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Solar photocatalytic water splitting for the production of hydrogen has been a core aspect for decades. A

highly active and durable photocatalyst is crucial for the success of the renewable hydrogen economy. To

date, the development of highly effective photocatalysts has been seen by the contemporary research

community as a grand challenge. Thus, herein we put forward a sincere attempt to use a Pt–Nix alloy

nanoparticle (NP) cocatalyst loaded CdS photocatalyst ((Pt–Nix)/CdS) for photocatalytic hydrogen

production under visible light. The Pt–Nix alloy NP cocatalyst was synthesized using a one-pot

solvothermal method. The cocatalyst nanoparticles were deposited onto the surface of CdS, forming

a Pt–Nix/CdS photocatalyst. Photocatalytic hydrogen production was carried out using a 300 W Xe light

equipped with a 420 nm cut-off filter. The H2 evolution rate of the Pt–Ni3/CdS photocatalyst can reach

a value as high as 48.96 mmol h�1 g�1 catalyst, with a quantum efficiency of 44.0% at 420 nm. The

experimental results indicate that this Pt–Ni3/CdS photocatalyst is a prospective candidate for solar

hydrogen generation from water-splitting.
1. Introduction

Hydrogen production from water splitting driven by solar
energy is an admirable renewable process to secure our energy
future. For decades, since the discovery of photocatalytic
hydrogen production in early 1972, great effort has been
focused on enhancing the quantum efficiency and durability of
visible light active photocatalysts.1 The efficiency of a solar
water splitting photocatalyst depends upon its ability to utilize
solar radiation and electrochemically reduce protons into
hydrogen molecules. Based on this fundamental under-
standing, signicant research effort has been concentrated on
designing visible-light-driven photocatalysts, including limited
mixed oxides, (oxy)nitrides, and (oxy)suldes, which have
increased visible light absorption capacity.2–10 Moreover, a co-
catalyst is required to be loaded onto the surface of the main
semiconductor photocatalyst to store photo-generated electrons
and catalyze the proton reduction reaction. Noble metals, such
as Pt, Pd, Ru, and Rh, are widely recognized cocatalysts for H2

production from water splitting, as they are endowed with high
activity and stability in aqueous solutions. However, the large-
esource & Energy Recovery from Waste,
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hemistry 2018
scale application of noble metals in energy production has
been inhibited due to their scarcity and high cost.

In recent years, Pt based alloy NPs have enticed the research
community for use as cocatalysts, mainly due to their excellent
catalytic performance in both the oxygen reduction reaction
(ORR) and hydrogen oxidation reaction (HOR) in proton-
exchange membrane fuel cells (PEMFCs). Pt alloy nano-
particles not only enhance the catalytic activity but also reduce
Pt consumption. Pt based bi-metal alloys are excellent catalysts
to meet the greater applicative requirements. So far, many Pt-
based alloy catalysts (Pt–M, M ¼ Co, Cr, Au, Pd, Ni, Cu, W, Fe,
etc.) have been successfully synthesized.11,12 The reported
synthetic methods for Pt–M catalysts can be summarized as
follows: galvanic displacement methods, supercritical uid
deposition, electrodeless deposition, co-impregnation and the
reduction of metal ions.13–18 To control the shape and crystalline
facets of Pt–M NPs, most of these approaches are carried out in
the presence of ligands, facet-specic capping agents, organic
solvents and reductants. There are several parameters that can
affect the catalytic performance of a Pt–M catalyst. These
include the morphology of the nanoparticles, the Pt–M
composition, particle sizes and crystal structures, particle
internal defects, the atomic order (alloyed or intermetallic
mixture), the shape, and exposed facets.19–21 The catalytic
properties of Pt–M alloy catalysts can be signicantly changed
via tuning the above parameters.

