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irradiation

Li Huang,a Ruchao Gao,a Liuying Xiong,a Perumal Devaraji,a Wei Chen, ab
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Two-dimensional (2D) semiconductor materials have attracted considerable attention in the field of

photocatalysis due to the high interfacial charge separation efficiency and abundant surface active sites.

Herein, we have fabricated 2D/2D sheets of Ni2P/CdS heterostructure for photocatalytic H2 evolution.

The microscopic and photocatalytic activity results suggested that Ni2P nanosheets were coupled with

snowflake CdS. The optimal hydrogen production rate reached 58.33 mmol h�1 g�1 (QE ¼ 34.38%, l ¼
420 nm) over 5 wt% Ni2P, which is equivalent to that of 1 wt% Pt/CdS. Compared with pure CdS, Ni2P/

CdS presented lower fluorescence intensity and stronger photocurrent density, which demonstrated that

the 2D/2D Ni2P/CdS heterojunction photocatalyst significantly improved the separation efficiency of

photogenerated electrons and holes. The excellent performance of Ni2P/CdS clearly indicated that Ni2P

was an excellent cocatalyst and could provide abundant active sites for hydrogen evolution.
1. Introduction

Since Fujishima et al. reported photocatalytic hydrogen
production from water splitting in 1972, increasing attention
has been paid in this research eld,1 and thus a large amount of
photocatalysts have been developed, among which CdS is
thought of as a promising photocatalytic semiconductor mate-
rial with high conductivity and narrow band gap.2 Due to the
fast recombination of photo-induced carriers and severe photo-
corrosion, CdS alone is inactive,3 and always works with noble
metal cocatalysts, such as Pt, Pd, Ru, etc., which has signi-
cantly increased the cost of catalysts and thus limits their
application.4 Recently, many non-precious metal co-catalysts
have been developed,5 such as metal sulde,6–8 metal
carbide,9,10 metal nitride,7,11 metal phosphide12–14 and metallic
oxide.15,16 To promote the activity of CdS photocatalysts, our
group has tried several strategies, including: (1) Pt-based bi-
metal cocatalysts, such as PtPd NPs,17 PtNi NPs,18 and PdNi
NPs,19 which can not only reduce the use of precious metals, but
also improve the photocatalytic performance because of the
synergistic effect of the bimetals; (2) nobel metal free cocata-
lysts, such as Ni20 or Co,21 also display high photocatalytic
activity of H2 generation; (3) structure redesign, such as PtNix
polyhedra,22 PtNix hollow structures23 and PtNixCoy concave
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nanocubes,24 which provide more active sites for photocatalytic
H2 generation, and result in the promotion of activity of CdS; (4)
dealloying PtNix as a cocatalyst, which shows even higher
activity in photocatalytic hydrogen generation.25

In this work, a 2D/2D Ni2P/CdS heterostructure was synthe-
sized and used in photocatalytic hydrogen generation from
water splitting under visible light. Transition metal phosphates
are widely concerned by researchers because of their avail-
ability, cheap price and simple preparation method.26 Due to
the “ensemble effect” of phosphorus, the binding strength of
hydrogen is moderate, which is of great signicance for pho-
tocatalytic hydrogen production.27 Therefore, 2D structured
Ni2P was prepared as the cocatalyst, and modied on the
surface of CdS nanosheet to form a novel 2D/2D Ni2P/CdS het-
erojunction, which shows excellent performance of photo-
catalytic hydrogen production, and provides a promising
prospect for large-scale production of hydrogen in the future.
2. Experimental section
2.1 Reagents and materials

All the chemical reagents, including (NH4)2SO3$H2O were
procured from Alfa Aesar Co. Led, China. Cd(CH3COO)2$4H2O
and HF were procured from Haohua Chemical Reagent Co. Ltd,
China. Ni(CH3COO)2$4H2O, and NH2CSNH2 were ordered from
Kermel Chemical Reagent Co. Ltd, China. C2H8N2 was procured
from Damao Chemical Reagent Co. Ltd, China. NiCl2$6H2O and
red phosphorus were procured from aladdin Chemical Reagent
Co. Ltd, China, and used without any further purication.
RSC Adv., 2021, 11, 12153–12161 | 12153
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2.2 Synthesis of photocatalysts

