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The electronic conductivity of a catalyst can be enhanced by strategically doping with specific elements. In
this study, a Mog1NiS,/CuzsP-GDY composite photocatalyst featuring a hierarchical structure was
meticulously designed, optimizing the charge migration path to boost electronic conductivity. The in situ
doping of molybdenum (Mo) induced a Burstein—-Moss effect, effectively enhancing the electronic
conductivity and electron density of NiS,. The Mog  1NiS, component was paired with a co-catalyst that
further stimulated the electronic conductivity of CusP-GDY and expedited electron transport. The
findings revealed that the hydrogen evolution capacity of the composite catalyst was 2.9 and 4.7 times
greater than those of Mog;NiS, and CusP-GDY, respectively, reaching 133.1 umol g~ In situ X-ray

photoelectron spectroscopy (XPS) and density functional theory (DFT) calculations confirmed the
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transfer pathway that significantly improves the charge transfer rate and, consequently, the hydrogen

DOI: 10.1039/d4ta07562¢ evolution activity of the composite photocatalyst. This research provides a valuable design strategy for
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1. Introduction

As the world continues to develop, the concept of green
sustainable development has gradually gained traction in the
minds of people everywhere. Currently, the replacement of
traditional energy sources with cleaner ones is a top priority in
green sustainable development.* Hydrogen energy as a green
and high-calorific value clean energy source is the optimal
replacement for fossil energy sources. Using solar energy as
a driving force to decompose water into hydrogen through
a catalytic reaction is an ideal way to produce hydrogen.**
However, the significant recombination of charge and the
inadequate hydrogen evolution kinetics among the catalysts
result in the limited applicability of this technology at a large
scale.>® Concurrently, the single catalyst often lacks a direc-
tional electric field, which results in the random transport of the
photogenerated electrons and photogenerated holes within the
catalyst.”® Therefore, the separation and transport performance
of the electrons can be enhanced by doping, supporting cocat-
alysts and constructing heterojunctions, while the side
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enhancing the hydrogen evolution activity of photocatalysts by increasing electronic conductivity.

reactions between photogenerated carriers and photogenerated
holes can be reduced.®* In order to increase the photogenic
charge involved in the photocatalyst surface reaction, the het-
erojunctions were constructed via structural design to optimize
the charge transport within the catalyst.

The narrow band gap of metal chalcogenides makes them an
advantageous material for use in solar energy collection.
However, NiS, has poor stability." The performance of catalysts
is frequently enhanced by means of techniques such as
increasing crystallinity and elemental doping.”*** Conse-
quently, the Mo element with a larger atomic radius was
incorporated to enhance the stability of NiS,.**** The doping of
the Mo element is conducive to improving the energy band
structure, which enhances the electronic conductivity of NiS,
and thus accelerates the electron transfer. Furthermore, the
construction of a heterojunction between nickel disulfide and
other semiconductors is favored, which improves the separa-
tion efficiency of the photogenerated carriers and positively
promotes photocatalytic hydrogen evolution. Nevertheless, the
narrow band gap between Mo, ;NiS, is not conducive to the
efficient use of photogenic carriers.

In order to enhance the efficiency of the utilization of the
Mo, ;NiS, photogenerated carriers, an organic catalyst with
a narrow band gap was introduced. In recent years, there has
been a notable advancement in the utilization of organic cata-
lysts in the domain of photocatalysis, with carbon materials
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exhibiting a particularly rapid evolution in this regard. Among
the new carbon materials, graphdiyne (GDY) is emerging as
a promising candidate owing to its stability and conduc-
tivity.'*” GDY, a two-dimensional (2D) material comprising sp
and sp® hybrid carbon atoms, has demonstrated considerable
potential in the fields of photocatalysis and electrocatalysis.*®*®
Its uniform pore structure enables the formation of a greater
number of adsorption sites for metal ions, thereby facilitating
the acceleration of electron transfer.>®** The synthesis of CuzP-
GDY was finally achieved in this work by successfully anchoring
Cu'" to the surface of GDY via an in situ copper surface-mediated
synthesis method. Upon adsorption of copper ions on the
surface of GDY, the d orbital of Cu" will form a strong interac-
tion with the p orbital of C=C in GDY,**** when the binding of
the negatively charged P element to the Cu ion will result in the
Cu metal ion acquiring a higher oxidation state.”* The electronic
structure of the metal is regulated by the interaction of elec-
trons, which enhances the reactivity of the catalyst. Simulta-
neously, Mo, ;NiS, with a higher electron density can further
enhance the electronic conductivity of Cu;P-GDY, thereby
optimizing the hydrogen evolution performance of the
composite catalyst.

