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Highly dispersed NiS, quantum dots as a promising
cocatalyst bridged by acetylene black significantly
improved the photocatalytic H, evolution
performance of g-CzN4 nanosheets

Miaomiao Li, ©2* Qilin Pan, Mucang Xiao and Jianwen Xiong

In this work, ternary nanocomposite (CNs—AB/NiS,) as a hovel efficient H, evolution photocatalyst without
the use of noble metals was successfully synthesized by depositing acetylene black (AB) and ultra-fine NiS;
nanoparticles on the surface of CNs (g-C3N4) through ultrasonic dispersion and chemical vapor deposition
methods, respectively. It was revealed that the loaded AB and NiS, nanoparticles have significantly improved
the photocatalytic H, evolution efficiency of the CNs by improving the photogenerated electron—hole pair
separation, visible light absorption and hydrogen evolution kinetics. Besides acting as a cocatalyst, AB
served as a conductive electron bridge between CNs and NiS,, which accelerated the effective transfer
of electrons from CNs to NiS, and improved the H, evolution kinetics of the NiS, cocatalyst. The H,
evolution experiments revealed that the ternary photocatalyst CNs—AB/NiS,10 displayed a H, evolution
rate of up to 2434.85 pmolL g’1 h~%, which was a 1.41 times enhancement compared to that of the
binary composite CNs—NiS,10 and was 12.43 times higher than that of the pure CNs. Moreover, the
ternary photocatalyst CNs—AB/NiS,10 not only exhibited excellent photocatalytic activity and stability in
the tests, but provided a novel idea for the development of high-efficiency catalysts free of noble metals

rsc.li/rsc-advances as well.

1 Introduction

In recent years, the energy crisis and environmental pollution
have been major issues for human society.! Thus, it is highly
desirable to search for and develop novel environmentally
friendly and renewable energy sources. Hydrogen is widely
recognized as the most promising alternative to fossil fuels due
to its pollution-free combustion products and high energy
density.”* Among the strategies for H, production, photo-
catalytic water splitting is widely recognized as an effective and
economical approach to produce hydrogen due to its sustain-
ability and environmental friendliness.>® However, no photo-
catalyst capable of producing hydrogen on a large scale with high
efficiency, stability, safety and a low cost has been developed for
H, evolution at present.” Therefore, it is essential to develop
novel photocatalysts with high activity, low cost and good
stability for efficient photocatalytic H, production. The two-
dimensional layered material g-C3N, is considered as an
exciting material for water splitting due to its narrow band gap,
chemical and thermal stability and excellent electronic proper-
ties.'*** Nevertheless, the photocatalytic performance of pure g-
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C;N, is constrained by its fast charge recombination, low surface
area and narrow light absorption range.'®* As a result, various
modification methods have been investigated to overcome these
weaknesses, like constructing heterojunctions, element doping,
cocatalyst loading, morphoregulation and so on.”™° Among
these strategies, cocatalyst loading, such as with transition and
noble metals, to improve the charge separation efficiency and
solar energy utilization of pure g-C3;N, is a particularly effective
method.** In general, loading noble metals, such as Pt, Au and
Ag, on pure photocatalysts can apparently promote the separa-
tion of photoexcited holes and electrons, increase the surface
active sites and reduce the H, evolution overpotential of the
photocatalyst.'””* However, their high price and low natural
abundance have severely restricted the application of noble
metals."»** Transition metal sulfides (e.g, Co0S.,>* CuS,*
MoS,,** WS, ” and CdS >**°) have been widely used as H,
evolution promoters in the electrocatalytic field due to their
stability, low overpotential, low cost and excellent activity,*
which indicates that transition metal sulfides may be promising
cocatalysts for photocatalytic H, evolution.**** Zhu et al,® Fie
et al.,** and Li et al* have reported NiS, as a cocatalyst in the
photocatalytic HER. However, the NiS, cocatalysts prepared by
the hydrothermal method in these reports are of poor dis-
persibility and suffer from serious agglomeration; there are also
potential safety hazards in the preparation process. Furthermore,
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the agglomerated nanoparticles can easily become the recom-
bination center of photogenerated carriers, which could reduce
the migration and separation carriers, so as to restrict the
improvement of the photocatalytic efficiency.®*® Based on the
above, we developed a new preparation method to deposit ultra-
fine and highly dispersed NiS, nanoparticles on the CNs surface.
Ultra-fine and highly dispersed NiS, nanoparticles synthesized
by a chemical vapor deposition method could provide more
reactive active sites for the HER, promote the separation and
migration of carriers and improve the photocatalytic perfor-
mance of g-C3N, nanosheets. However, compared to noble
metals, NiS, possesses a weaker conductivity and a lower work
function, which means poor collection and utilization of pho-
togenerated electrons compared to those of noble metals. Acet-
ylene black (AB) is widely used as a common conductive additive,
which can remarkably improve the photocatalytic efficiency by
accelerating the transfer and diffusion of electrons (or holes) on
the surface of the catalyst and reducing the recombination rate of
electron-hole pairs on the interface of the photocatalyst owing to
its excellent conductivity and stability.?”*

