay of spectral absorption in the visible region, which
was attributed to the decreased content of doping N atoms. Furthermore, the CB edge
position of ZnS and ZnO was evaluated by a Mott–Schottky plots test (Figure 7B). As
shown, the conduction band edge (ECB) of ZnS and ZnO located at −1.01 V and −0.94 V
(vs. SCE, pH = 7), respectively, were higher than the H2 evolution potential (−0.66 V, vs.
SCE, pH = 7), meaning that the photocatalysts were powerful enough for the photocatalytic
reduction of H2O for H2 evolution. Additionally, based on Eg = EVB − ECB [27], the valence
band edge (EVB) of ZnS and ZnO is located at the position of 2.15 V and 1.96 V. Based on
the analysis of energy band edge, the composition of ZnS/ZnO-0.5 h might form the type
I heterojunction [8], which could promote the separation of a photogenerated carrier.
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2.3. Photocatalytic Activity and Stability

Figure 8A,B shows the time course of H2 evolution activity and the corresponding
H2 evolution rates of the as-prepared samples. As shown, the hydrogen evolution activity
exhibited a volcano-like variation with the increasing content of ZnO in photocatalysts.
The average rates of H2 evolution for pure ZnS and ZnO were only 255 and 145 µmol/h/g,
far lower than that of the ZnS/ZnO composites, 1600, 1790, 1605 and 670 µmol/h/g
for ZnS/ZnO-10 min, ZnS/ZnO-0.5 h, ZnS/ZnO-1 h and ZnS/ZnO-3 h, respectively.
These results demonstrated that ZnS/ZnO composites had advantages in photocatalytic
H2 evolution, compared with single ZnS or ZnO, and should be ascribed to an efficient
separation of photogenerated carriers because of the formation of a heterojunction and
type I energy band edge alignment between a ZnS and ZnO component. Figure 8C
shows the stability of photocatalytic hydrogen evolution over ZnS/ZnO-0.5 h. As shown,
the hydrogen evolution activity decreased by about 15% after 4 recycle tests. The decay
of activity was ascribed to the destruction of the interface structure of the photocatalyst,
which was confirmed by the XRD diffraction patterns of ZnS/ZnO-0.5 h after recycle
photocatalytic tests. As shown in Figure 8D, compared with the XRD diffraction patterns of
ZnS/ZnO-0.5 h before the reaction, the diffraction peaks at 31.7◦, 34.3◦ and 36.2◦ assigned
to the diffraction peaks of ZnO became weaker, because ZnO was transformed into ZnS
under the condition of SO3

2−/S2− as the sacrificial reagent. With the transformation of ZnO
to ZnS, the heterostructure of ZnS/ZnO suffered from a damage, leading to the decay of
photocatalytic hydrogen evolution activity, which further demonstrated the importance of
the heterojunction for separation of carrier and enhanced photocatalytic activity. Moreover,
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as shown in Table 1, the N-doped ZnS/ZnO heterojunction photocatalyst in this work
displayed a competitive activity for H2 evolution under visible light, as compared with the
reported ZnS/ZnO compositions.
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Table 1. Comparison of the photocatalytic H2 evolution activities of ZnS/ZnO.

Photocatalyst Sacrificial Agent in Aqueous
Solution

H2 Evolution Activity
/µmol·g−1·h−1 Light/nm Reference

N-doped ZnS/ZnO-Pt% 0.1 M S2−/0.1 M SO3
2− 1790 λ > 400 This work

ZnS/ZnO CH3OH 50 % v/v 1242 254 [15]
ZnS/ZnO@CT 5% lactic acid 37.1 400–780 [28]

ZnS@ZnO 0.1 M S2−/0.1 M SO3
2− ;4600 Xenon lamp [18]

ZnS-ZnO 0.25 M S2−/0.35 M SO3
2− 22 λ > 420 [29]

Pt/ZnS-ZnO 0.1 M S2−/0.1 M SO3
2− 10,700 Xenon lamp [19]

ZnS/ZnO 0.45 M S2−/0.45 M SO3
2− 374 λ > 400 [30]

ZnS/ZnO 0.1 M S2−/0.1 M SO3
2− ;250 λ > 420 [31]

ZnS-ZnO 0.4 M S2− 494.8 Xenon lamp [32]
Pt/ZnS@ZnO Water 87.6 Xenon lamp [33]

ZnO/ZnS 0.1 M S2−/0.1 M SO3
2− 415.3 λ > 420 [20]

3. Materials and Methods
3.1. Materials

The H2PtCl6·6H2O, (A. R., Sinopharm Chemical Reagent Co. (SCRC, Shanghai, China),
ethanol (EtOH, A. R., SCRC), deionized water (home-made), ethanediamine (en, A. R.,
SCRC), thiourea (A. R., SCRC), ZnCl2 (A. R., SCRC.). N,N-dimethylformamide (DMF, A.
R., SCRC), Na2S·H2O and Na2SO3 (A. R., SCRC.).

3.2. Preparation of Photocatalysts

Synthesis of ZnS(en)0.5: 0.191 g of ZnCl2, 0.64 g of thiourea and 50 mL of ethanediamine
were added into a 100 mL teflon-lined autoclave, and the mixture was stirred for 1 h.
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Subsequently, the autoclave was sealed and maintained at 160 ◦C for 12 h and naturally air
cooled. The resulting white solid products were centrifuged, washed with absolute ethanol
and distilled water several times, and then dried at 40 ◦C overnight.

Synthesis of ZnS/ZnO composition: The as-prepared 40 mg of ZnS(en)0.5 was spread
into a combustion boat with a capacity of 5 mL. Then, the sample was rapidly put into a
muffle furnace with a temperature of 500 ◦C for some time (t) and taken out immediately.
The samples, calcinated at different times (t = 5 min, 10 min, 0.5 h, 1 h, 3 h and 5 h),
were respectively defined as ZnS, ZnS/ZnO-5 min, ZnS/ZnO-10 min, ZnS/ZnO-0.5 h,
ZnS/ZnO-1 h, ZnS/ZnO-3h and ZnO.

3.3. Characterization

Structure and Morphology: XRD patterns were recorded on a X’Pert3 Powder (PANa-
lytical, Almelo, Netherlands) X-ray diffractometer with Cu Ka radiation operated at 40 kV
and 40 mA. To obtain the transmission electron microscopy (TEM) images, high-resolution
(HR) TEM images and STEM-EDX mapping, the samples were dropped on a Mo grid and
operated on a Talos F200S (Thermo, Waltham, USA). X-ray photoelectron spectroscopy
(XPS) measurements were performed on a ThermoFischer system (Thermo, Waltham,
USA) with a monochromatic Al Kα source. XPS dates were calibrated by C1s = 284.8 eV.
Ultraviolet-visible absorption spectra was obtained using UV-2600 (Shimadzu, Tyoto,
Japan), BaSO4 as the reference. Field-emission scanning electron microscopy (FESEM, Carl
Zeiss Sigma 300, Oberkochen, Germany) was used to determine the morphology of the
samples. The Brunauer–Emmett–Teller (BET) surface area was measured with an TriStar II
Plus apparatus (Micromeritics Instrument Corp, Atlanta, USA).

Electrochemical measurements: The working electrode was prepared on fluorinedoped
tin oxide (FTO) glass, which was cleaned by sonication in acetone, ethanol and deionized
water for 30 min each. Next, 5 mg of photocatalyst powder was dispersed in 0.5 mL of
dimethylformamide (DMF) under sonication for 2 h to produce slurry. Then, 10 µL of
the as-prepared slurry was spread onto the conductive surface of the FTO glass to form a
photocatalyst film with an area of 0.25 cm2. After air drying naturally, the uncoated parts of
the electrode were isolated with an epoxy resin. Subsequently, the electrodes were put into
an oven at 100 ◦C for 2 h. For the Mott–Schottky experiment, the potential ranged from
−0.6 to 0.6 V with an increase in voltage of 50 mV, and the amplitude was 5 mV under
the frequency of 500 Hz. The measurement was also performed in a conventional three
electrode cell, using a Pt wire and a SCE electrode as the counter electrode and reference
electrode, respectively. The electrolyte was 0.2 M of Na2SO4 aqueous solution without
additive (pH = 6.8).

Photocatalytic tests: The photocatalytic reactions were carried out in a photocat-
alytic hydrogen evolution system (MC-H20II, Merry Change Co., Beijing, China). For this,
20 mg photocatalyst was suspended in 50 mL of (0.1 M) Na2SO3/(0.1 M) Na2S aqueous
solution. Next, 1%Pt was introduced into the reaction system via in situ photodeposition of
H2PtCl6.The suspension was then thoroughly degassed and irradiated with visible light
(λ > 400 nm) by using a 300 W Xenon lamp (PLS-SXE300D, Perfectlight Co., Beijing, China).
H2 was detected at set intervals, automatically, by an online gas chromatograph. For
photocatalytic recycle tests over ZnS/ZnO-0.5 h, three parallel photocatalytic H2 evolution
tests were firstly performed. Then, the photocatalyst was recovered after every parallel test.
The recovered photocatalyst was used for next run test.

4. Conclusions

N-doped ZnS/ZnO composite with heterostructure was prepared successfully by the
in situ transformation of ZnS(en)0.5 with heat treatment under air atmosphere. The content
of ZnO in ZnS/ZnO was able to be controlled via adjustment of the calcination time. SEM
demonstrated ZnO nanoparticles were dispersed on the ZnS surface. TEM further verified
that the surface ZnO nanoparticles had sizes ranging from 10 to70 nm and anchored on
porous ZnS nanoplate firmly. XPS verified that the N was doped into ZnS/ZnO during
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the in situ transformation of ZnS(en)0.5 to ZnS/ZnO, and a heterojunction was formed
between ZnS and ZnO. Photocatalytic hydrogen evolution experiments demonstrated that
the sample of ZnS/ZnO-0.5 h with 6.9 wt% of ZnO had the best H2 evolution activity
(1790 µmol/h/g) under visible light irradiation (λ > 400 nm), about 7.0 and 12.3 times of
that of the pure ZnS and ZnO, respectively. The enhanced activities of the ZnS/ZnO com-
posites were ascribed to the intimated hetero-interface between components and efficient
transfer of photo-generated electrons from ZnS to ZnO. However, although the N-doped
ZnS/ZnO obtained via the in situ transformation method achieved visible-light photo-
catalytic H2 evolution activity, the catalytic stability and absolute H2 evolution activity
of ZnS/ZnO should be improved further for meeting the potential demand of hydrogen
energy. Furthermore, the as-prepared N-doped ZnS/ZnO could be used for the photoanode
material of dye sensitized solar cells because of the existence of the heterojunction with
staggered conduction band edges and nanoporous structure, which availed the transmis-
sion of photoelectrons and absorption of dye molecules, thus improving the photoelectric
conversion efficiency.
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Abstract: Four new 2–3D materials were designed and synthesized by hydrothermal methods,
namely, {[(L1·Cu·2H2O) (4,4-bipy)0.5] (β-Mo8O26)0.5·H2O} (1), {[(L1·Cu)2·(4,4-bipy)] (Mo5O16)} (2),
{Co(L1)2}n (3), and {[(L1)2][β-Mo8O26]0.5·5H2O} (4). [L1=5-(4-aminopyridine) isophthalic acid]. The
degradation of ciprofloxacin (CIP) in water by compounds 1–4 was studied under visible light. The
experimental results show that compounds 1–4 have obvious photocatalytic degradation effect on CIP.
In addition, for compound 1, the effects of temperature, pH, and adsorbent dosage on photocatalytic
performance were also investigated. The stability of compound 1 was observed by a cycle experiment,
indicating that there was no significant change after three cycles of CIP degradation.

Keywords: ciprofloxacin; coordination polymers; hydrothermal method; photocatalytic degradation

1. Introduction

With the development of medical level, antibiotics have made great contributions
to the prevention and treatment of diseases. Antibiotics can enter aquatic environments
through various ways. The increase of their use and the water solubility, stability, and
volatility made them present a “lasting” state in aquatic environments, resulting in a series
of environments problems. Antibiotic wastewater is not facile to degrade, and its high
biological toxicity makes it a ticklish problem in the field of sewage treatment. In recent
years, high concentrations of antibiotics have been detected in many countries and regions.

Ciprofloxacin (CIP) antibiotics (Figure 1) are widely used in human and veterinary
medicine because of their strong bactericidal ability, and lower toxicity and side effects [1,2].
However, the extensive use of CIP has also caused environmental pollution and posed a
threat to the ecosystem and to human health. The removal of CIP from environment has
become a mandatory issue already [3,4]. Unfortunately, the conventional chemical and
physical methods lack enough efficiency for its removal and the new biochemical treatment
method often produces byproducts that are more harmful.
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Nowadays, the migration behavior and degradation mode of antibiotics in aquatic envi-
ronments have become a research hotspot. Photochemical degradation is an important way
for the migration and transformation of antibiotics in aquatic environments [5], which has a
significant impact on the environmental toxicological effects of these substances. In recent
years, photocatalytic technology has been widely used in water pollution control, which
shows the important application prospect and potential of photocatalytic technology [6,7].
The photocatalytic degradation processes provided an ideal technique for the transporta-
tion and degradation of CIP [8–10]. Compared with the methods mentioned above, using
photocatalytic technology can degrade CIP efficiently without secondary pollution.

As a new type of functional molecular materials, coordination polymers are formed by
the self-assembly process of organic ligands and metal ions. In the relevant research litera-
ture [11–16], they are also called porous coordination polymers (PCP) or organic-inorganic
hybrid materials. Coordination polymers materials developed rapidly and became a re-
search hotspot in the fields of chemistry [5], environment [17], materials [18], etc.. The
diversity of metal ions and organic ligands, as well as the different coordination modes
between them [13,19], determine the structural diversity of these materials. The synthetic
fibers of coordination polymers, synthetic methods, the specific configuration formed by
the inherent ligands between organic ligands and metal ions lead to the diversity of the
functions. The unique structure and function also show broad application prospects in the
selective adsorption and catalytic degradation of toxic and harmful substances [20]. Due
to the advantages of high specific surface area, self-assembled structures, and evenly dis-
tributed active sites, coordination polymer materials have great potential in the fields of cat-
alyst preparation, adsorption, gas storage, and photocatalytic degradation [11,12,14,16,21].
In the published articles on the photocatalytic degradation of ciprofloxacin, most of the
catalysts are doped or loaded modified materials [8–10]. Therefore, we imagine whether
materials with excellent degradation performance can be directly obtained through a simple
one-step reaction.

We have been working on the exploration of organic-inorganic hybrid materials for a
long time [5,13,22,23]. Carboxylic acid ligands usually have good metal ion binding ability.
Carboxylate is a hard base, which can form strong coordination bonds with various common
metal ions. Moreover, carboxylate has negative charges, which can neutralize the positive
charges of metal ions and metal clusters, so that the pores of porous complexes do not need
to contain counter anions, which is conducive to improving the stability of the structure.
Based on this, we chose the unreported ligand 5-(4-aminopyridine) isophthalic acid (Scheme
S1) to react with metal salts by hydrothermal method and obtained four new novel organic-
inorganic hybrid materials 1–4. It is worth mentioning that compounds 1–4 are directly
obtained by hydrothermal reaction, without further doping and modification. Compounds
1–4 were systematically characterized by infrared spectroscopy (IR), elemental analysis,
and powder X-ray diffraction (PXRD). Under simulated light, compounds 1–4 have a good
degradation effect on CIP and show a good photocatalytic performance. In addition, the
effects of temperature, pH, and catalyst dosage on the degradation of CIP by compound 1
were investigated. Cyclic experiments show the workability of the photocatalyst.

2. Results
2.1. Crystal Structure

X-ray single-crystal structural analysis indicated that compound 1 crystallized in tri-
clinic system (space group P-1). As shown in Figure 2a, its asymmetric structural unit is com-
posed of an L1 ligand, a Cu (II) ion, half of a 4,4-bipyridine molecule, a terminal coordination
water molecule and a µ- coordination water molecule, half a [β-Mo8O26]4−. Cu coordinate
to a O atom in the one carboxylate of L1 ligand, N atom in the 4,4-bipyridine molecule, a ter-
minal O and two µ-O atoms in the coordination water molecule, and an O in [β-Mo8O26]4−,
forming an octahedral hexacoordinate mode. The bond length around the Cu ion ranges
from 1.912 (6)–2.649 (6) Å (Cu1-O) and 1.972 (7) Å (Cu1-N), the bond angel around Cu
ion ranges from N-Cu-O = 45.947 (12)–92.47 (12)◦, and O-Cu-O = 44.585 (84)–60.224 (88)◦.
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L1 ligand acts as a terminal ligand to coordinate with Cu atom. Via the coordination and
connected mode with organic and polymolybdate ligands, these Cu2(H2O)4 dimer can be
infinitely extended in the space to form a 3D network structure. Figure 2b is the stacking
diagram of 1.
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X-ray single-crystal structural analysis indicated that compound 2 crystallized in
monoclinic system with space group I2/C. As shown in Figure 2c, the smallest structural
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unit of compound 2 is composed of two Cu (II) ions, two L1 ligands, a 4,4-bipyridine
molecule, and a [Mo5O16]2− anion cluster. Both Cu (II) ions present a hexacoordinated
octahedral configuration formed by the coordination with two O atoms from two L1 ligands,
three O atoms from three [Mo5O16]2− anion clusters, and a N atom from a 4,4-bipyridine
molecule. Interestingly the two carboxylate groups in L1 ligand act as different bridging
modes; one links a Cu and a Mo, while another links two Cu atoms and a Mo atom. Via
the coordination and connected mode with organic and polymolybdate ligands, these
Cu2(H2O)4 dimers can be infinitely extended in the space to form a 3D network structure.
Figure 2d is the stacking diagram of 2.

Compound 3 belongs to the orthorhombic system and pbcn space group. As shown in
Figure 2e, the asymmetric structural unit of compound 3 is composed of one Co (II) ion
and two L1 ligands. In compound 3, each Co is tetra-coordinated by coordinating with
four O atoms from four different L1 ligands. The main bond length and bond angle around
the Co (II) atom are Co1-O2 = 1.954 (5) Å, Co1-O3 = 1.946 (5) Å, O2-Co1-O3 = 40.323 (141)◦,
O3-Co1-O3 = 107.5 (3)◦, respectively. L1 ligand acts as a bridging ligand to link two differ-
ent Co centers. Via the coordination and connected mode, compound 3 forms a 1D chain
structure. Figure 2f is the stacking diagram of 3.

X-ray single-crystal structural analysis indicated that compound 4 crystallized in
triclinic system, P-1 space group. The asymmetric structural unit of compound 4 consists
of half [β-Mo8O26]4−, two L1 ligands, and five free H2O molecules (Figure 2g). Figure 2h
is the stacking diagram of compound 4, where it can be seen that [β-Mo8O26]4− anion
clusters are filled among the organic cationic ligands. There is not coordination bond
between the organic cationic ligand L1 and the [β-Mo8O26]4- anion cluster; they form a 2D
supramolecular structure through an electrostatic interaction, intermolecular force, and
hydrogen bond (C-H ··· O).

Compounds 1–4 are all obtained by hydrothermal synthesis, but different coordination
rules are shown between ligand L1 and metals. In compound 1, one carboxylate on ligand
L1 is coordinated with Cu, while in compound 2, one carboxylate is coordinated with Cu,
and the other carboxylate is coordinated with Mo. In compound 3, Co is coordinated by
two carboxylate groups. In compound 4, there is no coordination contact between ligand
L1 and Mo, but a charge balanced supramolecular compound is formed.

2.2. XRD Analysis

The PXRD pattern of compounds 1–4 were recorded and compared with the simulated
single-crystal diffraction data in order to affirm the purity of the compounds. For com-
pounds 1–4, the position of the peaks are basically consistent with the simulated patterns
generated from the results of the single crystal diffraction data, indicating the purity of
products (Figure 3a–d). The difference in reflection intensities between the simulated and
experimental patterns was due to the variation in the preferred orientation of the powder
sample during the collection of the experimental PXRD data. Crystal data for compounds
1–4 were summarized in detail in Table S1. Selected bond lengths and bond angles were
put in Table S2.
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Figure 3. (a) PXRD pattern of compound 1, (b) PXRD pattern of compound 2, (c) PXRD pattern of
compound 3, (d) PXRD pattern of compound 4.

2.3. TG Analysis

In order to investigate the thermal stability of compounds 1–4, TG analysis was
performed. As shown in Figure 4, compounds 1–4 remained substantially unchanged from
room temperature to 300 ◦C. The pyrolysis process of compounds 1, 2, and 4 are very
similar, probably because of the similar ligand constitution containing L1 and molybdate.
Compared with other compounds, the pyrolysis process of compound 3 is quite different,
which may be because there is no molybdic acid in its structural composition.
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Figure 4. The TG and DTG curve of compounds 1(a), 2(b), 3(c), and 4(d).

2.4. Band Gap Analysis

As shown in Figure 5, the band gap values of compounds 1–4 are 2.12 eV, 1.89 eV,
2.01 eV, and 2.27 eV, respectively. This shows that compounds 1–4 are expected to be
semiconductors when exposed to visible light and have potential photocatalytic activity.
Bandgap is an important characteristic parameter of semiconductors. Its size is related
to the crystal structure and the bonding properties of atoms. The diffuse reflectance UV-
Vis spectra of Compounds 1-4 can be seen in Figure S1. The different bandgap values
of compounds 1–4 may be caused by their different crystal structure and the bonding
properties. Based on the size of band gap and the reported literature [13], we speculated
that the compounds 1–4 might have potential photocatalytic activity, so we carried out
subsequent experimental exploration.
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Figure 5. Optical band gap of compounds 1(a), 2(b), 3(c), and 4(d).

2.5. Photocatalytic Activity

Ciprofloxacin (CIP) antibiotics are widely used in human and veterinary medicine
because of their strong bactericidal ability, lower toxicity, and side effects [24,25]. However,
this also led to an increase in the concentration of CIP antibiotics in aquatic environments,
resulting in a series of aquatic environments pollution. Therefore, CIP was used as the
target degradation product for photocatalytic degradation experiment to explore the pho-
tocatalytic performance of compounds 1–4. Take compound 1 as an example. First, the
initial absorbance of CIP was surveyed in the range of 300–450 nm. Then, 0.94 mol%
of compound 1 was added to an aqueous solution of CIP. Before lighting, the mixture
was magnetically stirred in the dark for 30 min to achieve the adsorption equilibrium
between compound 1 and the CIP solution. A 500 W mercury lamp was chosen as a visible
light source, and during the photocatalytic reaction process, 3 mL of the suspension was
taken out of the mixed solution at regular intervals, and the supernatant was analyzed
on a UV-Vis spectrophotometer after centrifugation. The photocatalytic activity of com-
pounds 1–4 were measured by degrading the aqueous solution of CIP under visible light.
In the experiment without a catalyst, no significant degradation of CIP was observed, but
CIP began to degrade after the addition of compounds, indicating that the effect of light on
CIP degradation is negligible, and compounds 1–4 can be used as photocatalysts for CIP.
For the reusability test, the supernatant was poured out after the degradation reaction is
complete, and fresh CIP solution (20 mL, 25 mg/L) was added to the mixture. Subsequently,
the photocatalytic reaction was continuously, magnetically stirred under the irradiation of
a 500 W high-pressure xenon lamp. This operation was repeated three times [13].

The calculation formulas of degradation efficiency [26] and removal rate are as follows:
C0 is the CIP concentration when the illumination time is 0, and Ct is the CIP concen-
tration when the illumination time is t. A0 and At are the absorbance of CIP when the
illumination time is 0 and t, respectively. It can be seen from the Figure 6a that CIP is
hardly degraded under visible light without catalyst. After adding compounds 1–4, re-
spectively, the degradation rates reached 86.95%, 67.18%, 62.02%, and 59.34%, respectively.
This showed that compounds 1–4 have a degrading effect on CIP solution under visible
light. It can be seen from Figure 6b that the reaction rate constants of ciprofloxacin degra-
dation by compounds 1–4 are K = 0.00444 min−1, K = 0.00373 min−1, K = 0.00391 min−1

and K = 0.00382 min−1 respectively, indicating that compound 1 has a faster degradation
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rate of CIP than compounds 2, 3, and 4. We found that the degradation effect of com-
pound 1 obtained by our one-step reaction is comparable with the reported modified
Bi2Ti2O7/TiO2/RGO composite [8]. Based on this, in the follow-up research work, we used
compound 1 as a catalyst to study the effects of pH, temperature, and catalyst amount on
the catalytic degradation of CIP.
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Figure 6. (a) The catalytic efficiency of different catalysts on CIP, (b) Quasi−first order kinetics of
ciprofloxacin degradation by different catalysts.

The pH value of the solution is an important factor affecting the photocatalytic perfor-
mance [27–29]. The photocatalytic degradation of CIP solution by compound 1 at different
pH was studied. Before the formal experiment, adjust the pH with nitric acid and sodium
hydroxide to prepare CIP solutions with pH values of 3, 5, 7, and 9, respectively. It can be
seen from the Figure 7a that when the pH value is lower than 7, the degradation rate of
CIP by compound 1 increased with the increase of pH value. When the pH values were
5 and 7, the final degradation efficiency reached 64.47% and 69.88%, respectively. It can
also be seen from Figure 7b that when the pH value is 7, the degradation rate constant
(k = 0.00444 min−1) of CIP by compound 1 is the largest. The results showed that the
neutral condition was more suitable for the degradation of CIP by compound 1.
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Figure 7. (a) Degradation rate of compound 1 to ciprofloxacin under different pH conditions,
(b) Quasi-first order kinetic reaction rate at different pH values.