In this work, Mo, ;NiS, with high electronic conductivity was
synthesized by in situ doping of the Mo element. The doping of
the Mo element improves the electron conductivity and electron
density of the catalyst. By introducing the cocatalyst Cu;P-GDY,
the problem of the high recombination rate of the Mo, ;NiS,
carrier is solved, which also stimulated an enhancement in the
conductivity of CuzP-GDY. The close contact between CuzP-
GDY and Mo, ;NiS, provides more hydrogen evolution active
sites and reactant adsorption sites for the composite photo-
catalyst. At the same time, the heterojunction formed between
the new composite photocatalysts optimizes the separation rate
and migration path of the photogenerated carriers. The exper-
imental results show that its excellent catalytic performance can
promote the hydrogen evolution of photocatalysts. The results
of characterization and DFT theoretical calculation show that
the excellent catalytic properties are due to the excellent charge
transport between interfaces.

2. Experimental
2.1. Materials

Analytical-grade chemicals were used during the catalyst
synthesis. Trimethylsilylacetylene (CsH;0Si, Energy Chemical,
AR = 98.0%), cobalt(u) nitrate hexahydrate (Ni(NOs),-6H,0, 3A
(Alab Anhui), AR = 98%), pyridine (CsH;N, Energy Chemical,
AR = 99.5%), sodium molybdate dihydrate (Na,MoO,-2H,0, 3A
(Alab Anhui), AR = 99.99%), sodium hypophosphite mono-
hydrate (NaH,PO,-H,0, Energy Chemical, 98.0%), sodium
sulfide hydrate, (Na,S-9H,0, Energy Chemical, AR = 98.0), zinc
chloride (ZnCl,, Energy Chemical, AR = 98.0%), hex-
abromobenzene (Cg¢Brs, Macklin, AR = 99.0%), tetrabuty-
lammonium fluoride (C1¢H;3¢FN, Energy Chemical, 1.0 mol L™*
in THF), n-butyllithium (C4H,Li, Energy Chemical, 1.6 mol L™"
in hexane), tetrakis(triphenylphosphine)palladium (Pd(PPhs),,
Energy Chemical, =99.0%), tetrahydrofuran (C,HsO, Energy
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Chemical, AR = 99.5%), and hydrochloric acid (HCI, SCR, 36.0-
38.0%) were used.

2.2. Synthesis of Cu;P-GDY

The synthesis of Cu;P-GDY was achieved through in situ copper
surface-mediated synthesis, as shown in Fig. 1(a). A 4.3 mL of
trimethylsilylene was dissolved in 40 mL of tetrahydrofuran by
mixing. The protective agent n-butyllithium was added during
the low-temperature reaction (—78 °C) for 30 min, followed by
the addition of 20 mL of anhydrous zinc chloride for 30 min to
obtain trimethylsilyl zinc chloride. Once the mixed solution had
reached room temperature, appropriate amounts of hex-
abromobenzene, tetra-rake powder and toluene solution were
added in a sequential manner. Subsequently, the reaction was
placed in an oxygen-free environment for a period of 72 h at
a temperature of 80 °C. At the conclusion of the reaction,
hydrochloric acid and ethyl acetate were added for extraction,
and the solution was subsequently washed on multiple occa-
sions with saline and deionized water. Subsequently, the solu-
tion was dried with anhydrous sodium sulfate, after which it
was concentrated to obtain a light yellow trimethylsilyl alkynyl.
Tetrabutylammonium fluoride and tetrahydrofuran were added
to remove the silyl group to obtain hexaethynylbenzene. Then,
75 mL of pyridine and Cu powder were added, and the reaction
was carried out at 60 °C for 48 h. After the reaction, Cu-GDY was
reacted with sodium hypophosphite in a muffle furnace at 400 ©
C for 4 h to obtain Cu;P-GDY.

2.3. Synthesis of composite photocatalyst Mo-NiS,/Cu;P-
GDY

The catalyst Mo-NiS, was prepared by the cation exchange
method as shown in Fig. 1(b). Initially, 0.1 mmol Na,MoO,,

Pd(PPh,),

b
( 3\\\

Na,MoO,

180 °C, 16 h
. 4
Y "
; Mo-NiS, 3 s

Ni(NO,),"6H,0 Mo-NiS /Cu,P-GDY

Fig. 1 Schematic diagram of the CuzsP—-GDY synthesis route (a) and
the composite photocatalyst CGM-X (X = 5, 10, 15, and 20) synthesis
route (b).
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1 mmol Ni(NO3),-6H,0 and 4 mmol Na,S-9H,0 were dissolved
in 80 mL deionized water. Following ultrasonication for 30 min,
2 mL of CH;COOH was added after continuous stirring for 2 h.
The stirring was continued for a further 30 min. The solution
was transferred to a 100 mL Teflon-lined stainless steel reactor
and reacted at 180 °C for 16 h. At the end of the reaction, the
solution was washed with deionized water and ethanol alter-
nately several times. Subsequently, it was placed in an oven at
80 °C for drying to finally obtain Mo-NiS,. The composite
photocatalyst CGM-10 was obtained by weighing 50 mg of Mo-
NiS, and 5 mg of CuzP-GDY and mixing them in 30 mL of an
ethanol solution. Following a reaction period of three hours, the
mixture was transferred to a water bath for drying, and the
composite photocatalyst CGM-X (X represents the weight ratio
between CuzP-GDY and Mo, ;1NiS,). When the ratio of CuzP-
GDY to Mo, ;1NiS, is 1: 10, the value of X is 10 (X = 5, 15, or 20)
was obtained.

