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Abstract . Developing an efficient photocatalyst for hydrogen
production is crucial for the conversion of solar energy to
hydrogen. An efficient photocatalytic hydrogen evolution
material was prepared by altering the graphite carbon
nitride (CN) through nitrogen-doping and employing CoSe,
as a co-catalyst through a photochemical synthesis route.
The optimal photocatalytic performance of the material is
285 times higher than that of CN. Photoelectrochemical
experiments demonstrate that nitrogen-doping and
introducing CoSe, can effectively promote the separation of
photogenerated charge carriers, thus increasing the
hydrogen evolution activity of CN. This work may provide
new perspectives for the preparation of novel photocatalysts
by photochemical deposition methods.
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0 Introduction

In recent years, energy shortage and environmental
deterioration have become two major problems that hinder
the development of society'™ . Most of the energy that
we are consuming is from fossil fuels with inadequate
reserves. Combustion of non-renewable energy could lead
to global warming, acid rain and other air pollution
phenomena, which severely affect the environment ** .
Therefore, developing clean and renewable energy is of
great importance. Hydrogen energy has the advantages of
high combustion value (120—-142 MJ/kg) and production
of zero pollution'”’ | so it is a potential alternative to
replace fossil energy. Among all the hydrogen production
ways, photocatalytic hydrogen production from solar
energy has been viewed as an ideal route since solar
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energy is inexhaustible'"""" .

Photocatalytic hydrogen production by utilizing
semiconductors has received great attention since
Fujishima et al. ""* reported that TiO, had the capability
of splitting water photoelectrochemically. In the last
several years, different kinds of semiconductors, such as
Tio, ™', Zn0'"*"' | €dS""™™ and ZnIn,S,"""™, were
extensively investigated for photocatalytic water splitting.
Apart from these inorganic semiconductors, organic
semiconductors were also applied for water splitting,
among which graphite carbon nitride (CN) has become a
star material due to its non-toxic, low-cost, excellent
stability and special electronic structure >, However,
the limited light absorption and the rapid recombination of
photogenerated charge carriers limit its application in
photocatalytic ~ hydrogen production***". These
shortcomings of CN can be overcome by adopting several
strategies, including element doping > | morphology
control ™’ | combining with co-catalysts"**" and other
semiconductors'®* | etc.

Among these methods, combining with co-catalysts
is conductive to accelerate the migration of interfacial
electrons, and element doping can adjust the band gap,
thus improving the light absorption' ™. Loading co-
catalysts can be achieved by photochemical synthesis,
which is operated under mild operating conditions. The
co-catalyst prepared by this method could be in the
amorphous phase and located at the site of electron
transfer, which is more conducive to the proton
reduction reaction*™ .  Yu et al.”™ successfully
anchored amorphous Ni-P alloy particles onto CN by
photodeposition and the obtained photocatalyst improved
hydrogen activity. Transition metal selenides can serve
as co-catalysts since they have relatively low electrical
resistance, which facilitates electron transport. In
addition, selenium atoms with large radius and low
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electronegativity usually weakly bind to the outer
electrons of transition metals, which is favorable to the
redox reaction. The common transition metal selenide
co-catalysts include NiSe,, CoSe,, MoSe, and so on.
Based on the above, a novel photocatalyst was
designed by coupling nitrogen-doped CN ( N-CN) with
CoSe, through the light-assisted synthesis. The
photocatalytic hydrogen production activity of the
prepared composite photocatalyst would be superior to
that of CN and N-CN. The results of
photoelectrochemical characterization showed a more
efficient separation between photogenerated electrons and
holes during the photocatalytic process, which would
contribute to the enhanced hydrogen performance.

1 Materials and Methods

1.1 Materials

The purity of all the chemical reagents is analytical
grade and no further purification is required during use.
Sodium selenite ( Na,SeO, ) and cobalt nitrate
hexahydrate (Co(NO, ), - 6H,0) were purchased from
Shanghai Adamas Reagent Co. , Ltd. , China. Citric acid
monohydrate, triethanolamine ( TEOA ) and other
chemicals were purchased from Sinopharm Group,
China.
1.2 Synthesis
1.2.1 Synthesis of CN and N-CN