Inspired by the prevailing results from PEMFCs, PtNix alloy
NPs were synthesized and used as a co-catalyst with CdS in
RSC Adv., 2018, 8, 31529–31537 | 31529
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photocatalytic H2 production under visible light in this work. A
hydrothermal method is utilized for the preparation of a snow-
ake-like CdS photocatalyst, with uorine as a capping-reagent.
A Pt–Nix alloy NP cocatalyst was synthesized using a one-pot
solvothermal method and the resultant Pt–Nix alloy NPs were
subsequently loaded on the surface of the CdS photocatalyst
particles to form a Pt–Nix/CdS photocatalyst for solar photo-
catalytic hydrogen production. From the experimental data, the
H2 evolution rate of the Pt–Ni3/CdS photocatalyst reaches
48.96 mmol h�1 g�1 catalyst with a quantum efficiency of 44.0%
at 420 nm.
2. Experimental section
2.1. Preparation of photocatalysts

Snowake shape CdS photocatalyst particles were prepared via
a hydrothermal process, in which uorine ions were used as
a capping-reagent.22 In a typical synthetic process, 5 mmol of
Cd(Ac)2$2H2O, 6 mmol of CS(NH2)2, and 0.80mL of HF (40 wt%)
were added into 79.2 mL of deionized water under stirring at
room temperature. The solution was transferred into a Teon-
lined autoclave, and then heated to 473 K and kept there for
20 h, followed by cooling to room temperature. The as-obtained
yellow product was separated from solution, washed with
deionized water and absolute alcohol successively, dried at 333
K in a vacuum furnace for 1 day, and nally ground and stored
in an airtight vial.

The Pt–Nix alloy cocatalyst was synthesized via a sol-
vothermal method.23 In a typical synthesis, a total of 0.12 mmol
of platinum acetylacetonate (Pt(acac)2) and nickel acetylaceto-
nate (Ni(acac)2) was added into 10 mL of C2H8N2 and ultra-
sonicated for 10 min. Aer that, 2.0 g of polyvinylpyrrolidone
(PVP) and 2 mmol of NaBH4 were added into the solution,
which was ultrasonicated until the solution became trans-
parent. The resulting solution was then transferred into
a Teon-lined autoclave, which was heated up to 433 K and
maintained there for 20 h. Aer cooling to room temperature
naturally, the black product was collected and washed with
distilled water and absolute alcohol three times, respectively.
The product was dried at 333 K for 24 h in a vacuum furnace,
ground to ne particles, and stored in an airtight vial.

The resulting Pt–Nix alloy NPs and 0.1 g of CdS photocatalyst
were dispersed in 50 mL of 1.0 mol L�1 (NH4)2SO3 solution,
which was then purged with N2 (>99.999%) for about 30 min
under stirring to remove dissolved oxygen. Under irradiation
from a 300 W Xe lamp, Pt–Nix alloy NPs were deposited on the
surface of CdS via photo-induced electrons.24
2.2. Characterization

The morphology and particle sizes of the resultant Pt–Nix alloy
NPs were recorded using a high resolution transmission elec-
tron microscope (HRTEM) (JEM-2010, JEOL Ltd., Japan), and
the chemical compositions of individual nanoparticles were
investigated using a scanning transmission electron micro-
scope and high-angle annular dark-eld imaging (STEM-
HAADF) (Tecnai G2 F20) with an aberration corrected FEI
31530 | RSC Adv., 2018, 8, 31529–31537
TECNAI G2 F30 S-TWIN (S) TEM. X-ray diffraction (XRD) (Phi-
lips, XPert'Pro) with Cu Ka radiation was used to analyze the
crystal structures of the as-prepared Pt–Nix alloy NPs and CdS
photocatalyst, and a Pt–Ni3 alloy NP loaded CdS photocatalyst
sample. The absorption properties of the Pt–Nix/CdS photo-
catalyst were analyzed using a UV-vis spectrophotometer UV-
2450 (Shimadzu, Japan) and a FLS 980 spectrometer (Edin-
burgh analytical instruments, UK).

2.3. Evaluation of photocatalytic activity

The photocatalytic hydrogen generation rate of the Pt–Nix/CdS
photocatalyst was investigated in a water-jacketed continuously
stirred tank reactor (CSTR, F: 125 mm) at 283 � 1 K and under
atmospheric pressure. The CSTR has a quartz window (F: 64
mm) on top to receive light irradiation from a 300 W Xe lamp
(Beijing Perfectlight Company; Beijing, China). A cut-off lter (l
> 420 nm) was used for visible light photocatalytic hydrogen
production from an ammonium sulte (NH4)2SO3 aqueous
solution. Before the reaction, 0.1 g of Pt–Nix/CdS photocatalyst
powder was dispersed in 50 mL of 1.0 M (NH4)2SO3 solution.
Prior to light irritation, the solution was purged with N2