Temperature also has a certain influence on the catalytic degradation effect of the cata-
lyst [30–32]. Based on this, in this study, we explored the degradation effect of compound 1
on CIP at different temperatures. It can be seen from the Figure 8a that the degradation
effect increased first and then decreased with the increase of temperature. At different
temperatures, the final degradation rates of CIP reached 69.88%, 78.9%, and 71.25%, re-
spectively. The results showed that the degradation effect of compound 1 on CIP increased
and decreased slightly with the increase of temperature, so the effect of temperature on the
photocatalytic degradation of CIP by compound 1 was not significant. The rate constant
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of k = 0.00444 min−1 under 30 ◦C, k = 0.00574 min−1 under 40 ◦C and k = 0.00446 min−1

under 50 ◦C, the degradation rate of CIP by compound 1 was slightly higher at 40 ◦C.
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Figure 8. (a) Degradation rate of compound 1 to ciprofloxacin under different temperatures,
(b) Quasi−first order kinetic reaction rate at different temperatures.

In the degradation experiment, we also explored the influence of the amount of catalyst
on the catalytic effect. CIP solution was placed under constant stirring conditions, and the
degradation of CIP was studied by adding different doses of compound 1. It can be seen
from the Figure 9a that in the CIP/compound 1 system, when the amount of catalyst is
from 5 mg to 20 mg, the degradation efficiency of CIP first increases and then decreases.
The reason for this state is that the aggregation of excess compound 1 particles hinder and
inhibit the scattering and transmission of light in the solution, while the organics adsorbed
on the photocatalyst will reduce the utilization of light [33–35]. After adding different
doses of compound 1, the final degradation rates reached 81.13%, 86.95%, and 69.97%,
respectively. It can also be seen from Figure 9b that among the three doses, when the
amount of compound 1 is 10 mg, the degradation rate of CIP is the highest.
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Figure 9. (a) Effect of catalyst 1 dosage, (b) Degradation rate of compound 1 to ciprofloxacin under
different doses.

To investigate the practical value of compound 1 in photocatalytic degradation of CIP,
we explored the regeneration and stability of compound 1. The photocatalytic stability of
compound 1 is shown in Figure 10. After the photocatalytic degradation of CIP solution
finished, compound 1 was collected. The surface was cleaned with deionized water to
remove the residual CIP in the previous experiment, and then put the collected compound 1
into the fresh CIP solution to start a new cycle. The stability and reusability of compound 1
for degradation of CIP was investigated by three consecutive cycles. In the cycle experiment,
all experimental conditions were exactly the same as the first experiment. As shown
in Figure 10, the degradation efficiency of CIP has not decreased significantly. After
three cycles, the degradation efficiency can still reach 80.47%. The results showed that
compound 1 can be used as a stable photocatalyst for the photocatalytic degradation of
CIP. The stability of compound 1 before and after the photocatalytic reaction was further
verified by scanning electron microscope analysis, and the results are shown in Figure 11.
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Figure 10. (a) Cycle test of compound 1 to degrade CIP at 30 ◦C, (b) PXRD patterns of compound 1
before and after the catalytic reaction.
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Figure 11. The SEM crystal diagram of compound 1 before (a) and after (b) the catalytic reaction.

To further investigate the internal mechanism behind compound 1 for CIP degrada-
tion, active substance capture experiments were performed. In order to clarify the active
substances produced by the catalyst in the catalytic degradation of CIP, different free radical
scavengers were added to the photocatalytic reaction system under the same light condi-
tions. Specifically, three active substances of EDTA-2Na (capture h+), BQ (capture ·O2

−)
and IPA (capture ·OH) are mainly used in the photocatalytic process [36,37]. Figure 12
shows that after adding BQ and IPA to the above solution, the degradation rates of CIP by
BQ and IPA are 45.38% and 31.45%, respectively. When EDTA-2Na is added to the reaction
system, it can greatly inhibit the photocatalytic degradation of CIP, which indicated that
h+ plays an important role. Although the addition of BQ interfered with photocatalytic
activity, the photocatalytic degradation rate only decreased to 45.38%, indicating that ·OH
is not a critical reactant.
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3. Conclusions 
In summary, four new compounds were synthesized by hydrothermal method. 

They were characterized by single-crystal X-ray diffraction, elemental analysis, IR, pow-
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3. Conclusions

In summary, four new compounds were synthesized by hydrothermal method. They
were characterized by single-crystal X-ray diffraction, elemental analysis, IR, powder X-ray
diffraction and TG analysis, they have good catalytic potential for photodegradating CIP.
Among them, compound 1 has a faster degradation rate of CIP. The stability of compound 1
was observed by a cycle experiment, indicating that there was no significant change after
three cycles of CIP degradation. In subsequent studies, in order to make our research more
comprehensive, it is sensible to perform a hot test to check heterogeneity of the reaction.
Moreover, it is expected to explore the size and shape effects on the photocatalytic property.

4. Materials and Methods
4.1. Materials

The ligand L1 was synthesized (Scheme S1) similarly to the reference method [33].
All other reagents for the synthesis and analysis were commercially available and used
without further treatment.

4.2. Methods
4.2.1. Synthesis Methods
Synthesis of Compound 1

A solution of L1 (0.0086 g, 0.025 mmol), (NH4)6Mo7O24·4H2O (0.0309 g, 0.025 mmol),
CuCl2·2H2O (0.0043 g, 0.025 mmol), 4,4-bipyridine (0.0038 g, 0.025 mmol), and H2O (10 mL)
was stirred under ambient conditions, and the pH was adjusted to 5 with HCl (2 mol/L),
then sealed in a Teflonlined steel autoclave, heated at 120 ◦C for 3 days, and cooled
to room temperature. The resulting product was recovered by filtration, washed with
distilled water, and dried in air. Yield: 45%. IR (KBr, cm−1): 3361.96 (m), 3224.37 (m),
1875.07 (w), 1698.07 (m), 1651.87 (s), 1111.22 (w), 1035.15 (m), 945.63 (m), 919.62 (m),
668.59 (m), 506.36 (m), 471.46 (m). Elemental Anal. Calc. for C19H23CuMo4N3O20 (772.54):
C, 29.54; H, 2.98; N, 5.44. Found: C, 29.57; H, 3.01; N, 5.47.

A similar procedure was followed to prepare compounds 2–4 [see the Supporting
Information (SI)].

4.2.2. Characterization Methods

The infrared spectrum was measured on Shimazu IR 435 spectrometer, in the form
of a KBr disk (4000–400 cm−1). Elemental analyses (C, H, and N) were performed on
a FLASH EA 1112 elemental analyzer. Amodel NETZSCHTG209 thermal analyzer was
used to record simultaneous TG curves in flowing air atmosphere of 20 mL·min−1 at a
heating rate of 5 ◦C·min−1 in the temperature range 25–800 ◦C using platinum crucibles.
Suitable single crystals of 1–4 were carefully selected under an optical microscope and
glued to thin glass fibers. The crystallographic data of compounds are acquired on a
Bruker APEX-II area detector diffractometer equipped with graphite monochromatic Cu-
Kα radiation (λ = 1.54184 Å) at 293(2) K. The structure was refined with full-matrix least-
squares techniques on F2 using the OLEX2 program package. The CCDC reference numbers
are 2,085,864, 2,124,165, 2,085,863, and 2,085,866 for compounds 1, 2, 3, and 4 respectively.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27227731/s1, Scheme S1, Synthesis route of the cationic
template L1; Figure S1, The diffuse reflectance UV-Vis spectra of Compounds 1–4; Table S1, Crystal
data and structure refinement details for 1–4; Table S2, Bond length (Å) and bond angle data of
compounds 1–4 (◦).
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Abstract: The construction of a multi-component heterostructure for promoting the exciton splitting
and charge separation of conjugated polymer semiconductors has attracted increasing attention in
view of improving their photocatalytic activity. Here, we integrated Au nanoparticles (NPs) decorated
CeO2 (Au–CeO2) with polymeric carbon nitride (PCN) via a modified thermal polymerization method.
The combination of the interfacial interaction between PCN and CeO2 via N-O or C-O bonds, with
the interior electronic transmission channel built by the decoration of Au NPs at the interface between
CeO2 and PCN, endows CeAu–CN with excellent efficiency in the transfer and separation of photo-
induced carriers, leading to the enhancement of photochemical activity. The amount-optimized
CeAu–CN nanocomposites are capable of producing ca. 80 µmol· H2 per hour under visible light
irradiation, which is higher than that of pristine CN, Ce–CN and physical mixed CeAu and PCN
systems. In addition, the photocatalytic activity of CeAu–CN remains unchanged for four runs in
4 h. The present work not only provides a sample and feasible strategy to synthesize highly efficient
organic polymer composites containing metal-assisted heterojunction photocatalysts, but also opens
up a new avenue for the rational design and synthesis of potentially efficient PCN-based materials
for efficient hydrogen evolution.

Keywords: CeAu–CN heterostructure; interfacial interaction; interior electronic transmission channel;
photocatalytic hydrogen production

1. Introduction

With the future acceleration of environmental pollution and the energy crisis, pho-
tocatalytic water splitting has been the subject of intense research as it can replace fossil
fuels by providing clean and renewable energy [1,2]. Following the pioneering work of
Honda and Fujishima on a photoelectrochemical cell equipped with Pt-TiO2, considerable
progress has been made in this field [3,4]. In particular, this is because photocatalysts play
a vital role in water splitting systems; a large number of photocatalysts with appropriate
band structure, visible light response and good photochemical stability have been designed
and developed [5].

Polymeric carbon nitride (PCN), a new generation metal-free conjugated polymeric
photocatalysts, has become a research hotspot for water splitting and CO2 reduction due to
its unique advantages and significant physical and optical characteristics [6–10]. Given the
potential application of PCN, improving the corresponding properties of materials is still
an enormous challenge, since the methods of controlling the separation of photogenerated
charge carriers are not well realized. To this end, developing a PCN-based photocatalytic
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system with higher solar-to-hydrogen energy (STH) conversion efficiency is one of the
most promising ways to improve the separation and transfer of photogenerated charge
carriers [11]. To date, many studies have proved that constructing reasonable and novel
heterostructures can efficiently decrease exciton binding energy and enhance charge sepa-
ration for PCN-based materials [12,13]. For example, recently, researchers have successfully
constructed g-C3N4-based heterostructure composites, such as metal oxide–g-C3N4 [14,15],
polymer–g-C3N4 [16] and sulfide–g-C3N4 [17,18] to enhance the photocatalytic activity
through facilitating the separation of photogenerated charges and holes. In a typical ex-
ample, Zheng et al. constructed a CdSe–CN S-scheme heterojunction via a linker-assisted
hybridization approach, and showed that CdSe–CN exhibited superior photocatalytic reac-
tivity to CdSe and CN in water splitting and CO2 conversion [19]. However, the efficiency
of photogenerated carrier transportation has been limited owing to the interfacial effects
between two different materials. Therefore, the rational design of PCN- based compos-
ites which would enable them to effectively adjust the interface charge transfer toward
heterojunctions still is a huge challenge.

As a popular rare oxide, CeO2 nanomaterials possess good electrical conductivity,
abundant redox chemistry, and plentiful surface oxygen vacancies due to the valence
change between Ce3+ and Ce4+ oxidation states [20–22]. These excellent properties of
CeO2 make it more likely to generate strong electron interaction with other materials,
consequently, this will potentially improve the catalytic performance. For example, the
Fe(OH)3–CeO2 composite, due to its tight interface effect, promoted the separation effi-
ciency of photogenerated charges, thus showing excellent photocatalytic activity of water
oxidation [23]. Additionally, Dong Lin’s group have undertaken a lot of related studies
on CeO2–g-C3N4 complexes, which showed that the construction of CeO2–g-C3N4 het-
erojunctions provided an internal charge transport channel, leading to faster separation
of electron–hole pairs and better photocatalytic activity than CeO2 and g-C3N4 [24–26].
Moreover, the properties of cerium can also be regulated by doping or acting as a carrier of
various metals such as Ag, Pt, or Au, although the activity and selectivity of photocatalysts
depend to a large extent on the type and concentration of dopants [27–29]. In a typical case,
Primo et al. reported that the deposition of Au nanoparticles at low loading increases the
photocatalytic activity of ceria more than the WO3 owing to its unique electronic struc-
ture [30]. Encouraged by the advantages of CeO2 and the excellent electrical conductivity
of Au, the photocatalytic activity of CeO2-Au-PCN can be expected to be further improved.
However, such three-component systems based on PCN have seldom been reported so far
due to the great challenge in their synthesis.

Based on the above considerations, herein, novel Au NPs decorated CeO2 coupled
with PCN ternary composites were designed and successfully synthesized via a modified
thermal polymerization method, aiming to promote charge separation and improve the
hydrogen evolution of PCN. FTIR and XPS results demonstrated a strong interfacial effect
between PCN and CeAu through N-O or C-O bonds. The Au NPs can serve as a suitable
electron acceptor and transfer channel, and CeO2 as a proper-level electron-accepting
platform. Therefore, Au NPs provide a direct interior pathway to introduce photogenerated
electrons from PCN into CeO2, which assists with the efficient transfer and separation of
photogenerated electrons and holes. Not surprisingly, the ternary composites of CeO2–Au–
PCN show strikingly ameliorated photocatalytic H2 evolution compared to the pristine
and two-component CeO2–PCN system.

2. Results and Discussion

X-ray diffraction (XRD) was applied to phase analysis and crystal structure determina-
tion of samples. As presented in Figure 1, the diffraction peaks of pure CN located at 13.1◦

and 27.2◦ are attributed to the (100) and (002) planes, respectively. The diffraction peaks
of CeAu at 2θ of 28.6◦, 33.1◦, 47.6◦, 56.4◦, 59.1◦, 69.4◦, 76.7◦, 79.1◦ marked with “*” can be
retrieved as well-crystallized face centered cubic structure of CeO2 JCPDS (no.34-0394) [31],
whereas the other peaks at 38.2◦, 44.4◦, 64.8◦ marked with “•” can be assigned to the
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face-centered cubic structure of Au corresponding to (JCPDS no. 89-3697), indicating the
formation of Au NPs on the surface of CeO2 [32]. For the CeAu–CN samples, diffraction
peaks corresponding to CN, CeO2 and Au can be observed with the increasing CeAu
content in composite, which confirms the successful formation of the three-component
CeAu–CN system. The low intensity of the CeO2 and Au diffraction peaks can be observed
owing to the low content of CeAu randomly distributed on the surface of CN. Nevertheless,
compared with the pure CN, the (100) peak of x% CeAu–CN becomes much weaker, and
almost disappears with the increasing CeAu content in composite. The phenomenon is
similar to the previous report of disorders in the arrangement of in-plane structural motifs
caused by doping oxygen atoms in CN [33]. Moreover, the gradual weakening and widen-
ing of the 27.2◦ peak is probably because of the structure fluctuation owing to the addition
of CeAu.
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Figure 1. The XRD patterns of CN, x% CeAu–CN (x = 0.5, 1.0, 1.5, 2.0), and CeAu.

The chemical structure information of the as-prepared materials can be well confirmed
by FTIR spectra. In Figure 2, it can be seen that both pure CN and x% CeAu–CN composite
materials exhibit similar vibrational modes of triazine heterocyclic ring molecular in poly-
meric carbon nitride. The characteristic peaks at 1200–1600 cm−1 belong to the stretching
vibrations of CN heterocycles, while another significant characteristic peak at 810 cm−1 is
caused by the breathing vibration of the triazine units. In addition, a weak broad peak at
2900–3300 cm−1 is attributed to the presence of the free amino group (e.g., NH2 or NH) and
absorbed H2O molecules on the surface of the CN-based polymer. Surprisingly, from the
partial magnification of FTIR spectra we can clearly see that a new weak band at ~985 cm−1

became more and more obvious with the increasing of CeAu content in x% CeAu–CN
composites, probably due to the existence of the stretching vibration of the N-O group [34].
Because of this discovery, it is speculated that the O atom in CeO2 is hybridized with the N
atom of CN, indicating the formation of the solid interfacial interaction between the CeAu
and CN. The tight interfacial effect contributes to charge transfer, thereby improving the
photocatalytic activity to some extent.
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For the optical absorption properties of the samples to be investigated, the UV–Vis
absorption measurement was carried out. As displayed in Figure 3a, CN shows an obvious
absorption in the visible light region, while CeO2 exhibits optical absorption only in the
ultraviolet light region (λ ≤ 400 nm), owing to the intrinsic nature of the samples. Notably,
the visible light absorption of CeAu is significantly improved with marked absorption
peaks at ca. 550 nm, which is known by common sense to be caused by the SPR effect of the
loaded Au nanoparticles. Additionally, in Figure 3b, it can be seen that the optical edges
gradually shift to the red wavelength region with the increase in the CeAu content in x%
CeAu–CN compositions, but no significant light absorption caused by the SPR effect can be
observed, which is mainly because the content of CeAu is too low compared with the urea
precursor. Commonly, the band-gap energies of CN and CeO2 are calculated according to
the following formula [35]:

Ahv = (αhv − Eg)n (1)

Here, α is the absorbance, h is the Planck’s constant, v is the photon frequency, and Eg
is the photonic energy band gap. Wherein, the value of n is related to the type of electronic
transitions to which the samples belong. For CN belonging to the indirect bandgap, the
value of n is 2, while for CeO2 belonging to the direct bandgap, the value of n is 0.5.
Therefore, the band gap of CN and CeO2 are estimated from the Tauc plot (Figure 3a, inset)
to be 2.65 eV and 3.20 eV, respectively.
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The more detailed morphology and texture information of the samples were investi-
gated by using scanning electron microscopy (SEM) and transmission electron microscopy
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(TEM). As shown in Figure S1, the SEM image 1.0% CeAu–CN sample exhibits a nanosheet
with more porous holes and wrinkles relative to CN, which may benefit the increase in the
BET surface areas of the sample. Meanwhile, Figure 4a distinctly shows some irregular
CeAu nanoparticles randomly distributed on the surface of the CN photocatalyst. Together
with Figure 4b, we can see the obvious lattice fringes with a d spacing of 0.31 nm are
consistent with the value for the CeO2 (111) plane. With further enlargement of the selected
area, the lattice-fringe spacing of 0.24 nm is observed, which is in agreement with the
(111) plane of Au. Furthermore, the EDX element mapping images (Figure 4c) clearly
display well-defined spatial distribution of C, N, Ce, O and Au for the 1.0% CeAu–CN
photocatalyst. This results, together with XRD analysis, reveal the successful construction
of the ternary CeO2-Au–CN hybrids. Notably, there is close contact between CeO2, Au,
and CN, which is conducive to the charge transfer across their interface.
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Having confirmed the morphology and structure information, we further examined
the chemical compositions and element valence states of pristine CN, 1.0% CeAu–CN and
CeAu materials by X-ray photoelectron spectroscopy (XPS). Not surprisingly, CN and 1.0%
CeAu–CN show similar high-resolution C1s and N1s core-level XPS spectra. The C 1s
spectra in Figure 5a can be resolved into three peaks located at ~284.6, 285.9, and 288.2 eV
corresponding to the typical impurity carbon, carbon atoms in C-O, and sp2-hybridized
carbon in N-containing aromatic ring (N-C=N), respectively. Moreover, the formation
of C-O bonds may be related to oxygen-containing intermediates produced during the
pyrolysis of urea or the lattice oxygen in the cerium oxide [36]. Figure 5b displays the
XPS spectrum of N1s, which is mainly divided into four peaks, among which the peaks
at 398.7 and 399.8 eV ascribed to sp2-hybridized nitrogen in the form of C=N-C and
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tertiary nitrogen N-(C)3 groups, respectively, and both of them are the main substructure
units forming the tri-s-triazine heterocyclic ring. The other two peaks, located at 401.1
and 404.2 eV, are attributed either to the surface uncondensed C-N-H functional groups
and charging effects or the positive charge localization in the heterocycles, respectively.
Figure 5c shows the high-resolution XPS spectrum of Ce3d, by using a Gaussian fitting
method, the Ce3d core level XPS fitted plot at ~885.4 and 903.6 eV can be assigned to
3d5/2 and 3d3/2 spin-orbit states, respectively, which ascertains the presence of both Ce4+

and Ce3+ in the CeAu, in agreement with previous studies [37,38]. Additionally, the weak
peak of Ce3d can also be detected in the 1.0% CeAu–CN composites, though its content
is shallow, which indicates the existence of Ce4+ and Ce3+ in the samples. Usually, the
presence of Ce3+ is accompanied by the generation of oxygen vacancies (Ov), which play
a vital role in enhancing visible light absorption as well as the interfacial interaction of
ceria-based materials. Furthermore, the high resolution XPS spectra of O 1 s were displayed
in Figure S3, for CeAu, the peak observed at 529.5 eV represents the lattice oxygen of
CeO2. However, for 1.0% CeAu–CN composites, the O 1s spectra can be devolved into
two peaks, one at 529.5 eV corresponds to the lattice oxygen of CeO2, another main peak
at 531.7 eV is assigned to the C3-N+-O- species formed by the hybridization of CN and
CeO2 or the O-H groups attach on the surface of the samples, which is consistent with
the FTIR analysis results [39]. High-resolution XPS spectra of Au 4f orbital fitted to two
peaks located at 84 and 87.7 eV corresponded Au4f7/2 and 4f5/2, respectively (Figure 5d),
suggesting the presence of Au nanoparticles in CeAu. Interestingly, the binding energy
of Au4f for 1.0% CeAu–CN is slightly lower than the CeAu sample, indicative of a strong
interaction between Au and CN and CeO2. To some extent, this further confirms that there
is close contact between the three, which probably facilitates the transfer of photo-induced
carriers, enhancing the photocatalytic performance for photocatalysts.
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Visible-light-induced photocatalytic H2 generation was then attempted by capital-
izing on the prepared samples in the presence of 3 wt% Pt as a co-catalyst and 10 vol%
triethanolamine (TEOA) as the sacrificial electron donor. As illustrated in Figure 6a, the
CeAu has almost no photocatalytic activity of hydrogen production probably owing to the
intrinsic property of CeO2. Of note, compared with CN, the photocatalytic activity of CeCN
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is slightly improved, while the CeAu–CN composites display compelling photocatalytic
performance. The 1.0% CeAu–CN sample shows the fastest rate of H2 evolution driven by
visible light (≈80 µmol h−1). As such, the materials of CeAu and CN just physically mixed
(CeAu+CN) were selected as the reference and tested under the same reaction condition.
Not surprisingly, there is no significant enhancement in catalytic activity. Therefore, the
above experiments’ results jointly confirm that the outstanding photocatalytic performance
may be ascribed to the intimate contact between the host and guest materials and the
existence of gold nanoparticles, both of which are indispensable. In addition, as shown
in Figure S4, it is observed that 1.0% CeAu–CN still exhibits the H2 evolution activity
under extended wavelength irradiation, demonstrating that the CeAu strengthens the
capture of visible light consistent with the analysis of DRS. In Figure 6b, the H2 evolution
rates of the CeAu–CN ternary photocatalysts sensitively depend on the added amount of
CeAu. The photocatalytic water reduction for the H2 evolution rate first increases and then
decreases when the CeAu densities are varied. As the excessive accumulation of CeAu
on the CN surface will build a light shielding effect, it may promote the recombination
of photo-induced electrons and holes, thereby decreasing the photocatalytic efficiency. A
comparison between the photocatalytic H2 evolution of our 1.0% CeAu–CN and that of
other reported catalysts is listed in Table 1. It is worth noting that, compared with some
photocatalysts, 1.0% CeAu–CN showed better photocatalytic performance in hydrogen
production under visible light irradiation.
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To evaluate the photostability of 1.0% CeAu–CN composites, the photocatalytic re-
cycling performance of the sample was investigated under the same reaction conditions
(Figure 6c). No obvious attenuation of hydrogen evolution rate (HER) is observed after the
16 h test, implying that 1.0% CeAu–CN ternary composition has excellent photostability.
Moreover, the catalysts after the reaction were further subjected to characterization by
XRD and FTIR (Figure S5), which reveals that there is no noticeable change in the crystal
and chemical structure of the catalysts before and after the reaction. These observations
explicitly elucidate the ternary CeAu–CN materials with the robust nature and high opera-
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tion stability benefit for the photocatalysis of hydrogen evolution. Next, the best sample’s
apparent quantum yield (AQY) was measured under various monochromatic light irra-
diation. As shown in Figure 6d, the AQY of H2 evolution matches well with the UV–Vis
DRS spectra of the 1.0% CeAu–CN, confirming that the reaction is indeed driven by light
irradiation, and the AQY value of 1.0% CeAu–CN is about 3.0% at 420 nm, which is higher
than that of bulk CN previously reported.

Table 1. Comparison between the photocatalytic activity of 1.0% CeAu–CN and that of other reported
catalysts for photocatalytic hydrogen evolution.

Photocatalysts Reaction Conditions Light Source H2 Production
(µmol h−1 g−1) Ref.