In this work, we creatively reported noble metal-free NiS, and
AB co-modified g-C3;N,; nanosheets (CNs-AB/NiS,) as a prom-
ising photocatalyst for water splitting. The synergy between NiS,
cocatalyst and conductive layer AB can significantly improve the
photocatalytic HER performance by improving the photo-
generated electron-hole pair separation, visible light absorp-
tion and hydrogen evolution kinetics. Specifically, under the
irradiation of visible light, the conductive AB layer deposited on
the surface of the CNs served as an electron bridge to promote
the diffusion and transfer of in-plane charges, while the highly
dispersed NiS, nanoparticles effectively improved the light
absorption capacity of the CNs, accelerated the effective sepa-
ration and migration of photoexcited carriers, provided abun-
dant active sites for the hydrogen evolution reaction (HER) and
further improved the photocatalytic efficiency of the CNs as
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shown in Fig. 1."*® The photocatalytic H, evolution rate of the
ternary photocatalyst CNsAB/NiS,10 boosted to 2434.85 pmoL
h™'g', which is 12.43 times higher than that of the CNs and is
much higher than that of the photocatalysts in previous
reports.**** All in all, this study has provided a new strategy for
the design and synthesis of efficient, stable and non-noble
metal based systems for photocatalytic H, evolution.

2 Experimental
2.1 Materials

Thiourea (CH4N,S), urea (CO(NH),) and absolute ethanol were
supplied by Guangzhou Chemical Reagent Co., Ltd. (Guangz-
hou, China). Ammonium bicarbonate (NH,HCO3) was obtained
from Damao chemical Reagent industry Co., Ltd. (Tianjin,
China). Acetylene black powder (AB) was purchased from
Yingshida graphite Co., Ltd. (Qingdao, China). Nickel chloride
hexahydrate (NiCl,-6H,0) and triethanolamine (TEOA) were
purchased from Shanghai Macklin Biochemical Co., Ltd.
(Shanghai, China). All chemicals were of analytical grade and
were used as purchased.

2.2 Synthesis of the g-C;N, nanosheets (CNs)

The g-C;N, nanosheets were synthesized according to previous
literature.® Specifically, 4 g of urea in a crucible was heated to
550 °C for 4 h with a ramping rate of 2.5 °C min . Then, it was
heated at 500 °C for an additional 2 h. Afterwards, the residual
yellow power was collected, washed with deionized water and
dried in a vacuum freeze oven for 10 h. Ultra-thin g-C3;N,
nanosheets (CNs) were obtained.

