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nanosheets: a new strategy for
cocatalyst design on CdS surfaces for
photocatalytic hydrogen generation
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Ultrathin metal materials exhibit quantum size and surface effects that give rise to unique catalytic

properties. In this paper, we report a facile liquid synthesis method for polyvinylpyrrolidone (PVP, K30)

capped ultrathin Ni(OH)2 nanosheets with lamellar structure. The as-prepared ultrathin Ni(OH)2
nanosheets coupled with CdS nanorods exhibit excellent activity in hydrogen generation from water

splitting under visible light. The H2 evolution rate of Ni(OH)2/CdS, 40.18 mmol h�1 gCat.
�1 with

a quantum efficiency of 66.1% at 420 nm, is ca. 1.5 times that of Pt/CdS with an optimal loading amount

(1.25 wt%) under the same reaction conditions. Considering the cost of photocatalysts, the ultrathin

Ni(OH)2 nanosheet coupled CdS photocatalyst may have a promising commercial application in

photocatalytic hydrogen production.
1. Introduction

Hydrogen production from water splitting is considered the
“Holy Grail” of the hydrogen economy, and has been actively
studied in recent decades. The efficiency of any solar water
splitting photocatalyst depends upon its ability to utilize solar
radiation and its photochemical conversion efficiency. There-
fore, considerable efforts have been focused on developing
visible-light-driven photocatalysts, such as limited mixed
oxides, (oxy)nitrides, and (oxy)suldes, capable of using abun-
dant visible light (l > 420 nm). Moreover, the loading of noble
metal cocatalyst, such as Pt, Pd, Ru, and Rh, is widely accepted
in theory and experimental research for hydrogen production
from water splitting since these cocatalysts can trap photo-
generated electrons and catalyze the H2 evolution reaction,
and thus signicantly improving the performance of the semi-
conductor photocatalyst. However, their application in large-
scale energy production are inhibited due to the scarcity and
high costs of these noble metals. In this regard, the exploitation
of noble-metal-free materials with low costs, high efficiencies
and good durability as cocatalysts for photocatalytic H2

production is highly desirable.
Recently, metallic nickel1–12 and nickel compounds (e.g.

NiO,13–21NiS,22–36 Ni(OH)2,37–42 and Ni@C/CdS43) were reported to
function as cocatalysts for water splitting affording hydrogen
esource & Energy Recovery from Waste,
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and oxygen or for organic pollutant degradation in water and
air. Rong Xu and You Xu have given a comprehensive review
about Ni-based cocatalysts for semiconductor-based photo-
catalytic H2 production.44 Among these metallic nickel and
nickel compounds, Ni(OH)2 cocatalysts have been widely
applied to combine with various semiconductors for efficient
photocatalytic H2 production. It can promote the electron
transfer at the interface with primary catalysts and catalyze the
H2 evolution.

It is well recognized that several key factors, including the
loading amount, phase, structure and size, determine the
activities of cocatalysts when combining with semiconductors
for photocatalytic H2 production. Qiao et al. prepared Ni-based
cocatalysts, such as NiO, NiS, Ni(OH)2 and Ni, and loaded them
onto the surface of ZnxCdxS, the hydrogen generation results
demonstrated that the Ni(OH)2 loaded ZnxCdxS exhibited a very
high photocatalytic hydrogen generation rate of 7160 mmol h�1

g�1, which is due to the synergetic effect between Ni(OH)2 and
metallic Ni formed in situ during the photocatalytic reaction.37

Huang et al. synthesized (Ni(OH)2/g-C3N4) photocatalysts by
a simple precipitation method, and found that the hydrogen
generation activity of C3N4 loaded with 0.5 mol% Ni(OH)2 under
visible light (l > 420 nm) was even higher than that of the one
loaded with 1 mol% Pt.38 Shangguan et al. prepared b-Ni(OH)2
modied TaON via a precipitation method. With methanol
solution (10%, v/v) acted as sacricial electron donor, they
investigated the dosage of Ni(OH)2 NPs in the presence of water
soluble TaON under visible light (l > 420 nm) on the hydrogen
generation activity. And the highest efficiency obtained with
Ni(OH)2 NPs loading of 5% reached up to 2 times of Pt/TaON.
They suggested that the rapid electrons migration from CB of
This journal is © The Royal Society of Chemistry 2019
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TaON to Ni(OH)2 that restrained the recombination of charge
carriers generated by TaON, and nally facilitated the hydrogen
evolution.40 Wang et al. employed a novel method to enhance
the interaction between the Ni(OH)2 and HNb3O8, and the
synthesized Ni(OH)2 had an smaller size, furthermore, the
optimal H2 generational rate of sample is about 15.7 times than
that of the Ni(OH)2 prepared by a traditional deposition
method. They suggested that the smaller size of cocatalyst could
provide a larger number of surface active sites and improved the
photocatalytic hydrogen evolution performance.42