Synthesis procedure of CdS. Snow-ake CdS was prepared by
a typical hydrothermal method.28 Briey, 5 mmol Cd(CH3-
COO)2$4H2O, 6 mmol CS(NH2)2, 0.805 mL 40 wt% HF and
79.2 mL deionized water were added into a 100 mL Teon-lined
autoclave and allowed to stir for 1 h at room temperature, fol-
lowed by heating in an oven at 473 K for 20 h. Aer the autoclave
cooled down naturally, the product was washed with deionized
water and ethanol for several times. The resultant precipitate
was dried in a vacuum oven at 343 K for 12 h.

Synthesis procedure of Ni2P. Ni2P was synthesized by a facile
solvothermal method with red phosphorus and Ni(CH3COO)2-
$4H2O used as phosphorus and nickel source, respectively.
Firstly, 0.023 mol of red phosphorus was mixed with 15 mL of
deionized water and 15 mL of ethylenediamine. Aer stirring
for 30 min, it was transferred into a 50 mL Teon-lined auto-
clave, and was kept at 373 K for one hour. Subsequently, it was
cooled naturally before 0.004 mol of nickel acetate was added,
and was kept still for 12 h at 413 K. Aer it was cooled down
naturally, the precipitate was collected by centrifugation and
dried at 333 K overnight in vacuum oven.

Synthesis procedure of Ni2P/CdS. A calculated amount of
Ni2P was added to the distilled water stirred for 30 minutes to
disperse well, then mixed with CdS and stirred evenly, and
nally modied on the surface of CdS by photocatalytic depo-
sition. The Ni2P/CdS photocatalyst with an x wt% loading Ni2P
loaded is called x wt% Ni2P/CdS. A simple schematic diagram of
Ni2P/CdS synthesis was shown in Fig. 1.
Fig. 2 XRD patterns of CdS, Ni2P, Pt/CdS and Ni2P/CdS with various
Ni2P loading contents.
2.3 Characterization

XRD patterns were obtained by X-ray diffraction (XRD; Bruker,
Germany) with Cu-Ka radiation in 2q range of 5–90� at a scan
rate of 0.3�/s. Scanning electron microscopy (SEM) images were
obtained using a JEOL 7610F (Japan). Transmission electron
microscopy (TEM) as well as high resolution transmission
electron microscopy (HR-TEM) images were collected using
a JEM-2010 electron microscope equipped with selected area
electron diffraction (SAED). The ultraviolet-visible (UV-vis)
diffuse reectance spectra (DRS) were measured by a UV-vis
spectrophotometer UV-2600 (Shimadzu, Japan), The photo-
luminescence (PL) emission spectra were acquired with a uo-
rescence spectrophotometer (FLS 980, UK).
Fig. 1 Schematic illustration of the synthesis process of Ni2P/CdS photo

12154 | RSC Adv., 2021, 11, 12153–12161
2.4 Electrochemical measurements

All electrochemical measurements were recorded on a CHI-760
electrochemical system equipped with a standard 3-electrode
system and 50 mL of 0.5 M Na2SO4 as electrolyte solution. A
glassy carbon electrode (3 mm diameter, 0.07 cm2) was used as
the working electrode for Linear sweep voltammetry (LSV), and
the modied FTO plates were used as the working electrode for
photocurrent spectroscopy test and Mott–Schottky test. A plat-
inum (Pt) wire and a Ag/AgCl were used as the counter and the
reference electrodes for all the electrochemical tests, respec-
tively. The measurement of electrochemical impedance spec-
troscopy (EIS) was conducted at 5 mV AC (alternating current)
voltage with a frequency range of 1–105 Hz. A 300WXenon lamp
with a 420 nm was used as the light source.
2.5 Evaluation of photo–catalytic activity