(>99.999%) for about 30 min under stirring to remove the
oxygen dissolved in the ammonium sulte solution. The purity
of the evolved hydrogen was monitored using a gas chromato-
graph (GC9560, Huaai, China), and the volume of evolved
hydrogen was measured every 30 min. For an investigation into
quantum efficiency (QE), the cut-off lter (l > 420 nm) was
replaced by a 420 � 5 nm band-pass lter, and the irradiance
was measured by means of an ultraviolet radiation meter (UV-B,
Beijing normal University). QE can be calculated as follows:

QE ¼ The number of evolved hydrogen atoms ðNHÞ
The number of incident photons

�
Np

� � 100%

NH ¼ 2 � nH2
� L

Np ¼ AI

E
¼ AI

ðhc=lÞ
where nH2

is the moles of evolved hydrogen molecules, mol; L is
the Avogadro constant, 6.02 � 1023 mol�1; I is the irradiance at
420 nm, W m�2; A is the illuminated area, m2; E is the photon
energy, eV; h is the Plank constant, 6.63 � 10�34 J s; and c is the
light rate, 3 � 108 m s�1.

3. Results and discussion
3.1. Hydrogen evolution properties

In this research, the photocatalytic activity of the prepared
photocatalyst was evaluated under room pressure with
(NH4)2SO3 acting as the sacricial agent for photo-induced
holes. The testing results show that CdS alone is inactive for
hydrogen generation under the experimental conditions. The
hydrogen generating activities of the prepared Pt/CdS and Ni/
CdS were also investigated and used as baselines. Pt NPs or
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Hydrogen generation rate of the PtNix/CdS photocatalyst under
visible light (l $ 420 nm).
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Ni NPs were synthesized using the same solvothermal method
through which Pt–Nix alloy NPs were synthesized, except that no
Pt(acac)2 or Ni(acac)2 was used. The loading of Pt NPs or Ni NPs
onto the surfaces of CdS particles was also based on a photo-
induced reduction method. It should be pointed out that the
photo-induced reduction process of noble metal Pt was inde-
pendent of cocatalyst deposition. In this method, the size and
morphology of cocatalyst Pt–Nix NPs could be well controlled to
overcome the impact of the loading method on the morphology.
To maintain the morphology of the cocatalyst is an important
aspect for understanding the effects of cocatalyst morphology
on water-splitting. Fig. 1 shows the effect of Pt loading
concentration on hydrogen evolution. The highest rate of
hydrogen production (46.88 mmol h�1 g�1 of catalyst) can be
achieved at an optimal loading of 3.0 wt% Pt on the surface of
CdS. When Pt loading is less than 3.0 wt% on CdS, the rate of
hydrogen production is lower than that of 3.0 wt% Pt loading
due to insufficient proton reduction sites. When Pt loading is
greater than 3.0 wt%, however, Pt particles partially block the
incident light, reducing the number of electron–hole pairs.

In this work, Pt–Nix alloy NPs were synthesized via a sol-
vothermal method and applied as a cocatalyst with CdS in
photocatalytic H2 production under visible light. At a 3.0 wt%
cocatalyst loading concentration, we investigated the effects of
the Pt to Ni mole ratio on the photocatalytic hydrogen produc-
tion rate. Fig. 2 shows that the H2 evolution rate depends on the
Ni dosage in a Pt–Nix bi-metal cocatalyst. At a mole ratio of Pt/Ni
¼ 1/3, the rate of hydrogen production reaches the maximum of
48.96 mmol h�1 g�1 cat. (QE ¼ 44.0% at 420 nm), which is
higher than that of a 3.0 wt% Pt/CdS photocatalyst (46.88 mmol
h�1 g�1 cat.). These results show that the Pt–Nix alloy NP
cocatalyst can promote the H2 evolution rate in comparison
with a pure Pt cocatalyst, and that the mole ratio of Pt : Ni is
a critical factor for the activity of CdS in the water splitting
reaction.

Fig. 3 shows the lifetime of photocatalytic H2 production
over a 3.0 wt% Pt–Ni3/CdS photocatalyst. The H2 evolution rate
of the Pt–Ni3/CdS photocatalyst stabilizes at about 48.84 mmol
Fig. 1 The effect of the amount of Pt NPs on the hydrogen generation
rate of a CdS photocatalyst under visible light (l $ 420 nm).