2.4. Hydrogen evolution experiment

All experiments pertaining to the photocatalytic hydrogen
evolution were conducted in a 5 W simulated channel. Firstly,
9 mg of the photocatalyst and 9 mg of eosin Y (EY) were
uniformly dispersed into a 30 mL solution of triethanolamine
(TEOA, 15%) to form a homogeneous suspension. Subse-
quently, following the transfer of the mixed suspension solution
to the hydrogen evolution bottle, nitrogen was injected to purge
for a period of 5 min in order to remove the air present within
the bottle. Hydrogen was extracted 5 mL per hour and injected
into a gas chromatograph (Tianmie GC7900, TCD, 13X column)
using nitrogen as the carrier gas in order to analyze the
hydrogen present in the photocatalytic hydrogen evolution
process.
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2.5. Characterization

The XRD pattern of the photocatalyst was recorded using copper
Ko (A = 1.54) radiation in an X-ray diffractometer. The internal
structure of GDY was tested by Raman spectroscopy and Fourier
transform infrared spectroscopy. The surface morphology of
each photocatalyst was analyzed by scanning electron micros-
copy (SEM), while the elemental composition of the catalyst was
analyzed by energy-dispersive X-ray spectroscopy (EDS). The
electrochemical and optical properties of the catalysts were
analyzed using electrochemical workstations and fluorescence
spectrometers, respectively. The elemental composition and
valence distribution of the catalyst were analyzed by X-ray
photoelectron spectroscopy. In addition, the binding energy
was calibrated using C 1s (284.8 eV) as a reference.

2.6. Electrochemical test procedure

The light source employed in our electrochemical experiments
was a 300 W xenon lamp with a wavelength range of 320-
780 nm. In the course of testing IT, EIS and LSV, 5 mg of catalyst
was dissolved in 300 pL of 10% Dupont membrane solution and
applied to a 1 x 2 conductive glass sheet. Concurrently, a 15%
NaSO; solution was utilized as an electrolyte.

3. Results and discussion
3.1. Structure analysis of photocatalysts

Firstly, the successful preparation of GDY was demonstrated by
the corroboration of X-ray diffraction (XRD), infrared (IR) and
Raman spectroscopy. From Fig. 2(a), a broad diffraction peak
was observed near 23° for GDY, which is an amorphous organic
compound.” In order to further elucidate the internal structure
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Fig. 2

(a) XRD pattern, (b) FTIR, and (c) Raman spectra of GDY. XRD patterns of (d) CusP-GDY (e) NiS, with different proportions of Mo doping,

and composite photocatalysts with different CusP—-GDY ratios; (f) different CuzsP-GDY ratios in composite catalysts.
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of GDY, IR and Raman tests were conducted on GDY. A weak
peak at 2181.4 cm™ ', indicative of the stretching vibration of
C=C, was identified, as shown in Fig. 2(b). Concurrently, the
characteristic stretching vibration peak of the aromatic ring was
observed at 1629.2 cm '.?* These findings substantiated the
hypothesis that GDY is a mesh structure constituted by the
interconnection of sp and sp® carbon atoms. Nevertheless, the
maximum at 3415.8 cm ™" can be attributed to the adsorption of
minute quantities of water molecules in the air by the catalyst.
Furthermore, the test of Raman spectra in Fig. 2(c) revealed the
presence of D-band peaks (1316.2 cm '), G-band peaks
(1511.4 ecm ™) and C=C peaks (2061.5 cm™ '), which are indic-
ative of the vibrations of different functional groups.”” Among
the observed peaks, the D-band and G-band peaks are attrib-
uted to first-order Raman scattering processes.”® The D-band
peak is due to the respiratory vibration of the sp> carbon
under the E,, mode scattering, while the G-band peak is due to
the stretching vibration of the sp> carbon in the benzene ring.>
The characterization results are sufficient to demonstrate that
GDY was successfully synthesized.