2.3 Synthesis of the CNs-AB composite

1 g of the as prepared CNs and 5 mg AB were dispersed into
50 mL of absolute ethanol with vigorous stirring for 1 h, the
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Fig. 1 Photocatalytic H, evolution mechanism on the CNs—AB/NiS, composites.
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obtained suspension was ultrasonicated for another 3 h. After-
wards, the resulting product was collected by filtering and dried
in a vacuum oven for about 12 h at 60 °C. Finally, the CNs-AB
composite was obtained and the quantity of AB loaded on the
CNs was the optimal proportion, determined according to

previous literature.*>*

2.4 Synthesis of the CNs-AB/Ni,(OH),-COj;-4H,0 composite

1 g CNs-AB and 0.0968 g NiCl,-6H,0 (0.407 mmoL) were dis-
solved in 150 mL of absolute alcohol under magnetic stirring.
After approximately 2 h, 0.0966 g NH,HCO; (1.22 mmoL) was
added into the mixed solution and stirred for another 6 h. Then,
the obtained powder was washed with absolute alcohol 5 times,
collected by centrifugation and dried at 60 °C overnight. The
CNs-AB/Ni,(OH),-COj;-4H,0 composite was obtained.

2.5 Synthesis of the CNs-AB/NiS, composite

The as prepared nanocomposite CNs-AB/Ni,(OH),-CO;-4H,0
and the sulfur source CH,N,S in porcelain crucibles were placed
at the air outlet and inlet of a tube furnace, respectively.
Subsequently, the samples were heated at 350 °C for 2 hours
with a ramping rate of 2 °C min~' in an argon atmosphere.
Ultra-thin g-C3N, nanosheets dropping with 0.5 wt% AB and
5 wt% NiS, were obtained after cooling to room temperature
and were denoted as CNs-AB/NiS,5. CNs-AB compounds con-
taining 10 wt% and 15 wt% nickel sulfide were prepared using
the same approach and were called CNs-AB/NiS,10 and CNs-
AB/NiS,15, respectively. g-C3N, nanosheets containing 5 wt%,
10 wt% and 15 wt% NiS, were synthesized as well.

2.6 Characterization

The morphologies of the products were observed using scan-
ning electron microscopy (JEOL JSM-6330F) and field emission
transmission electron microscopy (JEOL-2100) at an accelerated
voltage of 200 kV. XRD (X-ray diffraction) patterns of the CNs-
AB/NiS, were obtained using a D/MAX 2500 V diffractometer
with Cu-Ka radiation at 40 kV. UV-vis diffuse reflection spec-
troscopy was performed using a Shimadzu UV-2600 spectro-
photometer with barium sulfate (BaSO,) as the reference. An
AXIS SUPRA surface analysis system was applied to record the X-
ray photoelectron spectroscopy (XPS) with a C 1s peak at
284.8 eV as the internal standard. The photoluminescence (PL)
spectra were recorded with a fluorescence spectrometer (Hita-
chi F-7000, Japan) with an excitation wavelength of 390 nm.
Nitrogen adsorption-desorption studies, including the BET
surface area and pore size distribution of the samples, were
carried out on a JW-BK200C analyzer. Electrochemical tests
were performed on a CHI 660E instrument in a three-electrode
battery system. A Pt wire and Ag/AgCl electrode were used as the
counter electrode and reference electrode, respectively. Na,SO,
aqueous solution (0.1 M) was used as the electrolyte. The
apparent quantum efficiency (AQE) of the catalyst was
measured using a xenon lamp (300 W) with a 400 + 5 nm band-
pass filter.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2.7 Photocatalytic H, evolution

Photocatalytic tests were performed on a photocatalytic water
splitting hydrogen production system. Generally, 10 mg of CNs-
AB/NiS, powder was dispersed in a Pyrex glass cell containing
a mixed solution of 100 mL of water and 20 mL of TEOA
(sacrificial agents) with a magnetic stirrer. The reaction system
was in a vacuum state before the irradiation and the tempera-
ture of the system was maintained at 40 £ 0.5 °C. Subsequently,
the reactor was exposed to a Xe lamp source with a filter (2> 420
nm) for 4 h, the mixed solution was under magnetic stirring
throughout the experiment to keep the photocatalyst in
suspension all the time. The evolved H, was detected and
collected using an online gas chromatograph with N, as the
carrier gas during the process.