This journal is © The Royal Society of Chemistry 2018
h�1 g�1 cat. aer the rst cyclic photocatalytic reaction. Aer 5
hours of the initial reaction, the rate decreases from
48.84 mmol h�1 g�1 cat. to 41.96, 39.64, 34.67, 34.43, and
34.57 mmol h�1 g�1 cat., respectively, whichmight be due to the
photocorrosion of CdS. The rate of hydrogen production
remains constant, at about 34.5 mmol h�1 g�1 cat. aer 3 cycles.
These results suggest that the 3.0 wt% Pt–Ni3/CdS photocatalyst
is a durable catalyst, retaining high photocatalytic activity aer
30 h of photocatalytic hydrogen production.
3.2. Structural characterization

In this research, the CdS photocatalyst was prepared using
a hydrothermal method with uorine ions used as a capping
reagent. The resultant CdS photocatalyst shows a snowake-like
morphology and has an average apex-to-apex distance of
�20 mm (Fig. 4a). A typical snowake-like CdS particle has 6
asymmetric petals, because of different preferential growth
directions. Fig. 4b and c are TEM images and corresponding
Fig. 3 The time course of photocatalytic hydrogen production over
a PtNi3/CdS (PtNi3 dosage: 3.0%) photocatalyst.

RSC Adv., 2018, 8, 31529–31537 | 31531
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Fig. 4 FESEM (a) and TEM/ED (b) & (c) images, and XRD (d), UV-vis (e), and BET (f) data from the as-prepared CdS photocatalyst.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Se

pt
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 7

/1
4/

20
25

 9
:4

6:
28

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
electron diffraction patterns from the prepared CdS photo-
catalyst. The snowake-like CdS particles are single and highly
crystallized particles.

The XRD pattern from the synthesized CdS is shown in
Fig. 4d. The XRD peaks are indexed as being from a hexagonal
CdS phase, and the lattice constants are a ¼ 4.14 Å and c ¼ 6.72
Å, (space group: P63mc; PDF no. 65-3414). As shown in Fig. 4d,
no impurity peaks are observed in the XRD spectrum.
Compared to the standard PDF card (JCPDS no. 65-3414), the
intensity of the (002) diffraction peak is much higher than that
shown on the PDF card. This result suggests that the exposed
crystal planes of the prepared CdS particles are {002}. This
result can also be veried via TEM/SAED studies (Fig. 4c). The
formation of a two-dimensional structure in the prepared CdS is
due to the adsorption of uorine ions on the (002) lattice plane
during the CdS crystal nucleus stage, slowing down its growth.

Fig. 4e depicts a UV-vis diffusion reection spectrum of the
prepared CdS sample. The absorption band edge can be
31532 | RSC Adv., 2018, 8, 31529–31537
calculated to be 533 nm (2.3 eV). Fig. 4f shows the N2 adsorption
and desorption isotherms for the prepared CdS particles. The
BET specic surface area, pore volume and average pore size are
11.21 m2 g�1, 0.0274 cm3 g�1 and 3.05 nm, respectively. As
shown in Fig. 4f, the adsorption–desorption isotherm can be
classied as a type I curve with hysteresis loops. According to
the IUPAC classication system, the N2 molecular isothermal
absorption on the prepared CdS particles indicates that CdS is
a mesoporous material with large pore channels. This unique
structure can be benecial for loading cocatalyst particles and
forming a stable photocatalyst structure.