The phase compositions of all the catalysts were then char-
acterized and analyzed by XRD. Fig. 2(d) illustrates that CuzP-
GDY corresponds to hexagonal CusP (PDF # 74-1067). Simulta-
neously, as shown in Fig. 2(e), the Mo, ;NiS, diffraction peaks
for different Mo doping ratios show a blue shift compared to the
cubic NiS, structure (PDF # 11-99). This shift is attributed to the
larger atomic radius of Mo atoms (145 pm) compared to that of
Ni atoms (135 pm). When NiS, was doped with the element Mo,

Aaelllo, | NiS,
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it was observed that all peaks were shifted to a lower angle.®®
Furthermore, the introduction of Mo into NiS, results in the
formation of additional defect sites on the catalyst surface,
which facilitate the separation and adsorption of water.’"*
When the main catalyst is introduced into a cocatalyst, the
crystal structure of individual catalysts is often affected. Fig. 2(f)
demonstrates that as the content of CuzP-GDY in the composite
catalyst CGM increases, the peak value of Cu;P at 36° and 46°
increases.

The morphology and structure of the catalysts were scruti-
nized using SEM and high-resolution TEM (HRTEM). Fig. 3(a)
shows the larger layered structure of Mo, 1NiS, with a diameter
of about 3.38 + 1.35 um. Fig. 3(b) shows the surface of CuzP-
GDY exhibiting a blocky structure with a diameter of about
151.57 + 62.91 nm. Smaller cubes of Cuz;P-GDY are attached to
the layered Mo, ;NiS, surface by the attraction between elec-
trons (Fig. 3(c)). The interconnection of Mo, ;NiS, and CuzP-
GDY enables the formation of heterojunctions, facilitating
electron transport. Additionally, Cu;P-GDY provides more
active sites for hydrogen evolution. Fig. 3(d) shows the electron
transmission diagram of CGM-10, and the distribution of
elements in CGM is analyzed by EDX. As expected, C, Cu and P
are evenly distributed on the surface of Mo, NiS,. ICP-MS
analysis of Mo, ;NiS, was carried out to determine the
elemental content of Mo. The test results are basically in
agreement with the experimental results. The HRTEM image of
CGM-10 (Fig. 3(f)) reveals that the lattice of Mo doped with NiS,
is distorted. It is well known that lattice defects can promote the

Cu,P-GRY (cpeh . CGM-10
i "\ /? d : ok i

2\

Mo, ,NiS
321)

Cu,P(311)
P

Fig.3 (a) and (b) Are the SEM and particle size distribution diagrams of Mog 1NiS, and CusP-GDY, respectively; (c) is the GMM-10 SEM diagram of
the composite catalyst; (d) electron transmission diagram and EDX diagram of the CGM-10 composite catalyst; (e) ICP test results for Mog 1NiS;;

(f) CGM-10 HRTEM image; and (g) diffraction rings of CGM-10.
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adsorption of water molecules and promote the reaction to
occur in the positive direction. A lattice spacing of 0.2385 nm is
discernible, corresponding to the (202) crystallographic plane of
CuzP-GDY. The (311) and (321) crystal faces of Mo, ;NiS, and
the (311) crystal faces of CuzP can be observed from the
diffraction ring in Fig. 3(g). It is also proved that CMM-10 is
a kind of polycrystalline catalyst.

3.2. Hydrogen evolution performance of photocatalysts

All hydrogen evolution experiments were performed using
TEOA as a sacrificial reagent and under the irradiation of a 5 W
analog lamp to evaluate the photocatalyst performance. As
depicted in Fig. 4(a), the composite catalyst exhibited superior
hydrogen evolution performance compared to the single cata-
lyst. This may be due to the low hydrogen evolution due to the
faster-photogenerated carrier recombination rate and the scar-
city of active sites of the single catalyst. The composite catalyst
CGM-10 achieved a hydrogen evolution rate of approximately
133.1 pmol g, which is notably 4.7 and 2.9 times higher than
that of Cu;P-GDY and Mo, ;NiS,, respectively. Fig. 4(b) explores
the influence of different doping ratios of Mo on hydrogen
evolution, and it is found that the hydrogen evolution effect is

View Article Online
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best when the doping ratio is 10%. Fig. 4(c) examines how
different proportions of the cocatalyst Cu;P-GDY affect the
composite photocatalyst's hydrogen evolution activity. The
results indicated that when Cus;P-GDY was composited with
Mo, ;NiS, in different ratios, there was a tendency for an initial
increase followed by a subsequent decrease. The optimal
hydrogen evolution activity was observed when the ratio of
CuzP-GDY to Mo, ;NiS, reached 1 : 10. This may be attributed to
the fact that an excess of Cu;P-GDY may obstruct the active
sites of Mo, ;NiS,, impeding the composite photocatalyst's light
absorption.*® Considering that TEOA, the sacrificial reagent, is
an alkaline solution, Fig. 4(d) explores the effect of different pH
values on hydrogen evolution activity. The optimal hydrogen
yield is achieved at a pH of 9, possibly due to the reduced
availability of free protons in a strongly basic environment. In
contrast, in a weakly basic environment, TEOA is more likely to
become protonated.** In addition to the activity of the photo-
catalyst, the stability of the catalyst is also a key factor for the
photocatalyst in practical applications. As shown in Fig. 4(e),
the composite catalyst exhibited excellent stability after
repeated cycles of 20 h (5 h per cycle, 4 cycles in total, with an
additional 9 mg of EY added to the first and third cycles). The
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Fig. 4 Photocatalytic hydrogen evolution rates of (a) EY, CusP-GDY,
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NiS; and Mog 1NiS; and (b) Mo,NiS; (x = 0.01, 0.05, 0.1, 0.2) under 5 W