Recent decade, ultrathin metal-based materials were found
owning quantum size and surface effects, and could give rise to
unique physical and chemical properties. By far, only a few
metal ultrathin materials have been reported, such as
surfactant-capped Pd, Rh, and Ru nanoplates.45–47 In this paper,
we applied a facile liquid method to synthesize Ni(OH)2 with
ultrathin nanosheets structure, and used it as cocatalyst for
hydrogen generation from water splitting. Ultrathin Ni(OH)2
nanosheets coupled with CdS nanorods photocatalyst exhibits
excellent photocatalytic hydrogen generation activity under
visible light, the hydrogen generation rate reaches to
40.18mmol h�1 g�1 (QE¼ 66.1% at 420 nm), muchmore higher
than that of Pt/CdS (26.8 mmol h�1 g�1) with optimal loading
amount (1.25 wt%) under the same reaction conditions.
2. Experimental section

All chemicals were used without further purication. Chlor-
oplatinic acid (H2PtCl6$6H2O) was obtained from Reagent No. 1
Factory of Shanghai Chemical Reagent Co., Ltd. Sodium boro-
hydride (NaBH4) was obtained from Chinese Sinopharm
Chemical Reagent Co. Ltd. Polyvinylpyrrolidone (PVP, K30) was
obtained from BASF. Cd(NO3)2$4H2O, NH2CSNH2, NiCl2$6H2O
(Kermel Chemical Reagent Co. Ltd.) and absolute alcohol (Ante
Biotech Co. Ltd.) were used as starting materials. The water
used in the preparation was distilled water.
2.1 Preparation of ultrathin Ni(OH)2 nanosheets coated CdS
nanorods

Ultrathin Ni(OH)2 nanosheets was synthesized via chemical
reduction route. 0.48 mL 0.04259 mol L�1 NiCl2 and 6 drops
PVP (0.1 wt%) was added into 9 mL distilled water, mixed under
stirring for 1–2 min, and then 0.06349 mol L�1 NaBH4 was
added into the solution drop by drop until the solution changed
to grey black.

CdS nanorods served as photocatalyst were prepared by
a solvothermal method.48 48 mL of 1,2-ethylenediamine(en),
3.1537 g of Cd(NO3)2$4H2O (Kermel Chemical Reagent Co. Ltd.,
China) and 2.3040 g of NH2CSNH2 (Kermel Chemical Reagent
Co. Ltd., China) were added to a beaker, and reacted under
stirred at room temperature for 30 min, then it was transferred
into a sealed Teon-lined autoclave, and was kept at 160 �C for
48 h. The so-obtained yellow product was separated from the
solution, washed with distilled water and absolute alcohol,
dried under 313 K for 24 h in a vacuum furnace, nally ground
and stocked in an airtight vial. The as-prepared CdS with
This journal is © The Royal Society of Chemistry 2019
nanorods structure belongs to hexagonal phase, and possessed
a large BET surface area of 36.7 m2 g�1.

The as-obtained ultrathin Ni(OH)2 nanosheets was mixed
with 0.1 g of CdS nanorods under stirring for water splitting-
hydrogen generation reaction. During the water splitting reac-
tion process, ultrathin Ni(OH)2 nanosheets was deposited on
CdS surface with the assistance of photo-induced electrons.