3 Results and discussion

The morphology and surface microstructure of the CNs, CNs-
AB and CNs-AB/NiS,10 were revealed using SEM and TEM. The
SEM images of the CNs in Fig. 2A and D display a wrinkled,
ultra-thin, flower-like nanoscale two-dimensional structure.
The TEM images of the pure CNs-AB (Fig. 2B and E) reveal the
shape of the CNs-AB. It is apparent that the AB nanoparticles
were attached to the surface of the CNs, and the CNs-AB
inherited the sheet-like morphology of the CNs well. However,
for CNs-AB/NiS,10, the NiS, nanoparticles can not be well
distinguished from the AB nanoparticles in the TEM images
(Fig. 2C and F), owing to the similar morphology of AB and NiS,,
and therefore EDX was used to detect the presence of NiS,.
Fig. 2G presents the mapping of CNs-AB/NiS,10, and the
brighter areas represent the higher concentration of the corre-
sponding element in the patterns. It is obvious that C, N, Ni and
S were highly dispersed on the surface of the composite in the
elemental mapping images of CNs-AB/NiS,10, which further

Fig. 2 SEM images of the CNs (A and D), TEM images of the CNs—AB
(B and E) and CNs—-AB/NiS;10 (C and F) and the mapping of CNs—AB/
NiS;10 (G).
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identified the successful synthesis of the CNs-AB/NiS,10
composite material. The phase structures and compositions of
the as-prepared CNs-AB/NiS, composites and pure CNs photo-
catalysts were analyzed using X-ray diffraction (XRD). Fig. 3A
depicts the XRD patterns of the pure CNs and CNs-AB/NiS,
composites with different amounts of NiS,. As is shown in
Fig. 3A, all of the samples featured two distinct characteristic
peaks at 13.3° and 27.6°, which indicated the successful
synthesis of g-C3;N, (JCPDS no. 87-1526)."* The weaker diffrac-
tion peak at 13.3° corresponds to the in-plane structural
packing pattern of the heptazine network and can be indexed as
the (100) crystal plane of g-C5N,.>*** Another stronger diffrac-
tion peak at 27.6° can be designated as the interlayer stacking of
the aromatic segments, which can be attributed to the (002)
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plane of g-C;N,.*** The remaining series of weak peaks are
attributed to NiS,. Specifically, the peaks can be clearly identi-
fied at 31.4°, 35.3°, 45.1°, 48.0° and 53.4°, which matches well
with NiS, (JCPDS no. 89-1495).>**¢ Furthermore, no diffraction
peak for AB was observed in the nanocomposites, which is
probably due to the low content and crystallinity of AB and its
high dispersion on the surface of the CNs.* In addition, no shift
of the diffraction peak of g-C;N, was observed, indicating that
the AB and NiS, nanoparticles loaded on the CNs did not
changed the morphological structure of the CNs. From the
above results, we found that the NiS, nanoparticles were
successfully modified on the surface of the CNs-AB. The surface
elemental composition analysis of CNs-AB/NiS,10 was per-
formed using X-ray photoelectron spectroscopy (XPS). As is
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Fig. 3 XRD patterns of the CNs, CNs—AB, CNs—AB/NiS,10 and CNs—AB/NiS,15 composites (A). XPS survey spectra of the CNs and CNs-AB/