simulated light irradiation; (c) different proportions of CusP-GDY recombination to Mog 1NiS;; (d) hydrogen evolution of the complex catalyst
CGM-10 in different acid—base environments; (e) stable cycle test of composite catalyst CGM-10 within 20 h; (f) XRD patterns of CGM-10 before
and after hydrogen production; (g) SEM patterns of CGM-10 after hydrogen production; (h) AQE chart of CGM-10; and (i) comparison of the

catalytic activity of CGM-10 with reported catalysts.
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hydrogen precipitation performance of the third cycle was
found to be 95% of that of the first cycle. By comparing XRD
(Fig. 4(f)) and SEM (Fig. 4(g)) data before and after hydrogen
production, it was found that the internal structure of CGM-10
did not change significantly. This provides convincing evidence
of the catalyst's stability. Fig. 4(h) illustrates the quantum effi-
ciency of the composite catalyst, as determined under mono-
chromatic illumination. The composite catalyst CGM-10
displays the highest photocatalytic activity, with an AQE of
1.70% at 550 nm, as evidenced by the measurements. In order
to provide a comprehensive comparison of the performance of
similar catalysts, a comparison is presented in Fig. 4(i).>**

3.3. Factors affecting photocatalytic activity

In order to investigate the stability and dispersion of the
chemical agent, electrophoretic tests were conducted in order to
observe the surface potential of the catalyst. The positive and
negative values of the zeta potential exert an influence on the
absorbability of particles. When the potential is negative, there
is an increase in the number of negative charges on the surface
of the particles, which enhances the adsorption of positively
charged ions.**** Fig. 5(a) illustrates that the potential of CGM-
10 is more negative than that of CuzP-GDY and Moy ;NiS,,
which is more conducive to H" adsorption on the surface of the
composite catalyst. Furthermore, the composite catalyst
displays enhanced stability and more uniform dispersion.

The adsorption performance of photocatalysts can be eval-
uated through the use of nitrogen adsorption-desorption
isotherms. As illustrated in Fig. 5(b), Mo, ;NiS,, CusP-GDY and
CGM-10 exhibited H3-type hysteresis loops and IV-type
adsorption isotherms.” A high pore size distribution and lack
of connectivity were exhibited.*® The pore size distribution curve
in Fig. 5(c) was also obtained by the Brunauer-Emmett-Teller
(BET) method, and the results demonstrated that the catalyst
was a mesoporous material. The nano-mesoporous material
facilitates light scattering between the pores, thereby enhancing
the light absorption capacity of the catalyst.*”*®* The synthesis of
the new composite material CGM-10 involved the loading of
Cu;P-GDY onto the Mo, ;NiS, surface. This resulted in an
increased specific surface area and the average pore diameter of
CGM-10 to 23.3980 m> g ' and 32.4911 nm (see Table 1),
respectively. In comparison to the specific surface areas of 9 m*
g~ for Mo, 1NiS, and 20 m” g~ ' for CuzP-GDY, the enhanced
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Table 1 The specific surface area, pore volume and aperture param-
eters of CuzP-GDY, Mog ;1NiS, and CGM-10

Pore volume x Average pore size

Samples Sper (m> g™ 107 (em® g7") (nm)
CGM-10 23 0.19 32
Moy, ;NiS, 9 0.04 18
CuzP-GDY 20 0.11 21

specific surface area of CGM-10 can facilitate the generation of
additional hydrogen evolution active sites.