2.2 Characterization

Crystalline structure of as-prepared ultrathin Ni(OH)2 nano-
sheets was determined by using powder X-ray diffraction (XRD)
(Philips X'Pert Pro, Netherlands) with Cu Ka radiation. The
applied current and voltage were 40 mA and 40 kV, respectively.
The grain size and microstructure of ultrathin Ni(OH)2 nano-
sheets were analyzed with a eld emission transmission elec-
tron microscope (TEM) (FEI TalosF200S, USA). Scanning
transmission electron microscopy coupled with electronic
differential system (STEM-EDX) (FEI Tecnai G2 F20 S-TWIN,
USA) were used to investigate the distribution of Ni(OH)2 NPs
on the surface of CdS nanorods. The UV-vis diffuse reection
spectra (DRS) of Ni(OH)2/CdS were determined by a UV-vis
spectrophotometer (Shimadzu UV-2450, Japan) and were con-
verted to absorbance by the Kubelka–Munk method. PL spectra
and lifetime of Ni(OH)2/CdS were recorded using a FLS 980
(Edinburgh analytical instruments, UK) furnished by a 450 W
xenon lamp and a mF900H high-energy microsecond ash lamp
as the excitation source. The Fourier transformation infrared
spectrometer (FT-IR) (Nicolet AVATAR 360, USA) was used to
analyze forming mechanism of the ultrathin Ni(OH)2
nanosheets.

2.3 Evaluation of photo-catalytic activity

A water-jacketed stainless vessel (diameter 14.0 cm, height 10.0
cm) tted with a quartz window (diameter 7.0 cm, exposed area
38 cm2) was used as the photo-reactor. The reaction tempera-
ture was maintained at 311 � 2 K by circulating isothermal
water in the water jacket of the photo-reactor. A 300 W Xe lamp
(Beijing Perfect light Company; Beijing, China) equipped with
a cut-off lter (l > 420 nm) was used as the light source. Before
photo-catalytic reaction was commenced, 0.1 g of CdS nanorods
photocatalyst was adequately well mixed with the ultrathin
Ni(OH)2 nanosheets, then the slurry was added into 1 M
(NH4)2SO3 aqueous solution, and the total volume of the reac-
tion solution was kept at 50 mL. The solution was purged with
N2 ow (>99.999%) for 30 min under stirring, and so the
ultrathin Ni(OH)2 nanosheets might get well contact with CdS
nanorods photocatalyst.

3. Results and discussion
3.1 Structure characterization of ultrathin Ni(OH)2
nanosheets

Fig. 1a shows XRD pattern of as-prepared Ni(OH)2 NPs. It's seen
that there is no clear diffraction peak within 30–70�, indicating
Ni(OH)2 NPs being of poor crystallinity. The diffraction peaks
located at 39.8�, 42.2�, 44.8�, and 59.4� could be attributed to
RSC Adv., 2019, 9, 1260–1269 | 1261
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Fig. 1 XRD spectrum (a) and XPS spectra (b) of as-prepared Ni(OH)2 NPs.
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Ni(OH)2 NPs (JCPDS card no. #45-1027), while the diffraction
peak located at 33.6� could be attributed to Ni(OH)2 (JCPDS card
no. #14-0117). All of the diffraction peaks slightly change
towards high degree, which might be caused by surface modi-
ed PVP. Moreover, there is a strong and broaden peak centered
at 12.1�, indicating the lamellar structure of the as-prepared
Ni(OH)2 NPs. To further investigate the Ni chemical state and
XPS was employed, the result was shown in Fig. 1b. It can be
found that two strong peaks at 855.8 eV and 873.6 eV are
indexed to Ni 2p3/2 and Ni 2p1/2, suggesting Ni exists in the form
of hydroxide on the surface. And the peaks observed at 852.3 eV
can be ascribed to metallic Ni, which is consistent with the XRD
synthesis. To sum up, we think that the as-prepared Ni NPs
mainly consist of Ni(OH)2 and very small amount of metallic Ni
as well. It's generally believed that Ni is more active. In this case,
Ni NPs was synthesized via chemical reduction in the aqueous
solution, and its surfaces unavoidable to be oxidized, and
further combined with H2O to form Ni(OH)2.

Fig. 2a and b are the TEM and HRTEM image of as-prepared
Ni(OH)2 NPs, respectively. It is clearly seen that the so-obtained
Ni(OH)2 NPs shows irregular ultrathin nanosheets with lamellar
structure, highly identify with the testing result of XRD. As can
be seen, the ultrathin Ni(OH)2 nanosheets with lamellar struc-
ture is considerably uniform and well dispersed. In addition,
the ultrathin Ni(OH)2 nanosheets is of high yield, no obvious
other morphology was detected. Fig. 2c is the enlarged image of
the red square in Fig. 2b, which gives more details about the
laminar nanosheets. The average thickness of single sheet and
interlamellar spacing are estimated to be 0.187 nm and
0.193 nm, respectively. The thickness of single sheet is close to
the radius of Ni mono-atom (0.1243 nm), so we suggest that the
nanosheets is properly monoatomic layer. Fig. 2d is the selected
area electron diffraction (SAED), showing the dispersing
diffraction ring, which indicate that the particle is composed of
extremely ne particles, with poor crystallinity. And the SAED
result is also consistence with XRD (Fig. 1).