As mentioned in the Experimental section, Pt–Ni3 NPs were
prepared via a solvothermal method with ethylenediamine as
both a solvent and a reductant, and the resultant product was
characterized using HRTEM, XRD, PL, etc. It can be seen from
TEM images (Fig. 5a) that the average particle size of the
prepared Pt–Ni3 NPs can be estimated as 4.0 nm, with a narrow
size distribution. During synthesis, PVP is added as a surfactant
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 A TEM image of PtNi3 NPs (a) and a HRTEM image of NPs in the blue circle (b), an SAED pattern of NPs in the red circle (c). A HAADF-STEM
image of PtNi3 NPs (d), along with corresponding maps of the elements Pt (e) and Ni (f).
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to prevent the aggregation of nanoparticles. Nitrogen (N) and O
atoms in the lactam groups of PVP molecules can coordinate
with Pt–Ni3 surface atoms and inhibit the aggregation of Pt–Ni3
NPs, so that the Pt–Ni3 NPs are uniform in size and are
distributed well. Fig. 5b shows a HRTEM image of the Pt–Ni3
nanoparticles, based on the area selected in the blue circle in
Fig. 5a. The d spacing lattice fringes are 0.22 nm, and can be
assigned to the (111) lattice plane of Pt (JCPDS no. 65-2868).
This observation suggests that Pt(111) is the preferential
orientation growth plane.25 A selected area (the red circle in
Fig. 5a) electron diffraction (SAED) pattern of the Pt–Ni3 parti-
cles is shown in Fig. 5c. The SAED pattern shows both diffrac-
tion points and a circle, which indicates that the Pt–Ni3 NPs are
very ne single crystals. In order to determine the ne structure
of the Pt–Ni3 NPs, HAADF-STEM analysis was performed and
a HAADF-STEM image is shown in Fig. 5d. The elemental
mapping of Pt (Fig. 5e) and Ni (Fig. 5f) shows that the distri-
bution of Pt and Ni elements within the testing area is uniform,
conrming the Pt–Nix bi-metallic structure.

In this work, Pt NPs were also synthesized via a solvothermal
method. Themethod was identical to that used for the synthesis
of the Pt–Nix alloy cocatalyst, except that only a pure Pt(acac)2
precursor was used. The resultant Pt NPs were observed using
TEM (Fig. 6a and b). As shown in Fig. 6a and b, the morphology
of the Pt NPs is spherical. The diameters of the Pt NPs range
from 2 nm to 4 nm (Fig. 6a). Moreover, some Pt NPs are
This journal is © The Royal Society of Chemistry 2018
signicantly aggregated (Fig. 6b). Fig. 6c shows prepared Ni
particles. The average size of the prepared Ni NPs is ca. 5 nm,
greater than that of the Pt NPs. Aggregation of the Ni NPs can
also be observed (Fig. 6d). Normally, the reduction of Ni2+ ions
is more difficult than the reduction of Pt2+ ions, i.e. there are
insufficient crystal seeds at the beginning, and thus big parti-
cles tend to be yielded.

Fig. 7 depicts XRD patterns of Pt, Ni and Pt–Ni3 nano-
particles. A Pt face-centered cubic crystal structure has ve
major characteristic peaks (JCPDS no. 65-2868) (Fig. 7), corre-
sponding to (111), (200), (220), (311) and (222) crystal planes.
The diffraction peaks observed at 42.2�, 44.8�, and 59.4� can be
assigned to metallic Ni NPs (JCPDS no. 45-1027) (Fig. 7a).
Comparing the Pt and Ni samples, the diffraction peaks from Ni
NPs are sharper than those from Pt NPs, indicating that the Ni
NPs have relatively higher crystallinity than the Pt NPs. The
results also suggest that the average sizes of Ni NPs are greater
than those of Pt NPs. This XRD analysis agrees with the TEM
observations, which show the average size of Ni NPs is greater
than that of Pt NPs under identical synthesis conditions. The
XRD pattern of the prepared Pt–Ni3 crystalline structure is
depicted in Fig. 7c. The ve characteristic peaks of Pt–Nix alloy
NPs are attributed to a face-centered cubic structure of metallic
Pt, and no Ni peaks are found. These testing results have also
been conrmed by other research groups.26–28 It is generally
thought that Ni atoms might enter the interstitial spaces in the
RSC Adv., 2018, 8, 31529–31537 | 31533
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Fig. 6 TEM images of as-prepared Pt NPs (a and b), and Ni NPs (c and d).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Se

pt
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 7

/1
4/

20
25

 9
:4

6:
28

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Pt crystal, because of their relative smaller atomic diameter.
Moreover, compared with the XRD patterns of prepared Ni NPs
and Pt NPs, the XRD peaks from Pt–Ni3 are broadened and
shied toward higher angles. This observation may be
explained based on the structural contraction of Pt nano-
Fig. 7 XRD patterns of the as-prepared Ni NPs (a), Pt NPs (b), and PtNi3
NPs (c).