The efficient photocatalytic reaction must satisfy both ther-
modynamic and kinetic conditions.* The UV-visible absorption
spectrum of the catalyst can be observed in Fig. 6(a). The results
show that the composite catalyst CGM-10 has a high absorption
intensity. It can be observed that the utilization of sunlight by
the catalyst increases with the increase of absorption intensity.
It can be concluded that the utilization of solar energy by CGM-
10 is higher than those of Cu;P-GDY and Mo, ;NiS,.*"

Due to the migration of the photogenerated carriers during
the catalyst reaction, the separation efficiency of photo-
generated carriers can be measured by steady-state fluores-
cence. Typically, the fluorescence intensity of the
photogenerated carriers is proportional to the recombination
rate, whereby a higher recombination rate of the photo-
generated carriers results in a lower electron utilization rate of
the catalyst.>® Consequently, the fluorescence intensity of
various catalysts was evaluated, as illustrated in Fig. 6(b). It was
observed that the catalyst exhibited the most pronounced PL
peak at approximately 542 nm. In comparison to Mo, ;NiS,, the
fluorescence intensity of CMM-10 was found to be significantly
diminished. The charge-directed transfer between Cu;P-GDY
and Mo, ;NiS, can facilitate the efficient utilization of photo-
generated carriers. Time-resolved photoluminescence spectra
(TRPL) can reflect the average carrier lifetime of each catalyst, as
shown in Fig. 6(c). The average lifetimes of Mo, 1NiS,, CuzP-
GDY and CGM-10 are 1.18, 1.21 and 1.09 ns, respectively, based
on the kinetics of the decay spectra, as shown in Table 2. A
shorter lifetime indicates a higher separation efficiency of the
catalyst.

Often in the photocatalytic hydrogen evolution kinetics, the
carrier separation and transport characteristics play a decisive
role. Therefore, the density of carriers, charge transfer capacity
and hydrogen evolution capacity were investigated by
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(a) Zeta potential diagram of the catalyst; (b) nitrogen adsorption—desorption isotherms and (c) pore size distribution of CuzP-GDY,
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CuzP-GDY and CGM-10; and (f) LSV curve for Mog 1NiS,, CuzP-GDY and CGM-10 measured in a dark state.

Table 2 The exponential curve fitted parameters of emission decay
for catalysts

Pre-exponential Average lifetime

System Lifetime, 7 (ns) factors 4 (%) (7) (ns) X’

EY T, =1.24 A; =100 1.24 1.52

CuzP-GDY 1, = 1.17 A; = 96.75 1.20 1.38
7, = 6.62 A, = 3.25

Mog4NiS, 1, =1.15 A; =94.85 1.18 1.19
7, = 3.02 A, = 5.15

CGM-10 7, = 0.91 A; = 63.38 1.09 1.20
7, = 1.69 A, = 36.17

photocurrent response, EIS and LSV. The photocurrent
response can often reveal the separation of photogenerated
charge carriers during hydrogen evolution.*® As illustrated in
Fig. 6(a), the photocurrent response density of the composite
photocatalyst CMG-10 is considerably higher than that of
Mo, ;NiS,. This superior electron transport capability of CuzP-
GDY aids in the efficient migration of photogenerated holes and
electrons.® Fig. 6(e) is the EIS diagram after fitting through the
equivalent circuit. As shown in the figure, the diameter of the
composite catalyst CGM-10 is the smallest, which indicates that
the resistance of charge transfer of the composite catalyst is
small. Fig. 6(f) shows the LSV curve of the catalyst. The results
show that the composite catalyst exhibits the smallest hydrogen
evolution potential at a given current density, indicative of its
commendable charge separation ability.>*

3.4. Analysis of the electronic structure of photocatalysts

XPS and in situ XPS are techniques for examining the chemical
composition, valence state and electron transfer at the hetero-
junction interface of the catalyst. From the total XPS spectrum,

5000 | J Mater. Chem. A, 2025, 13, 4994-5006

it can be observed that Fig. 7a(Ill) contains all the elements of
CuzP-GDY (Fig. 7a(I)) and Mo, ;NiS, (Fig. 7a(Il)), indicating that
the CGM-10 was successfully prepared. Fig. 7b(I) shows the C 1s
XPS fine spectrum of catalyst CuS-GDY, with four peaks at the
binding energy of 284.26, 284.92, 285.73, and 288.71 eV, cor-
responding to C=C(sp?), C=C (sp), C-O, and C=O0, respec-
tively. Fig. 7c reveals that the fine spectrum of Cu 2p is assigned
to Cu 2p3), and 2p,,. Peaks at 933.41 and 953.16 eV correspond
to Cu®" in Cu;P, whereas peaks at 932.36 and 952.13 eV corre-
spond to Cu'.® Meanwhile, Fig. 7d-f explore the elemental
composition of Mo, ;NiS,. The results of Fig. 7d show that two
spin-orbit peaks of Mo 3ds, (Mo*") and 3d;, (Mo®") are
observed by Mo 3d fine spectrum.*® From Fig. 7f, it can be
observed that the satellite peaks of the mixed oxidation states of
Ni** and Ni** surface ions are also found.*”*® The fine spectrum
of S 2p corresponds to S 2p;,,.***° The shift of the binding
energy of the elements means that the intrinsic charge migrates
after contact with the catalyst. In general, if the movement in
the direction of lower binding energy indicates the charge
input, the opposite indicates the charge output. Consequently,
upon contact between Cuz;P-GDY and Mo, ;NiS,, the binding
energy is transferred. A comparison of dark state Fig. 7(I) and
(I) reveal that CuzP-GDY gains electrons, with the binding
energy moving in a smaller direction. In contrast, the binding
energy of Mo, ;NiS, exhibits an upward shift, indicating a loss
of electrons. In the majority of cases, the occurrence of photo-
catalytic reactions will result in the migration of photo-
generated carriers under the influence of light, which will
consequently impact the alteration in binding energy. The effect
of illumination on the binding energy of CGM-10 was therefore
investigated using in situ XPS. The comparison between CGM-
10 in the dark state (Fig. 7(II)) and illumination (Fig. 7(III))