FT-IR analysis of the as-prepared metallic Ni(OH)2 NPs was
applied to investigate the formation mechanism of its ultrathin
nanosheets structure. As shown in Fig. 3 curve b, the absorption
peaks at 2960 cm�1 and 1430 cm�1 are due to the nC–H and dC–H

of PVP molecular, respectively. The peaks located at 1373 cm�1
1262 | RSC Adv., 2019, 9, 1260–1269
and 1292 cm�1 are consistent with symmetric and asymmetric
stretching vibration of C–N. The peak at 1660 cm�1 is according
to nC]O. The absorption of water, observed at 3452 cm�1, is
identical to nO–H. All of these typical absorption peaks of PVP
molecular could be seen in curve a, which conrmed that PVP
was decorated on the surface of ultrathin Ni(OH)2 nanosheets.
In addition, the absorption peaks attributed to nC]O in Fig. 4a is
seen at 1630 cm�1, changing towards low wavenumber, indi-
cating the formation of C]O/Ni2+.49 Therefore, we argued that
the precursor Ni2+ combined with C]O to form C]O/Ni2+

during the previous dispersing process, and then Ni2+ was
reduced by NaBH4 to give birth of Ni crystal seed. PVP is
a perfect membrane-forming agent, and was served as a capping
reagent in reduction reaction, so the Ni(OH)2 NPs with ultrathin
nanosheets structure was yielded under the directing function
of PVP. In this work, ultrathin Ni(OH)2 nanosheets shows
lamellar structure, which were also observed by several research
groups. Zheng et al. reported a general CO-conned growth
method to prepared hexagonal palladium nanosheets.45 The
average thickness of the as-prepared nanosheets was found to
be 1.8 nm-less than 10 atomic layers thick, and as the concen-
tration of palladium nanosheets increasing, the nanosheets had
the trend to assemble into an extended lamellar structure in the
presence of CTAB. Yan et al. synthesized Ru triangular and
irregular nanoplates by means of hydrothermal method, they
also found that Ru nanoplates could bend and assemble into
layered structures in a face-to-face manner on the carbon
membranes of the copper grid.46 We think that several factors
such as the concentration of precursor, solvent, capping reagent
and surfactant, might led to the lamellar structure.
3.2 The deposition of ultrathin Ni(OH)2 nanosheets on
surface of CdS nanorods

As described in experimental section, ultrathin Ni(OH)2 nano-
sheets was prepared via chemical reduction with PVP as so
template. The so-obtained ultrathin Ni(OH)2 nanosheets was
mixed with CdS nanorods photocatalyst under anoxic condi-
tion, and then deeply reduced by the photo-generated electrons
of CdS with (NH4)2SO3 as sacricial agent. In order to determine
the distribution of Ni(OH)2 nanosheets on the surface of CdS
nanorods, STEM analysis was performed and the images are
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 HRTEM images (a) and (b), enlarged image (c), and SAED pattern (d) of as-prepared ultrathin Ni(OH)2 nanosheets.

Fig. 3 FT-IR spectra of as-prepared ultrathin Ni(OH)2 nanosheets (a)
and PVP (b).
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shown in Fig. 4. The HAADF image of Ni(OH)2/CdS shows that
there is no obvious Ni(OH)2 nanosheets detected on the surface
of CdS nanorods (Fig. 4a). In addition, the elemental mapping
This journal is © The Royal Society of Chemistry 2019
of Ni (Fig. 4d, g and h) indicates that Ni(OH)2 nanosheets
concentrate on the surface of CdS nanorods, and well distribute
on the most surface of CdS nanorods. So far, such extensive
distribution of cocatalyst on the surface of photocatalyst is
rarely studied. Usually, the concerned cocatalysts no matter
what they are, scattered on the surface of photocatalyst, espe-
cially when the loading amount of cocatalyst is low as shown in
this case (1.20 wt%).