1.0% CeAu–CN 0.05 g catalyst, 3 wt%Pt,
TEOA solution (10%)

300 W Xe lamp
λ > 420 nm 1602 This work

CeO2–g-C3N4
0.05 g catalyst, 3 wt%Pt,

TEOA solution (10%)
300 W Xe lamp
λ > 420 nm 1100 [25]

CeO2–g-C3N4
0.05 g catalyst, 0.5 wt%Pt,
lactic acid solution (20%)

300 W Xe lamp
λ > 420 nm 73.12 [40]

N-CeOx–g-C3N4
0.05 g catalyst, 1 wt%Pt,

TEOA solution (10%)
300 W Xe lamp
λ > 420 nm 292.5 [41]

Au–SnO2–g-C3N4
0.1 g catalyst, methanol

solution (20%)
300 W Xe lamp
λ > 400 nm 770 [42]

g-C3N4–Au–C-TiO2
0.01 g catalyst, TEOA

solution (10%)
300 W Xe lamp
λ > 420 nm 129 [43]

Considering that the photocatalytic performance of photocatalyst is closely related to
the charge–carrier separation and transfer process, we performed room-temperature photo-
luminescence (PL) and photoelectrochemical characterization. The room-temperature pho-
toluminescence was conducted using 380 nm as the exciting wavelength. From Figure 7a,
it is clear that all the photocatalysts show similar broad peaks centered at around 480 nm
due to the band–band PL phenomenon, which is consistent with the results of DRS. At
the same time, the PL emission intensities gradually decrease as the loading content of
CeAu increases, which reveals the prohibited recombination of light-excited charge by the
construction of heterojunctions. Time-resolved PL spectroscopy was utilized to probe the
charge carrier dynamics of pristine CN and 1.0% CeAu–CN composite (Figure 7b). Accord-
ing to the three radiative lifetimes with different percentages, we can obtain the average
lifetimes of pure CN and 1.0% CeAu–CN composites as 7.67 ns and 6.27 ns, respectively.
Compared with CN, the lifetime of 1.0% CeAu–CN composite is relatively short, probably
due to the internal transmission path constructed by Au NPs at the interface or the close
interface contact between CN and CeO2, resulting in faster separation of photogenerated
carriers. In addition, more charge carrier migration information was also reflected by the
EPR analysis of CN and 1.0% CeAu–CN samples. In Figure S6, a single Lorentzian line
centering at a g value of 2.003 is observed for CN and 1.0% CeAu–CN samples, indicating
the presence of unpaired electrons on π-conjugated CN aromatic rings. Evidently, the
EPR intensity of 1.0% CeAu–CN is greatly strengthened compared with CN. This strongly
verifies that the modification of CeAu hybrids promotes the electron migration in the
π-conjugated system of CN, possibly due to the intimated interface effects of CN and CeAu.
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The electron transfer behavior can also be further demonstrated in the following elec-
trochemical experiments. Firstly, the interface charge transfer resistance of the electrons was
implemented via an electrochemical impedance spectroscopy (EIS) test. The experimental
results show that the 1.0% CeAu–CN photocatalyst possesses a smaller high-frequency
semicircle than the pure CN (Figure 7c), meaningfully indicating the lower charge-transfer
resistance in a hybrid that ensures faster electrons trainer. Next, the interface charge separa-
tion kinetics of the samples can also be reflected by the photocurrent density-time response
plot. As displayed in Figure 7d, the photocurrent drastically increases and decreases,
respectively, when the power supply is switched on and off. Only about 0.5 µA cm−2

of photocurrent density emerged for pure CN, whereas 1.2 µA cm−2 of photocurrent
density is generated for 1.0% CeAu–CN electrode, implying a lower recombination rate
of electron–hole pairs and good electrical conductivity for the 1.0% CeAu–CN electrode
compared to the pristine one. Therefore, combined with the PL analysis and the results of
photo/electrochemical studies, it is well established that the modification of CeAu success-
fully improved the separation and migration of light-generated charges compared with the
pristine CN. The enhanced photogenerated charge separation of CeAu–CN is responsible
for improving its photocatalytic activity.

In order to further investigate the transfer process of photogenerated charge, it is ur-
gent to obtain the relative band position of CN and CeO2. Therefore, in the next experiment,
we carried out an electrochemical analysis of CN and CeO2 to evaluate their electronic band
structure. Figure 8a,b show the positive slope of the plot indicating both CN and CeO2 are
n-type semiconductors, and their corresponding flat potential is calculated to be −1.2 and
−0.69 V reference the saturated calomel electrode (SCE), which are equivalent to −0.96 and
−0.45 V versus the normal hydrogen electrode (NHE), respectively. As previously estab-
lished, for the n-type semiconductor, the actual conduction band is 0~0.1 eV higher than
the flat potential due to the electron effective mass and the carrier concentration [44–46].
Here, the voltage difference between the conduction band and the flat potential is set to
0.1 eV. According to the electrochemical results and the related calculations, the bottom
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conduction bands for CN and CeO2 are −1.06 and −0.55 eV, while the corresponding
valence bands are 1.59 and 2.35 eV, respectively.
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Figure 8. Mott–Schottky plots of (a) CN and (b) CeO2 film electrodes at different frequency in 0.2 M
Na2SO4 aqueous solution (pH = 6.8).

Based on the results and analysis of the previous characterizations and the above
relative energy band levels of CN and CeO2, a plausible mechanism schematic of photogen-
erated charge transfer and separation and photochemical reactions of CeAu–CN ternary
composites driven by the light is proposed. As displayed in Figure 9, under visible light
irradiation, it is acceptable that the photogenerated electrons of CN transfer to the CB of
CeO2 with the assistance of Au NPs. Because of its strong “electron sink” effect, Au NPs
can be served as carrier conductors, providing an interior direct channel to facilitate the
separation and transport of photo-induced carriers at the interface of type-II heterostruc-
ture [47–49]. The icing on the cake is that the tight interface between CN and CeO2 also
provides a good platform for charge transfer. As a result, the photogenerated charges of
PCN are well separated and transferred for a more efficient reaction with target reactants,
so its photocatalytic hydrogen production performance is greatly improved.

Molecules 2022, 27, x FOR PEER REVIEW 11 of 15 
 

 

 
Figure 9. Schematic illustrations of the possible transfer channels of electron–hole pairs separation. 

3. Materials and Methods 
3.1. Materials 

All chemicals used in the synthesis were of analytical grade without further purifica-
tion. Cerium nitride hexahydrate (Ce(NO3)3·6H2O), sodium hydroxide (NaOH), sodium 
sulfate (Na2SO4) and urea purchased from Sinopharm Chemical Reagent Co. Ltd., Shang-
hai, China. Chloroauric acid (HAuCl4·4H2O) and chloroplatinic acid(H2PtCl6·6H2O) were 
supplied by Alfa Aesar China Co., Ltd. (Tianjin, China). 

3.2. Synthesis 
3.2.1. Synthesis of CeO2 

As previously reported, CeO2 nanomaterials were synthesized by the hydrothermal 
method using cerium nitride hexahydrate (Ce(NO3)3·6H2O) as the precursor [50]. To de-
scribe the experiment briefly, first, 4 mmol of Ce(NO3)3·6H2O was dissolved in 10 mL wa-
ter, subsequently, 70 mL of 6 M NaOH solution was added to the above solution dropwise 
and continuously stirred at room temperature for 2 h. Then, the gray mud was transferred 
into a 100 mL Teflon-lined stainless-steel autoclave and heated at 120 °C for 24 h under 
autogenous pressure. After cooling to room temperature, the gray precipitates were col-
lected by centrifugation with deionized water and ethanol many times, followed by dry-
ing at 80 °C overnight in an oven, resulting in CeO2. 

3.2.2. Synthesis of Au–CeO2 
Au-loaded CeO2 was prepared via a simple impregnation method using aqueous 

HAuCl4·4H2O solution [51]. The detailed preparation procedure employed is described 
below. Firstly, 0.3 g CeO2 was dispersed in 15 mL of deionized water to obtain uniform 
suspension by stirring for 0.5 h, then added a certain amount of HAuCl4·4H2O solution, 
and the mixture was stirred for another 1 h. The lavender powder was formed after dried 
at 80 °C for 16 h under vigorous magnetic stirring. In this paper, the Au–CeO2 sample with 
theoretical 1.5 wt% Au was obtained and denoted as CeAu. 

3.2.3. Synthesis of CeAu–CN, Ce–CN and CN 
The CeAu–CN photocatalysts were obtained through a modified thermal polymeri-

zation of urea molecules with certain amount of CeAu similar to the experimental proce-
dure described by our group [52]. Typically, 10 g urea mixed with different amount of 

Figure 9. Schematic illustrations of the possible transfer channels of electron–hole pairs separation.

3. Materials and Methods
3.1. Materials

All chemicals used in the synthesis were of analytical grade without further purifica-
tion. Cerium nitride hexahydrate (Ce(NO3)3·6H2O), sodium hydroxide (NaOH), sodium

102



Molecules 2022, 27, 7489

sulfate (Na2SO4) and urea purchased from Sinopharm Chemical Reagent Co. Ltd., Shang-
hai, China. Chloroauric acid (HAuCl4·4H2O) and chloroplatinic acid(H2PtCl6·6H2O) were
supplied by Alfa Aesar China Co., Ltd. (Tianjin, China).

3.2. Synthesis
3.2.1. Synthesis of CeO2

As previously reported, CeO2 nanomaterials were synthesized by the hydrothermal
method using cerium nitride hexahydrate (Ce(NO3)3·6H2O) as the precursor [50]. To
describe the experiment briefly, first, 4 mmol of Ce(NO3)3·6H2O was dissolved in 10 mL
water, subsequently, 70 mL of 6 M NaOH solution was added to the above solution
dropwise and continuously stirred at room temperature for 2 h. Then, the gray mud was
transferred into a 100 mL Teflon-lined stainless-steel autoclave and heated at 120 ◦C for
24 h under autogenous pressure. After cooling to room temperature, the gray precipitates
were collected by centrifugation with deionized water and ethanol many times, followed
by drying at 80 ◦C overnight in an oven, resulting in CeO2.

3.2.2. Synthesis of Au–CeO2

Au-loaded CeO2 was prepared via a simple impregnation method using aqueous
HAuCl4·4H2O solution [51]. The detailed preparation procedure employed is described
below. Firstly, 0.3 g CeO2 was dispersed in 15 mL of deionized water to obtain uniform
suspension by stirring for 0.5 h, then added a certain amount of HAuCl4·4H2O solution,
and the mixture was stirred for another 1 h. The lavender powder was formed after dried
at 80 ◦C for 16 h under vigorous magnetic stirring. In this paper, the Au–CeO2 sample with
theoretical 1.5 wt% Au was obtained and denoted as CeAu.

3.2.3. Synthesis of CeAu–CN, Ce–CN and CN

The CeAu–CN photocatalysts were obtained through a modified thermal polymeriza-
tion of urea molecules with certain amount of CeAu similar to the experimental procedure
described by our group [52]. Typically, 10 g urea mixed with different amount of CeAu in
20 mL deionized water with vigorous magnetic stirring at room temperature for 2 h and
then stirring at 85 ◦C to remove water. Afterwards the resultant solids were ground and
calcined at 550 ◦C for 2 h in N2 with the speed of 4.6 ◦C min−1 to obtain the final samples.
There were noted as x% CeAu–CN, where x (x = 0.5, 1, 1.5, 2.0) is the percentage weight
content of CeAu to urea. The Ce–CN composite was prepared by the same procedure of
CeAu–CN, only with the CeAu replaced by CeO2. The pure PCN (denoted as CN) was
prepared by the same method without adding the CeAu.

3.3. Characterizations

The crystal structure of the samples was determined with the support of Powder
X-ray diffraction (XRD) which was executed on Bruker D8 Advance focus using Cu Kα1
radiation and recorded in the 2θ rang 10–80◦. Fourier transform infrared (FTIR) spectra
were measured on a Nicolet-6700 in the frequency range of 4000–400 cm−1. The morphology
of the as-made samples was investigated by field emission scanning electron microscopy
(SEM) (JSM-6700F) and FEI Tecnai20 transmission electron microscopy (TEM). Brunauer–
Emmett–Teller (BET) specific surface area and porosity of photocatalysts were carried out
by sorption using Micromeritics ASAP 2010 instrument at 77 K. The compositions and
chemical valence states of as-synthesis samples were collected from XPS spectra analyzer
using a Thermo ESCALAB250 instrument with a monochromatized Al Kα line source
(200 W). The optical properties of the materials can be demonstrated by the ultraviolet-
visible diffuse reflectance spectra (UV–Vis DRS) measured on a Varian Cary 500 Scan
UV–Vis system using BaSO4 as a reference. In addition, photoluminescence (PL) spectra
obtained on an Edinburgh FI/FSTCSPC 920 spectrophotometer using 380 nm as the exciting
wavelength. Electron paramagnetic resonance (EPR) measurements were performed on a
Bruker model A300 spectrometer. The BioLogic VSP-300 electrochemical system was used

103



Molecules 2022, 27, 7489

to measure the electrochemical performance of samples in a traditional three-electrode cell
with a Pt plate and saturated calomel electrode (SCE) as counter electrode and reference
electrode, respectively.

3.4. Photocatalytic Activity Test

The photocatalytic hydrogen evolution experiment was carried out in an online reac-
tion system. The schematic of photocatalytic water splitting reaction is shown in Figure S7,
which mainly includes three parts: photocatalytic water splitting reaction system, vacuum
circulation system and analysis and testing system. The detailed experimental process is as
follows: the powder photocatalyst (50 mg) was suspended in an aqueous solution (100 mL)
containing 10 mL triethanolamine as the holes’ sacrificial reagent. The 3 wt% Pt co-catalyst
was loaded onto the surface of photocatalysts by in situ photo-deposition method using
H2PtCl6 as precursor during the reaction. The reaction temperature was always maintained
at 12 ◦C by the circulating condensing equipment. Subsequently, the reaction system was
sealed and evacuated many times to completely remove the air, which was then irradiated
under a 300 W Xe lamp using a 420 nm cutoff filter. The different wavelength experiments
were similar to previous ones, except that the cutoff filters were changed to a different
cutoff wavelength. The generated hydrogen was determined by a gas chromatograph
equipped with a thermal conductive detector (TCD) and a 5 Å molecular sieve column
with high-purity argon as the carrier gas.

The apparent quantum yield (AQY) for H2 evolution was measured using monochro-
matic LED lamps with band pass filter of 380, 405, 420, 450, 470, 495 nm. The irradiation
area was controlled as 3 × 3 cm2. The AQY was calculated based on the following formula:
AQY = Ne/Np × 100 = 2MNAhc/SPtλ × 100%, where Ne is the amount of electrons in-
volved in the reaction, Np is the amount of incident photons, M is the quantity of hydrogen
molecules produced by reaction, NA is Avogadro constant, h is the Planck constant, c is
the speed of light, S is the irradiation area, P is the intensity of the irradiation, t is the
photo-irradiation time, and λ is the wavelength of the monochromatic light.

4. Conclusions

In summary, a three-component CeAu–CN heterostructure has been successfully
established via a modified thermal polymerization method. Owing to the interfacial
interaction between PCN and CeO2 via N-O or C-O bands and the interior electronic
transmission channel constructed by the decorated of Au NPs at the interface, CeAu–CN
has been confirmed to be highly efficient in the separation and transfer of photogenerated
carriers, and greatly enhanced photocatalytic activity. The amount-optimized 1.0% CeAu–
CN nanocomposite exhibits the highest H2 evolution rate of 80.1 µmol h−1 under visible
light irradiation (λ > 420 nm), and the photocatalytic activity of CeAu–CN still remains
unchanged for four runs in 4 h. More importantly, the present study not only discloses
the importance of interfacial effects on photocatalytic activity, but also opens a promising
avenue for the rational design and fabrication of heterogeneous interface-containing metals
for highly effective solar water splitting.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/molecules27217489/s1, Figure S1: SEM images of (a,b) CN, and (c,d) 1.0% CeAu–CN; Figure S2:
(a) Nitrogen adsorption–desorption isotherms of CN and 1.0% CeAu–CN samples at 77 K; Figure S3:
(a) Typical XPS survey spectra of 1.0% CeAu–CN and high resolution spectra of (b) O 1s of CeAu and
1.0% CeAu–CN; Figure S4: Room-temperature EPR spectra of CN and 1.0% CeAu–CN; Figure S5:
Photocatalytic activity for H2 evolution rate of 1.0% CeAu–CN under different wavelength irradiation;
Figure S6: (a) XRD and (b) FTIR spectra of 1.0% CeAu–CN samples before and after photochemical
reaction. Figure S7: Schematic of photocatalytic water splitting system.
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Abstract: Solar water splitting (SWS) has been researched for about five decades, but despite successes
there has not been a big breakthrough advancement. While the three fundamental steps, light
absorption, charge carrier separation and diffusion, and charge utilization at redox sites are given a
great deal of attention either separately or simultaneously, practical considerations that can help to
increase efficiency are rarely discussed or put into practice. Nevertheless, it is possible to increase
the generation of solar hydrogen by making a few little but important adjustments. In this review,
we talk about various methods for photocatalytic water splitting that have been documented in the
literature and importance of the thin film approach to move closer to the large-scale photocatalytic
hydrogen production. For instance, when comparing the film form of the identical catalyst to the
particulate form, it was found that the solar hydrogen production increased by up to two orders of
magnitude. The major topic of this review with thin-film forms is, discussion on several methods
of increased hydrogen generation under direct solar and one-sun circumstances. The advantages
and disadvantages of thin film and particle technologies are extensively discussed. In the current
assessment, potential approaches and scalable success factors are also covered. As demonstrated
by a film-based approach, the local charge utilization at a zero applied potential is an appealing
characteristic for SWS. Furthermore, we compare the PEC-WS and SWS for solar hydrogen generation
and discuss how far we are from producing solar hydrogen on an industrial scale. We believe that
the currently employed variety of attempts may be condensed to fewer strategies such as film-
based evaluation, which will create a path to address the SWS issue and achieve sustainable solar
hydrogen generation.

Keywords: solar energy; photocatalytic water splitting; hydrogen production; thin films; large
scale evolution

1. Introduction

A quick survey was conducted in Scopus to find out how many research projects on
water splitting (both with and without sacrificial agents) had been conducted internation-
ally, and a few selected efficient photocatalysts are summarized in Table 1. Despite the rise
in reports of solar hydrogen generation over the past two decades, we think the field is still
in its infancy and that intense efforts are required to achieve the breakthrough stage. So
far, the greatest hydrogen generation efficiency recorded was obtained from a 6 L reactor
exposed to UV radiation [1]. The reason why the efficiency of solar light-driven photo-
catalytic water splitting remained unchanged since the proof-of-concept work published
in 1972 is crucial to understand [2]. There are numerous scientific explanations given in
the reviews that have recently been published, including an increase in the absorption
of light from various solar wavelength regions, manipulation of the band-edge positions
of photocatalysts, an extension of the lifetime of photogenerated charge carriers, and the
incorporation of photocatalysts with appropriate co-catalysts such as graphene, metals, or
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metal oxides [3–22]. The current review focuses primarily on several methods for photocat-
alytic water splitting that have been described in the literature, particularly with a view to
increasing hydrogen output and scaling to greater regions when exposed to direct sunlight
or one sun.

Table 1. A few highly efficient reported photocatalytic systems for better hydrogen efficacy.

Photocatalyst Cocatalyst Efficiency Reference

TiO2 Pt/RuO2 QE: 30 ± 10% at 310 nm [23]

La2Ti2O7:Ba NiOx QE: 35% at (<360 nm) [24]

Sr2Nb2O7 Ni QE: 23% at (<300 nm) [25]

NaTaO3:La NiO AQE: 56% at 270 nm [26]

Ga2O3:Zn Rh2−yCryO3 AQY: 71% at 254 nm [27]

GaN:Mg/InGaN:Mg Rh/Cr2O3 AQE: 12.3% at 400–475 nm [28]

CDots-C3N4 AQE: 16% at 420 nm [29]

A viable energy source, hydrogen has the advantages of clean energy, high conversion
efficiency, and environmental friendliness. In the previous era, natural gas (or methane)
steam reforming has been used to make hydrogen at a low cost, although this process
actually produces additional greenhouse gases such as CO2 as a byproduct. The 196-nation
Paris Agreement, which was signed in April 2016, calls for a decrease in global warming
through reduced emissions, which lowers the danger of climate change. As a result, it
is critical to switch to using resources that are abundant in nature to generate green and
clean fuels. One of the possible routes for the generation of hydrogen in this context is
the SWS reaction under direct sunlight. To succeed on a commercial basis, though, there
remains a very long way to go. Domen et al. recently outlined one such scenario [30]. It
is suggested that 10,000 solar plants, each with a 25 km2 surface area and a solar energy
conversion efficiency of 10% under AM 1.5G irradiation, would be adequate to provide
one-third of the predicted energy needs of the world’s population by 2050. The solar
power plants are anticipated to create 570 tons of H2 per day from a total projected area of
250,000 km2, which is equivalent to 1% of the desert area on Earth. It is essential to mention
that the photocatalytic process creating hydrogen mimics natural photosynthesis, in which
chlorophyll is known to act as a light absorber. Over the past few decades, numerous
photocatalyst materials have been discovered and exploited by researchers in their efforts
to generate solar hydrogen efficiently. Throughout the whole literature, the hydrogen
evolution rate (HER) of photocatalyst materials in powder form is reported to range from a
few hundred mmol h−1·g−1 to 100 mmol h−1·g−1. Following are some key findings from
a thorough analysis of existing literature reports: (a) When a photocatalyst is suspended,
more light scatters than is absorbed, although even low-quality thin films appear to have
substantially reduced this issue [31–36], thus, making films able to generate additional
charge carriers from the first stage of light absorption. (b) Thin films, like solar photovoltaic
panels, have a strong potential for scaling up to bigger size panels (supposedly, ~m2)
and will thus be favored for large-scale hydrogen generation. To create photocatalyst
panels, a simplistic painting technique might be used [35,36]. (c) Using certain design
features, stirring problems can be resolved with a thin-film/panel technique, which saves
energy and is anticipated to reduce material disintegration because the catalyst films will
not be subjected to mechanical strain. In this regard, the majority of issues with powder
suspension may be solved using films for increased hydrogen production. Based on the
various photocatalytic hydrogen generation methods described in the earlier, the present
review goes into great detail about the drawbacks of the conventional method of conducting
photocatalysis experiments, the benefits of thin film and panel forms of photocatalysts
which help to reach commercial hydrogen production, and the underlying science.
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2. Fundamentals of Water-Splitting Reaction

The water-splitting process entails several photophysical and photochemical stages.
Initially, the first process is started by photon absorption, which creates an electron–hole
(e−-h+) pair. The electrons will move to the conduction band and the holes remain at the
valance band. The position of the CB minimum (CBM) should be more negative than
the water reduction potential of H+/H2 (0 V vs. RHE), while the VB maximum (VBM)
should be more positive than the water oxidation potential of H2O/O2 (1.23 V). In order to
generate more electron–hole pairs, effective light absorption with minimal light scattering
is the crucial factor in addition to bandgap engineering of the material [35,37,38]. Moreover,
it is the fact that particle catalysts have a considerable light scattering issue rather than
an absorption one. The electron–hole pair should be separated and diffuse towards the
respective redox co-catalyst sites present in the photocatalyst. Due to (a) charge carriers’
short lifespan and (b) chemical processes’ lengthy time scales, a significant portion of charge
carriers (>90%) undergo recombination; this leads to poor net redox reaction, which is one
of the major issues of photocatalysis. It should be stressed that the photocatalyst’s function
is essential for efficient light harvesting.

General redox reactions that take place to produce oxygen and hydrogen as follows:

2H+ + 2e− → H2 (1)

2H2O + 4h+ → 4H+ + O2 (2)

The main factors increasing SWS efficiency are electron–hole pair separation and
diffusion. It should be emphasized once more that charge recombination occurs more
quickly than charge usage. To address this issue, the scientific community has created a
number of materials and techniques [16].

2.1. Hydrogen Generation Using Scavengers/Sacrificial Agents

As previously mentioned, it is essential to separate the electron-hole pairs and diffuse
them towards the redox co-catalyst sites to reduce the amount of recombination. In this
context, use of sacrificial agents is one of the strategies involved to improve the efficiency.
In order to devour the holes, organic molecules are often utilized as the sacrificial agents
and involved in photooxidation. In the literature, a plethora of sacrificial agents such as
alcohols, amines, and sulphides are used for better HERs [39]. The choice of the sacrificial
agent must be carefully considered in order to achieve effective HER. To facilitate the simple
electron/hole transfer between light-harvesting photocatalysts and sacrificial reagents, the
energy levels (VBM and CBM) of the two materials must match for the sacrificial agent
to be chosen. In this context, Na2S/Na2SO3 is used for high HERs in the majority of
chalcogenide-based photocatalysts, including CdS, PbS, ZnS, and MoS2, which are also
known to be visible light-active materials. However, for improved hole utilization and thus
superior HERs, TiO2 and titania-based composites employ alcohol molecules including
methanol, ethanol, and glycerol. However, triethanol amine (TEOA) is used as a sacrificial
agent for enhanced HERs in the instance of graphitic carbon nitride (g-C3N4), which is
recognized to be one of the intriguing materials that functions as a visible light-active
material with a bandgap of 2.4 eV [8]. However, the quantity of hydrogen produced from
the sacrificial agent and water is still up for discussion along with oxidized byproducts
such as CO2.

Here is the detailed hole utilization mechanism of categorized sacrificial reagents such
as alcohols, amines, and sulphides as follows [39,40].

