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Abstract

The development of cost-effective, efficient, and visible-light-responsive photocatalysts for
hydrogen evolution is pivotal for addressing global energy shortages and environmental
degradation. In this context, non-precious metal cocatalysts have garnered significant atten-
tion for modifying semiconductor photocatalysts. Herein, a high-performance Cog g5Se/g-
C3Ny composite photocatalyst was successfully synthesized via a facile solvothermal
method, where transition metal Cog g5Se nanoparticles were grown on g-C3Ny nanosheets
in situ. The optimized 6-Cog g5Se/g-C3Ny4 composite exhibited a superior photocatalytic
hydrogen evolution rate of 426 umol-g~!-h~! under visible light irradiation, which is
approximately 53 times higher than that of pristine g-C3Ny. Experimental characterizations
revealed that the Co( g5Se nanoparticles were well dispersed on the g-C3Ny nanosheets
without obvious agglomeration, which significantly broadened the visible-light absorption
range of the composite. Furthermore, photoelectrochemical measurements confirmed that
the Cog gsSe cocatalyst effectively accelerated charge separation and migration kinetics.
Consequently, the construction of this heterojunction endows the composite with excellent
photocatalytic performance. This work offers new insights into the design of efficient,
non-precious metal-based photocatalysts for sustainable hydrogen production.

Keywords: non-precious metal cocatalyst; Cog g5sSe/g-C3Ny heterojunction; visible-light
photocatalysis; hydrogen production

1. Introduction

The rapid development of human society and the massive consumption of fossil
energy have led to severe environmental pollution and an escalating energy crisis [1].
Consequently, there is an urgent need to develop clean, sustainable alternatives to fossil-
based energy sources. Among various strategies, harnessing solar energy for hydrogen
production via photocatalytic water splitting represents a highly promising approach. This
process relies on efficient semiconductor photocatalysts capable of driving the H, evolution
reaction under solar irradiation.

In recent years, extensive research efforts have been devoted to designing high-
performance semiconductor photocatalysts. A key requirement for effective photocatalytic
water splitting is the development of materials with strong reduction capability and an
appropriate bandgap that enables visible-light absorption. However, many conventional
semiconductor photocatalysts suffer from large band gaps, limiting their utilization of
ultraviolet (UV) light, a spectral region that constitutes only ~4% of sunlight. For instance,
titanium dioxide (TiO,), despite its low cost, chemical stability, and widespread use [2],
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exhibits limited practical applicability due to its wide bandgap (~3.2 eV), which confines
photoexcitation to UV wavelengths [3]. To overcome this limitation, visible-light-responsive
photocatalysts are needed to maximize solar energy utilization. Graphitic carbon nitride
(g-C3Ny), a metal-free polymeric semiconductor, has emerged as a compelling candidate
owing to its suitable bandgap (~2.7 eV), visible-light absorption capability, low cost, ex-
cellent thermal and chemical stability, non-toxicity, and earth-abundant constituents [4].
Nevertheless, pristine g-C3Nj suffers from rapid recombination of photogenerated electron—
hole pairs, which severely limits its photocatalytic hydrogen evolution efficiency [5,6].

A widely adopted strategy to address these issues is the loading of cocatalysts onto
g-C3Ny. While noble metals such as Pt, Pd, and Au [7,8] exhibit exceptional catalytic
activity for hydrogen evolution, their high cost and scarcity hinder large-scale applications.
Therefore, considerable attention has shifted toward developing low-cost, earth-abundant,
and efficient non-precious metal cocatalysts. Transition metal sulfides, including MoS; [9],
NiS [10] and WS, [11], as well as phosphides such as NipP [12], Co,P [13] and MoP [14]
have demonstrated significant enhancement of the photocatalytic H, production perfor-
mance of g-C3Nj. In contrast, transition metal selenides have received comparatively less
attention, despite their promising catalytic properties. Notably, Zeng et al. [15] fabricated
flower-like and mesh-like MoSe; nanostructures to modify g-C3Ny, achieving H; evolu-
tion rates of 114.5 umol-g~'-h~! and 136.8 pmol-g~!-h~! under visible light irradiation
(>420 nm) at an optimal MoSe; loading of 5 wt%, highlighting MoSe; as a cost-effective
and efficient cocatalyst. Similarly, Chen et al. [16] reported a NiSe/g-C3Ns composite
synthesized via hydrothermal methods, which exhibited remarkable photocatalytic activity
with a Hj evolution rate of up to 1250 umol-g~!-h~!. Furthermore, Co30, nanosheet/ g-
C3Ny hybrid photocatalysts reported by Chen et al. exhibited a visible-light-driven Hj
evolution rate of 134.6 pmol-g~!-h~! in the presence of triethanolamine (TEOA) sacrificial
reagent, indicating that the photocatalytic performance of noble-metal-free g-C3Ny systems
still requires further improvement [17]. In a recent pioneering work, it was also reported
that constructing a unique Co-Se-W configuration at the interfaces of phase-mixed cobalt
selenides via a spontaneous phase transition can achieve extraordinary platinum-like
hydrogen evolution activity [18]. These previous studies collectively demonstrate that
rational morphology regulation and interface engineering can significantly promote the
separation of photogenerated carriers and suppress charge recombination. In particular,
cobalt-based selenides have demonstrated promising application potential owing to their
earth abundance, relatively low cost, and suitable electronic structures for hydrogen evo-
lution reactions. Therefore, the introduction of cobalt selenides into the g-C3Ny4 system
is expected to further improve charge transfer efficiency and provide abundant catalytic
active sites for photocatalytic hydrogen production.

Herein, we present a facile, one-step solvothermal strategy to construct a novel
Coy g55€e/g-C3Ny composite photocatalyst, in which non-stoichiometric Cog g5Se nanoparti-
cles are uniformly generated in situ and anchored onto the surfaces of g-C3Ny4 nanosheets.
Benefiting from the tailored Co/Se molar ratio and optimized electronic coupling,
the optimized sample yields an exceptional visible-light-driven H, evolution rate of
426 umol-g~!1-h~!, which dramatically outstrips pristine g-C3Nj by a factor of 53. Com-
prehensive physicochemical and photoelectrochemical characterizations reveal that the in
situ grown Cop g5Se nanoparticles not only expose high-density catalytically active sites,
but also establish an intimate micro-Schottky junction at the contact interface between the
Cop g55€e and g-C3Ny4 phases. This unique energy band alignment fundamentally constructs
an efficient highway for the spatial directional migration of photogenerated electrons,
thereby effectively suppressing catastrophic charge carrier recombination. The experimen-
tal insights demonstrate that Cog g5Se acts as a robust, non-precious metal cocatalyst that
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significantly enhances interfacial charge separation and surface reaction kinetics. Further-
more, the underlying mechanisms responsible for the improved photocatalytic activity
of transition-metal-selenide-modified materials are systematically investigated, provid-
ing new insights into the rational design of cost-effective and highly efficient solar fuel
production systems.