31534 | RSC Adv., 2018, 8, 31529–31537
crystals, caused by Ni atoms,26 indicating the formation of Pt–
Nix alloy NPs.

Fig. 8 shows XRD patterns of the fresh CdS photocatalyst,
3.0 wt% Pt/CdS, 3.0 wt% Ni/CdS and 3.0 wt% Pt–Ni3/CdS aer
the hydrogen generation reaction. Interestingly, the (002) plane
intensity decreases from CdS to Ni/CdS to Pt/CdS and nally to
Pt–Ni3/CdS. The hydrogen generation activity follows an oppo-
site sequence with Pt–Ni3/CdS > Pt/CdS > Ni/CdS > CdS.
Therefore, we suggest that Pt–Ni3 has high surface energy; in
other words, it's most active, and tends to deposit on the surface
of the CdS photocatalyst when illuminated under visible light,
nally accelerating the hydrogen generation rate of the CdS
photocatalyst. In fact, we also can suggest from the XRD anal-
yses that the high activity of snowake-like CdSmight be caused
by its high index surface (002). That's indeed the reason that
more and more attention has been focused on the synthesis of
nano-structures with high index surfaces.29,30

Table 1 lists the diffraction peak intensities of freshly
prepared CdS and Pt–Ni3/CdS photocatalyst particles. It's clearly
seen that aer Pt–Ni3 NP loading, the peak intensities of the
high index facets, (002), (101), (102) and (103), of CdS sample
are signicantly decreased. In particular, the intensity ratio
(ICdS/IPt–Ni3/CdS) for the (002) high index facet has been reduced
to 0.307. This result may indicate that Pt–Ni3 alloy NPs tend to
This journal is © The Royal Society of Chemistry 2018
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Fig. 9 UV-vis spectra of CdS (a), Pt/CdS (b), Ni/CdS (c) and PtNi3/CdS
(d).Fig. 8 XRD patterns of CdS (a), Pt/CdS (b), Ni/CdS (c) and PtNi3/CdS
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deposit on high index facets to reduce surface energy and
exposed area probabilities. High-index facets have a high
surface density of low-coordinated atoms, and thus are more
active for the adsorption of cocatalyst particles than low-index
crystal planes, having closely packed surface atoms.31–33

However, because of their high surface energy, preserving high-
index facets during the growth of nanocrystals is still a signi-
cant challenge. Moreover, their stability during subsequent
applications remains unclear.
Fig. 10 The PL life-times of the photo-catalysts when applied to the
hydrogen generation reaction.
3.3. Spectral analyses

UV-vis diffuse reectance spectra (DRS) of CdS, Pt/CdS, Ni/CdS
and Pt–Ni3/CdS photocatalysts are depicted in Fig. 9. The
absorption edge of CdS is about 530 nm (Eg ¼ 2.3 eV), and
remains unchanged aer cocatalyst loading. The DRS of Pt–Ni3/
CdS exhibits a slight red shi and an increase in light absorp-
tion in the range of 250–530 nm, which might be interpreted
through synergistic effects between Pt and Ni elements.
However, ultraviolet analysis of Pt-based alloys is rarely
reported.

The lifespans of CdS, Pt/CdS, Ni/CdS and Pt–Ni3/CdS pho-
tocatalysts were examined using PL spectral analysis at 407 nm
excitation (Fig. 10). The lifespan curves of the four photo-
catalysts investigated in this research are tted well by a double
Table 1 Intensity of the diffraction peaks of CdS and PtNi3/CdS

2q/� Lattice plane

I

IPtNi3/CdS/ICdSCdS PtNi3/CdS

25.09 (100) 2034 2119 1.042
26.77 (002) 19 096 5872 0.307
28.46 (101) 2416 2107 0.872
36.88 (102) 607 400 0.659
43.97 (110) 1984 2711 1.366
48.12 (103) 1851 1261 0.681
52.09 (112) 1578 2075 1.315