Fig. 5a and b show the XRD patterns of CdS and ultrathin
Ni(OH)2 nanosheets decorated CdS, respectively. All diffraction
peaks of CdS nanorods can be indexed to the hexagonal CdS
phase (space group: P63mc; JCPDS card no. 41-1049), and no
other characteristic peaks of impurities were detected. More-
over, there is no characteristic peak of Ni(OH)2 nanosheets
found in Fig. 5b, whichmight be due to the low loading capacity
of Ni(OH)2 on CdS surface.

Moreover, it's not difficult to nd an obvious difference via
comparing the XRD patterns of CdS and Ni(OH)2/CdS, i.e. the
peak intensity of most crystal planes changes a lot. The relative
peak intensity of each crystal plane was calculated and listed in
Table 1. As can be seen, the peak intensity of crystal planes
(200), (110), (100) and (002) decreased, while the peak intensity
of crystal planes (103), (101), (112) increased. The investigating
RSC Adv., 2019, 9, 1260–1269 | 1263
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Fig. 4 HAADF-STEM image of Ni(OH)2/CdS (Ni(OH)2 loading amount is 5 wt%) (a), along with the corresponding elemental maps (b–h).
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result revealed that the photo-induced deposition of ultrathin
Ni(OH)2 nanosheets on the surface of CdS nanorods has
orientations. Ultrathin Ni(OH)2 nanosheets trends to load on
the crystal planes (200), (110), (100) and (002), which reduces
1264 | RSC Adv., 2019, 9, 1260–1269
the exposal opportunity of these crystal planes, and thus causes
the decreasing of peak intensity. The orientation deposition of
ultrathin Ni(OH)2 nanosheets on CdS nanorods properly relates
to the transfer mechanism of photo-induced carriers inside the
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 XRD spectra of CdS (a) and Ni(OH)2/CdS (b).

Fig. 6 UV-vis spectra of CdS (a) and Ni(OH)2/CdS (b).
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semiconductor. And intensive investigations are necessary to
reveal the relationship between the electron transfer and the
structure of photocatalyst semiconductor.
3.3 Spectra analyses

UV-vis diffuse reectance spectra (DRS) of CdS nanorods and
Ni(OH)2/CdS were shown in Fig. 6. They displayed that the
absorption threshold and band gap of CdS were about 523 nm
and 2.4 eV respectively, and remained unchanged as ultrathin
Ni(OH)2 nanosheets loaded on its surface via photo-induced
hydrogen generation reaction. Moreover, compared with CdS
nanorods, the absorbance of Ni(OH)2/CdS decreased in the
testing region 200–523 nm and increased within 523–900 nm,
which might be caused by the coating of ultrathin Ni(OH)2
nanosheets on the surface of CdS nanorods.

Fig. 7 shows the photoluminescence (PL) spectra of as-
synthesized CdS nanorods and Ni(OH)2/CdS measured at
room temperature at an excitation wavelength of 407 nm. As-
synthesized CdS (Fig. 7a) exhibits two strong emission peaks
at 440–460 nm and 506 nm, respectively. The former emission
peak is caused by band-edge emission, while the latter is usually
attributed to surface-defect emission. However, as ultrathin
Ni(OH)2 nanosheets was deposited on as-prepared CdS surface
Table 1 XRD data comparison of CdS and Ni(OH)2/CdS photocatalysts

2q/(�) Lattice plane

I

INi(OH)2/CdS/ICdSCdS Ni(OH)2/CdS

25.03 (100) 250 222 0.888
26.72 (002) 278 257 0.925
28.33 (101) 295 310 1.051
36.92 (102) 64 62 0.969
43.96 (110) 218 158 0.725
48.06 (103) 122 137 1.123
51.06 (200) 39 16 0.410
52.15 (112) 128 133 1.039
53.00 (201) 57 56 0.982

This journal is © The Royal Society of Chemistry 2019
(Fig. 7b), the intensity of the two peaks decreased signicantly,
which indicated that the recombination of photo-generated
charges was repressed somehow.

The lifetime curves of the photocatalysts aer hydrogen
generation reaction were monitored under the excitation at
407 nm (Fig. 8). It's seen that lifetime curve of Ni(OH)2/CdS has
a clearly delay, which indicates that the lifetime of the photo-
generation electrons is prolonged. All of the curves could be
well tted to a double exponential function [I ¼ a1 exp(�t/s1) +
a2 exp(�t/s2)], based on which the lifetime value (s1, s2), and the
pre-exponential factor (a1, a2) were calculated (Table 2). In
addition, the average lifetime value (save) could be calculated by
the function [save ¼ (a1s1

2 + a2s2
2)/(a1s1 + a2s2)] (Table 2). Table

2 clearly showed that the short (s1) and long lifetime (s2) of CdS
and Ni(OH)2/CdS were 8455.56 ns, 10 882.96 ns, and 883.76 ns,
876.81 ns, respectively. The short lifetime (s1) of Ni(OH)2/CdS
was much higher than that of CdS alone.