2. Results and Discussion
2.1. Crystalline Phase

The crystal structures of pure g-C3Ny and x-Cog g5Se/g-CsNy (x =2, 6, 10, and 14 wt%)
composites were analyzed using X-ray diffraction (XRD), as shown in Figure 1a. There
are two characteristic diffraction peaks located at 13° and 27.4° in the spectrum of g-
C3Ny, which are assigned to the in-plane structural stacking and interfacial stacking of
g-C3Ny [19,20]. The XRD pattern of the Cop g55e/g-C3sNy composite photocatalyst exhibits
three additional diffraction peaks at 33.3°, 44.8°, and 50.8°. These peaks match well with
the standard phase of Cog g5Se (PDF#52-1008) and can be indexed to the (101), (102), and
(110) crystal planes of Coq g5Se, respectively. This distinct crystallization behavior confirms
the successful preparation and anchoring of CoggsSe within the composite. When the
loading of Cog g5Se is as low as 2%, the characteristic diffraction peaks are so weak that no
peaks can be observed because the loading is relatively low. However, when the loading
is increased, the characteristic peaks in the XRD spectrum are enhanced. It is noteworthy
that the diffraction intensity of Copg5Se does not increase monotonically with increasing
loading amount. This behavior may be associated with the partial aggregation of Cog g5Se
nanoparticles at higher loadings, which influences their effective diffraction contribution in
the composite.
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Figure 1. (a) XRD spectra and (b) Infrared spectra of g-C3N, and x-Cog g5Se/g-C3Ny4 samples (x = 2,
6,10 and 14 wt%). The dashed box highlights the characteristic FTIR absorption region.

The molecular structures of pure g-C3Ny and composites modified with different
loadings of CoggsSe were analyzed by Fourier transform infrared (FTIR) spectroscopy.
As shown in Figure 1b, the characteristic absorption peak at about 810 cm ™! is assigned
to the stretching vibration of the triazine ring of g-C3Ny [21-23], the absorption peaks
in the range of 1200-1700 cm ! belong to the stretching vibrations of aromatic C-N and
C=N heterocyclic compounds of g-C3Ny [24-26], and the absorption peaks in the range of
3000-3500 cm ™! are assigned to N-H bond stretching vibrations [27,28]. According to the
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spectrum, x-Cog g55e/g-C3Ny and pure g-C3Ny have similar characteristics, indicating that
the molecular structure of g-C3Ny is not destroyed after loading Cog g55e on g-C3Njy.

Since the 6-Cog g5Se/g-C3Ny4 sample exhibited the highest photocatalytic hydrogen
evolution activity among all prepared composites, it was selected as the representative
sample for subsequent detailed characterization to elucidate the origin of its superior
photocatalytic performance.

2.2. Morphological and Structural Analysis

The scanning electron microscopy (SEM) images of pure g-C3Ny and the 6-Cog g5Se/ g-
C3Ny composite sample are presented in Figure 2. In Figure 2a, pure g-C3Ny exhibits a
layered, stacked block-like structure. In Figure 2b, the SEM image of the 6-Cog s55e/g-
C3Ny composite sample is similar to that of the pure material, also showing sheet-like
agglomerates forming a block-like structure. The SEM results indicate that the in situ
loading of the Cog g5Se cocatalyst onto g-C3Ny via the one-step solvothermal method does
not significantly alter the morphological structure of the g-C3N4 material.

l|‘|’||}|||||l
- _5.00um

Figure 2. SEM images of (a) g-C3Ny4 and (b) 6-Cog g5Se/g-C3Ny samples.

The morphology and structure of the pure g-C3Ny and 6-Cog g55e/g-C3sN4 composite
samples were further analyzed by transmission electron microscopy (TEM). As shown
in Figure 3a,b, the prepared Cog g55e/g-C3N,s composite sample contains nanosheets and
nanoparticles distributed on the nanosheets. The nanosheets observed in the TEM images
are g-C3Ny, exhibiting a typical graphitic sheet-like structure of carbon nitride, while the
nanoparticles dispersed on the g-C3N4 nanosheets are Cop gsSe. Some of these nanoparti-
cles are relatively small, only about 5 nm in size, as can be seen from the high-resolution
TEM (HRTEM) image in Figure 3b. The Coy g5Se nanoparticles are distributed over the
g-C3Ny nanosheets without obvious agglomeration, although a perfectly uniform distri-
bution is not observed. Figure 3b shows a high-resolution TEM image of a single Cog g5Se
nanoparticle loaded on a g-C3Ny4 nanosheet, where the lattice fringes of CoggsSe can be
clearly observed, with a lattice spacing of 0.269 nm, corresponding to the (110) crystal plane
of Cog g5Se. Figure 3c-h show the elemental mapping images of a selected area, revealing
the distribution of various elements in this region. These results demonstrate that Cog g5Se
nanoparticles are distributed on the g-C3N4 nanosheets, indicating that Cog g5Se has been
successfully loaded onto g-C3Njy.
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Figure 3. (a) TEM image, (b) HRTEM images, and (c-h) elemental distribution maps of the 6-
Cop g55e/g-C3Ny sample. The red circle in (a) and the red box in (c) indicate the regions selected for
the corresponding HRTEM and elemental mapping analyses, respectively.