2.1.1. Alcohols (Glycerol):

Glycerol adsorbed on the surface of photocatalyst will interact with holes and forms
radicals as shown in Equation (5). Once glycerol engages the holes, the excited electrons
on the conduction band consequently produce H2 gas as shown Equations (3)–(9). The
hydroxyl glycerol in the second stage is unstable, and it interacts with holes, resulting in
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the formation of glyceraldehyde as shown in Equation (6). Glyceraldehyde dissociates
further producing an unstable CO radical that combines with a few holes and eventually
converts to CO2 as shown in Equations (7) and (8).

Metal oxide NP hv→ h+ + e− (3)

3H2O + 3e− → 3H+ + 3OH∗ (4)

C3H8O3 + 3h+ → C3H5O∗3 + 3H+ (5)

C3H5O∗3 + 3h+ → C3H2O∗3 + 3H+ (6)

C3H2O∗3 + 2h+ → 3CO∗ + 2H+ (7)

3CO∗ + 3OH∗ → 3CO2 + 3H+ (8)

Overall net reaction
14H+ + 14e− → 7H2 (9)

2.1.2. Triethanolamine (TEOA):

In the case of TEOA as sacrificial reagent, TEOA becomes formaldehyde and then to
hydrogen as shown in Equations (14) and (15).

Photocatalyst hv→ h+ + e− (10)

2H+ + 2e− → H2 (11)

h+ + H2O→ OH∗ + H+ (12)

h+ + OH− → OH∗ (13)

TEOA + OH∗ → HCHO + NH3 (14)

HCHO + OH∗ → H2 + by products(CO2) (15)

2.1.3. Sodium Sulphide and Sodium Sulphite Mixture (Na2S and Na2SO3):

Photocatalyst 2hv→ 2h+ + 2e− (16)

AtCB
(
2e−

)
+ 2H2O→ H2 + 2OH− (17)

AtVB
(
2h+

)
+ SO2−

3 + 2OH− → SO2−
4 + H2O (18)

2SO2−
3 + 2h+ → S2O2−

6 (19)

2S2− + 2h+ → S2−
2 (20)

S2−
2 + SO2−

3 → S2O2−
3 + S2− (21)

In this type of systems, sulphide (S2−) and sulphite (SO3
2−) can act as sacrificial inor-

ganic reagents for the photocatalytic hydrogen generation because they are very efficient
hole acceptors, enabling the effective separation of the charge carriers. The oxidation of S2−

and SO3
2− can occur either by a two-electron transfer process (16) to (18) or one-electron

oxidation (19) to (21).
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2.2. Overall Water Splitting

Overall water splitting (OWS) is an act of producing hydrogen that involves utilizing
water as the lone reactant at a pH of 7 with the right photocatalyst under full sunshine.
Even if HER and OER happen as shown in Equations (1) and (2), the rate of HER is much
lower than it would be with a sacrificial agent. As a matter of fact, the HER values reported
from OWS are at least 2–3 orders of magnitude less than those reported using sacrificial
agents. The OER (Equation (2)) is a four electron process that cause sluggish kinetics
and lowers the total rate of OWS. In this regard, several catalyst materials have been
published in the literature with the aim of enhancing the overall kinetics of OWS and so
achieving efficient hydrogen production. In this scenario, Domen and colleagues as well as
several others have made contributions using a Z-scheme method to effective hydrogen
production [17,29,41–46]. In which BiVO4:Mo and SrTiO3:La,Rh used as photocatalyst-I
(PS-I) and photocatalyst-II (PS-II), and Au used as electron mediator. The CB of PS-I is
closer to the VB of PS-II via Au metallic electron mediator to reduce the resistance to the
migration of electrons and holes. Whenever the composite got excited with light energy,
both PS-I and PS-II generates photoexcitons and the electrons at CB of PS-I will combined
with the holes at VB of PS-II via Au mediator. The terminal electrons and holes will take
place in redox reaction. However, compared to the anticipated STH (solar to hydrogen)
conversion efficiency values (10% and higher), the efficiency (1%) that has been recorded
so far is quite low for commercial-scale hydrogen generation. We think there is a chance to
raise the total rate of OWS by employing alternate strategy such as the thin film technique.
The efficiency of converting solar energy into hydrogen is often measured using one of two
techniques as follows.

Apparent quantum yield (AQY) = 2× no of hydrogen molecules
no of photons

× 100 (22)

From the above equation, the number of incident photons can be measured using a
radiant power energy meter, which considers the following equation (Equation (23)):

E = nhv = nh
C
λ

(23)

where E stands for incoming light energy, n stands for photon number, h for Planck’s
constant

(
6.634× 10−34 j S

)
, c for light velocity, and λ for incident light wavelength.

2.3. Factors for Achieving the High Efficiency of SWS

It is practically impossible for a single semiconductor material to function as an
effective SWS photocatalyst and to carry out all three of the key processes of (a) light
absorption from the broad spectrum of sunlight, (b) charge separation and diffusion to
redox sites, and (c) actual redox reactions.

Habitually, a composite photocatalyst made up of at least two (for example, Pt and
TiO2), three (for example, Au, rGO, and TiO2), or more (for Z-scheme photocatalysts)
components are effective to move closer to overcome the above-mentioned key processes.
Very few researchers have tried to combine the three basic photocatalytic processes using
effective synthetic techniques [37,47,48]. Furthermore, a charge diffusion is one approach
that might be used to improve the activity by seamlessly combining the charge generating
sites and charge usage (or redox) sites [16]. To accomplish this, designing a highly integrated
single composite material for effective hydrogen generation from SWS is required. A
systematic increase in the complexity of the photocatalyst design of Au-gC3N4/TiO2
(221 mmol h−1·g−1) outperforms SWS kinetics from g-C3N4/TiO2 (91 mmol h−1·g−1) [49].
When an integrated Au–N–TiO2–graphene composite was used instead of titania alone, the HER
of 525 mmol h−1·g−1 was found [50]. The improvement in activity with 1275 mmol h−1·g−1

and sustained activity for 125 h were attributed to the electronic integration of an Au–Pt
bimetal cluster with titania [51]. On titania, a similar observation was achieved using Au–

112



Molecules 2022, 27, 7176

Ag or Au–nanorod [52,53]. According to a recent study, a single titania nanotube material
with heterojunctions between native and nonnative structures, such as the presence of the
anatase, rutile, and brookite phases, and Pt as the co-catalyst exhibited higher HER activity
from SWS under one sun conditions than anatase-rutile (2.5 mmol h−1·g−1) or bare anatase
(0.15 mmol h−1·g−1) [54,55]. The difference in activity is attributable to the existence of
bulk heterojunctions in a composite material as opposed to a single junction (anatase-rutile)
or bare anatase nanotubes, which can aid in effective charge transfer between the particles.
Independent of the photocatalyst systems, the outcomes given here suggest that SWS
activity increased from a negligible value to 7.6 mmol h−1·g−1 [47–54]. Furthermore, the
HER was measured using a photocatalyst made of Au–Pd/rGO/TiO2 both in particulate
and thin-film forms by easy casting on a glass plate. The measured HERs from thin-film
and particulate versions are 21.5 and 0.50 mmol h−1·g−1, respectively. It is specifically
due to the difference of light absorption. Despite having all of the necessary photocatalyst
components, the HER values are incredibly low for particulate photocatalyst systems
and the evaluation of HER in the particulate form of the photocatalyst composite acts as
a unifying factor among all these findings. Simple comparisons between photocatalyst
suspension and the identical photocatalyst preserved in an aqueous methanol solution as a
thin film demonstrate (Figure 1) that the former exhibits low light penetration while the
later exhibits high light penetration [56]. Regardless of the angle of light incidence, light
penetration would be inadequate with photocatalyst suspension.
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Figure 1. A digital image of a quartz reactor with a capacity of 70 mL (56 mm in diameter at the
center) filled with 40 mL of solution and 25 mg of titania-based catalyst powder while it was spinning
(left), and in static circumstances, using thin films produced with 1 mg of the same photocatalyst
(right). Replicated from ref. [56].

Although there are multiple reasons that prevent SWS from operating at a high effi-
ciency, major SWS limiting issues and some potential solutions are provided as
listed below:

(a) The primary limiting element is the very different time scales between photophysical
and photochemical processes and how to connect them. Structural and electronic
components integration is crucial to be optimized for efficient diffusion of charge
carriers to redox sites and their exploitation for redox reactions. Quantum dots (QDs)
and 2D-layered materials might be used to overcome the aforementioned issue. It
is also important to note that the nanoscience, which only involves photophysical
processes, has made a significant contribution to the rapid expansion of applications
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involving light emission. It is very desirable to use synthesis methods that would
result in bulk heterojunctions in a photocatalyst composite. For instance, the assembly
of QDs in the pores of wide bandgap materials using techniques such as SILAR
(successive ionic layer adsorption and reaction) results in bulk heterojunctions.

(b) In general, scaling up the catalyst quantity, even from 10 to 100 to 1000 mg at a
laboratory level, substantially reduces the effectiveness of any photocatalyst system.
This is largely because of poor light absorption combined with excessive charge
recombination [57]. The current review tackles this issue in depth, through the use of
a photocatalyst thin film or a panel with increased hydrogen generation.

(c) Since OWS is often carried out in extremely acidic environments [58], it is essential
to be able to conduct the tests at a pH close to neutral (pH = 7). There is definitely a
need for greater study in this area.

(d) To the best of our knowledge, noble metals are frequently used, which is not a cost-
effective solution, and there is no reasonable consideration given to the selection of a
certain co-catalyst for a specific semiconductor [58]. More research must be done to
examine more affordable and plentiful co-catalysts, with a focus on rational selection.

(e) It is necessary to switch to using environmentally beneficial and/or biomass-derived
materials such as glycerol and cellulose instead of sacrificial ones such as methanol.
Sacrificial agent use in water splitting may be a temporary fix, and OWS will be the
long-term fix [39].

(f) Despite the fact that CdS, PbS, and other chalcogenide QDs have very strong visible
light absorption qualities and the capacity to control the bandgap, they are also
vulnerable to photo-corrosion and are unfriendly to the environment [59,60]. The
oxide-based QDs should be the focus of additional efforts.

Until now, a lot of work has gone into creating effective systems for the SWS process,
which produces hydrogen. However, none of the photocatalysts can produce hydrogen in
a practical manner. Indeed, under sunshine or one-sun circumstances, none of the powder
catalyst systems have been studied at the gram scale. Table 2 lists some of the top hydrogen
production activity values obtained using several powder-based catalysts.

Table 2. The highest recorded solar hydrogen production using several photocatalyst systems that
have been thoroughly studied in powder form.

Photocatalyst Co-Catalyst Sacrificial Agent Light Source H2 Yield
(mmol h−1·g−1)

Catalyst wt.
(mg)

Stability
(h) Ref

ZnS–In2S3–
CuS2

— 0.1 M Na2S + 1.2 M
Na2SO3

300 W xenon lamp (UV-cut off
filter, λ > 420 nm) 360 10 9 [61]

TiO2/CdS Pt Lactic acid 300 W xenon lamp (λ > 400 nm) 128.3 50 15 [62]

CdS
nanowires MoS2 Lactic acid 300 W xenon lamp (UV-cut off

filter, λ > 420 nm) 95.7 20 24 [63]

CdS@TiO2 Pt 0.1 M Na2S + 0.02 M
Na2SO3

Sun light 44.8 10 24 [64]

CdS MoS2 Ethanol 300 W Xe arc lamp (λ > 420 nm) 140 10 150 [65]

CdS CoP Lactic acid 300 W Xe arc lamp (λ > 420 nm) 106 20 18 [66]

CdS MoS2 Lactic acid 300 W Xe arc lamp (λ > 420 nm) 49.8 200 24 [67]

CdS–titanate Ni Ethanol Sun light 31.82 100 15 [68]

ZnS–In2S3–
Ag2S — 0.6 M Na2SO3–0.1 M

Na2S 300 W Xe arc lamp (λ > 420 nm) 220 15 16 [69]

TiO2 Au–Pt Methanol One sun condition 6 20 125 [70]

The current analysis concentrates on the additional crucial factors that contribute to
improving the overall effectiveness of solar light-driven water splitting. The current study
stresses a thin film-based technique. It is advantageous to boost efficiency as opposed to
the particulate-based research that is commonly used by many researchers worldwide.
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2.3.1. Mechanical Stirring Is Unfavorable

It is difficult to analyze the photocatalyst powder on a big scale, and continual stirring
of the powder solution is necessary to enhance light harvesting. It is an energy expen-
sive when mechanical churning is used at such huge loads. Following the conclusion
of reaction investigations utilizing photocatalyst powders, the collection of the catalyst
using centrifugation and filtering is another time-consuming and energy-intensive step [71].
Above all, the essential notion of better light absorption does not appear to happen with an
increase in the photocatalyst quantity in the suspension. Additionally, when the catalyst
concentration rises, light cannot reach all areas of the solution due to the turbidity of the
solution. Moreover, the price of hydrogen generated using traditional steam reforming
techniques is $3–4 per kg, therefore any new approach needs to at least be competitive with
that to be taken into consideration. The typical thin film method of producing solar cells
would be advantageous for better light absorption, and many benefits and drawbacks of
photocatalysts in their thin-film and particulate forms, respectively, will be examined in
this context.

2.3.2. Loading Effect

It is anticipated that more catalyst will need to be loaded into the solution in order
to produce solar hydrogen on a wide scale. In this context, Maeda et al. examined the
impact of loading on the quantum yield of hydrogen for a Z-scheme photocatalyst using
Pt/ZrO2/TaON as the hydrogen evolution catalyst and Pt/WO3 as the oxygen evolution
catalyst [57]. It was discovered that the AQY drops from 6.3 to 2.7% when the total catalyst
dosage rises from 75 to 150 mg. In contrast to the predicted rise in light absorption with
an increase in the quantity of powder catalyst loading, only a portion of the particles are
exposed to photons at a given moment, and the remainder particles are inactive. However,
when there is only a tiny quantity of catalyst present in the test solution, the majority of
the particles are exposed to photons and form a greater number of charge carriers, which
helps to achieve high efficiency. This is directly corroborated by the research done by
Nalajala et al., who found that using 25 mg of powder Pd/TiO2 in 40 mL of aqueous
methanol produced less H2 (9 mmol h−1·g−1) than using 1 mg of the same catalyst under
the same circumstances (32 mmol h−1·g−1) [34]. The hydrogen yield (HY) per gram of
catalyst in water splitting studies with a tiny quantity of catalyst (1 mg) would appear to
be quite high (Table 3). Reporting the hydrogen evolution rate for a few different weights
for a certain volume of water or aqueous solution is the preferred method, since it enables
other labs to replicate the findings. However, this raises the unavoidable question of what
is the best method to use for handling massive quantities of catalyst for SWS.

2.3.3. Scale-Up and Disintegration Issues of Photocatalysts

Under reaction circumstances, the catalyst system must remain intact in order to
produce hydrogen from SWS sustainably. The catalyst system in particular is anticipated
to be stable for prolonged exposure to light and a wet environment. The development of
photocatalyst materials in the particulate form is now the focus of several initiatives. The
greatest recorded hydrogen production activity using various catalyst systems are shown
in Table 2; However, they were selected because (a) they could demonstrate sustainability
for at least 10 h in one day of sunlight and (b) the catalyst quantity used in real studies
needed to be at least 10 mg. Whatever the provided catalysts were confirmed to be
active, only a small number of investigations have demonstrated their stability for 100 h or
more [65,70]. A contrasting truth may be found by simply comparing the findings provided
in Tables 2 and 3. Higher HER values were seen with 1 mg of catalyst from the actual data
(Table 3) compared to those shown in Table 2, which use 10–200 mg of catalyst. As shown
in Figure 1, a suspension form of a catalyst cannot increase activity linearly with an increase
in catalyst amount. A few studies also indicate a decline in activity within 10 h after the
reaction, raising the likelihood of catalyst breakdown [61]. The activity and stability of the
thin film were established by Schroder et al. [35], during the 30 days active light period,
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and Goto et al. investigated the films for 1000 h [36]. A stable photocatalyst would sustain
HER activity for a very long time.

Table 3. Highest recorded solar hydrogen production using several photocatalysts that were tested
in powder form at low concentrations.

Photocatalyst Co-Catalyst Sacrificial
Agent Light Source Hydrogen Yield

(mmol h−1·g−1) Mass (mg) Stability
(h) Ref.

CdS nanorods Ni2P Na2S–Na2SO3 300 W Xe lamp (λ > 420 nm) 1200 1 12 [72]

CdS nanorods CoxP Na2S–Na2SO3 300 W Xe lamp (λ > 420 nm) 500 3 25 [73]

CdS/ZnS — 0.5 M Na2SO4 300 W Xe lamp (λ > 400 nm) 239 1 12 [74]

CdS nanorods FeP Lactic acid LED: 30 × 3 W, λ > 420 nm 202 5 100 [75]

CdS nanorods Cu3P Na2S–Na2SO3 300 W Xe lamp (λ > 420 nm) 200 1 12 [76]

CdS nanorods WS2 Lactic acid 300 W Xe lamp (λ > 420 nm) 185.8 1 50 [77]

CdS nanorods Co3N Na2S–Na2SO3 300 W Xe lamp (λ > 420 nm) 137.3 1 48 [78]

CdS nanorods PdPt Lactic acid 150 W Xe lamp 130.3 1 20 [79]

CdS/MoS2 — Lactic acid Sunlight 174 1 25 [80]

MoS2-RGO-
CoP/CdS MoS2/CoP Lactic acid Sunlight 83.9 1 20 [81]

3. Light Absorption and Scattering

While there are several semiconductor materials with adequate band gaps and band
edge locations for SWS, effective light absorption in their powder state is a significant
problem. According to the Beer–Lambert equation, the absorption coefficient that depends
on wavelength and material thickness determines how much light is attenuated. However,
it is typically believed that enough light absorption in the normal UV-Vis absorption
spectrum is required for its effective light absorption properties. In actuality, smooth,
high-quality solid surfaces absorb solar light more effectively than rough, poorly absorbent
particle surfaces.

As seen in Figure 2, light is primarily dispersed from all sides of particles (in suspen-
sion) as opposed to thin films, which typically absorb light due to their comparatively
flat surfaces and high absorption coefficients. Thin films can actually absorb more light
with a 50–500 nm uneven surface structure than with a pristine smooth surface, which is
undesirable since it would reflect more light, and an anti-reflective coating used in solar
cells would be necessary for very flat surfaces. It is anticipated that the thin film-based
photocatalyst would yield more charge carriers than the particulate catalyst [6]. When
compared to the intensity at the material’s surface, light penetration depth (also known as
skin depth) is described as a drop in light intensity to 37% (or 13%). The same reasoning
holds true here as they did in the case of dye-sensitized solar cells (DSSCs), where this
feature has been well investigated. For maximal incoming light absorption, a thickness
range of 8–12 µm is recommended. The decreased thickness of the material in a film with a
thickness of less than 8 µm results in less light absorption. Whereas, due to the additional
layers of materials present at the bottom FTO/ITO plate for solar cell applications, films
thicker than 12 µm result in increased recombination as the charge carriers must diffuse
across these layers.
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4. Towards Enhanced Hydrogen Production with a Thin-Film Approach

The advantages, production methods for large-scale thin films, their photocatalytic
activities, stability factors, and the re-absorption of emitted light for better activity are all
covered in this part along with other procedures that are successful for SWS.

4.1. Thin Film Approach

By placing active photocatalysts as films over a fixed substrate, a considerable number
of problems with the particulate form of the catalyst may be resolved. Better light absorption
may be anticipated than with equivalents in the solution that are suspended powders since
the catalyst is attached to the substrate with the specified thickness. Use of centrifugation
for gathering the suspended powders or mechanical stirring for better dispersion will be
avoided. Small volumes of liquid may be used to operate thin films for reactions, which
is unquestionably a procedure that uses less time and energy. Furthermore, this method
may be an economically feasible choice for sustainable hydrogen generation due to the
minimal infrastructure (little number of materials and no expensive equipment needed)
and simplicity of scaling up.

Advantages of Thin Films over Particles for Photocatalysis of Hydrogen Production

It is vital to draw attention to a number of benefits that a thin film form has over a
particle form. The following details are noteworthy:

(i) Light absorption: As illustrated in Figures 1 and 2, films rather than particle sus-
pensions are more commonly used in the initial stage of effective light absorption in
photocatalysis. Thin films produce a significant number of charge carriers by efficient
and consistent light absorption. Thin films allow for the generation of many charge
carriers since the photocatalyst is fully and evenly exposed to the photon source
during the whole time period. This is clear from the video depiction of solar hydrogen
that is discussed in the literature [34].
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(ii) Maximal activity, little input, and continuous process: It should be stressed that
there is a significant decrease in hydrogen production in photocatalysis studies with
a particulate suspension as catalyst concentration rises. High hydrogen yields are
produced using a thin film that is the ideal thickness (8–12 µm). The maximal activity
with the least amount of material is shown by up to an order of magnitude and greater
activity recorded with the same quantity of the substance in thin film form as opposed
to powder. Additionally, as opposed to a batch procedure using suspension, the thin
film makes the process continuous.

(iii) Energy saving: Due to the lack of mechanical stirring, which may be replaced by
centrifugation for catalyst removal in the following batch or recycling, it is anticipated
that thin film-based solar panels would have much lower operating costs. However,
they will involve suspension, thus there is a cost/energy consideration.

(iv) Running cost: It should be noted that solar hydrogen production with thin films is
also possible with water (or solution) layers as thin as 1 mm, and hydrogen bubbles
are discharged smoothly. However, it is possible to further reduce the water layer
thickness to a few nanometers. This will be crucial for using extremely effective
catalysts, which would continuously and without resistance create hydrogen bubbles.
The smooth and immediate release of bubbles is made possible by the thinness of
the water layer. It should be noted that delayed bubble development reduces the
catalyst’s ability to absorb light since bubbles have a strong tendency to disperse light.

(v) Coalescing diverse material components: The artificial leaf and QuAL ideas propose
to combine many elements, such as co-catalysts for reduction and oxidation processes
and various light-absorbing quantum dots in one device. Therefore, this method
takes care of the (structural and maybe electronic) integration of various material
components, whereas it is challenging to evenly include all of the aforementioned
elements throughout the particle bulk catalyst.

(vi) Mass transfer issues: The greater engineering problem is distributing the reactant(s)
equally across the film/panel device. However, since there is no need for pressure
and hydrogen may be produced with or without scavengers in merely a millimeter
of liquid water thickness, a simplistic tilting mechanism may be used to circulate
the solution using gravity. In addition, tilting and sun tracking might be properly
integrated to increase hydrogen generation.

4.2. Scaling Up and Thin Film Preparation Techniques

Thin film technology is well recognized to have many uses in diverse science and
technology fields, including solar cells, optics, electronics, and many more. Low material
usage and the frequent use of flexible substrates are benefits of thin-film devices that
are difficult to obtain when applying bulk materials directly. It should be noted that
thin film characteristics and activity are frequently influenced by the type of deposition
technique. Because of uncomplicated, inexpensive, and convenient features for depositing
a wide range of materials, chemical techniques are often effective for the deposition of
large-area thin films. Although there are several photocatalysts available to produce the
solar hydrogen, the discoveries made in the lab must be scaled up. In this context, a few
techniques, including spray coating, slot-die coating, and screen printing, are mentioned
in the literature to create films of various diameters [82]. For the film preparation using
particle precursor photocatalysts, there are just a few reports accessible at this time. The
following section contains some literature reports on various photocatalysts prepared as
thin films using drop-cast and particle transfer techniques.

4.2.1. Drop-Cast Method

A thin layer of a Rh2−yCryO3/(Ga1−x − Znx)(N1−xOx) photocatalyst was created
by Xiong et al. using a drop casting approach on a flat piece of frosted glass [83]. The
researchers added silica powder with different particle sizes (from nanometers to microm-
eters) to the photocatalyst in order to control the porosity and hydrophilic character of
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thin films. To create a homogeneous suspension, the photocatalyst powder (20 mg) was
sonicated in 200 mL of deionized water. A quantity of 20 mg of silica powder was added
with the aforementioned combination and held for sonication in order to better understand
how the photocatalyst’s porosity and hydrophilic nature affected its performance. The
suspension was then dropped onto a clean, frosted glass plate and held there to dry while
it was heated to 323 K. In order to create a film with a consistent thickness, this operation
was done ten times.

In a different study by Schroder et al., a Pt@mp–CN (Pt cocatalyst on mesoporous
carbon nitride) photocatalyst was immobilized on a stainless-steel plate by a drop casting
methodology over different substrate dimensions, such as 3.5 × 3.5 × 0.25 cm3 for the
laboratory reactor and 30 × 28 × 0.1 cm3 for the demonstration reactor, as shown in
Figure 3I [35]. Under direct sunlight, the photocatalyst panels were employed to produce
solar hydrogen. It is important to note that the negative zeta potentials of both Pt and
carbon nitride caused Pt nanoparticles to be manufactured separately by a microemulsion
process [84].
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Figure 3. Images of panels and thin sheets in various sizes: (I) picture of the large-scale hydrogen
generation system for photocatalysis illuminated by the sunshine. Nine stainless steel plates, each
measuring 28 × 30 × 0.1 cm3, make up a photocatalyst (Pt@mp–CN) panel. The mesoporous carbon
nitride photocatalyst emitting hydrogen bubbles can be seen when magnified. (II) Nine 33 × 33 cm2

sheets make up a 1 × 1 m2 SrTiO3:Al photocatalyst panel. (III) Sizes of thin films (a) 1.25 × 3.75 of
P25 (b) 1.25 × 3.85, (c) 2.5 × 3.75, and (d) 2.5 × 7.5 cm2 of Pd/P25. Replicated from ref. [36].