NiS,10 composites (B).
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depicted in the full XPS spectra of CNs-AB/NiS,10 in Fig. 3B,
CNs-AB/NiS,10 contains C, N, S, and Ni elements. The high-
resolution XPS spectrum of C 1s (Fig. 4A) showed two peaks.
The first peak, with a binding energy of 284.8 eV, is assigned to
AB (C-C bonding) adsorbed on the surface of CNs-AB/NiS,10.*”
The peak at 288.0 eV was attributed to the characteristic
graphite sp>-hybridized carbon (N-C=N) in the g-C;N, lattice.*®
Furthermore, the N 1s spectrum (Fig. 4B) consists of four peaks
centered at 396.1 €V, 397.2 eV, 398.4 eV and 402.3 eV, ascribed
to the binding energy of C-N=C (sp>-hybridized nitrogen), N-C;
(sp? tertiary nitrogen groups) and C-NH (amine groups) in and
out of triazine rings and m-excitations, respectively.****** The
high-resolution spectrum of Ni 2p (Fig. 4C) could be deconvo-
luted into four peaks, which at 853.8 eV and 870.8 eV are cor-
responding to the Ni 2p*? and Ni 2p*/* of Ni*', respectively.3**
The other two peaks with lower binding energies of 859.6 eV and
876.9 eV correspond to the satellite peaks. In terms of the S 2p
spectrum (Fig. 4D), the XPS peak can be divided into two main
peaks centered at 162.8 eV and 164.1 eV, which correspond to
the typical (S,)>~ peaks, while the peak at 169.2 eV could be
assigned to the S-O bonding due to the slight oxidation.?>*>*
The above XPS results have further confirmed the synthesis of
CNs-AB/NiS,10.

UV-vis diffuse reflectance spectroscopy was used to study the
optical properties of the photocatalysts. As shown in Fig. 5A, the
CNs show a strong absorption band with an absorption edge at
450 nm, corresponding to a band gap of 2.75 eV. However, CNs-
AB/NiS,10 and CNs-AB/NiS, 15 exhibited a significantly stronger
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visible light absorption intensity compared to that of the CNs in
the wavelength region above 450 nm. In addition, the absorp-
tion edges of the bands of CNs-AB/NiS,10 and CNs-AB/NiS,15
were slightly shifted to the longer wavelength direction. Based
on the tangent of the (a/v)"/* to /v curve in Fig. 5B, the Kubelka-
Munk method was used to estimate the band gap energy of the
n-type CN photocatalyst (¢« and #v are the light absorption
coefficient and photon energy, respectively).”> The band gap of
NiS, is 0.3 eV, which means a wide range of visible light
absorption. Fig. 5B shows that the band gaps of CNs-AB/NiS,15
and CNs-AB/NiS,10 reduced to 2.72 eV and 2.73 eV, respec-
tively, after loading NiS, and AB. As is known, a narrow band
gap means a wider range of light absorption, which is beneficial
to the improvement of photocatalytic efficiency. In brief, the
significantly improved light absorption and narrow band gaps
of CNs-AB/NiS,10 and CNs-AB/NiS,15 can boost the H,
production activity.*®

To explore the effect of AB and NiS, deposited on the CNs,
the surface area and pore size distributions of the composites
were characterized using nitrogen adsorption-desorption
isotherms. It can be seen from Fig. 5C and D that the isotherms
of both the CNs and CNs-AB/NiS,10 display typical IV isotherm
curves, indicating the mesoporous structural characteristics of
the CNs and CNs-AB/NiS,10.>** In comparison with that of the
CNs, the BET surface area of CNs-AB/NiS,10 was increased to
77.1 m> g7 from 69.3 m*> g~ ", revealing the increase of active
sites on the CNs-AB/NiS,10 surface. In addition, the higher
surface area and larger pore volume of CNs-AB/NiS,10 have not
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only accelerated the diffusion and transfer of the carriers, but
also boosted the reflection of light in the pores, thereby
improving the photocatalytic efficiency.***