Figure 4 shows the N; adsorption—desorption isotherms of g-C3Ny4 and 6-Cop g5Se/ g-
C3Ny. Both curve shapes belong to type IV isotherms, indicating that both materials
belong to mesoporous structures. The specific surface area of g-C3N4 was determined to be
39.9 m2/ g, and the specific surface area of 6-Cog g55e/g-C3Ny composite was 54.0 m?2/ g,
indicating that the generation of Cogg5Se on g-C3Njy by the solvothermal method can effec-
tively enlarge the specific surface area. The larger specific surface area of 6-Co g55e/g-C3Ny
provides more active sites for photocatalytic reactions and improves the photocatalytic

performance of the sample.
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Figure 4. Low-temperature N, adsorption-desorption isotherms of g-C3Ny4 and 6-Cog g55e/g-C3Ny

samples.
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2.3. Optical Properties

The optical properties of pure g-C3N, and x-Cog g55e/g-C3Ny4 composites were ana-
lyzed by UV-vis diffuse reflectance spectrometry (UV-vis DRS). As shown in Figure 5a, both
pure g-C3N, and all composite samples can absorb a portion of visible light. Compared
with pure g-C3Ny, the Cog g55e/g-C3sNy composites exhibit significantly enhanced light
absorption capacity in the visible region. With increasing Cog g5Se loading, the absorption
intensity of the composites continuously increases, and their absorption edge shows an
obvious red shift, indicating an expanded visible-light response range. This enhanced light
absorption can be attributed to the loading of the black Coy g5Se cocatalyst, suggesting that
the formation of Cog g5Se nanoparticles on g-C3Ny4 nanosheets can effectively improve the
light utilization efficiency of the material, which is beneficial for the photocatalytic reaction.
Further optical and electrochemical analyses were carried out on the 6-Cop gsSe/g-C3Ny
sample. Based on the Tauc plots shown in Figure 5b, the optical bandgap of pristine g-C3Ny
was determined to be 2.90 eV. Upon the in situ loading of Cog gsSe, the bandgap of the
6-Cog g55e/g-C3Ny4 composite slightly decreases to 2.83 eV, which is consistent with the
red shift observed in the DRS spectra. Combined with the Mott-Schottky measurement
results shown in Figure 5c, the flat-band potential of 6-Cog g55e/g-C3Ny was determined to
be —0.70 V (vs. NHE) by extrapolating the linear portions of the curves to the potential
axis. The positive slope of the M-S curves indicates that the catalyst is a typical n-type
semiconductor, whose flat-band potential is very close to the conduction band minimum
(CBM) position. Therefore, the conduction band potential of this composite material was
determined to be approximately —0.70 V (vs. NHE), and the valence band potential was cal-
culated to be approximately +2.13 V (vs. NHE). The above band structure indicates that the
6-Coy 855€e/g-C3N4 composite satisfies the thermodynamic requirements for photocatalytic
hydrogen evolution.

a b C
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10-CoysSe/g-CyN. 6-Co, 5sSe/g-C;N, ° 1KHz
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Figure 5. (a) UV-Vis DRS of g-C3Ny and x-Cop g5Se/g-C3Ny, (b) Tauc curves of g-C3Ny and 6-
Cop g55e/g-C3Ny, (c) Mott-Schottky plots of 6-Cog g5Se/g-C3Ny at different frequencies. The dashed
lines represent the linear extrapolation.

Photocurrent measurements were carried out on the as-prepared g-C3;N; and
Cop.g55€e/g-C3Ny. As shown in Figure 6a that the photocurrent density of 6-Cog g55Se/g-
C3Ny is 4 times higher than that of pure g-C3Njy. It is shown that the loading of Cog g5Se
particles on g-C3Ny nanosheets can effectively improve the separation efficiency of pho-
togenerated electrons and holes. Figure 6b presents the electrochemical impedance spec-
troscopy (EIS) of the samples. It can be clearly observed that the 6-CoggsSe/g-C3Ny
composite exhibits a significantly smaller arc radius compared to pure g-C3Ny. This result
indicates a decreased charge transfer resistance and a higher separation efficiency of photo-
generated carriers. These results indicate that loading Cog gsSe nanoparticles on g-C3Ny
can effectively improve the separation and migration efficiency of photogenerated electrons
and holes, which is of great significance for improving the photocatalytic performance
of photocatalysts.
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Figure 6. (a) Transient photocurrent responses, (b) EIS Nyquist plots of g-C3N4 and 6-Cog g5Se/g-C3Ny.

Figure 7 shows the photoluminescence (PL) spectra of the pure g-C3Ny and 6-Cog g55e/ g-
C3Ny4 composite samples. It can be seen that pure g-C3Ny exhibits a broad and strong peak
at 464 nm. After loading the Cog g5Se cocatalyst onto it, the main emission peak of g-C3Ny
splits into two peaks at 464 nm and 445 nm, corresponding to the intrinsic peak and the
defect peak, respectively. It can be observed that the presence of the Co g5Se cocatalyst
significantly reduces the PL intensity of g-C3Ny4. The PL intensity reflects the recombination
situation of photogenerated charge carriers in the photocatalyst, with a higher PL intensity
indicating that photogenerated electrons and holes recombine more easily. Therefore,
the PL results show that the PL intensity of the 6-Cog g5Se/g-C3Ny composite sample is
significantly weaker than that of pure g-C3Ny, indicating that the loading of the Cog g5Se
cocatalyst can effectively suppress the recombination of electrons and holes. Thus, for
the Cog g55e/g-C3N4 composite photocatalyst, when g-C3Ny is photoexcited to generate
photogenerated electrons and holes, the electrons migrate to the Cog g55e cocatalyst, thereby
achieving effective separation of electrons and holes.

—g-C3Ny
S— 6-C00'85Se/g-C3N4
Bl
)
£
=
e
=
400 450 500 550 600 650
Wavelength (nm)

Figure 7. Fluorescence spectra of g-C3Ny4 and 6-Cog g5Se/g-C3Ny samples.