By using a similar approach to Schroder et al., Goto et al. developed a 1 × 1 m2 size
SrTiO3-Al panel (Figure 3II) for large-scale hydrogen production [36]. The study focused on
a number of factors to enhance the performance of panel-type catalysts for water splitting
reactions, including tilting angle (10–20◦) and water layer thickness (1–5 and 5 mm). These
factors are crucial to reduce liquid weight and, consequently, pressure, in order to achieve
the smooth release of gas bubbles. Without induced convection, a layer of 1 mm thick water
might release hydrogen bubbles.
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Prominently, this study showed that crack development did not impair hydrogen
production in contrast to PEC cells and PV-based electrolyzers, where photocatalyst sheets
do not form a series circuit in the panels [36]. The constructed photocatalyst panels were
examined for H2 production from pure water under both artificial and natural light sources.

In a recent study, Nalajala et al. developed thin films of titania-based photocatalysts
(Pd/P25) on glass plates and assessed their hydrogen generation capabilities in the presence
of direct sunlight. The creation of diverse sized and shaped thin films was accomplished
using a drop-cast process (Figure 3III). They employed methanol as a sacrificial agent, Pd
as a co-catalyst, and P25 (TiO2) as a light-harvesting material to create hydrogen in their
experiment. Similar to the previous research by Goto et al., the thin films showed micron-
sized fracture development, although this did not impair the thin film’s functionality.

4.2.2. Particle Transfer Method

For the creation of thin films from powder catalyst suspensions, the particle transfer
(PT) method was developed. In this procedure, a combination of photocatalyst granules
was dispersed in isopropanol and then applied to clean glass plates measuring 3 × 3 cm2.
A thin layer of catalyst film was created over a glass plate by quickly drying the catalyst
suspension after it had been deposited (Figure 4). The contact layer that will make contact
with semiconductor particles was created using a vacuum evaporation process. As a
contact layer, any of the metals (Au, Ag, Al, Ni, or Rh) can be employed. Then, using a
vacuum evaporation process, an additional Au layer was deposited over the previously
developed contact layer of the film in order to provide the prepared film with the necessary
conductivity and mechanical stability. Taking off the first or primary glass plate, the metal
film that makes up the particle photocatalysts was adhered to a second glass plate using
carbon tape. To remove any extra particles that had accumulated on the photocatalyst layer,
the resultant glass plate underwent a brief ultrasonic treatment.
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sandwiched metal layers on carbon tape. Replicated from ref. [41].
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Domen and coworkers used this PT approach extensively and published their findings
for a range of particle photocatalyst materials [29,41–45,84–87]. The possibility of destroying
thin films when removing (lifting off) the main glass plate is a major worry with this method
of preparation. In order to facilitate the conductivity between the HEP and OEP particles,
it is also important to take into account that a complicated equipment needed to generate
the metal contact layer.

4.2.3. Screen Printing

One of the reliable methods that offers large-scale thin films with maximal material
usage is screen printing. The drying and/or sintering processes were crucial to dictate
the production capacity of screen printing rather than the screen-printing method itself.
Hu et al. showed that the screen printing (Figure 5a) can give the cells of 10 × 10 cm2 size
with an efficiency of 10% and exhibited its stability under light for 1000 h, stability outside
for 30 days, and stability over a year of storage [88].
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This method was also developed by Wang et al., who used a powder photocatalyst
to generate large-scale thin films [29]. In their investigation, printing ink was made from
a combination of organic binders, catalyst powder (SrTiO3:La, RhBiVO4:Mo), and Au
colloid solution in ethanol. The paste was screen printed on a 3 × 3 cm2 glass substrate
after the ethanol had evaporated. Furthermore, this method may also be used to create a
10 × 10 cm2 photocatalyst sheet (Figure 5b) with various Au concentrations (up to 40 wt.%).
As a result, this method also showed that systems for large-scale hydrogen synthesis in
the presence of direct sunlight are possible. It should be noted that large-area solar cells,
particularly for DSSCs, were produced using the screen-printing technique [89].

4.2.4. Doctor Blade Method

The doctor blade approach is a well-known and popular technique for creating a
homogeneous covering of broad bandgap semiconductor layers for dye-sensitized solar
cells (DSSCs). A well-mixed slurry of target materials and additives suspended in a solvent
was applied on an appropriate substrate (often an FTO or ITO plate). A doctor blade
was then continuously moved across the substrate. Then the slurry spreads across the
substrate and a high-quality thin layer is created after drying (at 400 ◦C for TiO2 films).
Different micron-thicknesses of thin films can be produced according to the quantity of
materials used, the size of the substrate, and the speed of the doctor blade. High quality
thin films are likely to be produced when the right additives and solvents are used in a
slurry under the best possible circumstances. For modest size, up to 10 cm2, this method of
preparation is effective at a laboratory level. However, as already noted, it may be expanded
to a bigger extent, perhaps in conjunction with other techniques, so it is worthwhile to
further investigate. N-doped mesoporous titania sheets (TiO2−XNX) production for DSSC
applications was described by Sivaranjani et al. [6]. Patra et al. [60,90] described a quasi-
artificial leaf device that was made using AuTiO2 thin films employing the doctor blade
approach and was then sensitized with chalcogenides (CdS, PbS, and ZnS) using the SILAR
method. We believe the SILAR approach should be expanded to build active catalytic
components on porous supports, which is not feasible with any current techniques.

4.3. Effect of Binders in Thin Films

For making thin films, organic and inorganic binders are frequently employed in
order to maintain the thin films in place on the surface of the substrate and avoid peeling.
However, employing binders might sometimes result in undesirable characteristics or
actions. The following is a list of potential outcomes: (a) Due to high temperature calci-
nation, organic binders employed in the doctor blade process, such as cellulose, are often
eliminated [40,60,90]. The porosity of the thin films is preserved when binders are removed
at high temperatures. However, if an organic binder is left in place, the presence of reactive
oxygen species in application circumstances may cause them to oxidize [91]. In order to
create stable and uniform thin films, Nafion was utilized as a binder [35]; in fact, Nafion
serves to prevent the separation of meso porous carbon nitride (mp-CN) from the stainless
steel substrates. Furthermore, it should be noted that Nafion possesses effective proton
conductivity, which actually reduces the mass transfer resistance inside the catalytically
active layer. (b) SrTiO3–Al thin films were created on glass substrates by using inorganic
binders, 20 nm SiO2 nanoparticles [36]. Silica nanoparticles’ primary function was to create
thin coatings with excellent adhesion to the substrate. The catalyst and silica (1:2) solution
was coated, dried, and then calcined at 623 K to produce films that were 10–20 microns
thick. (c) It must be emphasized that thin films with good stability may still be created
without binders and can be tested for hydrogen production. In fact, we advise to use this
technique to assess the performance of any photocatalyst in thin film forms. The stability of
the film should be improved by the inclusion of binders, which is crucial for HER research.
Binders should be carefully selected such that their role does not hinder the underlying
activity but rather enhances it. If the binder is included in the final photocatalyst thin film,
it must be chemically inert and incapable of reacting with charge carriers or with water
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in an aqueous media when light is present. The amount of binder applied must also be
tuned for every photocatalyst system because one binder does not necessarily work for all
semiconductors or composites.

4.4. Photocatalytic Activity of Sheets and Films

Recently, Xiong et al. demonstrated the photocatalyst panels of Rh2−yCryO3/(Ga1−xZnx)
(N1−xOx) consisting of (Ga1−xZnx)(N1−xOx) main catalyst and Rh2−yCryO3 cocatalyst [86].
In this investigation, using several methods including squeegee and drop-casting processes,
the catalyst and silica (micron size) combination was applied to 25 cm2 frosted glass plates.
The OWS activity of the panel-type catalyst yielded a determined HER (9 mmol h−1·mg−1)
that is equivalent to HER rate (11 mmol h−1·mg−1) from the standard technique of assessing
photocatalysts in powder form. It was also discovered that the problem of transport of
water and product gases via the interparticle void spaces is avoided by the inclusion of
micrometer-sized hydrophilic SiO2 particles. It should be noted that photocatalyst particles
range in size from 200 to 400 nm, and that the absence of silica in the photocatalyst layers
makes water diffusion challenging. From the above, the ability to scale up thin films and a
reduction in mass transfer issues are the key benefits.

Wang et al. showed high activity using semiconductors immobilized as thin films
on metal layers for Z-scheme water splitting (Figure 4); particulate BiVO4 (OEP) and
SrTiO3:La,Rh (HEP) semiconductors [41]. In the absence of redox mediators, the activity
of the photocatalyst in thin film form with an Au layer between them is discovered to be
4.5 mmol h−1·cm2, which is 6 and 20 times greater than that of their comparable powder
counterparts (0.8 mmol h−1·cm2) and without metal layers (0.2 mmol h−1·cm2), respec-
tively. The constructed system’s remarkable performance is related to the ease with which
electrons may move between BiVO4 and SrTiO3:La,Rh through the metal layer (Au). Since
both HEP and OEP are presented close to one another, a drop in H+ and OH− overpoten-
tials has also been noted. As a result, the study focused on how one might increase activity
using film-based systems by facilitating efficient charge transfer via metal layer between
the photocatalysts of the HEP and OEP, which in reality give correct contact as well as
retain the particles intact with one another. For better activity of photocatalyst sheets linked
to metal layers, Wang et al. conducted a research on Mo- and La-doped BiVO4 (BiVO4:Mo)
particles encased in a gold (Au) layer [29]. The above Z-scheme catalyst complexes demon-
strate 1.1% STH conversion efficiency with an AQY of 30% using monochromatic light of
419 nm and pure water of pH = 6.9. Furthermore, it has been demonstrated that the surface
modification using Cr2O3 and annealing the system at 573 K for 20 min may be used to
optimize the electron transport of SrTiO3:La, Rh/Au/BiVO4:Mo and reduce side reactions,
respectively. Since the production of H2 and O2 occurs near together, a significant backward
reaction results, which needs to be reduced for the developed photocatalyst sheet systems
to function more effectively. By employing carbon as a conducting layer instead of Au,
these issues may be solved. Another study used rGO as a conductive binder to increase the
photocatalyst sheets’ ability to split water [84].

Due to the ability to absorb visible light and improve solar hydrogen evolution,
oxysulfides are considered to be a viable HEP component of the Z-scheme photocata-
lyst. In this scenario, Sun et al. recently showed a photocatalyst sheet using the com-
pounds of La5Ti2CuS5O7 (LTC) and BiVO4 as the HEP and OEP, respectively [43]. In this
work, p-type doping (Ga3+, Al3+, Sc3+, and Mg2+) at the Ti sites and the production of
La5Ti2Cu0.9Ag0.1S5O7 (LTCA) solid solution for the OWS reaction greatly increased the
activity of this system. When LTC/Au/BiVO4 was in powder form in pure water, no activ-
ity was seen. However, when LTC/Au/BiVO4 was in sheet form and exposed to visible
light, substantial activity (0.47 mmol h−1·mg−1) was seen. In pure water under visible
light, Ga-LTCA/Au/BiVO4 had more activity (2.2 mmol h−1·mg−1) than LTC/Au/BiVO4.
Ga3+ is demonstrated to be a superior dopant to increase the activity of the sheet among
the p-type doping elements.
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A panel-type reactor was created by Goto et al., in which the Al-doped SrTiO3 catalyst
was applied as a thin layer on a glass plate using a drop casting process and tested for OWS
reaction. Doping Al3+ into the starting material is crucial for improving SrTiO3 activity
and controlling particle development. Two significant parameters that were examined
during the investigation are hydrophobicity and hydrophilicity of the inner surface of the
window that was covered over the reactor setup (Figure 6). It has been discovered that
the hydrophobic properties of the window allow gas bubbles to develop and proliferate
(Figure 6), although they have no effect on the panel’s overall functionality. In order to
prevent the buildup of potentially explosive H2 and O2 gas combination bubbles inside
the reactor, it is advised that the hydrophilic nature of the window be used. Under
natural sunlight on clean water, the 1 × 1 m2 flat photocatalyst panel displayed the STH of
0.4 percent. High rates of H2 and O2 were found at 5.6 mL. h−1·cm−2, which corresponds
to a smooth release of bubbles from the panel and a STH of 10%. Here, it should be noted
that elevating light output was required to reach the STH of 10%. The overall view of
comparison between thin-film systems and powder form systems are given in the Table 4.
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Table 4. Overview of photocatalytic activity existed in thin film as well as powder form.

Photocatalyst
H2 Evolution-mmol h−1·g−1.

Reference
Powder Form Thin Film Form

Au–Pd/rGO/TiO2 0.50 21.5 [56]

BiVO4 and SrTiO3:La,Rh 0.8 4.5 [41]

(RhCrOx/LaMg1/3Ta2/3O2N/(Au,RGO)/BiVO4:Mo) 0.11 0.45 [84]

LTC/Au/BiVO4 Nil 0.47 [43]

Ga-LTCA/Au/BiVO4 Nil 2.2 [43]

Al-SrTiO3/RhCrOx Nil 5.6 [36]

Pt@mp–gC3N4 0.08 0.6 [35]

Pd/TiO2 9.1 30 [34]

Cu–Ni (1:1)/TiO2 1.75 41.7 [92]

NEC/WS2/CF 4.9 64.85 [93]

Au−Pd/C/TiO2 0.48 6.42 [56]
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4.5. Quasi Artificial Leaf Concept with a Novel Design of Solar Cell Materials and Devices

The idea of an artificial leaf is widely recognized for dividing water. Trevisan et al. and
Patra et al. used the quasi-artificial leaf (QuAL) concept to produce hydrogen [59,60,93].
Here, certain charge carriers such as electrons are collected and used at the Pt-co-catalyst
sites, and holes are directly introduced into the solution to oxidize sacrificial agents. Based
on the QuAL theory, porous titania (also known as Au–TiO2) and Pt were used to create
a solar cell, and a SILAR approach was used to build PbS and CdS quantum dots in situ
within the pores of titania. The FESEM-EDX chemical mapping was used to show the
distribution of PdS and CdS quantum dots in the solar cell from the top to bottom layers of
titania (Figure 7). The key benefit of employing the SILAR technique (assembly QDs) in this
system is the production of many bulk heterojunctions between chalcogenide quantum dots
and a porous Au–TiO2 matrix. Despite having a total composition of only 3%, chalcogenide
is evenly distributed throughout the photoanode’s porous matrix, which greatly aids in the
efficient conversion of light into chemical energy.
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Figure 7. Bulk heterojunctions are demonstrated throughout the thin film employing (a) FESEM,
and EDX chemical mapping analysis of (b) Ti, (c) Au, (d) Cd, (e) S, and (f) Pb. EDX result shows the
uniform distribution of chalcogenides. Replicated from ref. [60].

The following is two key benefits of the QuAL solar cell: (a) The whole region of
UV and visible light as well as a little portion of the NIR range is completely absorbed
by a combination of distinct band gap semiconductors and nano gold. (b) The QuAL
device operates at zero applied potential and doesn’t require any potential. In this instance,
1 cm2 was covered with 2 mg of photoanode material (AuTiO2/PbS/CdS), which produced
12 mL.h−1 H2 under one sun circumstances. The results might be linearly extrapolated
to large photoanodes, such as 23 × 23 cm2 and 46 × 46 cm2 result in 6 and 24 L.h−1

H2, respectively.
Patra et al. employed a cutting-edge concept to significantly expand the QuAL con-

cept’s ability to generate more hydrogen. Due to the extensive charge recombination, the
photocatalyst’s efficiency is inevitably low and frequently results in radiative emission,
which is visible as fluorescence. In light emitting diode applications, self-absorption of the
light is a difficult problem since it reduces efficiency. However, to produce more charge
carriers for water splitting and therefore more hydrogen, this issue was used as a bene-
fit. In the QuAL technique, Mn-doped CdS quantum dots are put together in the titania
mesopores using the SILAR method. Pt or Ni–Cu alloy was employed as a cocatalyst. In
this instance, 16 mL (10.5 mL) H2 was seen under one sun circumstances. It should be em-
phasized that the device lacks expensive gold and PbS, making HER more advanced than
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their prior work with the Au–TiO2/PbS/CdS-based device [93]. The photoluminescence
study provided conclusive confirmation, and Figure 8 compares its results using UV-Vis
absorption spectra. A tiny and large grey color triangle displayed in Figure 8 for TiO2/CdS
and TiO2/Mn-CdS, respectively, demonstrates the same for the considerable overlap in
absorption and emission characteristics (recorded with 420 nm excitation source). When the
excitation source used was 400 nm, white light-like emission was seen for TiO2/Mn–CdS.
(Figure 8 inset). Figure 8 presents the possibility for self-absorption of emitted light as
a secondary light source to generate additional charge carriers and therefore greater H2
evolution. Considering that the solid lattice is at the source of the emission, in situ light
absorption is known to be beneficial and can be compared to the field effect caused by
surface plasmons.
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Figure 8. Photoluminescence spectra of TiO2, TiO2/CdS, and TiO2/Mn–CdS obtained with a
420 nm excitation source; emission characteristics are normalized. Additionally, photolumines-
cence is compared to the UV-visible absorption spectra that were obtained for all three materials
(shown as a dashed line in the same color). In the picture, a solid triangle area emphasizing the
secondary light source accessible for chalcogenide absorption highlights the wavelength range where
the absorption and emission spectra coincide. The photoluminescence spectra of TiO2, TiO2/CdS, and
TiO2/Mn-CdS, which were obtained at a wavelength of 370 nm, are displayed in the inset. Replicated
from ref. [93].
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5. Commercial Feasibility of Solar Hydrogen

It is anticipated that the cost of producing hydrogen utilizing PEC technology will be
higher (USD 10.4 per kg) than the cost of producing hydrogen from particle suspension
(USD 1.6 per kg) for water splitting [94]. The high capital cost (USD 154.95 per m2) is
blamed for the high cost hydrogen generation from PEC, whereas it is only 1.5% of PEC
(USD 2.21 per m2) for particle suspension for a plant size of 1 ton per day (TPD) hydrogen
net output. The aforementioned figures may be reviewed due to the vast and inconsistent
light absorption with films/panels and powder/suspension, respectively. However, it
should be noted that just 19.8% of the total capital cost is contributed by particles, compared
to 89.6% for the production of PEC cells. It is well known that PEC technology is more
costly than particle suspension since the former consists of many layers of various materials
such as semiconductor layer(s) for light absorption, co-catalyst for charge usage to produce
products, interface layers to provide contact between semiconductor and co-catalyst, and
then properly integrating them for effective water oxidation. Additionally, the preparation
procedure for the photoelectrode requires the use of sophisticated/expensive methods
such as atomic layer deposition (ALD) and molecular beam epitaxy (MBE) in order to
produce the layers of photoelectrode materials with correct contact among them. Although
particle suspension can produce hydrogen at a low cost, there are still several obstacles
to overcome: (i) lack of knowledge about how solar flux is used by the particles due to
light scattering and poor light absorption coefficient; (ii) plant functioning is questionable
due to safety concerns brought up by the cogeneration of H2/O2 gases, and (iii) Poor solar
light penetration into the deeper particles in the bed causes the system to work poorly. It is
advised to use particle catalysts in the form of films for efficient light use in order to solve
several of the issues mentioned above. Furthermore, the creation of thin films of active
particles does not require a sophisticated infrastructure, therefore producing hydrogen
would be much less expensive attributable to minimal capital costs.

Even if the PEC technique for solar hydrogen generation with 10% STH may be
competitive with traditional methane reforming, PEC-WS must first clear a number of
scientific and technological hurdles before it can be considered for large-scale operation [95].
Below are a few of them:

(i) It is necessary to increase the light absorption by using materials with narrow
band gaps and by covering the photoelectrode with one more light-absorbing layer;
(ii) antireflective coating must be used to decrease light reflection from the photoelec-
trode; (iii) in order to decrease recombination, it is necessary to tailor the nanostructural
characteristics and doping levels; (iv) surface reconstruction is required, and passivation
layers must be designed to reduce surface recombination; (v) the selection of the proper
materials with the required energetics for effective charge separation; (vi) in order to solve
the stability problems, designing protective layers, adjusting electrolyte compositions, and
tuning semiconductor architectures are all important; (vii) Due to a sizable number of
extremely regulated experimental settings and strict vacuum requirements, the procedures
for producing photoelectrodes on a commercial scale are exceedingly difficult. It is impor-
tant to note that, with the exception of the antireflective coating (ii) and the fabrication
of the electrodes (vii), most of these barriers (i, iii, iv, and v) are also relevant to thin film
photocatalysis. Additionally, the economically advantageous SILAR approach provides
the opportunity to construct light-absorbing components in the pores of wide band gap
semiconductor, decreases charge recombination, and only partially answers point (iv).

According to Jacobsson et al., the PEC of water splitting may soon become obsolete,
since significant advancements in silicon PV technology have rendered the development of
PEC-WS systems no longer worthwhile [91]. The cost of producing hydrogen is significantly
higher even with a 10% STH conversion efficiency compared to solar PV technology with a
15% conversion, which is a key argument against the PEC-WS. Finding a photo-absorber
with all the required characteristics, such as a proper bandgap, band edge locations, and
stability, which drive all the functions, from light absorption to catalytic reaction, is the
optimum situation for a functional PEC-WS technology. Finding a photo-absorber with
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stable hydrogen generation is exceedingly challenging in practice. It should be noted that,
due to lower material and equipment costs compared to the latter, thin film photocatalysis,
which has an efficiency of 3–4%, may be economically comparable with PEC-WS, which
has an efficiency of 10% for STH conversion. Although PEC uses a thin sheet approach, the
utilization of bias and complex manufacturing techniques raises the price of such devices. It
must be stressed that a simplistic strategy such as artificial leaf is likely to produce superior
outcomes with no bias imposed and uncomplicated (thin film) production techniques.
Despite the fact that Jacobssen’s point of view is fascinating, Si-PV manufacture is a well-
known, extremely polluting sector. Recycling of Si-PV panels will soon become a problem
for the environment. In essence, many people recognize that the Si-PV technology’s
“green energy” label is false. As a result, we must continue searching for true green
solar technologies. For operational reasons, it is also advantageous to have rival energy
conversion technologies, even those with varying price tags.

6. Conclusions and Prospects

The current review focused on the importance and producing economy of hydrogen
as fuel. The progress based on particulate photocatalytic systems and their drawbacks
also discussed. In order to move towards the economic scenario, we discussed about
the advantages of thin film-based techniques and covered a wide range of options with
improved solar hydrogen generation. We explored a number of strategies for enhancing
photocatalytic water splitting activity. Apart from activity, thin-film (or panel) versions of
particles have previously been shown to be scalable and would undoubtedly be a better
form of the catalyst. In comparison to their powder counterparts, the films have the ability
to produce hydrogen at levels up to two orders of magnitude greater. The following are
the causes: (a) efficient light absorption with minimal light scattering; (b) the use of charge
carriers on a small scale in a few hundred square nanometers for water splitting to produce
hydrogen. The charge carriers produced in solar cells and DSSCs must travel across a
distance of several microns (8–14 µm) in order to produce current. In this regard, it is
important to note that the large-sized photocatalyst panels discussed in the current research
may offer a different and sustainable method of producing hydrogen. The fabrication
of huge photocatalyst panels is inexpensive and has the unique benefit of local charge
carrier usage, unlike photoelectrodes which need highly expensive technology. It should
be observed that the H2 generation between OWS and with sacrificial agent differs by
3–4 orders of magnitude, with the latter showing the high rate of H2 production. Glycerol is
a plentiful chemical that may be employed for short-term purposes since transesterification
produces biodiesel. Nevertheless, OWS and improving its STH effectiveness should be
the main priority. It is wise to take advantage of this characteristic to speed up the pace of
H2 generation because experiments carried out in direct sunlight raise the temperature of
the catalyst and solution. In any scenario, research on water splitting should ultimately be
performed in full sunshine. Utilizing the 4–5% UV light that is found in sunshine is also
crucial. Overall price reduction is ultimately being driven by increased device efficiency.
Therefore, we advise photocatalysis experts to conduct their upcoming studies using thin
films under direct sunlight. Although nanoscience and materials science have advanced
significantly over the last several decades, it is still a challenge to employ the findings in a
way that is appropriate for solar hydrogen production by photocatalysis. In this overview,
certain achievements are emphasized, including the in situ assembly of light-absorbing
semiconductor quantum dots in substrate pores, which results in effective charge separation
via heterojunctions. We believe that by using nanoscience and nanotechnology wisely, the
enormous gap in time scales between photophysical and photochemical processes might
potentially be resolved. Therefore, coordinated efforts are necessary, and it is probable
that they will result in a solution for economically effective and scalable water splitting to
produce significant amounts of hydrogen.
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Abstract: Constructing photocatalysts to promote hydrogen evolution and carbon dioxide pho-
toreduction into solar fuels is of vital importance. The design and establishment of an S-scheme
heterojunction system is one of the most feasible approaches to facilitate the separation and transfer
of photogenerated charge carriers and obtain powerful photoredox capabilities for boosting photocat-
alytic performance. Herein, a zero-dimensional/one-dimensional S-scheme heterojunction composed
of CdSe quantum dots and polymeric carbon nitride nanorods (CdSe/CN) is created and constructed
via a linker-assisted hybridization approach. The CdSe/CN composites exhibit superior photocat-
alytic activity in water splitting and promoted carbon dioxide conversion performance compared with
CN nanorods and CdSe quantum dots. The best efficiency in photocatalytic water splitting (10.2%
apparent quantum yield at 420 nm irradiation, 20.1 mmol g−1 h−1 hydrogen evolution rate) and
CO2 reduction (0.77 mmol g−1 h−1 CO production rate) was achieved by 5%CdSe/CN composites.
The significantly improved photocatalytic reactivity of CdSe/CN composites primarily originates
from the emergence of an internal electric field in the zero-dimensional/one-dimensional S-scheme
heterojunction, which could greatly improve the photoinduced charge-carrier separation. This work
underlines the possibility of employing polymeric carbon nitride nanostructures as appropriate
platforms to establish highly active S-scheme heterojunction photocatalysts for solar fuel production.