This journal is © The Royal Society of Chemistry 2025
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demonstrates that the binding energy of C shifts in a larger
direction, indicating that C loses electrons following illumina-
tion.®* Following illumination, all elements, including Cu, Mo,
Ni and S, exhibited an increase in the electron gain, resulting in
a notable shift in the binding energy.

When the element is doped, the crystal structure will change.
Fig. 8(a) shows the crystal structure of undoped NiS,, while
Fig. 8(d) explores the effect of 10% Mo element on the photo-
electric properties of NiS,. The band structure and state density
of NiS, and Mo, ;NiS, are calculated by the first principles of
DFT. From Fig. 8(b), it can be found that the conduction band
bottom and valence band top of NiS, are located at the Z point at

This journal is © The Royal Society of Chemistry 2025
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(a) Structural model and (b) band structure and (c) state density of NiS,; (d) structural model and (e) band structure and (f) state density of

the same time, which indicates that NiS, is a direct bandgap
semiconductor with a band gap of 1.247 eV.*> However, when no
intermediate energy level is introduced between the conduction
band (CB) and valence band (VB) after Mo element doping, the
jump type is still a direct jump.®® However, the band gap of
Mo, ;NiS, is reduced to 1.126 eV, and the energy difference from
0.44 to 0.68 eV after doping to the Fermi level is increased. This
may be due to an increase in the optical band gap caused by the
Burstein-Moss shift effect.** The optical band gap is the energy
difference between the Fermi level and the VB. At the same time,
the band line of Mo, ;NiS, also becomes denser, which also
indicates that the electron state density of Mo, ;NiS, is higher.
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This is consistent with the results in Fig. 8(f), indicating that
Mo, ;1NiS, has a high electronic conductivity. From Fig. 8(e) and
(f), it is observed that the electron energy contribution of Mo
doped does not change the VB.

The electronic structures of GDY and Cu,;P are calculated by
density functional theory based on first principles. Fig. 9(a) and
(d) show the structure of GDY (002) and CuzP (211) after
structural optimization, respectively. Fig. 9(b) illustrates that
GDY is a direct band gap. Nevertheless, electrons are subject to
their own forces as a consequence of electron self-interaction,
which gives rise to an underestimation of the band gap in
GGA calculations. Furthermore, the band gap results are also
affected by the deficiencies inherent to the derivative disconti-
nuity of the GGA functional itself. Consequently, the theoretical
band gap (0.513 eV) is considerably lower than the actual band
gap.®>® It can be seen from Fig. 9(c) that the CB and VB of GDY
are mainly contributed by the p orbital.*” Fig. 9(e) and (f) illus-
trate the band structure and state density diagram of Cuj;P,
respectively. These results demonstrate that Fermi-level inter-
leaving occurs in Cu;P, which is indicative of the metal-like
catalytic properties of this compound. Generally, metal-like
catalysts have strong electrical conductivity and electron
absorption ability, so Cu;P can be used as the active site in the
composite catalyst, thereby promoting the amount of hydrogen
evolution under light.®®

Fig. 10(a)-(c) show the calculated work functions of GDY,
CuzP and Moy ;NiS, as 5.64, 4.00 and 4.49 eV, respectively.
Often the magnitude of the work function represents the ability
of the electrons to bond. When the work function is larger, it
indicates that the electron binding ability is stronger, so the
charge on the surface of the catalyst is efficiently utilized to
participate in the reduction reaction of the hydrogen evolution
process.® Usually, the difference between the work functions
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represents the potential difference between the semi-
conductors, which causes a driving force to form between the
catalysts, thus facilitating the transfer of electrons between
them. This is also one of the necessary conditions for the het-
erojunction formation.”