2.4. Photocatalytic Behaviors of Samples for H, Production

The photocatalytic hydrogen evolution activity of the samples was evaluated under
visible-light irradiation. Typically, 20 mg of the catalyst was dispersed in 90 mL of deion-
ized water, followed by the addition of 10 mL of TEOA as a sacrificial hole scavenger.
The photocatalytic hydrogen production activities of g-C3N4 and x-Cog g55e/g-C3N4 were
tested under visible light irradiation at >420 nm. As shown in Figure 8a, the hydrogen
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evolution activity of pure g-C3Ny is low (only 8 pmol-g~!-h~!), while the hydrogen evolu-
tion activity of the composites is significantly increased after modification of g-C3Ny4 with
different Cogg5Se contents, among which 6-Cog g5Se/g-C3Ny has the highest hydrogen
evolution activity, reaching 426 pmol- g*1 -h~1 which is 53 times higher than that of pure
g-C3Ny. However, when the Cog g55e loading exceeds the optimal value, the photocatalytic
hydrogen evolution activity decreases. Excessive CogsSe nanoparticles partially cover
the surface of g-C3Ny, reduce the exposed photocatalytic active sites, and simultaneously
introduce additional recombination centers, thereby decreasing the overall photocatalytic
hydrogen evolution activity despite enhanced visible-light absorption. The above results
show that the presence of Cop g5Se can effectively improve the photocatalytic performance
of g-C3Njy. At the same time, 6-Cog g5Se/g-C3Ny also has good photocatalytic hydrogen
evolution stability (Figure 8b), and the hydrogen evolution activity of the sample did not
decrease significantly in the four-cycle hydrogen production test. To further evaluate the
effectiveness of the present catalyst, its photocatalytic hydrogen evolution performance was
compared with several recently reported Co-based or transition-metal-selenide-modified
g-C3Ny photocatalysts. As summarized in previous studies, Co3O4/g-C3Ny exhibits a Hj
evolution rate of 134.6 umol g~! h~! under visible-light irradiation, while MoSe, /g-C3Nj
and NiSe/g-C3N, composites achieve H, evolution rates of 136.8 and 1250 umol g~ h~1,
respectively [15-17]. Although the hydrogen evolution rate of the present catalyst is not
the highest among all reported systems, the combination of a facile one-step synthesis
and noble-metal-free composition enhances the practical potential of Cog g5Se/g-C3Ny in
sustainable photocatalytic hydrogen evolution.

a 500 b 1400
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_ 426 1200 4
£ 4004 @
= 341 g 1000 -
£ 300 R =
< 254 g 800
£ g
1> = 600 .
B 200 3
=] S
& = 400
=100 4 a
200 4
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Figure 8. (a) H, production rate of g-C3Ny and x-Coq g5Se/g-C3Ny with different Cog g5Se loadings,
(b) Cyclic hydrogen production test of 6-Cog g5Se/g-C3Ny4. The different colored lines in (b) represent
the four consecutive reaction cycles.

2.5. Surface Composition and Photoelectrochemical Properties

The surface elements and chemical states of the g-C3N4 and 6-Cog g55e/g-C3Ny4 com-
posite samples were analyzed by X-ray photoelectron spectroscopy (XPS). Figure 9a shows
the high-resolution C 1s spectrum. The peak at 286.2 eV is assigned to C-NHj; in the
aromatic ring; the peak at 288.1 eV is assigned to the sp2 hybrid carbon of g-C3Ny, [29];
and the 6-Cop g55e/g-C3Ny sample shifted to a 0.3 eV higher binding energy (located at
288.4 eV). The peaks at 398.5, 400.2, 401.0 and 404.1 eV of g-C3Ny in the N 1s XPS spectrum
in Figure 9b correspond to the C=N-C group, N-(C)3, surface amino group (-NH;) and
C-N heterocycle, respectively, along with 7 excitation [29-32]. Compared with g-C3Ny,
the peaks of 6-Co g5Se/g-C3Ny were all shifted to higher binding energies, indicating a
strong interaction between CoggsSe and g-C3Ny. The Co 2p and Se 3d XPS spectra are
shown in Figure 9¢,d. In Figure 9¢c, for Cog g5Se, the two peaks with binding energies at
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781.6 and 797.3 eV are assigned to Co 2p3,, and Co 2p/, of Co?*, the peaks at 786.7 and
802.5 eV belong to the satellite peaks of Co?%* [33-35], and the Co%* peaks of 6-Coy g55e/ g-
C3Ny are shifted to 781.5 and 797.0 eV towards low binding energies. Figure 9d shows
the high-resolution XPS spectrum of Se 3d. The peaks of Cojgs5Se’s binding energy at
54.28 eV and 55.03 eV are assigned to Se 3ds5,, and Se 3dj,;, respectively [36,37]. The
binding energies of the Se 3d5,, and Se 3d3,, peaks of 6-Coq g5Se/g-C3Ny are both shifted
to lower binding energies than those of Co g5Se. It can be seen from the above XPS results
that Cop g5Se and g-C3Ny are in close contact, forming a strong interaction interface, and
electrons are transferred from g-C3Njy to Cog g5Se during the photocatalytic process. These
results indicate that Copg5Se can accelerate the separation and transfer of electrons and
promote the photocatalytic reaction.

=3

a Cls Nls
; ’; 6-Co, 3-Se/g-C;N,
& | 6-Co,gsSe/g-C5N, g, 0.8 3Ny
g $
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Figure 9. High-resolution XPS spectra of (a) C 1s, (b) N 1s, (c¢) Co 2p and (d) Se 3d for g-C3Ny,
Coy g55e and 6-Cog g55e/g-C3Ny samples. Colored lines denote deconvoluted peaks and baselines,
while black dashed lines indicate binding energy shifts.

2.6. Photocatalytic Mechanism Research

The contact potential difference (CPD) of the samples was measured using a Kelvin
probe system, as shown in Figure 10, which can be converted into the work function (WF)
of the materials. The calculation formula is as follows:

WFsample = WF4, +CPD

where WFy,, represents the standard work function of Au (5.1 eV). The measured CPD
values of g-C3Ny and Cog g5Se were 350 mV and 570 mV, respectively, corresponding to
calculated work functions of 5.45 eV and 5.67 eV. Therefore, the Fermi level of Cog gsSe
is lower than that of g-C3N4. When CopgsSe is in intimate contact with g-C3Ny, the
photogenerated electrons excited under light irradiation can rapidly migrate from g-C3Ny
to Cop g5Se until the Fermi levels reach equilibrium. At the same time, a Schottky junction
forms within the g-C3Ny4/Cog g55e interface.
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Figure 10. CPD of g-C3N, and Cog g5Se measured via Kelvin probe.

As shown in Figure 11, under the irradiation of visible light (>420 nm), the CB electrons
of g-C3Ny are easily transferred to the Cog g5Se particles through the Schottky junction to
react with H* to generate Hj, and Cog g5Se also acts as the reactive site. The holes remain
on the VB of g-C3Ny to undergo oxidation reaction with TEOA. The existence of Cop g5Se
cocatalyst enhances the capture of photogenerated electrons, thus effectively preventing
the recombination of photogenerated electrons and holes, which significantly improves the
photocatalytic hydrogen production activity of Cog g5Se/g-C3sN4 composites.