Photocatalytic water splitting experiments were carried out
under Xe lamp irradiation (A > 400 nm) to evaluate the photo-
catalytic H, evolution of the CNs-AB/NiS, and CNs-NiS,
composites, with 20% volume TEOA as a carrier sacrificial agent.
For comparison, the average H, evolution rates of the CNs and
CNs-AB/NiS, under visible light irradiation are depicted in
Fig. 6A. It can be seen that, within 4 h of irradiation, the amount
of H, produced on the pure CNs, CNs-AB, CNs-AB/NiS,5, CNs-
AB/NiS,15 and CNs-AB/NiS,10 photocatalysts were 725.05 pmoL
g ' h™' 1582.13 pymoL ¢ ' h™, 6611.92 umoL g ' h™', 7662.31
umoL g~ " h™" and 9739.43 pmoL g~ ' h™", respectively. The H,
evolution rate of CNs-AB/NiS,10 reached 2434.85 pmoL g 'h™*,
which is 12.43 times higher than that of the pure CNs. Moreover,
the amount of H, released over all the photocatalysts increased
linearly during the reaction, showing that all of the photo-
catalysts exhibit a favorable stability under visible light irradia-
tion. Furthermore, it can be observed from Fig. 6A that the
photocatalysts loaded with NiS, and AB exhibited a remarkably
enhanced activity for H, evolution compared to that of the CNs.
At the same time, the photocatalytic activity of the samples
loaded with the same dose of NiS,, but without AB (CNs-NiS,)
and CNs-AB, are demonstrated in Fig. 6B. It is clear that the
binary photocatalysts exhibit a lower H, evolution rate compared
to that of the ternary ones, revealing that the ternary photo-
catalyst CNs-AB/NiS, possessed a stronger photocatalytic activity
compared to that of the binary composite CNs-NiS,, since AB as
a conductive bridge can greatly accelerate the separation of the
photoexcited electrons and holes to enhance the photocatalytic
performance of the CNs. Nevertheless, it is also apparent that
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CNs-AB/NiS,15 produced less H, than CNs-AB/NiS,10 during
this process, which could be attributed to the shielding effect on
the surface of the CNs caused by the excessive NiS,
nanoparticles.?>*%%¢

In addition, compared to the previous literature, the
hydrogen production of CNs-AB/NiS,10 within 4 hours is about
520 times that of Pt,;Co/g-C3N,, 110 times that of g-C3;N,
inverse opal photocatalysts, 380 times that of g-C;N, with
nitrogen vacancies and 1.11 times that of g-C3;N,/TizC,
MXene.”"%

Considering the stability of a photocatalyst is a key factor for
practical applications, cycling photocatalytic testing for H,
evolution was implemented to evaluate the stability of the CNs-
AB/NiS,10 composite. As revealed in Fig. 6C, there was no
evident decrease in the photocatalytic activity of the composites
observed after six cycles of the photocatalytic reaction. It can be
inferred that the ternary photocatalyst CNs-AB/NiS,10
possesses excellent H, evolution stability and durability.

Besides the light absorption properties, the carrier dynamics
of the samples have a great impact on the photocatalytic
performance. The separation, migration and recombination of
photoexcited charges were revealed by PL, transient photocur-
rent responses and electrochemical impedance spectra (EIS).**
PL spectra were used to evaluate the separation efficiency of the
photogenerated carriers.” As shown in Fig. 6D, the CNs showed
a strong intrinsic emission peak at 420 nm, indicating a high
recombination rate of the photoexcited charge carriers in the
CNs, while the PL intensity of CNs-AB/NiS,5, CNs-AB/NiS,10,
CNs-AB/NiS,15 and CNs-NiS,10 showed a slight blue shift and
a significant decrease. The emission peak intensity of the
samples decreased remarkably with the increase in the amounts
of NiS,, which indicated that the NiS, and AB nanoparticles

12 A 12 ,
1
L] ~10} —=CNs — !
-~ s . < 4
T |~ oxsanniss 2 ——/CNes-AB K i
E —+— CNs-ABINiS, 15 g 8p — ONsNiSS » |2 f\
E | —v CNs-ABNNiS,10 E sk —v— CNs-NiS,15 P £ | !
z g — CNs-NiS, 10 e = [
g 4r 5 af E J !
-g = = ) 1
g 2} 3 B [
= a 2F g f 1
= o ~ [ 1
of = of = |
1
2 A 2 L 1
0 ! 2 3 4 0 1 2 3 4 24
Tl Time (h) Time (h)
0.026 S
D — CNs — E o F - ons
— CNs-AB/NiS)5 | % —— CNs-AB/NiS,10 — CNs-NiS,10 | CNs-AB/NiS,5
- — CNs-NiS,10 T 0022F — CNs-AB/NiS;15 — CNs 60001 4 CNs-NiS,10
d s £ . .
& —— CNs-AB/NiS,15( z. 0.020 v CNs-AB/NiS,15 .
z — CNs-AB/NiS, 10| Z | o1l ¢ CNs-AB/NiS; 10 «
= £ 00161/ / et AL &
= g S A
5 0.014 .':{t.....
0.012 }(‘
: . - 0.010
400 450 500 550 600 0 0 1000 2000 3000 4000 5000 6000