Keywords: photocatalysis; water splitting; CO2 reduction; S-scheme heterojunction; carbon nitride;
quantum dot

1. Introduction

During past 50 years, the level of carbon dioxide (CO2) in the atmosphere has increased
significantly as a result of excessive combustion of fuel [1,2]. The development of photo-
catalytic technology to reduce water to hydrogen (H2) and recycle CO2 into value-added
hydrocarbons will help decrease the level of CO2 in the atmosphere and partially meet
future energy requirements [3–5]. However, the photocatalytic efficiencies of most unitary
photocatalysts can hardly meet the practical requirements primarily ascribed to the high
electron-hole recombination rate. Designing efficient heterojunction photocatalysts with
the boosted separation of photoinduced electron-holes remains as a great challenge in this
field [6–8].

Polymeric carbon nitride (CN) materials have been shown to act as promising pho-
tocatalysts for multifunctional photoredox reactions such as water decomposition, CO2
conversion, selective organic transformation, pollutant removal, nitrogen fixation, and
bacterial inactivation [9–16]. Wang et al. synthesized one-dimensional polymeric carbon
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nitride nanorods by using chiral mesoporous silica nanorods as a hard-template, and
showed that CN nanorods exhibited stronger photocatalytic reactivity than bulk CN in
water splitting and CO2 conversion [17]. However, the light-harvesting ability and pho-
tocatalytic activity of pristine CN and its related nanostructures remains limited [18–24].
The photocatalytic reactivity of CN can be further enhanced by heterostructure design
to accelerate charge-carrier separation and optimize the visible light harvesting capabil-
ity [25–27]. So far, CN have been hybridized with different metals or semiconductors to
construct heterojunction photocatalysts for pollutant removal, CO2 conversion, and water
splitting [28–32]. Although better charge separation has been achieved in these heterojunc-
tion systems, most previously reported heterojunction systems are based on Schottky and
type II heterojunctions at the expense of photogenerated electron reduction power.

Semiconductor quantum dots (QDs) have stimulated widespread research interest
in photocatalysis, which can be attributed to the unique properties of quantum size effect
and multiexciton generation effect [33–36]. In particular, CdSe quantum dots (CdSe QDs)
have stimulated considerable interest in photocatalytic H2 production due to the high
surface volume ratio, size-dependent light absorption capability, and the ability to induce
multiple electron and hole production via single photon absorption [37–40]. Nevertheless,
the agglomeration and photocorrison issues of CdSe QDs result in decreased surface area
and a stronger recombination rate of photogenerated electrons and holes.

An S-scheme heterojunction, which is composed of two n-type semiconductors with
the “S” shape transfer path of photogenerated charge carriers at the interface, has been
reported to possess the highest redox capacity of heterojunction with boosted photocatalytic
activity for photoredox reactions [41–46]. However, there have been few reports on the
construction of zero-dimensional/one-dimensional (0D/1D) S-scheme heterojunctions for
photocatalytic water splitting and CO2 reduction. The different work function of CdSe
QDs and CN nanorods is highly likely to form S-scheme heterojunctions with accelerated
charge-carrier separation efficiency and promote redox activity for photoredox reactions.
Furthermore, in the 0D/1D heteronanostructure, CN nanorods possess small nanoparticles
and nanosheets with abundant voids and rough surfaces, and tend to form loose networks
via randomly stacking, which provides an ideal host for immobilizing CdSe QDs, offers
abundant active sites, and promotes the adsorption, desorption, and transportation of
reactants and products.

In this paper, we describe a 0D/1D S-scheme heterojunction photocatalyst constructed
by electrostatic self-assembly of CN nanorods and CdSe QD to promote water splitting and
CO2 reduction. Both experimental studies and density functional theory (DFT) calculations
confirmed the existence of an internal electric field (IEF) in the CdSe/CN heterojunction,
which can more efficiently separate photoinduced charge carriers and result in stronger
redox ability. The S-scheme CdSe/CN heterojunctions showed excellent activity in water
splitting and reducing CO2 to solar fuel. This study provides a view of CN-based photocat-
alysts for efficient water splitting and CO2 photoreduction following the S-scheme electron
transfer pathways.

2. Results and Discussion
2.1. Preparation of Photocatalysts

The synthetic process of CdSe/CN hybrids is shown in Figure 1. A nanocasting
method was utilized to fabricate CN nanorods by using chiral mesoporous silica hard-
template, and then use a linker-assisted hybridization approach to prepare CdSe QDs-
modified CN nanorods. Since water-soluble CdSe QDs were covered by mercaptoacetic
acid, sulfhydryl groups (-SH) and carboxylic groups (-COOH) were conjugated on the
surface of CdSe QDs and ionized in water, respectively. The amino groups (-NH2, =NH) on
the surface of CN nanorods shows a strong affinity for carboxylic acid groups (-COOH) of
CdSe QDs, forming the resultant CdSe/CN hybrid materials.
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Figure 1. Schematic illustration of the synthetic process of CdSe/CN hybrids.

2.2. Morphological Characterization

The morphology and nanostructure of CdSe QDs, CN nanorods, and 5% CdSe/CN
were studied by scanning emission microscopy (SEM) and transmission electron microscopy
(TEM). The SEM images of CN nanorods and 5% CdSe/CN both showed a uniform
rod-like morphology with an outer diameter of ca. 0.15 µm and a length of ca. 2 µm
(Figures 2a, S1 and S2). The TEM and HRTEM images of 5% CdSe/CN presents that small
nanoparticles with the size of ca. 5 nm are attached onto the surface of nanorods, confirming
the formation of 0D/1D heteronanostructure (Figure 2b,c and S3). The lattice spacings of
the CdSe QDs were 0.215 and 0.351 nm, ascribed to (220) and (111) faces of cubic CdSe
(JCPDS19-0191), respectively (Figure 2d). The high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images, elemental mapping images,
and energy dispersive X-ray (EDX) spectrum validated the existence of C, N, Cd, and Se
elements for 5% CdSe/CN composite (Figures 2e–i and S4).
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Figure 2. (a) SEM, (b–d) TEM and HRTEM images, (e) HAADF-STEM images, and TEM element
mapping images of (f) C, (g) N, (h) Cd, and (i) Se of 5% CdSe/CN.

2.3. Structural Characterization

The X-ray diffraction (XRD) patterns of CdSe/CN, CN nanorods, and CdSe QDs
samples are demonstrated in Figure 3a. Concerning the XRD pattern of CN nanorods,
the two diffraction peaks at 13.0◦ and 27.4◦ are indexed to be the (100) reflection of the
continuous heptazine framework with an in-plane repetition period of 0.685 nm and the
(002) reflection of the graphitic structure with d value 0.326 nm, respectively [47]. CdSe
QDs have a face-centered cubic CdSe crystal structure (JCPDS19-0191). The diffraction
peaks at 25.4◦, 42.0◦, and 49.7◦ correspond to the (111), (220), and (311) crystal planes of

135



Molecules 2022, 27, 6286

CdSe QDs. The XRD patterns of CdSe/CN hybrids exhibit diffraction peaks corresponding
to both CN nanorods and CdSe QDs, indicating the presence of two phases. As the amount
of CdSe QDs increases, the diffraction peaks of the CdSe/CN composites at 13.0◦ decrease
gradually, while the diffraction peaks at 42.0◦ and 49.7◦ became increasingly more obvious.
These results prove that CdSe QDs were indeed incorporated with CN nanorods.

Molecules 2022, 27, 6286 4 of 20 
 

 

diffraction peaks at 13.0° and 27.4° are indexed to be the (100) reflection of the continuous 
heptazine framework with an in-plane repetition period of 0.685 nm and the (002) reflec-
tion of the graphitic structure with d value 0.326 nm, respectively [47]. CdSe QDs have a 
face-centered cubic CdSe crystal structure (JCPDS19-0191). The diffraction peaks at 25.4°, 
42.0°, and 49.7° correspond to the (111), (220), and (311) crystal planes of CdSe QDs. The 
XRD patterns of CdSe/CN hybrids exhibit diffraction peaks corresponding to both CN 
nanorods and CdSe QDs, indicating the presence of two phases. As the amount of CdSe 
QDs increases, the diffraction peaks of the CdSe/CN composites at 13.0° decrease gradu-
ally, while the diffraction peaks at 42.0° and 49.7° became increasingly more obvious. 
These results prove that CdSe QDs were indeed incorporated with CN nanorods. 

 
Figure 3. (a) XRD patterns, (b) FTIR spectra, (c) UV–Raman spectra, and (d) solid-state 13C NMR 
spectra of CdSe/CN composite and CN nanorods. The stars (*) correspond to the spinning side-
bands. 

The Fourier transform infrared (FTIR) spectra of pristine CN nanorods, CdSe QDs, 
and CdSe/CN hybrids are shown in Figure 3b. For CN nanorods, the stretching mode of 
the carbon and nitrogen heterocycle and breathing mode of the s-triazine unit are pre-
sented as the characteristic band in the regions of 1200–1600 and 810 cm–1, respectively. 
FTIR spectra of mercaptoacetic acid-coated CdSe QDs showed characteristic peaks at 1220, 
1390, and 1580 cm–1, corresponding to the vibrations of hydroxyl and carboxyl groups be-
cause the ligands are attached to the nanoparticles. Characteristic bands of CN nanorods 
and CdSe QDs both appear in the FTIR spectra of CdSe/CN composites, confirming the 
emergence of composite photocatalysts. Additionally, the broadband in the region of 
3000–3800 and 2349 cm–1 are assigned to the absorption of H2O and CO2 on the catalysts 
from the atmosphere. 

  

Figure 3. (a) XRD patterns, (b) FTIR spectra, (c) UV–Raman spectra, and (d) solid-state 13C NMR
spectra of CdSe/CN composite and CN nanorods. The stars (*) correspond to the spinning sidebands.

The Fourier transform infrared (FTIR) spectra of pristine CN nanorods, CdSe QDs,
and CdSe/CN hybrids are shown in Figure 3b. For CN nanorods, the stretching mode of
the carbon and nitrogen heterocycle and breathing mode of the s-triazine unit are presented
as the characteristic band in the regions of 1200–1600 and 810 cm−1, respectively. FTIR
spectra of mercaptoacetic acid-coated CdSe QDs showed characteristic peaks at 1220,
1390, and 1580 cm−1, corresponding to the vibrations of hydroxyl and carboxyl groups
because the ligands are attached to the nanoparticles. Characteristic bands of CN nanorods
and CdSe QDs both appear in the FTIR spectra of CdSe/CN composites, confirming the
emergence of composite photocatalysts. Additionally, the broadband in the region of
3000–3800 and 2349 cm−1 are assigned to the absorption of H2O and CO2 on the catalysts
from the atmosphere.

The Raman spectra were acquired to investigate the chemical structure of CdSe/CN
(Figure 3c). There are not any bands (in the region of 2000–2500 cm−1) assigned to triple
C≡N units or N=C=N groups of CN structure. The bands in the range 1200–1700, 690,
and 980 cm−1 are assigned to the C-N tensile vibration of disordered graphitic carbon-
based materials, double degenerate mode of bending vibration in the plane of heptazine,
and the symmetric N-breathing mode of the heptazine unit, respectively. The peaks at
ca. 1415 and 1620 cm−1 are assigned to the D (disorder) and G (graphitic) bands of CN,
related to structurally disordered graphitic carbons and other materials containing layered
carbon and nitrogen. These features were observed for all CN nanorods and CdSe/CN
composite catalysts.

Additionally, solid-state 13C NMR spectra showed that the heptazine units were
presented for both CN nanorods and 5% CdSe/CN (Figure 3d). The peaks at ca. 164.3 and
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155.6 ppm correspond to the C (e) atom of [CN2(NHx)] and C(i) atoms of melem (CN3) of
poly (heptazine) structures. Raman spectra and 13C NMR spectra showed that there was a
graphitic structure comprising heptazine heterocycles in the CdSe/CN composites.

The chemical state of the CdSe/CN hybrid was measured by X-photoelectron spec-
troscopy (XPS). Six elements (C, N, Cd, Se, O, and S) were determined for the XPS survey
spectra of 5% CdSe/CN (Figure S5). In comparison with CdSe, an additional N peak at
the shoulder next to the Cd peaks is observed for CdSe/CN hybrid, which confirms the
presence of additional CN in the composite. Apart from Cd and Se, other elements of C, O,
and S for CdSe/CN hybrid originate from the mercaptoacetic acid ligand that encapsulated
the CdSe QDs. The two peaks centered at 284.8 and 288.3 eV for the C1s spectrum belong to
sp2 C-C and sp2-hybridized carbon in the N aromatic ring (N-C=N), respectively (Figure 4).
Three peaks centered at 398.5, 400.0, and 401.2 eV for the N 1s spectrum are ascribed to be
the sp2-hybridized nitrogen in the triazine ring (C-N=C), the tertiary nitrogen N-(C)3 group,
and amino functions (C-N-H) due to incomplete polymerization of poly (tri-s-triazine)
structures. The sp2-hybridized nitrogen in the triazine ring (C-N=C, 398.5 eV), the tertiary
nitrogen group (N-(C)3, 400.0 eV), and sp2 hybrid carbon (N-C=N, 288.0eV) comprise
heptazine heterocyclic ring units of CN polymers. The two peaks at 405.0 and 412.0 eV for
the Cd 3d spectrum correspond to Cd 3d5/2 and Cd 3d3/2, respectively. The two peaks at
54.0 and 63.5 eV are assigned to Se 3d and selenium oxide (formed by the partial oxidation
of CdSe QDs in the air), respectively. Based on the XPS spectra of CN nanorods, CdSe QDs,
and 5% CdSe/CN, it can be concluded that CdSe QDs are successfully hybridized with CN
nanorods. In particular, the binding energies of C 1s and N 1s of 5% CdSe/CN were shifted
negatively by 0.2 eV compared with the original CN, and binding energy Cd 3d and Se 3d
of 5% CdSe/CN was more positive compared to the pristine CN, implying the existence of
charge transfer pathways between CdSe QDs and CN nanorods.
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2.4. Photochemical Properties and Band Structure

The electronic properties and light-harvesting ability were explored via UV–vis diffuse
reflectance spectroscopy (DRS). The CdSe QDs exhibits obvious visible-light absorption
with a band edge of 521 nm (Figure 5a). The pristine CN nanorods sample presents its basic
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absorption edge at 452 nm. All CdSe/CN hybrids exhibit stronger visible-light absorption
ability than pristine CN nanorods. As the CdSe QDs content increases, the coverage
spectrum of the composite sample becomes wider and the color of the sample becomes
redder. Based on the Tauc plots, the bandgap values of CN nanorods, 5% CdSe/CN, and
CdSe QDs are 2.74, 2.67, and 2.38 eV, respectively (Figure S6).
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The work function (Φ) and valance band potential (EVB) of CN, CdSe/CN, and CdSe
were monitored by ultraviolet photoelectron spectroscopy (UPS) measurement (Figure 5b).
The work function (Φ) is ascertained by the difference between the photon energy (21.22 eV)
and the binding energy of the secondary cutoff edge. The secondary cutoff edge values of
CN, CdSe/CN, and CdSe were 17.75, 17.85, and 17.98 eV, respectively. The work function of
CN, CdSe/CN, and CdSe were 3.47, 3.37, and 3.24 eV vs. vacuum level, respectively. Thus,
the Fermi energy level of CN, CdSe/CN, and CdSe are determined to be −0.97, −1.07, and
−1.20 V vs. reversible hydrogen electrode (RHE).

The UPS widths (∆E) of CN, CdSe/CN, and CdSe are 15.11, 15.28, and 15.70 eV,
respectively. The EVB of the catalysts are determined according to Equation (1):

EVB = ∆E − 21.22 eV (1)

The EVB values of CN, CdSe/CN, and CdSe are estimated to be 6.11, 5.94, and 5.52 eV
(vs. vacuum level). Since the reference standard 0 V vs. RHE (reversible hydrogen electrode)
equals to −4.44 eV vs. vacuum level, the calculated value in eV is converted to potentials
in volts. The EVB values of CN, CdSe/CN, and CdSe correspond to 1.67, 1.50, and 1.08 V
vs. RHE, respectively.
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Based on the EVB and Eg of the photocatalyst, the conduction band potential (ECB) of
the photocatalysts are calculated based on Equation (2):

ECB = EVB − Eg (2)

Thus, the ECB of CN, 5% CdSe/CN, and CdSe QDs are −1.07, −1.17, and −1.30 V vs.
RHE, respectively.

The photoluminescence (PL) spectra of the CdSe/CN hybrids were tested with light
excitation of 400 nm (Figure 5c). The primary emission band of CN nanorods is centered
at ca. 480 nm. The photoluminescence intensity of CN nanorods is the largest among
these samples, indicating that the original CN nanorods have the highest exciton energy
and electron-hole recombination rate among these samples. This energy-wasteful process
can be greatly suppressed by constructing an ideal heterostructure system on the surface
of CN nanorods via integration with CdSe QDs. The photoluminescence intensity of
CdSe/CN samples is remarkably reduced in comparison with that of CN nanorods. As
the CdSe QDs content rises, the photoluminescence intensity of the CdSe/CN composite
gradually decreases. Coating CN nanorods with CdSe QDs restricts the recombination of
photoinduced charge carriers.

The transient PL spectra of CN and CdSe/CN are shown in Figure 5d. The short
lifetime (τ1) reflects radiative processes such as the recombination of the photogenerated
charge carriers resulting in fluorescent emission, and the long lifetime (τ2) reveals non-
radiative energy transfer processes. The short lifetimes (τ1) are 1.2 and 1.0 ns for CN
and CdSe/CN, at 86.3% and 76.9%, respectively. Their radiative lifetimes are similar, but
the percentage of photogenerated charge carriers on CdSe/CN is significantly reduced.
This result implies that the recombination rate of photoinduced electron-hole pairs on the
CdSe/CN composite are effectively suppressed after incorporating CdSe QDs with CN
nanorods. Correspondingly, the nonradiative lifetimes (τ2) of CN and CdSe/CN compos-
ites are 9.7 and 5.8 ns, at 13.7% and 23.1%, respectively (Table S1). The percentage of the
long lifetimes (τ2) for CdSe/CN composites is significantly higher than CN, showing a
higher probability and priority of photogenerated charge carriers to participate in a series
of photocatalytic reactions. The average lifetimes (τav) of CN and CdSe/CN composite
samples are further calculated to be 2.3 and 2.1 ns, respectively. These PL results indicate the
formation of hybrid structures lowers charge-carrier recombination and induces efficient
photoinduced charge separation for improving photocatalytic efficiency.

2.5. Photocatalytic Water-Splitting Activities

The photocatalytic hydrogen evolution rates (HERs) of the prepared samples loaded
with 3 wt% Pt using ascorbic acid (H2A) as the sacrificial reagent at pH 4.0 are shown in
Figure 6a. The CN nanorods exhibit a low hydrogen production rate (1.2 mmol g−1 h−1).
When CN nanorods are integrated with CdSe QDs, the hydrogen production rate of CdSe/CN
is greatly improved. Specifically, when the weight percentage of CdSe QDs reached 10 wt%,
the peak photocatalytic activity for CdSe/CN was achieved at 20.1 mmol g−1 h−1. This value
is 19-fold of CN nanorods and 4-fold of bare CdSe QDs. Nonetheless, when the amount
of CdSe/CN increased to 20%, the photocatalytic activity of CdSe/CN was significantly
reduced. This is because the light scattering effect and shadow effect of CdSe QDs can greatly
block the absorption of incident light by CN materials, and the aggregation of excessive CdSe
QDs could generate the recombination center of electron-hole pairs.

As can be seen in Figure 6b, four different electron sacrificial agents including ascorbic
acid (H2A), triethanolamine (TEOA), methanol, and lactic acid were chosen to investigate
the photocatalytic hydrogen production of CdSe/CN. It is interesting to find that the rate of
hydrogen production for CdSe/CN in H2A is obviously advantageous over the other three
systems. It is worth noting that the photocatalytic H2 evolution activity in acidic condition
(~pH 4) by ascorbic acid as the sacrificial reagent is much superior compared to the basic
condition (~pH 11) by TEOA. This can be associated with the strong impact of pH value on
the photocatalytic H2 production activity of CdSe/CN composite.
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Furthermore, the effect of pH on the photocatalytic efficiency of CdSe/CN was studied
at pH 2.0, 3.0, 4.0, 7.0, and 9.0 (Figure S7a). The photocatalytic H2 evolution rate reached its
highest value, 20.1 mmol g−1 h−1, with pH 4.0. This is due to more efficient dissociation
of H2A toward HA− considering the pKa1 of H2A as 4.0, which provides more HA−

species acting as the sacrificial reductant to capture holes so that more photogenerated
electrons can participate in proton reduction of hydrogen production. Moreover, the acidic
reaction medium (~pH 4) can also help reduce the reduction potential of water, resulting in
enhanced photocatalytic H2 activity.

The apparent quantum yield (AQY) of H2 production for 5% CdSe/CN hybrid loaded
with 3 wt% Pt using ascorbic acid (H2A) as the sacrificial reagent at 420 nm is 10.2%, sur-
passing the AQYs for most of the previously reported CN-based photocatalysts (Table S2).
The AQY of 5% CdSe/CN under different wavelength range coincide well with its optical
absorption feature (Figure 6c), suggesting that the photocatalytic reaction is initiated by the
captured photons. Next, the relationship between the H2 production rate and the amount
of catalyst was studied (Figure S7b). With the increasing weight of catalyst, the AQY of
CdSe/CN for photocatalytic hydrogen production increased first, and then reached the
maximum value of 10.2% at 420 nm with the weight of 50 mg. When further increasing
the weight of CdSe/CN catalyst above 50 mg, the AQY value slightly decreased and then
remained stable.

The optimal 5% CdSe/CN photocatalyst was recycled for 16 h in four cycles in water-
splitting arrays to explore the stability of the photocatalyst. Under light conditions, the
hydrogen production rate on 5% CdSe/CN did not change significantly after four cycles
of tests (Figure 6d). No noticeable changes were found in the XRD patterns, FTIR spectra,
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or Raman spectra of 5% CdSe/CN composite before and after photocatalytic hydrogen
production, demonstrating the good stability of CdSe/CN composites (Figures S8 and S9).

2.6. Photocatalytic CO2 Reduction Activities

Photocatalytic CO2 reduction arrays of the samples were conducted and some refer-
ence experiments were carried out. No detectable amount of H2 and CO was determined
without catalyst or light (Table S3). No detectable amount of CO was noticed when replac-
ing CO2 with Ar gas, meaning that the decomposition of catalysts or organic additives
(e.g., triethanolamine and 2,2′-bipyridyl) does not generate CO. The addition of cobalt ions
(with organic ligands) cannot induce CO2 conversion alone. These reference experiments
proved that photoreduction reactions cannot occur without any component in the photo-
system (e.g., photocatalyst, Co(bpy)3

2+, triethanolamine, CO2). Other products such as
methane and methanol could be hardly generated in this photocatalytic CO2 reduction
system, in good accordance the results of previous work [48].

All CdSe/CN showed higher CO and H2 yield than that of CN nanorods and CdSe.
The highest CO yield of 5% CdSe/CN is 0.77 mmol g−1 h−1 with a turnover number
of 23.7% and selectivity of 97.9% (Figure 7a and Table S4). The yields of CO and H2
decrease with increasing illumination wavelength range, suggesting the photocatalytic CO2
reduction is driven by the harvested photons (Figure 7b). The production amounts of CO
and H2 tend to increase gradually in a nonlinear model with the increasing reaction time
for the photocatalytic CO2 reduction system (Figure 7c). To test the photostability of the
CdSe/CN mixture, the CO2 reduction reaction was performed four times. No significant
loss in CO2 reduction activity was noticed (Figure 7d). XRD patterns, FTIR spectra, and
Raman spectra of the CdSe/CN samples after photocatalytic reaction were monitored.
The major chemical structure and morphology of CdSe/CN remained almost unchanged,
which confirmed the stability of CdSe/CN during photocatalytic reactions (Figure S10).
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2.7. Charge Transfer Process

The photoelectrochemical capability of pristine CN nanorods and CdSe/CN compos-
ites was evaluated. Transient photocurrent responses of CdSe/CN and CN nanorods for
several on–off cycles were recorded (Figure 8a). At the end of irradiation, the photocurrent
value quickly decreased to zero, revealing the photoexcitation properties of the process.
Five percent CdSe/CN showed nearly 5-fold enhanced photocurrent higher than pristine
CN nanorods, suggesting the enhanced mobility of photoexcited charge carriers. Moreover,
electrochemical impedance spectroscopy (EIS) showed a significant decrease in the diam-
eter of 5% CdSe/CN compared to CN nanorods, suggesting that CdSe/CN composites
possess boosted charge-separation efficiency (Figure 8b). The obtained semicircle can be
simulated by the electrical equivalent circuit model, as shown in the inset of Figure 8b. The
diameter of EIS means a charge transfer resistance at the electrode/electrolyte interface (R2)
(Table S5). In comparison with CN, the smaller R2 of 5% CdSe/CN indicates decreased
charge-transfer resistance, higher electrical conductivity, and accelerated migration of
photogenerated charges.
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Mott–Schottky experiments were also performed to explore the relative position of the
conduction band (CB) edges of CN nanorods and CdSe QDs (Figure S11). Because of the
positive slope, CN nanorods, 5% CdSe/CN composites, and CdSe QDs possess the feature of
n-type semiconductors. The flat band potentials of CN nanorods, 5% CdSe/CN, and CdSe
QDs tests resulted in −0.95, −1.07, and −1.20 V vs. RHE at pH 7, respectively. The flat band
potentials are in good accordance with the results of calculated ECB for CdSe/CN composites.