2H*

CB eeee H2

g-C;N,
VB w&*hththt TEOA*

TEOA

Figure 11. Hydrogen production mechanism of Co g5Se/g-C3Ny4 composite photocatalyst.

3. Experimental Section
3.1. Materials and Reagents

Urea (CH4N;O, AR), cobalt acetate tetrahydrate (Co(CH3COO);-4H,0, AR), sodium
selenite (NaySeO3, AR), triethanolamine (C¢H;5NO3, AR), ethylene glycol (AR), and
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ethanol (AR) were all purchased from Sinopharm Chemical Reagents Co., Ltd. All chemical
reagents were used as received without further purification. Deionized water was used
throughout the experiments.

3.2. Synthesis of Photocatalysts

Preparation of pure g-C3Ny. Graphitic carbon nitride (g-C3Ny) nanosheets were
synthesized via thermal polycondensation of urea. Typically, 10 g of urea was placed in a
30 mL ceramic crucible with a lid and calcined in a muffle furnace at 550 °C for 4 h in air, at
a heating rate of 5 °C-min~!. After naturally cooling to room temperature, the resulting
light yellow product was collected and ground into a fine powder for further use.

Preparation of CoggsSe/g-C3Ny composite photocatalysts. The CoggsSe/g-C3Ny
nanocomposites were synthesized via a one-step solvothermal method with in situ growth
of Copgs5Se on g-C3Ny. In a typical synthesis reaction, 30 mL of ethylene glycol was
transferred into a 50 mL Teflon-lined stainless-steel autoclave. Subsequently, stoichiometric
amounts of Co(CH3COO);-4H,0 and NaySeO; (maintaining a Co/Se molar ratio of 0.85:1)
and 200 mg of g-C3N4 were added to the solvent. The mixture was stirred at 500 rpm for
20 min to ensure uniform dispersion. The autoclave was then sealed and heated in an
oven at 180 °C for 10 h. After cooling to room temperature, the resulting black colloidal
precipitate was collected by centrifugation and washed repeatedly with deionized water
and ethanol. Finally, the product was freeze-dried for 12 h and ground into a powder for
further application.

To optimize the cocatalyst loading, a series of x-Co g55e/g-C3Ny4 composites (where
x =2, 6, 10, and 14 wt%) was synthesized by adjusting the dosages of cobalt acetate
tetrahydrate and sodium selenite while keeping the Co/Se molar ratio constant at 0.85:1.
Additionally, pure Cog g5Se was synthesized under identical experimental conditions with-
out the addition of g-C3Ny.

3.3. Photocatalytic Hy Production Experiment

The photocatalytic Hy evolution performance of the samples was evaluated using a
photocatalytic activity evaluation online analysis system (China Education Au-light Co.,
Ltd., Tengzhou, China). In a typical experiment, a certain amount of the photocatalyst
powder was dispersed in an aqueous solution containing 90 mL of deionized water and 10
mL of TEOA, which served as the sacrificial reagent. The suspension was then transferred
into the reactor and evacuated to remove air. During the reaction, the temperature of
the reactor was maintained at 5 °C using an external circulating cooling water system.
The suspension was irradiated by a 300 W xenon lamp (PLS-SXE 300C, Beijing Perfect
Light Technology Co., Ltd., Beijing, China) equipped with a 420 nm cutoff filter to ensure
visible-light irradiation. The evolved H; gas was continuously carried by high-purity Ar
gas and quantified using an online gas chromatograph (GC-2014C, Shimadzu., Kyoto,
Japan) equipped with a thermal conductivity detector (TCD).

3.4. Physicochemical Characterizations

The crystalline structure of the synthesized photocatalysts was characterized by XRD
using Cu Ko radiation (A = 0.15406 nm). The measurements were performed at an operating
current of 40 mA over a 20 range of 5-80° with a step size of 0.05°. FTIR spectroscopy was
employed to analyze the molecular structure of the photocatalysts. Samples were mixed
with excess KBr, ground, and pressed into pellets. Measurements were conducted over

a wavenumber range of 400-4000 cm~! with a resolution of 4 cm ™!

using 64 scans. The
microscopic morphology of the samples was observed using SEM at room temperature.
The samples were mounted on a circular sample stage using conductive tape, and the

observations were conducted at an accelerating voltage of 5-10 kV under a chamber
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vacuum below 2.7 x 1072 Pa. To further examine the morphology, particle size, and
elemental distribution, TEM was utilized. For TEM analysis, the samples were dispersed in
anhydrous ethanol via ultrasonication for 6 min, dropped onto a carbon-coated copper grid,
and dried prior to measurement. The optical absorption properties were characterized using
UV-vis DRS with BaSOy as the reference standard, scanning over a wavelength range of
200-800 nm. The specific surface area of the samples was determined using N, adsorption—
desorption isotherms at —196 °C, measured using a fully automated physical/chemical
adsorption instrument. Prior to testing, 0.2 g of sample was degassed at 150 °C for 6 h. The
specific surface area was subsequently calculated using the Brunauer-Emmett-Teller (BET)
method. The surface elemental composition and chemical states were analyzed by XPS and
the binding energies were calibrated against the adventitious C 1s peak at 284.8 eV.

Photoelectrochemical (PEC) measurements, including transient photocurrent and
EIS, were performed on an electrochemical workstation using a standard three-electrode
system. The working electrode was prepared by drop-casting a catalyst ink (5 mg catalyst
dispersed in 0.4 mL ethanol, 0.1 mL water, and 20 pL Nafion) onto an FTO glass substrate
(radius = 0.5 cm). A Pt electrode and an Ag/AgCl electrode were used as the counter and
reference electrodes, respectively. The photocurrent was measured in a 0.5 M Na;SO4
electrolyte under intermittent visible-light illumination (A > 420 nm, 20 s on/off cycles
for 6 min), while the EIS was conducted in a 10 mM K3[Fe(CN)g]/K4[Fe(CN)g] solution
with 0.5 M KCI. The recombination and migration behavior of photogenerated charge
carriers was investigated via PL spectroscopy at room temperature using an excitation
wavelength of 367 nm. Finally, the work function of the photocatalysts was determined
using a Scanning Kelvin Probe System (SKP5050, KP Technology Ltd., Wick, Scotland, UK).
The sample powder was pressed into a pellet and measured under dark conditions. The
work function of the tip was initially calibrated using a gold disk.