Wavelength (nm)

Time (s) Z'(Ohm)

Fig. 6 Photocatalytic H, evolution with respect to time over different samples (A and B). Repeated cycles of photocatalytic H, evolution on
CNs—AB/NiS;10 (C). Steady-state photoluminescence spectra (D), transient photocurrent responses (E) and electrochemical impedance

spectroscopy (F) of the samples.

2608 | RSC Adv, 2022, 12, 2603-2611

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra07110f

Open Access Article. Published on 19 January 2022. Downloaded on 7/14/2025 12:12:40 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

loaded on the surface of the CNs greatly inhibited the recom-
bination of the photoexcited electron-hole pairs, which was
favorable to the photocatalytic HER.®* In addition, the peak of
the CNs-AB/NiS, was much lower than that of CNs-NiS,10 as
the PL spectra shows, indicating that AB served as an electron
transfer bridge and accelerated the electron transfer from the
CNs to the NiS, and markedly reduced the recombination rate
of the electron-hole pairs.**

Transient photocurrent measurements were carried out to
further study the rapid charge separation and transfer at the
interface. Fig. 6E shows the rapid and reproducible photocur-
rent response of all the samples under intermittent visible light
irradiation. The photocurrent response of the CNs increased
with the loads of AB and NiS,, indicating that the co-catalysts AB
and NiS, effectively enhanced the interfacial charge separation
and transfer of the CNs.*** More importantly, the ternary
photocatalyst CNs-AB/NiS,10 exhibits the highest photocurrent
density among all the photocatalysts, which reveals that the
photoexcited carriers in CNs-AB/NiS,10 can more easily sepa-
rate and migrate to the surface of the CNs,* further indicating
that the co-loading of AB and NiS, initiates the best charge
separation and transfer, thus resulting in the highest photo-
catalytic H, evolution performance.*»*> However, the photo-
current density of CNs-AB/NiS,15 is slightly lower than that of
CNs-AB/NiS,10, which may be due to the excessive load of

1.6
UV-vis absorption intensity - 12
® apparent quantum efficiency

14 J10
g
o
g 12} ke 9
3 2
£ 1° &
E 1.0 F <
2 J4

0.8 | 12

o o 40
0.6 £ L L L N
200 300 400 500 600 700

Wavelength (nm)

Fig.7 Wavelength dependence of the AQE of CNs—AB/NiS,10 for H,
evolution (right axis) and UV-vis absorption spectrum of CNs—AB/
NiS,10 (left axis).
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NiS,.?® On the one hand, the overloading of NiS, on the CNs may
cause a shielding effect and reduce the absorption of incident
light.*** On the other hand, excess NiS, nanoparticles will
become the recombination centers of photoexcited carriers.*®
Therefore, an appropriate amount of NiS, can effectively
improve the activity of the photocatalyst, which provides
a reference for the loading amount of the cocatalyst.®”

EIS experiments were carried out to further confirm the
enhanced interfacial charge separation. Nyquist plots of all the
samples displayed semicircles in the middle frequency region, as
shown in Fig. 6F, and the radius of the arcs are positively
correlated with the electron transfer impedance (R.).*"*® The
radii of the CNs loaded with different amounts of NiS, and AB
are much smaller than that of the pure CNs on the Nyquist plots,
descending in the following order: CNs > CNs-AB/NiS,5 > CNs—
NiS,10 > CNs-AB/NiS,15 > CNs-AB/NiS,10, suggesting that the
AB and NiS, loading can effectively reduce the charge transfer
resistance of the CNs and improve the separation and transfer
rate of the photoexcited electron-hole pairs.* Obviously, AB and
NiS, on the surfaces of the CNs may accelerate the transfer and
separation of charge and cause a slower recombination rate of
the photoexcited electron-hole pairs, leading to a significant
improvement in the photocatalytic H, evolution activity of the
CNs. In addition, the ternary photocatalyst CNs-AB/NiS,10 was
observed to exhibit a smaller arc radius than that of CNs-NiS,10,
which was consistent with the result of the H, evolution tests,
further confirming the prominent role of AB in improving the
charge separation and transfer.