Citric acid monohydrate ( 10 mg) was grounded
and mixed well with urea (10 g) in a mortar, and then
the mixture was transferred to a crucible which was put
in a muffle furnace and calcined at 550 C for 4 h
(2.5 C/min). After cooling to room temperature,
nitrogen-doped CN was obtained, noted as N-CN. CN
was prepared by a similar method, with the exception that
citric acid monohydrate was not added.
1.2.2 Synthesis of CoSe_-loaded N-CN (N-CN-CoSe, )

N-CN-CoSe, was synthesized through an in situ
photochemical synthesis method, which involved loading
CoSe, onto N-CN. N-CN (50 mg) was grounded for
10 min and transferred to a beaker. Then 0.1 mol/L
Co(NO,), +6H,0 (1.02 mL) and 0.1 mol/L
Na,SeO, ( 1.53 mL ) were added. After that, the
mixture was stirred for 1 h and transferred to a reactor.
The reaction temperature was controlled at 10 C by
circulating cold water. After degassing for 30 min, a
300 W xenon lamp was switched on for 30 min, and
then the product was collected, washed with deionized
water, and dried at 50 C for 6 h in a vacuum oven. By
changing the amounts of Na,SeO, and Co (NO,), -
6H,0O, photocatalysts with different CoSe_ loadings were
prepared ( denoted as N-CN-CoSe -1, N-CN-CoSe, -2,
N-CN-CoSe_-3 and N-CN-CoSe -4), as shown in Table 1.
CN-CoSe -3 was also prepared by a similar method for
comparison, except that CN was used instead of N-CN.

Table 1 Synthesis of N-CN-CoSe,
Volume of Na,SeO, Volume of Co(NO,),-

Sample

solution /mL 6H,0 solution /mL
N-CN-CoSe -1 0.13 0.08
N-CN-CoSe -2 0.51 0.34
N-CN-CoSe, -3 1.53 1.02
N-CN-CoSe -4 2.30 1.53
CN-CoSe, -3 1.53 1.02

1.3 Measurement and characterization

1.3.1 Structure, morphology and
characterization

In this paper, X-ray diffraction ( XRD ) was
employed to analyze the phase composition and structure
of the catalyst. Energy dispersive X-ray spectroscopy
(EDX) was used to determine the molar fraction of Co
and Se in the catalyst. X-ray photoelectron spectroscopy
(XPS) was used to analyze the elemental composition
and valence states of the catalyst. Field-emission
scanning electron microscopy ( FESEM ) was used to
observe the microscopic surface morphology of the
catalyst. Transmission electron microscopy (TEM) was
used to characterize the microscopic morphology and
elemental distribution of the catalyst. UV-Vis diffuse
reflectance spectroscopy was employed to analyze the
absorption range of the catalyst and estimate the bandgap
width of the catalyst, and the accessories used for testing
were integrating spheres, with a wavelength range of 200
to 800 nm.
1.3.2 Photocatalytic hydrogen production measurement

Labsolar-II AG photocatalytic analysis system
(Beijing Perfectlight Technology Co., Ltd., Beijing,
China) was used to evaluate the photocatalytic hydrogen
production performance of the samples. In a typical
experiment, 20 mg sample was dispersed in 100 mL
aqueous solution containing 10 mL TEOA and 90 mL
deionized water in a 250 mL reactor. Xenon lamp
(300 W, Beijing Perfectligh Technology Co., Ltd.,
Beijing, China ) was the light source for driving
photocatalytic reactions. Before light irradiation, the
system was degassed for 30 min, and the solution
temperature was kept at 10 C by circulating cold water.
The amount of producted hydrogen was detected by gas
chromatography with a thermal conductivity detector ( GC
7900, Techcomp Instrument Limited, Shanghai, China;
carrier gas: Ar).
1.3.3 Photoelectrochemical characterization

The photoelectrochemical characterizations, such as
electrochemical impedance spectroscopy ( EIS, the real
part of the impedance Z” is plotted against the imaginary
part of the impedance Z') and transient photocurrent
intensity response ( I-f curve ), were carried out in a
standard three-electrode system. The reference electrode
and the counter electrode were Ag/AgCl electrode and
platinum wire electrode, respectively. The working

composition
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electrode was prepared by pipetting 100 wL liquid (a
mixture of 5 mg catalyst, 100 L Nafion (a trade name of
a perfluorosulfonic acid polymer) and 0.9 mL ethanol )
onto fluorine-doped tin oxide glass, which was then dried in
a vacuum oven. Aqueous Na,SO,(0.5 mol/L) solution was
used as an electrolyte for the transient photocurrent
response test, the electrochemical impedance test and the
Mott-Schottky curve test. For the EIS experiment, the
frequency range was from 0. 1 kHz to 100. 0 kHz. Mott-
Schottky curve was obtained at 1. 0 kHz frequency.