4. Conclusions

In conclusion, Copg5Se was successfully generated in situ on g-C3Ny via a simple
solvothermal method, yielding a novel visible-light-responsive composite photocatalyst.
Cop g55e nanoparticles with a smaller particle size were dispersed on g-C3N, nanosheets.
Compared with pristine g-C3Ny, the Cog g5Se/g-C3N4 composite, in which Cog g5Se serves
as a hydrogen evolution cocatalyst, exhibits significantly enhanced visible-light-driven
photocatalytic hydrogen evolution activity. The optimized 6-Co g5Se/g-C3Ny achieves a
hydrogen evolution rate of 426 pmol-g~!-h~!, which is approximately 53 times higher than
that of pristine g-C3Nj (8 umol-g~1-h~1). The experimental results show that the modifica-
tion of Cog g5Se significantly enhances the visible-light absorption of g-C3Ny, broadens the
photo-response range, promotes the separation and migration of photogenerated carriers,
and provides active sites for photocatalytic reactions. CoggsSe is an excellent hydrogen
evolution cocatalyst that can effectively address the poor photocatalytic performance
of g-C3Ny. This work explored a facile synthetic approach that combines g-C3Ny and
transition-metal selenide materials for photocatalytic hydrogen production under visible
light. It provides a basis for the development and research of low-cost, high-performance,
novel visible-light-responsive photocatalytic materials.

Author Contributions: Conceptualization, W.H., C.Q. and ].S.; methodology, W.H., Z.X. and Y.X,;
software, WH. and J.Z.; validation, W.H., Z.X. and Y.X.; formal analysis, W.H. and Z.X.; investigation,
WH.,, ZX, YX. and J.Z,; resources, C.Q. and ].S.; data curation, W.H.; writing—original draft
preparation, W.H.; writing—review and editing, C.Q. and ].S.; visualization, W.H.; supervision, C.Q.
and J.S.; project administration, C.Q. and J.S.; funding acquisition, C.Q. and ].S. All authors have read
and agreed to the published version of the manuscript.

https:/ /doi.org/10.3390/ catal16070655


https://doi.org/10.3390/catal16070655

Catalysts 2026, 16, 655 13 of 14

Funding: This research was financially supported by the National Natural Science Foundation of
P.R. China (Grants No. 22372041 and 51702053), the Science & Technology Key Plan Project of Fujian
Province (Grant No. 2021YZ037005), and the Natural Science Foundation of Fujian Province (Grant
No. 2025]J01434).

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding authors.

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

References

1. Acar, C; Dincer, L; Naterer, G.F. Review of photocatalytic water-splitting methods for sustainable hydrogen production. Int. J.
Energy Res. 2016, 40, 1449-1473. [CrossRef]

2. Jiang, Z.-Y.; Zhao, Z.-Y. Comparison studies of interfacial energetic and electronic properties of bimetallic AuCu/TiO, hetero-
structures from DFT calculations. Inorg. Chem. Front. 2018, 5, 1062-1075. [CrossRef]

3. Chen, R; Yan, Z.-H.; Kong, X.-J.; Long, L.-S.; Zheng, L.-S. Integration of Lanthanide-Transition-Metal Clusters onto CdS Surfaces
for Photocatalytic Hydrogen Evolution. Angew. Chem. Int. Ed. 2018, 57, 16796-16800. [CrossRef] [PubMed]

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

5. Cao, S; Yu, ]. g-C3Ny-Based Photocatalysts for Hydrogen Generation. J. Phys. Chem. Lett. 2014, 5, 2101-2107. [CrossRef] [PubMed]

6. Wang, X,; Maeda, K.; Chen, X.; Takanabe, K.; Domen, K.; Hou, Y.; Fu, X.; Antonietti, M. Polymer Semiconductors for Artificial
Photosynthesis: Hydrogen Evolution by Mesoporous Graphitic Carbon Nitride with Visible Light. J. Am. Chem. Soc. 2009, 131,
1680-1681. [CrossRef] [PubMed]

7. Liu, M.; Xia, P.; Zhang, L.; Cheng, B.; Yu, J. Enhanced Photocatalytic Hy-Production Activity of g-C3N4 Nanosheets via Optimal
Photodeposition of Pt as Cocatalyst. ACS Sustain. Chem. Eng. 2018, 6, 10472-10480. [CrossRef]

8. Bai, J.; Lu, B.; Han, Q.; Li, Q.; Qu, L. (111) Facets-Oriented Au-Decorated Carbon Nitride Nanoplatelets for Visible-Light-Driven
Overall Water Splitting. ACS Appl. Mater. Interfaces 2018, 10, 38066-38072. [CrossRef] [PubMed]

9.  Zhu, C; Wang, Y,; Jiang, Z.; Xu, F; Xian, Q.; Sun, C.; Tong, Q.; Zou, W.; Duan, X.; Wang, S. CeO, nanocrystal-modified layered
MoS, /g-C3sNy as 0D /2D ternary composite for visible-light photocatalytic hydrogen evolution: Interfacial consecutive multi-step
electron transfer and enhanced H,O reactant adsorption. Appl. Catal. B Environ. 2019, 259, 118072. [CrossRef]

10. Chen, Z; Sun, P; Fan, B.; Zhang, Z.; Fang, X. In Situ Template-Free Ion-Exchange Process to Prepare Visible-Light-Active
g-C3Ny4/NiS Hybrid Photocatalysts with Enhanced Hydrogen Evolution Activity. |. Phys. Chem. C 2014, 118, 7801-7807.
[CrossRef]

11. Akple, M.S.; Low, J.; Wageh, S.; Al-Ghamdi, A.A.; Yu, ].; Zhang, J. Enhanced visible light photocatalytic H,-production of
g-C3N4 /WS, composite heterostructures. Appl. Surf. Sci. 2015, 358, 196-203. [CrossRef]

12.  Wang, W,; An, T,; Li, G.; Xia, D.; Zhao, H.; Yu, ].C.; Wong, PK. Earth-abundant Ni,P/g-C3Ny lamellar nanohydrids for enhanced
photocatalytic hydrogen evolution and bacterial inactivation under visible light irradiation. Appl. Catal. B Environ. 2017, 217,
570-580. [CrossRef]

13.  Shen, R;; Xie, J.; Zhang, H.; Zhang, A.; Chen, X,; Li, X. Enhanced Solar Fuel H, Generation over g-C3N4 Nanosheet Photocatalysts
by the Synergetic Effect of Noble Metal-Free CopP Cocatalyst and the Environmental Phosphorylation Strategy. ACS Sustain.
Chem. Eng. 2018, 6, 816-826. [CrossRef]