Generally, the short lifetime s1 was caused by the recombi-
nation of photo-induced carriers in the bulk of the photo-
catalyst CdS, while the long lifetime s2 could be explained by the
Fig. 7 PL spectra of CdS (a) and Ni(OH)2/CdS (b), monitored under the
excitation at 407 nm.
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Fig. 8 Fluorescence lifetime of CdS (a) and Ni(OH)2/CdS (b) photo-
catalyst, monitored under the excitation at 407 nm.

Fig. 9 H2 evolution rate under visible light (l > 420 nm) in the pres-
ence of Ni(OH)2/CdS photo-catalyst. Reaction conditions: a 300 W Xe
lamp equippedwith a cut-off filter (l > 420 nm), 50mL 1mol L�1 (7.5 g/
50 mL) (NH4)2SO3 aqueous solution, 0.1 g Ni(OH)2/CdS photocatalyst,
reaction temperature is ca. 311 � 2 K.
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recombination of photo-induced carriers on its surface. The
lifetime of semiconductor photocatalyst was closely associated
with the separation and transformation of the photo-induced
carriers.50–53 Increasing lifetime can enhance the separation
efficiency between photo-induced electrons and holes, resulted
in the promotion of photocatalytic hydrogen generation rate.
Therefore, we suggest that ultrathin Ni(OH)2 nanosheets coated
CdS largely inhibited the combination of photo-generated
carriers.
3.4 Hydrogen evolution properties

Fig. 9 shows the H2 evolution rate (gH2
) of CdS modied with

ultrathin Ni(OH)2 nanosheets, and the inset gure directly gives
the H2 evolution rate of each photocatalyst when its activity gets
stable. CdS alone is inactive, and almost no hydrogen was
detected. It's seen that Ni(OH)2/CdS photocatalyst shows high
activity in H2 evolution from water-splitting under visible light.
And as loading amount of ultrathin Ni(OH)2 nanosheets
increased within 1.0–2.0 wt%, the H2 evolution rate of Ni(OH)2/
CdS increased in the beginning, reached to its peak value
40.18 mmol h�1 g�1 (QE ¼ 66.1%, l ¼ 420 nm) as loading
amount equals to 1.2 wt%, and then slightly decreased.

In order to get a technical evaluation of this work, H2

evolution reaction was performed in presence of Pt/CdS under
the same reaction conditions (Fig. 10). Pt NPs with a particle
size of 5 nm was synthesized by means of chemical reduction
with chloroplatinic acid hydrate used as precursor, sodium
borohydride as reducer. The experimental testing result indi-
cates that H2 evolution rate of Pt/CdS with optimal loading
amount (1.25 wt%) reaches to 26.80 mmol h�1 g�1 (QE¼ 13.3%,
Table 2 Results of double-exponential fitting to the fluorescence of
CdS and Ni(OH)2/CdS

Sample s1 (ns) a1 (%) s2 (ns) a2 (%) save (ns)

Ni(OH)2/CdS 10 882.96 55.11 876.81 44.89 10 266.73
CdS 8455.56 45.28 883.76 54.72 7606.43

1266 | RSC Adv., 2019, 9, 1260–1269
l¼ 420 nm). Curves a–d were obtained with the same Pt loading
amount (1.25 wt%) and under the same reaction conditions,
and the result showed good repeatability.

The stability of Ni(OH)2/CdS was also investigated and the
result was shown in Fig. 11. Due to the high hydrogen genera-
tion rate, the sacricial agent (NH4)2SO3 was almost consume
away aer one cycle. And therefore, 6.0 g sacricial agent
(NH4)2SO3 and 1.5 mL H2O were added into the reaction solu-
tion, and the solution was purged with N2 ow (>99.999%) for
30 min again before reaction. According to the inset gure in
Fig. 11, the hydrogen generation rate for the ve cycles are
40.78, 42.04, 37.79, 37.79, 35.28 mmol h�1 g�1, respectively. The
total amount of hydrogen produced in 25 h reaches to
96.84 mmol, in other words, the production capacity of
Fig. 10 H2 evolution rate under visible light (l > 420 nm) in the
presence of Pt/CdS photo-catalyst. Reaction conditions: a 300 W Xe
lamp equippedwith a cut-off filter (l > 420 nm), 50mL 1mol L�1 (7.5 g/
50 mL) (NH4)2SO3 aqueous solution, 0.1 g Pt/CdS photocatalyst,
reaction temperature is ca. 311 � 2 K.