The mechanism of the performance enhancement of the
composite photocatalyst CGM-10 was explored by UV-visible
diffuse reflectance absorption spectroscopy and the Mott-
Schottky test. The band gap of the catalyst can be obtained
based on the conversion relationship between the Kubelka-
Munk function and light energy. The band gap of NiS, is
1.62 eV, as illustrated in Fig. 10(d). Upon doping the elemental
Mo into NiS,, the band gap of Mo-NiS, decreases to 1.48 eV (as
shown in Fig. 10(e)). A reduction in the band gap is conducive to
carrier migration, which is more conducive to the redox reac-
tion. As illustrated in Fig. 10(f), the band gap of CusP is 0.6 eV.
Fig. 10(g) and (h) are Mott-Schottky plots of GDY and Mo, ;NiS,
at 1000 (frequency) and 1500, respectively. The results show that
the slopes of both plots are negative, thus it can be determined
that GDY and Mo, ;NiS, are n-type semiconductors. The flat-
band potentials of both GDY and Mo, NiS, measured with
a calomel electrode as the reference electrode are —0.47 and
—0.67 V, respectively. In general, the conduction band of n-type
semiconductors is more negative than the flat band potential of
0.2 eV.”" Therefore, the conduction positions of GDY and
Mo, ;NiS, are 0.67 and —0.87 V vs. SCE, respectively. According
to the relation between the VB and the band gap (Eyg = Ecp +
E,), the VB position of GDY and Mo, ;NiS, can be obtained as
0.41 and 0.86 V vs. SCE, respectively. The results show that GDY
and Mo, ;NiS, have interbank heterojunction structures. The
relationship between the calculated work functions finally gives
the band structure, as shown in Fig. 10(i).
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Fig. 9 (a) Structure model, (b) band structure and (c) state density of GDY; (d) structure model, (e) band structure and (f) state density of CuzP.
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(b)

(a—c) Schematic diagram of charge transfer mechanism between CGM-10; and (d) diagram of the mechanism of H, evolution in sunlight.
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3.5. Possible mechanism

Based on the energy band structure and in situ XPS and DFT
calculations, a possible mechanism for improving the perfor-
mance of CGM-10 is proposed. Fig. 11(a) shows the band
structure of the semiconductor before contact. The difference
between the VB and the work function makes electron transfer
possible.””® Therefore, when GDY is in contact with Mo, 1 NiS,,
the Fermi level tends to be balanced due to the potential
difference between the Fermi levels, which will cause electrons
to escape from the Fermi level.” The transfer of electrons causes
an internal electric field within GDY and Mo, ;NiS,. As shown in
Fig. 11(c), when the photogenerated charge carrier of the
semiconductor is excited under light, the photogenerated
electrons will be removed from the semiconductor under the
action of the internal electric field. Instead, photoluminescent
holes are removed from Mo, ;NiS, to Cu;P.”>’® Meantime, Cu;P
as a cocatalyst showed metal-like properties.”” Therefore, CuzP
exists as the active site for hydrogen evolution in the composite
catalyst, which helps to provide more active sites for the catalyst
and accelerate the migration of photogenerated carriers.

When the composite catalyst CGM-10 is irradiated by light,
the photogenerated carrier is excited. Due to the internal elec-
tric field and Coulomb force generated inside the semi-
conductor, the photogenerated electrons produced by CB in
GDY will be combined with the photogenerated holes produced
by VB in Mo, 1NiS, under the action of the two driving forces.”
The photogenerated electrons produced by CB in GDY will
combine with the photogenerated holes produced by VB in
Mo, ;NiS,. GDY will leave strong oxidizing potholes in VB to
oxidize TEOA. The photogenerated electrons of CB left behind
in Moy ;NiS, will reduce H" to H,.” CusP, as a metalloid
hydrogen evolution site, will attract some electrons on CB of
Mo, ;1NiS, to transfer. Thus, the recombination rate of the
photogenerated carriers will be reduced.®® At the same time, EY
was adsorbed on the surface of CGM-10 as a dye molecule.
Under light exposure, the excited state EY"" is formed, which is
subsequently converted to the more stable EY>". Under the
action of TEOA, EY®” is reduced and quenched to EY . EY ",
which has strongly reduced power, reduces H' to H,. Eventually,
the dye molecules will return to their ground state.

4. Conclusions

In summary, we changed the crystal structure of NiS, through
the element doping strategy, optimized the electron state
density of Mo, ;NiS,, and thus improved the electron conduc-
tivity. Therefore, the conductivity of cocatalyst Cu;P-GDY was
stimulated to improve the hydrogen evolution performance.
The results showed that the hydrogen evolution performance of
NiS, doped with Mo was 3.1 times that of NiS,, and the
hydrogen evolution performance was improved 2.9 times to
133.1 umol g~ " after loading the co-catalyst. At the same time,
combining in situ XPS with UV, Mott-Schottky and work func-
tion analyses, the stepped heterojunction between CGM-10 was
constructed to form a directional electron transport channel,
which accelerates the separation of the photogenerated carriers
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and improves the hydrogen evolution performance. This work
proves that the combination of organic catalysts with high
conductivity and electronic conductivity can effectively improve
the performance of the photocatalytic hydrogen evolution.
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