14. Cheng, C.; Zong, S.; Shi, ]J.; Xue, E; Zhang, Y.; Guan, X.; Zheng, B.; Deng, ].; Guo, L. Facile preparation of nanosized MoP as
cocatalyst coupled with g-C3Ny, by surface bonding state for enhanced photocatalytic hydrogen production. Appl. Catal. B
Environ. 2020, 265, 118620. [CrossRef]

15. Zeng, D.; Wu, P,; Ong, W.-]; Tang, B.; Wu, M.; Zheng, H.; Chen, Y.; Peng, D.-L. Construction of network-like and flower-like
2H-MoSe; nanostructures coupled with porous g-C3Ny for noble-metal-free photocatalytic Hy evolution under visible light. Appl.
Catal. B Environ. 2018, 233, 26-34. [CrossRef]

16. Chen, Z.; Gao, Y.; Chen, F.; Shi, H. Metallic NiSe cocatalyst decorated g-C3N, with enhanced photocatalytic activity. Chem. Eng. ].
2021, 413, 127474. [CrossRef]

17.  Chen, S.;; Wang, W.; Hou, Y.; Hao, Y.; Zhao, Y.; Wang, S.; Meng, J.; Xu, H. Co304 Nanosheet/g-C3N4 Hybrid Photocatalysts for
Promoted H, Evolution. ACS Appl. Nano Mater. 2023, 6, 8717-8725. [CrossRef]

18.  Zhang, J.; Cheng, C.; Xiao, L.; Han, C.; Zhao, X,; Yin, P.; Dong, C.; Liu, H.; Du, X,; Yang, J. Construction of Co-Se-W at Interfaces of

Phase-Mixed Cobalt Selenide via Spontaneous Phase Transition for Platinum-Like Hydrogen Evolution Activity and Long-Term
Durability in Alkaline and Acidic Media. Adv. Mater. 2024, 36, €2401880. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/ catal16070655


https://doi.org/10.1002/er.3549
https://doi.org/10.1039/C7QI00828G
https://doi.org/10.1002/anie.201811211
https://www.ncbi.nlm.nih.gov/pubmed/30353987
https://doi.org/10.1038/nmat2317
https://www.ncbi.nlm.nih.gov/pubmed/18997776
https://doi.org/10.1021/jz500546b
https://www.ncbi.nlm.nih.gov/pubmed/26270499
https://doi.org/10.1021/ja809307s
https://www.ncbi.nlm.nih.gov/pubmed/19191697
https://doi.org/10.1021/acssuschemeng.8b01835
https://doi.org/10.1021/acsami.8b13371
https://www.ncbi.nlm.nih.gov/pubmed/30360075
https://doi.org/10.1016/j.apcatb.2019.118072
https://doi.org/10.1021/jp5000232
https://doi.org/10.1016/j.apsusc.2015.08.250
https://doi.org/10.1016/j.apcatb.2017.06.027
https://doi.org/10.1021/acssuschemeng.7b03169
https://doi.org/10.1016/j.apcatb.2020.118620
https://doi.org/10.1016/j.apcatb.2018.03.102
https://doi.org/10.1016/j.cej.2020.127474
https://doi.org/10.1021/acsanm.3c01083
https://doi.org/10.1002/adma.202401880
https://www.ncbi.nlm.nih.gov/pubmed/38655767
https://doi.org/10.3390/catal16070655

Catalysts 2026, 16, 655 14 of 14

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Cai, J.; Huang, J.; Wang, S.; Iocozzia, J.; Sun, Z.; Sun, J.; Yang, Y,; Lai, Y.; Lin, Z. Crafting Mussel-Inspired Metal Nanoparticle-
Decorated Ultrathin Graphitic Carbon Nitride for the Degradation of Chemical Pollutants and Production of Chemical Resources.
Adv. Mater. 2019, 31, 1806314. [CrossRef] [PubMed]

Cui, L.; Song, J.; McGuire, A.E; Kang, S.; Fang, X.; Wang, J.; Yin, C.; Li, X.; Wang, Y.; Cui, B. Constructing Highly Uniform
Onion-Ring-like Graphitic Carbon Nitride for Efficient Visible-Light-Driven Photocatalytic Hydrogen Evolution. ACS Nano 2018,
12, 5551-5558. [CrossRef] [PubMed]

Bian, H.; Ji, Y.; Yan, J.; Li, P; Li, L.; Li, Y.; Liu, S. In Situ Synthesis of Few-Layered g-C3Ny4 with Vertically Aligned MoS, Loading
for Boosting Solar-to-Hydrogen Generation. Small 2018, 14, 1703003. [CrossRef] [PubMed]

Fu, J; Liu, K;; Jiang, K.; Li, H.; An, P,; Li, W,; Zhang, N.; Li, H.; Xu, X.; Zhou, H,; et al. Graphitic Carbon Nitride with Dopant
Induced Charge Localization for Enhanced Photoreduction of CO, to CHy. Adv. Sci. 2019, 6, 1900796. [CrossRef] [PubMed]
Igbal, W.; Qiu, B.; Lei, J.; Wang, L.; Zhang, J.; Anpo, M. One-step large-scale highly active g-C3N4 nanosheets for efficient
sunlight-driven photocatalytic hydrogen production. Dalton Trans. 2017, 46, 10678-10684. [CrossRef] [PubMed]

Han, X.; Xu, D.; An, L,; Hou, C,; Li, Y.; Zhang, Q.; Wang, H. Ni-Mo nanoparticles as co-catalyst for drastically enhanced
photocatalytic hydrogen production activity over g-C3Ny. Appl. Catal. B Environ. 2019, 243, 136-144. [CrossRef]

Hong, Y,; Wang, L.; Liu, E.; Chen, J.; Wang, Z.; Zhang, S.; Lin, X.; Duan, X,; Shi, ]. A curly architectured graphitic carbon nitride
(g-C3Ny) towards efficient visible-light photocatalytic H, evolution. Inorg. Chem. Front. 2020, 7, 347-355. [CrossRef]

Xu, Q.; Zhu, B,; Jiang, C.; Cheng, B.; Yu, J. Constructing 2D /2D Fe;O3/g-C3Ny Direct Z-Scheme Photocatalysts with Enhanced
H, Generation Performance. Sol. RRL 2018, 2, 1800006. [CrossRef]