A Teon-lined stainless steel cylindrical reactor with a circu-
lating water jacket was used as the photoreactor for H2 gener-
ation via photocatalytic water splitting. The diameter of the
photoreactor is 12.5 cm, and there is a round quartz glass
window (with a diameter of 7 cm) on the top center of the
catalyst.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM image (a), TEM image and insert SAED pattern (b) of as-prepared CdS.
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photoreactor. A 300 W Xenon lamp was used as the light source
with a 420 nm cut-off lter and the measured illumination area
of light is approximately 38 cm2. For photocatalytic H2
Fig. 4 SEM images (a and b), HRTEM images (c and d) of Ni2P, respectiv

© 2021 The Author(s). Published by the Royal Society of Chemistry
generation reaction, 0.05 g of CdS photocatalyst and certain
amount of Ni2P were added to 50 mL of 1.5 M aqueous
(NH4)2SO3$H2O (sacricial agent) solution. High purity
ely.
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nitrogen was pumped for 30 minutes before photocatalytic
activity reaction to obtain an air isolation. Furthermore, the
quantum efficiency (QE) of the samples were tested and can be
calculated as:

QE ¼ the number of evolved hydrogen atoms

the number of incident photons
� 100%
3. Results and discussion
3.1 Structure and morphology

Fig. 2 shows the XRD patterns of CdS, co-catalyst Ni2P, Ni2P/CdS
and Pt/CdS photocatalyst. It can be seen that the CdS shows
several main diffraction peaks at 24.84�, 26.53�, 28.30�, 43.94�

and 47.91�, corresponding to (100), (002), (101), (110) and (103)
crystal surfaces, respectively (PDF#77-2306). The main peaks of
Ni2P at 40.74�, 44.61�, 47.36�, and 54.20� match well with (111),
(201), (210), and (300) planes, respectively, which illustrates that
the Ni2P cocatalyst is successfully prepared by the solvothermal
method.29
Fig. 5 HRTEM images (a–d) of 5 wt% Ni2P/CdS.

12156 | RSC Adv., 2021, 11, 12153–12161
As mentioned in the Experimental section, Ni2P or Pt NPs
were deposited on the surface of CdS by its photo-induced
electrons during the photocatalytic hydrogen generation reac-
tion. Aer that, Ni2P/CdS or Pt/CdS were separated from the
reaction solution, dried at 343 K and the as-obtained powders
were used for XRD analysis. As shown in Fig. 2, the XRD
patterns of Ni2P/CdS and Pt/CdS are consistent with that of CdS,
and no diffraction peak are observed for Ni2P, which may be
attributed to the low loading amount of Ni2P.

Fig. 3 shows the SEM, TEM and SAED of CdS respectively. As
shown Fig. 3(a), the snowake structure of CdS with a diameter
of �10 mm was conrmed by both SEM and TEM. Every snow-
ake structure of CdS has 6 main crystal axes with an angle of
60�, and the secondary crystal axes appear along the main
crystal axis, forming many dendrites. The angle between the
secondary and primary crystal axes is also 60�. The SAED images
(Fig. 3(b), in the inset) of CdS show many bright and highly
ordered diffraction pots, which implies the presence of single
crystal structure. In the images of calibrated SAED, the six
crystal faces corresponding to the inner diffraction points are
(01�10), (1�100), (1�010), (01�10), (11�00), (101�0), indicating that the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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CdS is hexagonal, which is consistent with XRD results.
Combined with the XRD test results, it is suggested that HF was
adsorbed on the surface (0001) in the hydrothermal reaction
process to inhibit the growth of crystals in the vertical direction,
leading to the formation of CdS ake structure. The crystals
grew rapidly to form the primary crystals, meanwhile the lateral
crystals grew out to form a snowake like structure.

The SEM images (Fig. 4(a) and (b)) show that Ni2P possesses
ultrathin nanosheets structure with irregular pores. The HR-
TEM images (Fig. 4(c) and (d)) further reveal the subtle nano-
sheet structure of Ni2P with the crystal plane spacing of
0.221 nm and 0.169 nm, attributed to the (111) and (300) crystal
planes, respectively (PDF#74-135).30

Fig. 5 displays TEM images (Fig. 5(a) and (b)) and the HR-
TEM images (Fig. 5(c) and (d)) of Ni2P/CdS, respectively. The
interplanar spacing of Ni2P nanosheets was calculated to be
0.22 nm and 0.19 nm, corresponding to its (111) and (210)
plane, respectively. In addition, a d-spacing of 0.32 nm was
clearly seen and attributed to the (110) plane of CdS.31 Most
importantly, the presence of the heterojunction between Ni2P
and CdS was conrmed by Fig. 5. The heterointerface generated
in Ni2P/CdS will promote the transfer of photogenerated charge
carriers to the surface, and inhibit the recombination of pho-
togenerated e�–h+ pairs, result in high the photocatalytic
activity.