From the slopes of the Mott–Schottky plots (Figure S12), carrier densities of CN and
5% CdSe/CN samples were calculated to be ~1020 and ~1021 cm–3, respectively, using
the Mott–Schottky relation [49]. CdSe/CN composite showed one order of magnitude
increased carrier concentration compared with pristine CN, which is beneficial for boosting
the photocatalytic activity.

Linear sweep voltamentary (LSV) curves for CdSe/CN and CN are shown in Figure S13.
Under current density of −10 mA cm−2, the overpotentials of CN and 5% CdSe/CN were
found to be −210 and −150 mV, respectively. CdSe/CN presents a lower overpotential
than CN, which demonstrates the construction of CdSe/CN hybrid is favorable for H2
production in photocatalytic H2 evolution.

The electronic band structure information of the CdSe/CN sample was further tested
by electron paramagnetic resonance (EPR) at room temperature (Figure S14). Both CN
and CdSe/CN presented one single Lorentzian line at 3515 G with a g value of 2.0034,
which is ascribed to an unpaired electron on the carbon atoms of the aromatic rings within
π-bonded nanosized clusters. In comparison with CN, the stronger spin intensity of
CdSe/CN confirmed the promoted formation of unpaired electrons. A slightly enhanced
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EPR intensity under visible light illumination of CdSe/CN suggested that photochemical
formation of radical pairs was promoted in the CdSe/CN semiconductor.

2.8. Photocatalytic Mechanism

A further theoretical study by DFT calculation was conducted on the CdSe/CN
composite heterojunction to understand the electron transfer process and the intrinsic
photocatalytic mechanism.

The work functions (Φ) assigned to CN and CdSe were calculated according to Equation (3):

Φ = Evac − EF (3)

where EF and Evac represent the Fermi level and the energy of stationary electrons in a
vacuum, respectively.

Based on DFT calculation, the work functions of CN and CdSe are 4.32 and 2.67 eV,
respectively (Figure 9a–d). Since CN possessed a higher work function than that of CdSe,
the electrons would transfer from CdSe to CN until the EF level reach the same levels, and
the formed IEF at the heterointerface greatly facilitates the separation of photoinduced
charge carriers.
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Figure 9. Structure of (a) CN and (b) CdSe. Electrostatic potential of (c) CN and (d) CdSe. (e) HOMO
and (f) LUMO of CdSe/CN composites.

In addition, the calculation models based on CdSe/CN composites are presented in
Figure 9e,f. For CdSe/CN composites, the lowest unoccupied molecular orbital (LUMO)
and highest occupied molecular orbital (HOMO) are separately located at CN and CdSe, re-
spectively. This suggests that CdSe and CN act as electron donor and acceptor, respectively;
thus, the electrons could transfer from CdSe to CN.

A direct S-scheme photocatalytic reaction pathway based on calculation and exper-
imental results is illustrated in Figure 10. Since CN has a higher work function than
CdSe, the photogenerated electrons transfer from CdSe to CN until their EF levels reach
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the same level, and IEF is produced at the contact interface due to the different electron
densities [50–52]. Motivated by the IEF, the photogenerated electrons in the CB of CN
combine with the holes in the VB of CdSe, similar to an S-path of charge transfer [53]. The
electron transfer from the CB of CdSe to the CB of CN is then prohibited. In addition, the
electrons in the CB of CdSe are transferred to its surface, thus increasing the electron density
of CdSe. For water splitting, the electrons on the CB of CdSe migrate to the Pt nanoparticles
and then take part in the water-splitting reactions. For CO2 reduction, the electrons on the
CB of CdSe initiate the redox reaction of the electron mediator Co(bpy)3

2+, and then drive
the reduction of CO2 to CO. The photogenerated holes are consumed by sacrificial agents
such as TEOA or H2A. Thus, the accelerated charge separation and transfer rate is realized
by constructing a 0D/1D S-scheme heterojunction of CdSe QDs and CN nanorods, thus
significantly raising the photocatalytic efficiency for H2 evolution and CO2 reduction.
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3. Materials and Methods
3.1. Materials

Sodium hydroxide (NaOH, ≥96.0%), ammonium bifluoride (NH4HF2, ≥98.0%), cad-
mium chloride hemi(pentahydrate) (CdCl2·2.5 H2O,≥99.0%), sodium borohydride (NaBH4,
96%), chloroplatinic acid hexahydrate (H2PtCl6·6H2O, AR), cobalt(II) chloride hexahy-
drate (CoCl2·6H2O, ≥99.0%), 2,2′-bipyridyl (bpy, ≥99.5%), sodium sulfide nonahydrate
(Na2S·9H2O, 98.0%), mercaptoacetic acid (MPA, C2H4O2S,≥90.0%), sodium sulfate (Na2SO4,
≥99.0%), selenium (Se, ≥99.0%), hydrochloric acid (HCl, 36.0~38.0%), acetone (C3H6O,
≥99.5%), ethanol (C2H6O, ≥99.5%), petroleum ether (AR), triethanolamine (denoted as
TEOA, C6H15NO3, AR), acetonitrile (C2H3N, ≥99.8%), ascorbic acid (denoted as H2A,
C6H8O6, ≥99.7%), N,N-dimethylformamide (C3H7NO, ≥99.5%) and Na2SO3 (sodium
sulfite, ≥97.0%) were obtained from the China Sinopharm Chemical Reagent Co. Ltd.
Tetradecanoyl chloride (CH3(CH2)8COCl, 97%), tetraethoxysilane (Si(OC2H5)4, 98%), 3-
aminopropyl triethoxysilane (H2N(CH2)3Si(OC2H5)3, ≥98%), and cyanamide (NCNH2,
98%), D-alanine (C3H7NO2, ≥98%) were purchased from Sigma-Aldrich (Merck KGaA,
Darmstadt, Germany). Carbon dioxide (super-grade purity, 99.999%), argon (super-grade
purity, 99.999%), and nitrogen gas (99.99%) were obtained from Fujian Nanan Chenggong
Gas Co. Ltd. (Fujian, China). Ultrapure water (18 mW cm−1) was produced by a Milli-
pore Milli-Q water purification system (Darmstadt, Germany). All reagents were utilized
without purification.

3.2. Synthesis of N-Myristoylalanine (C14-D-Ala)

C14-D-Ala was synthesized according to [54]. D-alanine (0.24 mol, 21.4 g) was mixed
with deionized water (140 mL), NaOH (19.2 g), and acetone (120 mL). Under vigorous
stirring at 0 ◦C, the mixture was dropwise added to tetradecanoyl chloride (0.2 mol, 49.3 g).
Additionally, 20 mL 0.2 mol L−1 NaOH solution was injected to maintain the pH at ~12.
After reaction for 1 h, a certain amount of HCl solution was added to adjust the pH at 1.
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The solids were washed with deionized water until neutral, cleaned with petroleum ether
for several times, and vacuum dried at 50 ◦C. The yield of C14-D-Ala was 30~35 g.

3.3. Synthesis of Chiral Mesoporous Silica Hard-Template

Chiral mesoporous silica was synthesized according to [55,56]. C14-D-Ala (0.321 g,
1.0 mmol) surfactant was dissolved in water (22.1 g) and 0.01 M hydrochloric acid (10 g,
0.1 mmol), and then dropwise added to a mixture of tetraethoxysilane (1.40 g, 6.7 mmol)
and 3-aminopropyl triethoxysilane (0.23 g, 1.0 mmol) with stirring at 400 rpm for 10 min.
The mixture remained under static conditions at room temperature for 22 h, and then
collected by filtration. The precipitates were dried at 80 ◦C for 12 h, and heated at 550 ◦C
for 6 h in air. The yield of chiral mesoporous silica was 0.1~0.2 g.

3.4. Preparation of CN Nanorods

CN nanorods were prepared by a hard-templating method using chiral mesoporous
silica nanorods as hard-templates based on [17]. Chiral mesoporous silica powder was
dispersed in hydrochloric acid solution (1 mol L−1) at 80 ◦C for 20 h, centrifuged, and
dried at 80 ◦C for 10 h. The acidified chiral mesoporous silica powder (1.0 g) was mixed
with cyanamide (6.0 g) in a flask, vacuum degassed for 5 h, and sonicated at 60 ◦C water
bath for 5 h. The mixture was washed with water, stirred for 15 min, and centrifuged. The
white solids were dried at 80 ◦C overnight, and heated at 550 ◦C for 240 min at a rate of
2.2 ◦C·min−1 with the flow of nitrogen. The yellow solids were mixed with ammonium
bifluoride solution (4 mol L−1) for 10 h, cleaned with water and ethanol 4 times, and finally
vacuum dried at 80 ◦C for 10 h.

3.5. Preparation of Water-Soluble CdSe QDs

CdSe QDs were obtained based on [35,36]. In a three-necked flask, CdCl2·2.5 H2O
(5 mmol, 1.142 g) was dissolved in water (60 mL) and degassed with N2 bubbles for 60 min.
This solution was added to mercaptoacetic acid (0.85 mL), and dropwise added to sodium
hydroxide (1 mol L−1, 24 mL) solution to tune pH value to 7. NaHSe solution was prepared
by mixing Se powder (0.19 g) with sodium borohydride (0.19 g) in water (12 mL), and then
injected into the above solution under high-speed stirring. The mixture was refluxed at
80 ◦C for 240 min, and then added to ethanol (125 mL) and centrifuged. The precipitates
were totally cleaned with water and methanol, and vacuum dried at 60 ◦C for 10 h to obtain
the CdSe QDs powder.

3.6. Synthesis of CdSe/CN Composites

CdSe/CN photocatalysts were prepared by a linker-assisted hybridization approach.
The binding of CdSe QDs to CN nanorods can be achieved via the assistance of mercap-
toacetic acid, which is a stabilizer and a bifunctional linker of CdSe QDs. Two-tenths
gram of CN nanorods powder was added to 5 mL of water and a suitable amount of
CdSe QDs solution (10 mg mL−1) and stirred at 80 ◦C for 12 h to acquire mixed solid by
removing water. The as-prepared CdSe QDs modified CN nanorods sample was named
as x% CdSe/CN, where x represents the weight percentage of the CdSe QDs to the CN
nanorods (x = 1, 10, or 20).

3.7. Characterizations

Scanning emission microscope (SEM) analysis was carried out via an S4800 Field
Emission Scanning Electron Microscope (Hitachi, Chiyoda, Tokyo, Japan). Transmission
electron microscopy (TEM) analysis was performed via a Talos F200X (Thermo, Waltham,
MA, USA) and TECNAI G2F20 instrument (FEI, Hillsboro, OR, USA). X-ray diffraction
(XRD) patterns were obtained from a D/MAXRB diffractometer (Rigaku, Akishima-shi,
Tokyo, Japan) with Cu-Kα radiation (λ = 1.54184 Å). Fourier transform infrared (FTIR)
spectra were gathered from a Nicolet iS10 FTIR spectrometer (Thermo, Waltham, MA,
USA). UV–Raman scattering tests were performed with a multichannel modular triple
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Raman system (Renishaw Co., Wotton-under-Edge, Gloucestershire, UK) with confocal
microscope at room temperature using a 325 nm laser. Solid-state 13C cross-polarization
nuclear magnetic resonance (13C NMR) spectra were obtained using an Advance III 500
Spectrometer (Bruker, Billerica, MA, USA). X-ray photoelectron spectroscopy (XPS) was
performed on an ESCALAB250 instrument with a monochromatized Al Kα line source
(200 W) (Thermo Scientific, Waltham, MA, USA). All binding energies were referenced to
the C 1s peak at 284.8 eV of surface adventitious carbon. The UV–vis diffuse reflectance
spectra (DRS) were tested on a Shimadzu UV-2550 UV–vis–NIR system (Kyoto, Japan).
Photoluminescence (PL) spectra were measured on a FLS-920 spectrophotometer (Edin-
burgh, Livingston, West Lothian, UK). Ultraviolet photoelectron spectroscopy (UPS) was
performed on a PHI 5000 Versaprobe III instrument (Chigasaki, Kanagawa, Japan). UPS
measurements were conducted with an unfiltered He I (21.22 eV) gas discharge lamp and
a gold calibration. The width of binding energy (∆E) was determined from the two inter-
sections with the UPS spectrum baseline. The width value of He I UPS spectra (21.22 eV)
was used as the standard. Since the reference standard 0 V vs. RHE (reversible hydrogen
electrode) equals –4.44 eV vs. vacuum level, the calculated value in eV was converted to
potentials in volts. Electron paramagnetic resonance (EPR) measurements were carried out
on a Bruker model A300 spectrometer (Billerica, MA, USA).

3.8. Photoelectrochemical Measurement

To prepare the working electrode, 5 mg of photocatalyst and 5 mL DMF were firstly
mixed by sonication for 1 h. Then, 40 µL of the suspension was spin-coated on an F-doped
SnO2 transparent conductive glass (FTO) slide with a specific round area (0.2826 cm2), and
naturally dried at room temperature. Subsequently, the sample was added to 10 µL of
Nafion solution (0.05%) and naturally dried at room temperature. Photoelectrochemical
measurements were conducted in a three-electrode cell in an aqueous Na2SO4 electrolyte
(0.2 M, pH 6.6) using a VSP-300 (Biologic, Seyssinet-Pariset, France) electrochemical an-
alyzer. The catalyst electrode, saturated calomel electrode, and Pt plate were utilized as
the working electrode, the reference electrode, and the counter electrode, respectively. The
electrolyte solution was 0.1 M Na2SO4 solution. Photocurrent densities were measured
under a 300 W Xenon lamp (Perfect Light PLSSXE 300, Beijing, China) with a 420 nm cutoff
filter. Electrochemical impedance spectroscopy (EIS) was tested at a 5 mV sinusoidal AC
perturbation over the frequency range 0.1~105 Hz at −0.2 V. Linear sweep voltammetry
(LSV) measurements were performed at a scan rate of 20 mV s−1 in the range −1.0~0.7 V.
Carrier density was estimated through the Mott–Schottky relation according to Equation (4):

1
Csc2 =

2
εε0A2eNd

(
V − Vfb −

kbT
e

)
(4)

where Csc is the capacitance of the space charge region, e is the elementary charge of an
electron (1.602 × 10−19 C), ε0 is the permittivity of vacuum (8.854 × 10−14 F cm−1), ε is
the dielectric constant of carbon nitride polymer (ε ≈ 8), A is the electrochemically active
surface area (0.28 cm2), V is the applied voltage, Vfb is the flatband potential, and Nd is the
donor density (carrier concentration). T is the absolute temperature, kb is the Boltzmann
constant, and kbT/e is about 0.026 V at room temperature.

3.9. Photocatalytic Hydrogen Evolution

Hydrogen evolution was measured in a Ceaulight CEL-SPH2N-D5 closed gas-circulation–
evacuation system. Photocatalyst powder (50 mg) was dispersed in an aqueous solution (100 mL)
containing triethanolamine (10 mL) or 0.1 mol L−1 ascorbic acid (H2A) with an adjusted pH of
3.5, and added into a Pyrex top-irradiation reaction vessel connected to a glass closed-gas system.
The catalyst was stirred, loaded with 3 wt% Pt using an in situ photodeposition approach with
H2PtCl6·6H2O, and subjected to vacuum degassing for several times to completely remove air.
Photocatalytic H2 evolution array was conducted in a vacuum at 6 ◦C to avoid the evaporation
of water, which interferes with light irradiation. Gas products were determined by a gas
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chromatograph with a 5A sieve column. The system was then irradiated under a Perfect Light
PLSSXE 300 W Xe lamp (Beijing, China) equipped with an appropriate long-pass cutoff filter
and maintained at room temperature by a flow of cooling water. The generated gases were
detected by a Shimadzu GC-2014C gas chromatograph (Kyoto, Japan) equipped with a thermal
conductive detector (5A sieve) and argon as the carrier gas.

3.10. Apparent Quantum Efficiency for H2 Evolution Measurement

The apparent quantum efficiency (AQY) was calculated according to Equation (5):

AQY =
2×number of evolved hydrogen molecules

number of incident photons × 100%

AQY = Ne
Np
× 100% = 2×M×NA

Etotal
Ephoton

× 100% = 2×M×NA
S×P×t
h× c

λ

× 100% = 2×M×NA×h×c
S×P×t× λ × 100%

(5)

where M is the number of H2 molecules (mol), NA is the Avogadro constant (6.022 × 1023 mol),
h is the Planck constant (6.626 × 10−34 J·s), c is the speed of light (3 × 108 m/s), S is the
irradiation area (cm2), P is the intensity of irradiation light (W/cm2), t is the photoreaction
time (s), and λ is the wavelength of the monochromatic light (m).

The AQY of H2 generation was tested by using different band-pass filters. A PLSSXE
300 W Xe lamp with a band-pass filter (420 ± 15 nm) was used as the light source. The
intensity of irradiation light was 5.369 mW/cm2. The H2 evolution amount of 5% CdSe/CN
was 456.2 µmol for the 5 h reaction.

AQY =
2× 456.2× 10−6 × 6.02× 1023 × 6.626× 10−34 × 3.0× 108

26.42× 5.369× 10−3 × 5× 3600× 420× 10−9 × 100% = 10.2% (6)

3.11. Photocatalytic CO2 Reduction

Catalyst powder (30 mg), 2,2′-bipyridyl (15 mg), H2O (1 mL), acetonitrile (3 mL),
triethanolamine (1 mL), and CoCl2·6H2O (1 µmol) were mixed under stirring in a Schlenk
flask (80 mL). The mixture was subjected to vacuum degassing and backfilling with pure
CO2 gas for 3 times. The system was filled with CO2 (1 atm) after the last cycle. The
photocatalytic CO2 reduction array was performed at 30 ◦C in an atmospheric system, free
from obvious evaporation disturbance under the experimental conditions. The system
was then irradiated with a Perfect Light PLSSXE 300 W Xe lamp (Beijing, China) with
a 420 nm cutoff filter. The gas products were tested using a 7890B gas chromatograph
(Agilent, Santa Clara, CA, USA) equipped with a methanizer, flame ionization detector,
thermal conductivity detector, and TDX-1 packed column with argon as the carrier gas.

3.12. Computational Details

The slab calculations were performed with the Vienna ab initio package (VASP) [57–59].
In the calculations, within the framework of density functional theory (DFT), the PBE
exchange-correlation functional [60] and the dispersion interaction corrected by the D3
scheme were considered [61]. The cutoff energy for the plane waves was 400 eV, and the
atomic core region was described by PAW pseudopotentials [62]. Dipole correction along
the z-direction was taken into consideration [63]. 5 × 3 × 1 and 4 × 4 × 1 k-point meshes
were used for CN and CdSe (111) in DFT calculation, respectively. The vacuum layer of
slab model was set to 15 Å.

The molecule-level calculations were performed using the Gaussian 09 programs [64].
The structures were fully optimized with the B3LYP [65,66] method and Ahlrichs’ split-
valence def2-SVP basis set [67]. Grimmes’s DFT-D3 dispersion correction was used to
describe the van der Waals interaction.

4. Conclusions

In summary, a zero-dimensional/one-dimensional S-scheme heterojunction of CdSe
quantum dots coupled with polymeric carbon nitride nanorods were prepared via a chemi-
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cal impregnation method. Five percent CdSe/CN composite showed the best photocatalytic
efficiency in water splitting, with a hydrogen evolution rate of 20.1 mmol g−1 h−1 and
apparent quantum yield of 10.2% at 420 nm irradiation, and exhibited a CO production rate
of 0.77 mmol g−1 h−1 in CO2 reduction. The superior reactivity of CdSe/CN heterojunction
displays toward water splitting and carbon dioxide photoreduction are mainly attributed to
the more efficient charge-carrier separation rate, stronger light absorption ability, and more
abundant active sites. The higher work function value of polymeric carbon nitride than
CdSe leads to the transfer of electrons from CdSe quantum dots to polymeric carbon nitride
nanorods upon hybridization, and interfacial electric field is created at heterointerfaces. The
photoinduced electrons in the conduction band of the polymeric carbon nitride nanorods
then immigrate to the valence band of CdSe, confirming an S-path of charge transfer.
This work demonstrates the possibility of employing zero-dimensional/one-dimensional
S-scheme heterojunction photocatalysts for solar energy conversion.
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Abstract: Modulating the transport route of photogenerated carriers on hollow cadmium sulfide
without changing its intrinsic structure remains fascinating and challenging. In this work, a series
of well-defined heterogeneous hollow structural materials consisting of CdS hollow nanocubes
(CdS NCs) and graphitic C3N4 nanoparticles (CN NPs) were strategically designed and fabricated
according to an electrostatic interaction approach. It was found that such CN NPs/CdS NCs still
retained the hollow structure after CN NP adorning and demonstrated versatile and remarkably
boosted photoreduction performance. Specifically, under visible light irradiation (λ ≥ 420 nm), the
hydrogenation ratio over 2CN NPs/CdS NCs (the mass ratio of CN NPs to CdS NCs is controlled to
be 2%) toward nitrobenzene, p-nitroaniline, p-nitrotoluene, p-nitrophenol, and p-nitrochlorobenzene
can be increased to 100%, 99.9%, 83.2%, 93.6%, and 98.2%, respectively. In addition, based on the
results of photoelectrochemical performances, the 2CN NPs/CdS NCs reach a 0.46% applied bias
photo-to-current efficiency, indicating that the combination with CN NPs can indeed improve the
migration and motion behavior of photogenerated carriers, besides ameliorating the photocorrosion
and prolonging the lifetime of CdS NCs.

Keywords: heterogeneous hollow structural materials; CdS nanocubes; graphitic carbon nitride;
photoreduction catalysis

1. Introduction

Recently, micro- and nanomaterials with dimensions in the nanometer and submicron
scales have attracted significant interest [1]. For example, in terms of the microstructure of
materials, researchers have developed a myriad of micro- and nanomaterials with differ-
ent morphologies, including nanoparticles [2], nanorods [3], nanosheets [4], and hollow
structures [5]. Among the many morphologies, hollow structural micro- and nanomaterials
possess a larger specific surface area, lower density, shorter charge transport distance, and
higher loading capacity and have been successfully used in many fields, such as photo-
catalysis [6–8]. In particular, hollow CdS-based photocatalysts, which possess outstanding
photocatalytic activity toward environmental remediation and energy production under
visible light irradiation, have surpassed their solid counterparts in many aspects, such as
larger surface area and more exposed active sites to trigger many redox reactions [9,10]. All
of these are coupled with the high capacity for light absorption through light reflection and
scattering in the inner cavity, as the hollow structure endows the CdS with enhanced pho-
tocatalytic properties. Therefore, hollow CdS-based photocatalysts have broad application
prospects in the field of photocatalysis and are worthy of our further study.
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Regardless of the structures of pure hollow CdS-based photocatalysts, the practical
application remains restricted by the severe photocorrosion and high recombination rate of
photogenerated charges [11]; thus, it is necessary to find a suitable co-catalyst to improve
the shortcoming of severe photocorrosion. In the in-depth study of the morphology, size,
and composition of hollow structural materials, heterogeneous hollow structural materials,
which are formed by the combination of different compositions or different crystalline
phases as units, were extremely fascinating due to the abundance of design approaches
and the superiority of performance control [12–15]. Compared with conventional single-
component hollow structural materials, heterogeneous hollow structural materials not only
have the traditional advantages of hollow structures, but also show rich functionalities in
energy conversion and storage, catalysis, and drug delivery due to the synergistic effect
between different components [12,16–18].

Theoretically, the hollow structure can rapidly transport the generated electrons and
holes to two counterparts by enhancing the built-in electric field at the shell level, avoiding
the recombination of electrons and holes, and improving the photocatalytic activity [19–22].
Hitherto, multiple efforts have been devoted to developing heterogeneous hollow struc-
tural material-based photocatalysts. In particular, the effective transfer of photogenerated
holes from the valence band of CdS would be an ideal strategy to deal with the photo-
corrosion problem and improve the stability of CdS. Fortunately, graphitic carbon nitride
(g-C3N4) has a suitable energy level for constructing a heterostructure with CdS to afford
an effective separation and transfer of photogenerated charges [23–28]. Thanks to its rigid
heptazine ring structure, π-conjugated electronic structure, and high condensation degree,
g-C3N4 possesses many advantages in building the heterostructure, including excellent
physicochemical stability and attractive electronic structure combined with an appropriate
band gap (~2.7 eV). In addition, g-C3N4 is readily available and can be easily prepared
from cheap crude materials such as urea [29–31]. However, due to the irregular size and
low photocatalytic activity caused by the buckling nature of bulk g-C3N4, it is necessary to
design a favorable and facile morphology of g-C3N4 for constructing a hollow CdS-based
heterogeneous photocatalyst.