Fang, X.-X.; Ma, L.-B,; Liang, K.; Zhao, S.-J.; Jiang, Y.-F.; Ling, C.; Zhao, T.; Cheang, T.-Y.; Xu, A.-W. The doping of phosphorus
atoms into graphitic carbon nitride for highly enhanced photocatalytic hydrogen evolution. J. Mater. Chem. A 2019, 7, 11506-11512.
[CrossRef]

Fang, Z.; Li, D.; Chen, R,; Huang, Y.; Luo, B.; Shi, W. Multiple Doped Carbon Nitrides with Accelerated Interfacial Charge/Mass
Transportation for Boosting Photocatalytic Hydrogen Evolution. ACS Appl. Mater. Interfaces 2019, 11, 22255-22263. [CrossRef]
[PubMed]

Fu, J.; Bie, C.; Cheng, B.; Jiang, C.; Yu, J. Hollow CoSx Polyhedrons Act as High-Efficiency Cocatalyst for Enhancing the
Photocatalytic Hydrogen Generation of g-C3Ny. ACS Sustain. Chem. Eng. 2018, 6, 2767-2779. [CrossRef]

Fu, J.; Zhu, B,; Jiang, C.; Cheng, B.; You, W.; Yu, J. Hierarchical Porous O-Doped g-C3N, with Enhanced Photocatalytic CO,
Reduction Activity. Small 2017, 13, 1603938. [CrossRef] [PubMed]

Jia, J.; Sun, W.; Zhang, Q.; Zhang, X.; Hu, X,; Liu, E.; Fan, J. Inter-plane heterojunctions within 2D /2D FeSe; / g-C3N4 nanosheet
semiconductors for photocatalytic hydrogen generation. Appl. Catal. B Environ. 2020, 261, 118249. [CrossRef]

Jiang, L.; Wang, K.; Wu, X.; Zhang, G.; Yin, S. Amorphous Bimetallic Cobalt Nickel Sulfide Cocatalysts for Significantly Boosting
Photocatalytic Hydrogen Evolution Performance of Graphitic Carbon Nitride: Efficient Interfacial Charge Transfer. ACS Appl.
Mater. Interfaces 2019, 11, 26898-26908. [CrossRef] [PubMed]

Feng, J.-X; Tong, S.-Y.; Tong, Y.-X,; Li, G.-R. Pt-like Hydrogen Evolution Electrocatalysis on PANI/CoP Hybrid Nanowires by
Weakening the Shackles of Hydrogen Ions on the Surfaces of Catalysts. |. Am. Chem. Soc. 2018, 140, 5118-5126. [CrossRef]
[PubMed]

Hou, C.-C.; Li, Q.; Wang, C.-].; Peng, C.-Y.; Chen, Q.-Q.; Ye, H.-F,; Fu, W.-F,; Che, C.-M.; L6pez, N.; Chen, Y. Ternary Ni-Co-P
nanoparticles as noble-metal-free catalysts to boost the hydrolytic dehydrogenation of ammonia-borane. Energy Environ. Sci.
2017, 10, 1770-1776. [CrossRef]

Liyanage, D.R.; Danforth, S.J.; Liu, Y.; Bussell, M.E.; Brock, S.L. Simultaneous Control of Composition, Size, and Morphology in
Discrete Niy—xCoxP Nanoparticles. Chem. Mater. 2015, 27, 4349-4357. [CrossRef]

Yu, B.; Hu, Y;; Qi, F; Wang, X.; Zheng, B.; Liu, K.; Zhang, W.; Li, Y.; Chen, Y. Nanocrystalline Nij g5Se as Efficient Non-noble-metal
Electrocatalyst for Hydrogen Evolution Reaction. Electrochim. Acta 2017, 242, 25-30. [CrossRef]

Zhao, W.; Li, M.; Wu, H.; Feng, C.; Zhang, G. Rod-like nonstoichiometric Nij g5Se as efficient electrocatalysts for hydrogen
evolution reaction. Int. . Hydrogen Energy 2018, 43, 12653-12660. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

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

https:/ /doi.org/10.3390/catal16070655


https://doi.org/10.1002/adma.201806314
https://www.ncbi.nlm.nih.gov/pubmed/30697837
https://doi.org/10.1021/acsnano.8b01271
https://www.ncbi.nlm.nih.gov/pubmed/29863842
https://doi.org/10.1002/smll.201703003
https://www.ncbi.nlm.nih.gov/pubmed/29205810
https://doi.org/10.1002/advs.201900796
https://www.ncbi.nlm.nih.gov/pubmed/31559128
https://doi.org/10.1039/C7DT00849J
https://www.ncbi.nlm.nih.gov/pubmed/28492630
https://doi.org/10.1016/j.apcatb.2018.10.003
https://doi.org/10.1039/C9QI01128E
https://doi.org/10.1002/solr.201800006
https://doi.org/10.1039/C9TA01646E
https://doi.org/10.1021/acsami.9b03745
https://www.ncbi.nlm.nih.gov/pubmed/31148445
https://doi.org/10.1021/acssuschemeng.7b04461
https://doi.org/10.1002/smll.201603938
https://www.ncbi.nlm.nih.gov/pubmed/28160415
https://doi.org/10.1016/j.apcatb.2019.118249
https://doi.org/10.1021/acsami.9b07311
https://www.ncbi.nlm.nih.gov/pubmed/31268294
https://doi.org/10.1021/jacs.7b12968
https://www.ncbi.nlm.nih.gov/pubmed/29609454
https://doi.org/10.1039/C7EE01553D
https://doi.org/10.1021/acs.chemmater.5b00958
https://doi.org/10.1016/j.electacta.2017.05.001
https://doi.org/10.1016/j.ijhydene.2018.04.123
https://doi.org/10.3390/catal16070655

	Introduction 
	Results and Discussion 
	Crystalline Phase 
	Morphological and Structural Analysis 
	Optical Properties 
	Photocatalytic Behaviors of Samples for H2 Production 
	Surface Composition and Photoelectrochemical Properties 
	Photocatalytic Mechanism Research 

	Experimental Section 
	Materials and Reagents 
	Synthesis of Photocatalysts 
	Photocatalytic H2 Production Experiment 
	Physicochemical Characterizations 

	Conclusions 
	References