This journal is © The Royal Society of Chemistry 2018
exponential function. Compared to the lifespan curve of CdS,
the curve for the Pt–Ni3/CdS photocatalyst shows a right shi
with time. This time shi is closely related to the activity for
photocatalytic hydrogen generation under visible light. Among
the four photocatalysts, Pt–Ni3/CdS shows the longest lifespan.
It is believed that a semiconductor photocatalyst lifespan is
closely related to the life of photo-induced carrier trans-
formation.34–38 The lifetime of a photocatalyst increases with
enhanced charge separation efficiency for photo-induced elec-
trons and holes. A higher charge separation efficiency occa-
sionally indicates a higher photocatalytic hydrogen generation
rate for a photocatalyst. From this viewpoint, we can conclude
that the higher activity of the Pt–Ni3/CdS photocatalyst is
attributed to its higher charge separation efficiency.
3.4. Discussion

The quantum efficiency of a photocatalyst for hydrogen gener-
ation from water-splitting mainly depends on three aspects: (1)
the photon absorption efficiency of the photocatalyst; (2) the
charge separation and transfer efficiency of photo-induced
RSC Adv., 2018, 8, 31529–31537 | 31535
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electron and hole pairs in the bulk and at the surface of the
photocatalyst; and (3) the electrocatalytic evolution of H2 and
O2. In the photocatalysis eld, intensive research has been
focused on these three areas.

In this work, the snowake-like CdS photocatalyst shows
high activity in the hydrogen generation reaction under visible
light irradiation. Based on the characterization results, the high
activity of snowake-like CdS is attributed to its high index facet
(002), its higher degree of crystallinity, and the snowake sheet
structure. The Pt–Nix alloy NPs deposited on the surface of the
CdS photocatalyst decreased the exposure of the CdS high index
(002) crystal surface facets. The intensities of the diffraction
peaks of CdS and Pt–Ni3/CdS listed in Table 1 reveal that the
priority sequence of deposition surfaces for the Pt–Ni3 cocata-
lyst particles is (002) > (102) > (103) > (101). Pt–Ni3 particles on
the (002) crystal facet of CdS can be regarded as the main reason
for the high activity of the Pt–Ni3/CdS photocatalyst for
hydrogen generation. SEM and HRTEM results indicate that the
size of the snowake-like CdS is on the micrometer scale, with
(002) being the main exposure surface. In addition, the thick-
nesses of the snowake-like CdS particles are on the nano-scale.
The two-dimensional structure of the prepared CdS benets the
charge transfer of photo-induced electrons from the bulk to the
surface, where electrons are used for the reduction of
protons.39,40 The two-dimensional structure and high energy
(002) exposed surface contribute to the high activity of the
prepared snowake-like CdS photocatalyst.

Moreover, the high hydrogen production rate of the Pt–Ni3/
CdS photocatalyst results not only from the structure of
snowake-like CdS but also from the Pt–Ni3 alloy co-catalyst
nanoparticles. Ni atoms in the synthesized Pt–Ni3 bimetallic
cocatalyst can promote electron transfer from CdS, because Ni
atoms in the Pt–Ni3 alloy act as electron donors to Pt atoms and,
consequently, accelerate the electron transfer rate for the
reduction of protons. As a result, the alloying structure of Pt and
Ni atoms can signicantly promote proton adsorption on Pt
atom sites to maintain the high hydrogen generation activity of
Pt–Ni3/CdS photocatalaysts.
4. Conclusions

In summary, we have synthesized a Pt–Nix alloy NP based
cocatalyst and loaded this onto the surface of prepared
snowake-like CdS for visible light photocatalytic hydrogen
production. According to an evaluation of the activity proper-
ties, Pt/CdS reaches the highest hydrogen production rate
(46.88 mmol h�1 g�1) when the Pt loading equals 3.0 wt%.
Moreover, through introducing a Ni element into the Pt NPs, the
rate of hydrogen production increases rst and decreases
aerwards, reaching a maximum of 48.96 mmol h�1 g�1 cat.
(QE ¼ 44.0% at 420 nm) when the Pt to Ni ratio is 1 : 3. We
suggest that Ni atoms in the Pt–Nix alloy NPs function as elec-
tron donors to Pt atoms, accelerating the transfer rate of photo-
induced electrons, thus promoting the hydrogen generation
rate. Moreover, compared to a pure Pt cocatalyst, themost active
photocatalyst, Pt–Ni3/CdS, effectively reduces the usage of Pt,
31536 | RSC Adv., 2018, 8, 31529–31537
showing good application prospects for hydrogen generation
from water-splitting using solar energy.
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