3.2 Photocatalytic hydrogen generation action

Under visible light irradiation (l $ 420 nm), the photocatalytic
H2 evolution of the prepared samples were performed by using
1.5 M as (NH4)2SO3$H2O as the sacricial reagent. Fig. 6(a)
displays H2 evolution performance of Ni2P/CdS photocatalyst
with different Ni2P loading contents. CdS alone shows the low
activity, probably due to the fast recombination of photo-
generated carriers. On the contrary, CdS coupled with Ni2P
signicantly promoted the hydrogen generation rate. In
particular, the highest H2 generation activities reached
58.33 mmol g�1 h�1 (QE ¼ 34.38%, l ¼ 420 nm) with 5 wt%
Fig. 6 (a) Time-dependent photocatalytic H2 evolution and (b) average
Reaction conditions: A 300W Xe lamp equipped with a cut-off filter (l$ 4
solution, 0.05 g Ni2P/CdS photocatalyst.

© 2021 The Author(s). Published by the Royal Society of Chemistry
Ni2P/CdS. However, Ni2P/CdS showed poor photocatalytic
activity at low loading amounts of Ni2P, possibly because of less
active sites and the heterogeneous junction interface of Ni2P/
CdS. When Ni2P loading amounts increased up to 25 wt%, the
hydrogen production rate of Ni2P/CdS was lowered than that of
pure CdS, because the excess Ni2P nanosheets would affect the
light absorption and utilization of CdS. Furthermore, the
activity of Ni2P/CdS was also compared with Pt/CdS photo-
catalyst. In terms of our previous study, the photocatalytic H2

evolution activity of 1wt% Pt/CdS with the best loading amounts
was evaluated under the same photocatalytic system.32 As
shown in Fig. 6(b), the hydrogen production rate of 5 wt% Ni2P/
CdS is colsed to that of 1 wt% Pt/CdS, indicating that Ni2P is an
excellent hydrogen evolution co-catalyst and expected to be
a desirable substitute for noble metal Pt.

In order to investigate the hydrogen production stability of
Ni2P/CdS, the 5 wt% Ni2P/CdS catalyst was evaluated for cyclic
hydrogen production. At the beginning of each cycle, 2 mL
deionized water and 5 g (NH4)2SO3$H2O were used as the
supplement. Fig. 7(a) displays the 4 continuous experiments,
and the corresponding photocatalytic hydrogen production rate
is shown in Fig. 7(b). It can be seen that the hydrogen produc-
tion activity of 5 wt% Ni2P/CdS is remained basically unchanged
aer 20 h of cyclic experiments. The four cycle experiments
show that hydrogen production rates of 5 wt% Ni2P/CdS are
57.1, 56.2, 55.7 and 54.5 mmol g�1 h�1, respectively, and there is
no signicant decrease in photocatalytic evolution. The result
indicates that 5 wt% Ni2P/CdS catalyst possesses excellent
stability under long time light irradiation.

3.3 Spectral properties

Fig. 8(a) shows the UV-visible diffuse reection spectrum of the
as-prepared samples. It can be seen from the graph that the
absorption band edge of CdS is located at around 525 nm in the
visible light region, indicating that CdS has a good visible light
absorption capacity. When Ni2P was modied on the CdS
surface, the absorption of Ni2P/CdS photocatalyst enhanced
rate of H2 evolution over Ni2P/CdS with various Ni2P loading contents.
20 nm), 50mL 1.5 mol L�1 (10.0613 g/50mL) (NH4)2SO3$H2O aqueous