2 Results and Discussion

2.1 Structure, morphology and composition analyses

XRD characterization results of CN, N-CN and
N-CN-CoSe -3 are shown in Fig. 1. The peaks at 13. 1°
and 27. 2° for CN are attributed to the in-plane stacking
of CN and the interlayer stacking of the aromatic ring
structure, respectively. N-CN also has similar peak
positions, indicating that nitrogen doping does not change
the crystal structure of CN. Peaks of cobalt selenide were
not observed for N-CN-CoSe -3, indicating that cobalt
selenide may be in an amorphous form or that the content
of CoSe, in N-CN-CoSe -3 is fairly low. However, since
the surface of the N-CN is covered by CoSe , the peak at
27.2° for N-CN-CoSe, -3 is weaker compared to that of
CN and N-CN.

Figure 2 shows the morphology and the microstructure
of N-CN-CoSe -3 which are characterized by TEM. It can
be observed that irregular small black dots are scattered
on N-CN, which are CoSe_ particles. In the elemental
mappings(Fig. 3), four elements (C, N, Co and Se)
are presented in N-CN-CoSe -3, indicating that CoSe,
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is successfully loaded on N-CN. No lattice fringe of
cobalt sulfide was observed in the high resolution TEM
(Fig. 2), illustrating the amorphous property of cobalt
sulfide obtained from photodeposition, which matched
well with the result of XRD. The molar fraction of each
element in N-CN-CoSe -3 measured by EDX is shown in
Table 2, and it is demonstrated that the molar ratio of Co
to Se is 1:1. 33 in N-CN-CoSe -3.
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Fig. 1 XRD patterns of CN, N-CN and N-CN-CoSe, -3
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Fig. 3 Elemental mappings of N-CN-CoSe, -3

Table 2 EDX results of N-CN-CoSe, -3

Element Molar fraction/ %
C 42.11
N 57.26
Co 0.27
Se 0.36

The elemental composition and valence states of
N-CN-CoSe, -3 were characterized by XPS (Fig. 4). In
the Cls spectrum (Fig. 4(a) ), the peaks at 284. 9 eV and
288. 4 eV are attributed to N-CN and sp> hybridized carbon
in the triazine ring, respectively ““*"'. In the Nls spectrum
(Fig. 4(b)), the peak at 398.7 eV corresponds to the

nitrogen in the C =N—C'*' and the peaks at 399.4 eV
and 400.4 eV are attributed to the tertiary nitrogen
N—(C), and the nitrogen in C—N—H), respectively **.
Notably, the peak at 401.2 eV corresponds to the
graphite N, indicating the successful doping of nitrogen
into CN'*'. In addition, the peak at 404. 5 eV is caused
by charge effects. In the Se3d spectrum ( Fig. 4(c)),
the binding energy at 51.8 eV and 57.6 eV are attributed
to Se* . As shown in Fig. 4(d), the peaks at 781.2 eV
and 796.6 eV correspond to 2p,, and 2p,, of Co™,
respectively, while the peaks at 785.9 eV and 803.5 eV
belong to the satellite peaks of Co”'¥"’.
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Fig. 4 High resolution XPS spectra: (a) Cls; (b) Nls; (c¢) Se3d; (d) Co2p

2.2 Optical properties and band structure analyses
As shown in Fig. 5(a), the light absorption exhibits
a significant red shift after nitrogen-doping. After loading
CoSe,, N-CN-CoSe -3 shows a better light absorption
ability. Besides, the stronger the light absorption ability
of the catalyst, the more photogenerated electrons are
generated to participate in the photocatalytic hydrogen
production reaction, so N-CN-CoSe -3 has better
performance in photocatalytic water splitting. Based on
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the UV-Vis diffuse reflection spectra, the band gap E, of
the semiconductor can be calculated according to

ahv=A(hv—Eg)"/2, (1)

where o,v ,h and A are the absorption coefficient, the
frequency, the Planck constant and the constant,
respectively. As shown in Fig. 5(b), the band gaps of
CN, N-CN and N-CN-CoSe -3 are 2.74 eV, 2.56 eV
and 2. 25 eV, respectively.
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Fig. 5 Optical properties of CN, N-CN and N-CN-CoSe, -3: (a) UV-Vis diffuse reflection spectra; (b) Tauc plots