In this work, we synthesized a series of heterogeneous hollow structural materials
constructed by hollow CdS nanocubes (CdS NCs) and g-C3N4 nanoparticles (CN NPs), in
which CN NPs with abundant active sites were employed to reduce the photocorrosion
and enhance the photocatalytic performance of CdS NCs. Consequently, the resultant CN
NP/CdS NC heterogeneous hollow structural materials demonstrated superior photoactivi-
ties to the single counterparts toward hydrogenation of nitroaromatics to amino derivatives
under visible light irradiation. In addition, according to the variety of photoelectrochemical
performances, the CN NPs worked as a competent and suitable co-catalyst to separate the
photogenerated charges and improve the stability of CdS NCs; furthermore, they prolong
the lifetime of the photogenerated charges. The possible mechanism for the enhancement
of photocatalytic efficiency was studied in particular.

2. Results
2.1. Characterizations of CN NPs/CdS NCs

The detailed synthesis approach for CN NPs/CdS NCs is schematically demonstrated
in Figure 1. Based on the results of the zeta potential test, the CdS NC aqueous solution is
positively charged within the range of pH from 3 to 12 (Figure 1a). On the other hand, it is
noteworthy that the CN NP solution (Figure 1b) shows a negatively charged status within
the pH range from 6 to 12. In this regard, when the solution has a pH of more than 6, the
CN NPs with a negative charge would be spontaneously and uniformly self-assembled on
the surface of CdS NCs with a positive charge by electrostatic interaction.

X-ray diffraction (XRD) was performed to verify the crystalline phases. CdS NCs, CN
NPs, and 2CN NPs/CdS NCs (the mass ratio of CN NPs to CdS NCs is controlled to be
2%) were selected for a concise comparison, as shown in Figure 2a. Hexagonal wurtzite
CdS (JCPDS 41-1049) could be found in the pristine CdS NCs and the 2CN NPs/CdS
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NCs [9,10,32–34]. The peak at 2θ = 27.2◦ in the XRD of the CN NPs (JCPDS 87-1526)
was ascribed to the crystallographic plane (002) of graphite [31,35–37]. Note that this
characteristic peak of g-C3N4 disappeared when the CN NPs hybridized with the CdS NCs,
which may be ascribed to the rather low loading amount of CN NPs compared with CdS
NCs in the composite; the peak of g-C3N4 was probably covered by the CdS peaks.
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2CN/CdS NCs. Survey and high-resolution XPS spectra of (d) Cd 3d, (e) S 2p, (f) C 1s, and (g) N 1s for
CdS NCs, CN NPs, and 2CN NPs/CdS NCs. (h) UV-Vis diffuse reflectance spectra of CdS NCs, CN
NPs, and 2CN NPs/CdS NCs with (i) band gap determinations based on the Kubelka–Munk method.
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The Fourier transform infrared spectroscopy (FTIR) spectra of different samples were
inspected to verify the integration of CN NPs and CdS NCs in the composites. Figure 2b
shows that the absorption bands at 625, 1078, and 1338 cm−1, attributable to the vibration
mode of Cd–S [38,39], could be observed both in the spectrum of CdS NCs and CN
NPs/CdS NCs. Meanwhile, the absorption in the region of 1240–1680 cm−1, corresponding
to the stretching modes of the heterocycles in CN NPs, was also observed both in the CN
NPs and the 2CN NP/CdS NC composite [40,41]. Therefore, in combination, the XRD
and FTIR tests indicated that the integration of the CN NPs and CdS NCs was successful
according to the electrostatic interaction.

Additionally, Brunauer–Emmett–Teller (BET) measurements were performed to evalu-
ate the specific surface areas of CdS NCs, CN NPs, and 2CN NPs/CdS NCs. As illustrated
in Figure 2c, specific surface areas of CdS NCs, CN NPs, and 2CN NPs/CdS NCs were
97.5, 6.3, and 45.3 m2/g, respectively. It is noteworthy that after combining with CN NPs,
the specific surface area of 2CN NPs/CdS NCs is dramatically decreased, which can be
attributed to the integration of CN NPs on the CdS NC substrates shielding the pores of
CdS NC frameworks.

Elemental chemical states of CN NPs, CdS NCs, and 2CN NPs/CdS NCs were de-
termined by X-ray photoelectron spectroscopy (XPS). As shown in Figure 2d–g, the high-
resolution spectrum of Cd 3d suggests the presence of Cd2+. Additionally, the characterized
peaks located at 161.3 eV for S 2p3/2 and 162.7 eV for S (Figure 2e) can be ascribed to
S2− [42,43]. Peaks centered at 284.6, 285.4, and 288.2 eV in the C 1s spectrum corresponded
to C-C/C-H, C-OH, and N-C=N, respectively. Finally, the peaks at 398.7, 399.2, and 400.8 eV
of the N 1s spectrum are attributable to the nitrogen species of C-N=C, N-(C)3, and C-N-H
groups, respectively [44,45]. As such, XPS results signify again the successful combination
of CN NPs and CdS NSs in the composites.

To determine the optical properties of as-prepared samples, diffuse reflectance spec-
troscopy (DRS) was performed. Figure 2h shows that the CdS NCs, CN NPs, and 2CN
NPs/CdS NCs had substantial absorption in the visible region, which could be attributed
to the intrinsic absorption properties of CdS and g-C3N4. Additionally, according to the
Kubelka–Munk method [46,47], the band gap of CdS NCs, CN NPs, and 2CN NPs/CdS
NCs could be roughly determined as 2.41, 2.72, and 2.47 eV by drawing a tangent line on the
plots of (αhν)2 vs. hν, as shown in Figure 2i. The results of DRS further suggested that the
energy band structures of as-prepared samples are suitable for absorption of visible light.

The morphologies of CdS NCs, CN NPs, and 2CN NPs/CdS NCs were investigated
by FESEM. As demonstrated in Figure 3a,b, uniform and neat nanocubes were observed.
Figure 3c,d show the SEM image of CN NPs, which ultrasmall nanoparticles with a mean
diameter of ca. 5–20 nm. It is worth noting that the framework of CdS NCs had no change
after combination with CN NPs, implying that electrostatic interaction can be considered
as a mild and efficient assembly route, as shown in Figure 3e,f. Additionally, EDS mapping
analysis was also performed (Figure 3g) to elucidate the elemental distribution in the
nanocomposites, confirming the presence of the Cd, S, C, and N elements in the 2CN
NPs/CdS NCs. Based on the SEM and EDS results, it is confirmed that the CN NPs were
tightly integrated on the surface of CdS NCs after electrostatic self-assembly.

Transmission electron microscopy (TEM) measurements were performed to inspect the
morphologies of the CdS NCs, CN NPs, and 2CN NPs/CdS NCs (Figure 4a). In the TEM
images of CdS NCs, a polycrystalline structure of hollow nanocubes with a mean diameter
of 100 nm could be observed. It was previously demonstrated that the complex hollow
nanostructure of CdS possessed superior photocatalytic activity to the other forms of CdS.
The TEM images of the CN NPs had many ultrasmall nanoparticles with a diameter of ca.
5–20 nm (Figure 4b). Therefore, given the surface charge properties of these assembly units,
it could be reasonably speculated that the negatively charged CN NPs would spontaneously
and uniformly self-assemble on the positively charged hollow CdS NCs to afford intimate
interfacial contact under electrostatic interaction (Figure 4d). In 2CN NPs/CdS NCs, lattice
spacing (0.359 nm) was accurately assigned to the (002) crystallographic plane of hexagonal
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CdS [20,37,48]. The blue circles in Figure 4e mark some non-crystalline CN NPs that loaded
on the CdS NCs surface uniformly and intimately, indicating the successful synthesis of
heterogeneous hollow structural materials by combination of CdS NCs and CN NPs.
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2.2. Photocatalytic Performances of CN NPs/CdS NCs

The photocatalytic performance of the substrates was probed under visible light
(λ > 420 nm) irradiation at ambient conditions by the selective anaerobic photocatalytic
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hydrogenation of aromatic nitro compounds to the corresponding amino compounds. An
example is the photocatalytic hydrogenation of nitrobenzene to aniline. According to
UV-Vis spectroscopy, the absorption peak at 273 nm was attributed to nitrobenzene, and
the peaks at 238 nm were ascribed to aniline. Figure 5a shows that the CN NPs had a low
photoactivity and reduced only ca. 9.4% of the nitrobenzene after irradiation for 15 min,
whereas the CdS NCs reduced ca. 84.1% of the nitrobenzene in the same irradiation time.
When the CN NPs and CdS NCs were combined, the CN NPs/CdS NC heterogeneous
hollow photocatalysts exhibited strongly enhanced photocatalytic performances. Among
the different CN NPs loading amounts, the photoactivity of 2CN NP/CdS heterogeneous
hollow photocatalyst demonstrated the optimal photoactivity (~100%) in comparison with
the other counterparts. Consequently, the results indicated that the integration of CdS NCs
with CN NPs in a rational way contributes to enhancing performance. Furthermore, to
demonstrate the critical role of photoelectrons in initiating the progress of reducing ni-
trobenzene, K2S2O8 was used as an electron quench. Figure 5b shows that the photoactivity
decreased remarkably for 2CN NPs/CdS under the same reaction conditions, therefore
indicating the crucial role of in situ photoexcited electrons in initiating the reaction.
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NCs when adding K2S2O8 as electron quench under visible light irradiation with N2 aeration.
(c) Typical reaction model of converting aromatic nitro compounds to aromatic amines under the
experimental environment.

Apart from nitrobenzene, the selection of other aromatic nitro compounds such as
p-nitroaniline, p-nitrotoluene, p-nitrophenol, and p-nitrochlorobenzene over CdS NCs, CN
NPs, and 2CN NP/CdS NC heterogeneous hollow photocatalyst were also explored. As
shown in Figure 6a–f, compared with CdS NCs and CN NPs, 2CN NPs/CdS still shows
the optimal photocatalytic activity for hydrogenation of aromatic nitro compounds. The
photocatalytic performance toward p-nitroaniline, p-nitrotoluene, p-nitrophenol, and p-
nitrochlorobenzene over 2CN NPs/CdS was found to be 99.9%, 83.2%, 93.6%, and 98.2%,
respectively. Hence, the integration of CdS NCs and CN NPs in an appropriate approach
will be beneficial for enhancing the photocatalytic performances under visible light. Mean-
while, cycling experiments were carried out to demonstrate that CN NPs can improve
the photostability of CdS. As shown in Figure 6b,c, the 2CN NPs/CdS NCs maintained
excellent photostability (97.7%) for the photocatalytic hydrogenation of p-nitroaniline after
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four consecutive cycling experiments. However, the photocatalytic hydrogenation activity
of CdS NCs was reduced to only 48.6%. It was clearly shown that CN NPs will ameliorate
the photocorrosion of the CdS NCs after integration.
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light irradiation with N2 aeration. Cyclic experiments for photocatalytic reducing of p-nitroaniline
over (b) CdS NCs and (c) 2CN NP/CdS NC heterogeneous hollow photocatalyst under the experi-
mental environment.

Table 1 summarizes a comparative study of different photocatalysts reported in recent
years toward the hydrogenation of nitrobenzene. It is clearly shown that the as-prepared
samples showed excellent performance toward the hydrogenation of nitrobenzene.

Table 1. Comparison of the irradiation time and efficiency among various photocatalysts.

Materials Irradiation Time (min) Efficiency (%) Ref.

2CN NPs/CdS NCs 15 100 This work
Ti3C2/Pd 150 99 [49]

1.2% PtO@Cr2O3 60 98 [50]
2% Bi2O3/Bi2WO6 40 93.1 [51]
20% rGO/NiCo2O4 60 100 [52]
1.2%PtO@ZnCr2O4 60 100 [53]

2.3. Photoelectrochemical (PEC) Measurements

Photoelectrochemical (PEC) measurements were performed to observe the PEC prop-
erties of CdS NCs, CN NPs, and CN NPs/CdS NC heterogeneous hollow photocatalysts.
Figure 7a shows the transient photocurrent responses of CdS NCs, CN NPs, and the 2CN
NP/CdS NC heterogeneous hollow photocatalyst under visible light, following the subse-
quence of 2CN NPs/CdS NCs > CdS NCs > CN NPs, which is in line with the photocatalytic
performances. Additionally, electrochemical impedance spectroscopy (EIS) was performed
to evaluate the separation efficiency of photogenerated charge carriers in the interfaces.
Generally, a smaller Nyquist plot semicircle radius represents a faster interfacial charge
transfer rate [54]. As shown in Figure 7b, the EIS Nyquist plot of the 2CN NP/CdS NC het-
erogeneous hollow photocatalysts exhibits a smaller semicircular arc radius under visible
light than that of CdS NCs and CN NPs, implying that the interface of the 2CN NP/CdS
NC heterogeneous hollow photocatalyst will facilitate the moving and transmission of
photogenerated electrons. Furthermore, after 1 h of continuous irradiation, the 2CN CdS
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NCs exhibit more photostability than CdS NCs (Figure 7c), indicating that the CN NPs can
indeed ameliorate the photocorrosion of CdS NCs.
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(c) photostability, (d) LSV (scan rate: 5 mV/s), (e) ABPE curves based on the LSV results, (f) Mott–
Schottky plots, and (g) OCVD curves of CdS NCs, CN NPs, and 2CN NP/CdS NC heterogeneous
hollow photocatalyst under visible light irradiation. (h) Electron lifetime based on the results of
OCVD curves and (i) PL spectra of the as-prepared materials with an excitation wavelength of
325 nm.

Additionally, linear sweep photovoltammetry (LSV) can be used to assess the kinetics
of charge motion. As shown in Figure 7d, the photocurrent of the 2CN CdS NC heteroge-
neous hollow photocatalyst increases in the high bias voltage region, indicating that 2CN
CdS NCs have a beneficial interface for charge movement [55]. For the results of LSV, the
conversion efficiency can be estimated by calculating the applied bias photo-to-current
efficiency (ABPE, η) with Equation (1).

η =
I(1.23− |V|)

P
(1)

where I is the photocurrent measured by LSV, V is the bias, and P is the intensity of
irradiation light (about 20 mW·cm−2). The results are reflected in Figure 7e, and the 2CN
CdS NCs have the highest efficiency, about 0.46%. Notably, the results of LSV and ABPE
are quite in line with the photoactivity performances, consistently confirming that the
motion behavior of photogenerated charges will be significantly promoted after adorning
the surface of CdS nanocubes with CN NPs.

Furthermore, the CB of semiconductors could be determined by Mott–Schottky (M-S)
measurements, as shown in Figure 7f, flat-band potentials of CdS NCs and CN NPs are
determined to be −0.93 and −1.22 eV (vs. RHE). Thus, combined with the results of
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UV-Vis DRS, the VB location of CdS NSs and CN NPs can be roughly calculated as +1.48 V
and +1.40 V, respectively. Such band structures are beneficial for the transmission of the
photogenerated electrons from the CB of CN NPs to the CB of CdS NCs, as well as the
photogenerated holes from the VB of CdS NCs to the VB of CN NPs, thus ameliorating the
photocorrosion of CdS NCs.

Additionally, the recombination kinetics and lifetime of charge could be estimated
by monitoring the open-circuit photovoltage decay (OCVD) tests [49]. The 2CN CdS NC
heterogeneous hollow photocatalyst exhibits a larger photovoltage than CdS NCs and CN
NPs, implying the lowest recombination of charge, as shown in Figure 7g. Based on the
OCVD results, the logarithmic graph of electron lifetime vs. open-circuit voltage could be
calculated by Equation (2),

τ =
−kBT

e

(
dVoc

dt

)−1
(2)

where electron lifetime, thermal energy, electron charge (~1.602× 10−19 C), time-dependent
photovoltage, and time are abbreviated as τ, kBT, e, Voc, and t. The calculated results are
reflected in Figure 7h. The 2CN NP/CdS NC heterogeneous hollow photocatalyst shows
a longer electron lifetime. Obviously, the result is in line with the other PEC tests. Such
a conclusion can be further confirmed by the photoluminescence (PL) intensity test; as
shown in Figure 7i, the lowest intensity of the 2CN NP/CdS NC heterogeneous hollow
photocatalyst indicates an optimal charge separation efficiency.

Based on the above analysis, the photocatalytic mechanism of the CN/CdS NC hetero-
geneous hollow photocatalyst was proposed, as shown in Scheme 1. Under the irradiation
of visible light, both CN NPs and CdS NCs were excited to produce the electron–hole pairs.
The electrons in the conduction band of the CN NPs easily and immediately migrated
into the conduction band of the CdS NCs because (1) CN NPs had a more negative elec-
tronic potential in their conduction band compared with CdS NCs and (2) the interfacial
integration between CN NPs and CdS NCs was highly intimate. Meanwhile, the holes
in the valence band of the CdS NCs spontaneously flew into the valence band of the CN
NPs, which effectively prevented the photocorrosion of the CdS NCs and prolonged their
lifetime. As for the photoreduction, the electrons in the conduction band of the CdS NCs
efficiently reduced the aromatic nitro compounds to the corresponding amines under the
N2 atmosphere.
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Scheme 1. Schematic illustration of the photocatalytic hydrogenation mechanism of the CN NP/CdS
NC heterogeneous hollow photocatalysts.
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3. Materials and Methods
3.1. Materials

Urea, sulfuric acid (H2SO4), nitric acid (HNO3), sodium hydroxide (NaOH), hydrochlo-
ric acid (HCl), ammonium hydroxide (NH3·H2O), polyvinyl pyrrolidone K-30, silver nitrate
(AgNO3), sodium citrate, sodium borohydride (NaBH4), ferric chloride (FeCl3), sodium sul-
fide (Na2S), cadmium nitrate (Cd(NO3)2), tributylphosphine, concentrated NH3 H2O, potas-
sium hexacyanoferrate (III) (K3[Fe(CN)6]), potassium hexacyanoferrate (II) (K4[Fe(CN)6]),
sodium sulfate (Na2SO4), ethanol (C2H5OH), deionized water (DI H2O, Millipore, 18.2 MΩ
cm resistivity), ammonium formate (HCO2NH4), potassium persulfate (KPS, K2S2O8),
nitrobenzene, p-nitroaniline, p-nitrophenol, p-nitrotoluene, and p-nitrochlorobenzene were
are analytical grade and used as received without further purification.

3.2. Synthesis
3.2.1. Synthesis of CdS Nanocubes (CdS NCs)

The CdS nanocubes were prepared as follows [10,32,33]: polyvinyl pyrrolidone K-30
(84 mg) and aqueous AgNO3 (50 mmol/L, 1 mL) were added into a solution of aqueous
sodium citrate (10 mmol/L, 40 mL) before the sequential addition of aqueous NaBH4
(10 mmol/L, 1 mL), concentrated HCl (200 µL), and aqueous FeCl3 (0.1 mol/L, 50 µL)
under constant strong stirring. The mixed solution was maintained at 30 ◦C for 16 h to
form a homogeneous suspension, to which aqueous Na2S (0.1 mol/L, 1 mL) was added.
The precipitates were collected, washed three times with methanol, and dispersed in
methanol (4 mL). The solution of Cd(NO3)2 in methanol (50 mmol/L, 1 mL) and polyvinyl
pyrrolidone K-30 (50 mg) were then added sequentially, and the mixture was stirred at
50 ◦C for 5 min. Finally, tributylphosphine (100 µL) was added and the mixture was kept at
50 ◦C for another 2 h. The precipitates were collected and washed three times with ethanol
and deionized H2O to give CdS nanocubes (CdS NCs).

3.2.2. Synthesis of g-C3N4 Nanoparticles (CN NPs)

Typically, urea (10 g) was heated from room temperature to 550 ◦C at 7 ◦C/min in a
covered crucible for 2 h and then cooled to ambient temperature to obtain a yellow powder.
The yellow powder (1 g) was added into a mixture solution including 20 mL H2SO4 and
20 mL HNO3 and then stirred at room temperature for 2 h. The mixture was then diluted
with 1 L of deionized water and washed several times to give a white residue. The white
residue was finally dispersed in 30 mL concentrated NH3·H2O and heated at 120 ◦C for
12 h in a 50 mL Teflon-lined autoclave, before being cooled to room temperature. The
aqueous suspension was centrifuged at ~500 rpm to remove the precipitate and dialyzed to
remove large-sized nanoparticles and NH3 molecules to provide an aqueous solution of
g-C3N4 nanoparticles (marked as CN NPs).

3.2.3. Preparation of g-C3N4 Nanoparticles/CdS Nanocubes (CN NPs/CdS NCs)

The g-C3N4 nanoparticles/CdS nanocubes (CN NPs/CdS NCs) were prepared by
electrostatic self-assembly. CdS NCs (0.1 g) were firstly dispersed in ethanol (98 mL),
and the aqueous g-CN NP solution was added dropwise; the pH of the mixture solution
was adjusted to ~8.0 with aqueous NaOH (0.01 mol/L), and the mass ratio of CN NPs
to CdS NCs was controlled to be 1%, 2%, 3%, 4%, and 5%. Finally, the precipitates were
collected and washed three times with ethanol and deionized H2O to give the g-C3N4
nanoparticles/CdS nanocubes (CN NPs/CdS NCs).

3.3. Characterizations

The zeta potential was monitored with a Zeta Potential Analyzer (Omin, BIC, America).
An X-ray diffraction (XRD, X’Pert Pro MPD) instrument equipped with Cu Kα radiation
under 36 kV and 30 mA was employed to analyze the crystal structures. A TJ270-30A
spectrophotometer (Tianjin Tuopu Instrument, China) was used to monitor the Fourier
transform infrared spectroscopy (FT-IR) in the range of 400–4000 cm−1. The surface areas
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were determined from the nitrogen adsorption–desorption isotherm at 77.3 K by Brunauer–
Emmett–Teller (BET, 3flex, Micromeritics, America). Field emission scanning electron
microscopy (SEM, SUPRA 55, Carl Zeiss) was utilized to observe the morphologies. Trans-
mission electron microscopy (TEM, FEI, America) was performed with an accelerating
voltage of 200 kV. X-ray photoelectron spectroscopy (XPS, Escalab 250, Thermo Scientific,
America) was analyzed with corrected by C 1s spectra of 284.6 eV. The UV-Vis diffuse
reflectance spectroscopy (DRS) was performed on a Lambda 950 (PerkinElmer, America)
by employing BaSO4 as a reflectance substrate. The photofluorescence (PL) spectra were
measured on a Varian Cary Eclipse spectrometer with an excitation wavelength of 325 nm.
Finally, all the PEC measurements were monitored using a three-electrode configuration on
an electrochemical workstation (CHI-660C, Chenhua, China). Working electrodes: added
the as-prepared photocatalysts (5 mg) into 0.5 mL ethanol, dripped on a 1 × 1 cm2 FTO
glass, and finally dried the glass at 50 ◦C for 30 min to remove ethanol. Counter electrode:
Pt foil. Reference electrode: Ag/AgCl. Electrolyte: Na2SO4 solution (1.0 mol·L−1).

3.4. Photoactivity Evolution

The photoactivity of the as-prepared samples was evaluated by reducing a series of
aromatic nitro compounds. Typically, the catalyst (5 mg) and ammonium formate (10 mg,
for quenching photogenerated holes) were evenly dispersed into the solution including the
target nitro compound (30 mg L−1, 50 mL) with continuously bubbling N2. After stirring
for 0.5 h in dark to reach an adsorption–desorption equilibrium, the mixture system was
irradiated by a 500 W Xe lamp equipped with an optical filter (λ > 420 nm). Based on the
equation of Lambert–Beer (Equation (3)), the photoactivity of the photocatalysts could be
evaluated as follows:

Conversion =

(
C0 − Ct

C0

)
× 100% (3)

where C0 and Ct represent the initial concentration and the time-dependent concentration,
respectively.

4. Conclusions

In summary, we designed a series of well-fined heterogeneous hollow structural
materials (CN NPs/CdS NCs) via a self-assembly approach by combining hollow CdS
nanocubes and g-C3N4 nanoparticles. The intrinsically negatively charged CN NPs were
uniformly and intimately interspersed on the positively charged hollow nanocubes of
CdS NCs based on electrostatic interaction. The intimate integration of CN NPs with
CdS NCs could effectively ameliorate the photocorrosion and enhance the performance
of CdS NCs in photocatalytic hydrogenation. Under the irradiation of visible light, the
CN NP/CdS NC heterogeneous hollow photocatalysts demonstrated markedly enhanced
photocatalytic hydrogenation performance in the anaerobic photocatalytic hydrogenation
of aromatic nitro compounds at ambient conditions; in particular, when the mass ratio
of CN NPs to CdS NCs is 2%, the hydrogenation ratio over the heterogeneous hollow
photocatalyst toward nitrobenzene, p-nitroaniline, p-nitrotoluene, p-nitrophenol, and p-
nitrochlorobenzene can be increased to 100%, 99.9%, 83.2%, 93.6%, and 98.2%, respectively.
The photogenerated electrons responsible for the photocatalytic hydrogenation process
were unambiguously determined by systematic control experiments, based on which
the photocatalytic mechanism was elucidated. Additionally, the 2CN NPs/CdS NCs
reached the highest applied bias photo-to-current efficiency (0.46%) according to the PEC
investigation. It is anticipated that our work may further inspire the rational design of
heterogeneous hollow structural materials for highly efficient conversions making use of
solar energy.
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