RSC Adv., 2021, 11, 12153–12161 | 12157
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Fig. 7 Photocatalytic hydrogen evolution stability for 5 wt%Ni2P/CdS. (a) Time-dependent photocatalytic H2 evolution and (b) average rate of H2

evolution. Reaction conditions: A 300WXe lamp equippedwith a cut-off filter (l > 420 nm), 50mL 1.5mol L�1 (10.0613 g/50mL) (NH4)2SO3$H2O
aqueous solution, 0.05 g Ni2P/CdS photocatalyst.
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signicantly. According to the Tauc plots of CdS and Ni2P
shown in Fig. 8(b), the bandgap of CdS and Ni2P were calculated
to be 2.41 eV and 1.31 eV, respectively. Combined with Mott–
Schottky test results, the energy levels and positions of CdS and
Fig. 8 Ultraviolet-visible diffuse reflectance spectra of CdS, Ni2P/CdS pho
and (d) Mott–Schottky plot of Ni2P.

12158 | RSC Adv., 2021, 11, 12153–12161
Ni2P could be analyzed. As shown in Fig. 8(c and d), the slopes
of both curves are positive, which demonstrated that CdS and
Ni2P are typical n-type semiconductors. The at-band potential
(V) of CdS and Ni2P are measured to be �0.79 eV and�0.35 eV
tocatalyst (a), Tauc plots of CdS, Ni2P (b), (c) Mott–Schottky plot of CdS

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Photoluminescence spectra of CdS and Ni2P/CdS
photocatalyst.
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vs. Ag/AgCl, respectively, and the corresponding standard
hydrogen electrodes are �0.59 eV and �0.15 eV (ENHE ¼ EAg/AgCl
+ 0.2). Based on the literature reports,33 the conduction band
(ECB) of n-type semiconductor is very close to the measured V
value. In n-type semiconductors, V is 0.1–0.2 eV higher than
Fig. 10 Linear sweep voltammetry (LSV) curves (a), corresponding tafel p
CdS photocatalyst, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
that of ECB, therefore, ECB of CdS and Ni2P were estimated to be
�0.69 eV and �0.25 eV vs. NHE, respectively. According to the
formula of EVB ¼ ECB + Eg, the valence band potentials of CdS
and Ni2P can be calculated as 1.72 eV and 1.06 eV vs. NHE,
respectively, which are basically consistent with the results re-
ported in the literatures.34

Since the recombination of photogenerated electron–hole
pairs in semiconductors can produce uorescence, the steady
PL spectra could be used to evaluate the separation ability of
photoelectron–hole pairs.35 It can be seen from the gure that
pure CdS shows the highest uorescence emission character-
istics, indicating its highest photogenic carrier recombination
rate. When 1 wt% Ni2P was introduced into the system, the
emission intensity decreased signicantly and uorescence
quenching occurred. Further increase up to 5 wt% Ni2P in
photocatalytic system would further weaken the uorescence
intensity. The results show that the 2D/2D heterostructure
formed between CdS and Ni2P can greatly promote electron
transfer rate and improve the photocatalytic activity (Fig. 9).
3.4 Electrochemical measurements

Fig. 10 displays the LSV curves of CdS, Ni2P/CdS photocatalyst
and its corresponding Tafel curves measured in 0.5mol L�1

Na2SO4 electrolyte solution. It can be seen from Fig. 10(a) that
lots (b), photocurrent–time curves (c) and EIS spectra (d) of CdS, Ni2P/