2.3 Photocatalytic performance

The photocatalytic hydrogen production performance of
CN, N-CN and N-CN-CoSe -3 were investigated under
visible light irradiation. As shown in Fig. 6 (a), the
photocatalytic hydrogen production activities of CN and
N-CN are both poor. The photocatalytic hydrogen production
activity was significantly enhanced by loading CoSe, on
N-CN. In addition, with the increase of co-catalyst loading,
the photocatalytic hydrogen production activity of

N-CN-CoSe -3 can reach 1 140 wmol - g - h™, which is
285 times higher than that of CN. With further increasing
the loading of CoSe , the photocatalytic hydrogen
production performance decreases, which is because the
excessive co-catalyst could affect the light absorption of
N-CN and also the excessive CoSe, may become the
recombination centers for photogenerated electrons and
holes. In contrast, the photocatalytic hydrogen production
activity of CN-CoSe -3 is only 410 wmol - g™ - h™".
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Besides, the photocatalytic hydrogen production activity
of N-CN-CoSe -3 does not decrease significantly within
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four cycles, indicating that the composite catalyst has
good cycling stability (Fig. 6(b) ).
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Fig. 6 Photocatalytic performance: (a) photocatalytic hydrogen production activity of different samples; (b) photocatalytic hydrogen production cycles of

N-CN-CoSe, -3

2.4 Photoelectrochemical properties
Photoluminescence (PL) spectra were examined and
the results proved that nitrogen-doping and loading CoSe,
could influence the photogenerated carrier separation
efficiency. The stronger the fluorescence intensity, the
quicker the photogenerated carriers are recombined. In the
PL spectrum ( Fig. 7 (a)), compared with CN, the
fluorescence intensity of N-CN is lower, indicating that
nitrogen doping can reduce the photogenerated electron-
hole recombination rate of CN. After loading CoSe_, the
fluorescence intensity of N-CN-CoSe -3 is further
decreased, implying that loading CoSe, further inhibits the
photogenerated electron-hole recombination, which is
consistent with the photocatalytic hydrogen production

activities of CN, N-CN and N-CN-CoSe -3. The
separation and transfer of photogenerated electrons and
holes can also be characterized by the I-t curves and
electrochemical impedance spectra. The smaller the arc
radius is in the electrochemical impedance spectra, the
faster the charge transfer is. As shown in Fig. 7(b),
compared with CN and N-CN, the radius of
N-CN-CoSe,-3 is the smallest, indicating that the charge
transfer of the catalyst is faster with the loading of CoSe.
In Fig. 7(c), the photocurrent intensity of N-CN-CoSe -3
is higher than that of CN and N-CN, illustrating that the
CoSe, loaded N-CN has better separation of
photogenerated electrons and holes.
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Fig. 7 Photoelectrochemical tests of CN, N-CN and N-CN-CoSe,-3: (a) PL spectra; (b) electrochemical impedance spectra;

(¢) I-t curves

2.5 Reaction mechanism of photocatalytic hydrogen
production

The mechanism for photocatalytic  hydrogen

production of N-CN-CoSe -3 was proposed based on the

above results and analysis, as shown in Fig. 8. Under

light excitation, N-CN generates photogenerated electrons

(e”) and holes (h"), and the photogenerated e leap

from the valence band ( VB) of N-CN to the conduction
band(CB). Then, the electrons transfer to the surface of
CoSe, for the reduction of H" to produce hydrogen, while
the holes on the VB are quenched by TEOA. Introducing
CoSe, accelerates the photogenerated electron transfer and
offers more active sites, thus enhancing the performance
of photocatalytic hydrogen production.
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Fig. 8 Mechanism of photocatalytic reaction of N-CN-CoSe, -3

3 Conclusions

Cobalt selenide-loaded nitrogen-doping graphite
carbon nitride composites were prepared by the
photochemical ~ synthesis  method. The  highest

photocatalytic hydrogen production activity was observed
for N-CN-CoSe -3, which was 285 times higher than that
of CN. Photoelectrochemical tests confirmed that the light
adsorption capability and the separation and transfer of
photogenerated electrons and holes were improved by
nitrogen-doping and the loading of CoSe , which
contributed to the enhanced hydrogen production activity.
This study offers a new insight into the synthesis of
composite photocatalysts by loading transition metal
selenides as co-catalysts by photochemical synthesis.
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