Fig. 7 shows the AQE of the CNs-AB/NiS,10 sample at
different irradiation wavelengths. The AQE value of the CNs-AB/
NiS,10 sample at 400 nm reached 4.12%, which indicated that
the introduction of the NiS, and AB significantly improved the
light absorption properties of the CNs and widened the light
response intensity in the visible light region.””*

Besides the wider range of light absorption, the enhanced
photocatalytic activity of the ternary photocatalyst was mainly
attributed to the effective separation and transfer of electrons
and holes at the CNs interface from the above analysis.'” The
CNs without cocatalysts exhibit a low photocatalytic activity as
a result of the rapid recombination of the photoexcited elec-
trons from the conduction band (CB) and holes from the
valence band (VB) under irradiation. After coupling with the
NiS, and AB, the electrons in the valence band of the CNs were

VB

(TE0A

CNs

Fig. 8 Proposed mechanisms of the photoexcited charge transfer over the CNs—NiS, and CNs—AB/NiS,.
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excited to the conduction band, then the excitation electrons
could be quickly migrated to the CB of the NiS, by AB under
irradiation.” At the same time, the remaining photoexcited
holes in the valence band of the CNs were rapidly quenched by
the TEOA sacrificial agent. In this way, the photoexcited elec-
trons and holes can be effectively separated as is proposed in
Fig. 8, and the electrons that migrated to the NiS, would react
with the H' in the solution to generate H,.>>”? Therefore, the
CNs-AB/NiS, exhibited a preferable photocatalytic performance
in the photocatalytic H, reaction than the binary photocatalysts
CNs-NiS, and the pure CNs. On the other hand, the highly
dispersed NiS, as a cocatalyst significantly increased the active
sites on the CNs surface. However, a shielding effect will work
when the content of NiS, was further increased above the
optimal value, resulting in a decrease in the photocatalytic
performance. As a result, the as-prepared CNs-AB/NiS,
composites exhibit an excellent photocatalytic H, evolution
performance, which can be attributed to the synergistic effect of
the AB and NiS,, thereby significantly increasing the photo-
response range of the CNs, improving the separation efficiency
of the photoexcited electrons and holes, and increasing the
specific surface area of CNs.

4 Conclusions

In conclusion, we have successfully designed and synthesised
a series of binary and ternary photocatalysts by dispersing NiS,
or/and AB nanoparticles on ultra-thin g-C;N, nanosheets as
excellent photocatalysts, without a noble metal cocatalyst, for
H, generation using a novel approach. Specifically, the AB
nanoparticles at the interface act as an effective bridge to
accelerate the transfer of photoexcited electrons from the CNs
to the NiS,. The NiS, cocatalyst, with excellent dispersibility, has
provided more active sites for the HER. The co-modification of
AB and NiS, not only resulted in a significant increase of the
specific surface area and light absorption range of the CNs, but
significantly boosted the separation and transfer of the elec-
trons at the interface of the catalyst and reduced the recombi-
nation rate of the carriers. All in all, the cocatalyst AB and NiS,
nanoparticles have remarkably improved the photocatalytic
performance of the CNs, therefore the ternary photocatalyst
CNs-AB/NiS,10 exhibits the highest H, generation rate of
2434.85 umoL h™' ¢~ under visible light irradiation, which is
12.43 times higher than that of the CNs. Moreover, cyclic
hydrogen evolution tests proved that the ternary photocatalyst
was stable enough for practical applications. This work provides
a new route for the design and development of noble metal-free
photocatalysts with excellent properties; we hope that this leads
to the development of more and more strategies to improve the
efficiency of photocatalytic hydrogen production.
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