RSC Adv., 2021, 11, 12153–12161 | 12159
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Fig. 11 The proposed photocatalytic mechanism for Ni2P/CdS photocatalyst.
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Ni2P can signicantly improve the hydrogen evolution current
density aer being modied on the CdS surface, thus showing
better hydrogen evolution performance. By comparing with the
Tafel curves of CdS, 1 wt% Ni2P/CdS and 5 wt% Ni2P/CdS
(Fig. 10(b)), Ni2P nanosheets loaded on CdS shows lower over-
potential at any current density. The above results can also be
conrmed by transient photocurrent experiments (i–t) under
visible light irradiation. As shown in Fig. 10(c), photocurrent is
generated immediately at the moment of illumination, indi-
cating that the sample can be illuminated by a xenon lamp to
generate photoelectrons, which transferred to the electrode to
generate photocurrent. Compared with bare CdS, the photo-
current density of Ni2P/CdS increases signicantly, which
suggests that the 2D–2D Ni2P/CdS can effectively separate
photogenerated electrons and holes to improve the photo-
catalytic reaction efficiency. Additionally, EIS can evaluate the
rate of carrier transport on the semiconductor material surface.
As shown in Fig. 10(d), the semicircular diameter is the smallest
when Ni2P nanosheets modied on the surface of CdS, which
veries that the 2D/2D Ni2P/CdS heterojunction has the lowest
charge transfer resistance and thus shows outstanding perfor-
mance of photocatalytic H2 production.36

On the basis of the above experimental results and analysis,
Fig. 11 proposes the possible mechanism of Ni2P as the co-
catalyst supported on CdS surface to promote the photo-
catalytic activity under visible light irradiation. CdS and Ni2P
Mott–Schottky test results show that ECB of CdS and Ni2P is
�0.59 eV and �0.15 eV vs. NHE, and EVB is 1.72 eV and 1.06 eV
vs. NHE, respectively. Since the ECB of CdS is more negative than
that of Ni2P, the photogenerated electrons will be transferred to
Ni2P surface across the intimate interface, then reduce H+ to H2.
At the same time, the holes on the valence band of CdS are
rapidly consumed by the sacricial reagents. The matching
band position of CdS and Ni2P provides an effective and rapid
transmission direction for photogenerated electrons and holes,
and thus improves the separation efficiency of photogenerated
carriers. According to the performance of Ni2P/CdS on photo-
catalytic H2 production, Ni2P has been demonstrated to behave
similar as the noble metal co-catalysts, which can quickly
capture electrons, promote separation efficiency of
12160 | RSC Adv., 2021, 11, 12153–12161
photocatalyst carriers, and improve the efficiency of photo-
catalytic water splitting. What's more, 2D/2D heterojunction
between CdS and Ni2P reduces the transfer distance of photo-
generated charge carries to the material surface, which is
conducive to the transport and separation of photocatalytic
carriers.
4. Conclusion

In this paper, the preparation of 2D/2D structure Ni2P/CdS and
hydrogen production have been studied. The results show that
the special 2D/2D structure is conducive to the separation of the
photogenerated electrons from holes and signicantly
enhanced the rate of hydrogen evolution. According to the
activity data, 5 wt% Ni2P/CdS exhibited the optimal hydrogen
production rate of 58.33 mmol h�1 g�1 (QE ¼ 34.38%, l ¼ 420
nm). The stability test displayed that the activity of 5 wt% Ni2P/
CdS decreased by only 4.55% aer 4 cycles of photocatalytic H2

evolution, indicating that the synthesized 2D/2D Ni2P/CdS
heterojunction has the robust and highly stable performance
in the photocatalytic hydrogen production under long time
visible light irradiation. SEM and HRTEM characterization
showed the micron ake-like single crystal structure of CdS, the
nanosheet structure of Ni2P, and the heterojunction formed
between the interfaces of Ni2P and CdS. PL and I–T test results
showed that 5 wt% Ni2P/CdS displayed lower uorescence
intensity and higher photocurrent density compared with
pristine CdS, which suggested that the Ni2P/CdS photocatalyst
with 2D/2D structure was more favorable for the separation of
photogenerated e�–h+ pairs. Based on the study in this paper,
we concluded the reason of high performance H2 production as
follows: rstly, as an effective co-catalyst for hydrogen evolution,
Ni2P can quickly capture electrons, promote the separation
efficiency of photogenerated carriers and photocatalytic
performance; secondly, the special 2D/2D contact between CdS
and Ni2P is favorable to the transmission of photogenerated
electrons and inhibit the recombination of photogenerated
carries. In summary, this work displays a possible way to
construct 2D/2D heterostructure materials with high
© 2021 The Author(s). Published by the Royal Society of Chemistry
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photocatalytic performance, which will stimulate tremendous
interest in further exploration.
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