This journal is © The Royal Society of Chemistry 2019
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Fig. 11 The stability of Ni(OH)2/CdS photo-catalyst. Reaction condi-
tions: A 300 W Xe lamp equipped with a cut-off filter (l > 420 nm),
50 mL 1.3 mol L�1 (10.0 g/50 mL) (NH4)2SO3 aqueous solution, 0.1 g
Ni(OH)2/CdS photocatalyst, reaction temperature is ca. 311 � 2 K.

Fig. 12 Electrons capture by ultrathin Ni(OH)2 nanosheets on the
surface of CdS nanorod.
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hydrogen is 1.735 m3 h�1 m�3 reaction solution, while the raw
material cost of photocatalyst is less than 2$. In short, ultrathin
Ni(OH)2 nanosheets cocatalyst coupled with CdS nanorod
photocatalyst has huge application prospects.
3.5 Discussion

To compare the two cocatalysts, the hydrogen generation rate of
ultrathin Ni(OH)2 nanosheets coated CdS nanorods is 1.5 times
as much as that of Pt/CdS, which is a so excited result. It's
generally thought that quantum efficiency mainly depends on
three aspects, i.e. the absorption efficiency of photocatalyst to
the injected light, the separation and transfer efficiency of
photo-induced charges in the bulk and surface of photocatalyst,
and the catalytic evolution of H2 and O2. Therefore, far more
works focus on the three steps in order to push forward the
application of photo-catalytic technique in H2 evolution from
water splitting. Fig. 12 gives a schematic of the electrons
transfer and capture by Ni(OH)2 NPs cocatalyst on the surface of
CdS nanorods. The potential of Ni2+/Ni (Ni2+ + 2e� ¼ Ni, E� ¼
�0.23 V) is less negative than the conduction band (CB) (�0.7 V)
of CdS, which favors the transfer of CB electrons from CdS to
Ni(OH)2, and nally prolong the lifetime of them, which is
conrmed by the uorescence lifetime testing (Fig. 8).

Moreover, it's thought that 2D nanostructures could exhibit
fascinating properties, such as high electron mobility, quantum
Hall effects, extraordinary thermal conduction, magnetic reso-
nant mode, superconductivity, and catalytic properties.45–47,54–57

As mentioned above, our research group had investigated the
photocatalytic properties of Ni(OH)2 NPs coupled with CdS
nanorods towards hydrogen generation from water splitting.
Ni(OH)2 nanoparticles were prepared via chemical reduction of
aqueous NiCl2$6H2O by N2H4$H2O, and loaded on the surface
of CdS nanorods by photo-induced electrons as did in this case.5

The as-obtained Ni(OH)2 nanoparticles with an average size of
about 10 nm have face centered cubic structure, and provided
a hydrogen production rate of 25.848 mmol (h�1 g�1) (QE ¼
This journal is © The Royal Society of Chemistry 2019
26.8%, l ¼ 420 nm) under the same reaction system. Therefore,
we argued that 2D nanostructures with atomic thickness may
expose specic crystal planes to the largest extent so that they
may show enhanced co-catalytic properties. Acted as electron
trapping centers, ultrathin Ni(OH)2 nanosheets are more
powerful in transfer of conduction band electrons, and thus
accelerate the hydrogen generation reaction.
4. Conclusion

This paper comes up with a novel structure of Ni(OH)2 cocata-
lyst for the hydrogen generation from water splitting by CdS
nanorods photocatalyst. Ultrathin Ni(OH)2 nanosheets was
prepared via facile chemical routine at room temperature with
PVP served as capping reagent. Under the same photo-catalytic
reaction conditions and their respective optimal loading
amount, the hydrogen generation rate of Ni(OH)2/CdS is high
up to 40.18 mmol h�1 g�1 with a quantum efficiency of 66.1% at
420 nm, 1.5 times as much as that of Pt/CdS. Time-resolved
uorescence show that Ni(OH)2 NPs prolong the lifetime of
band-edge emission electrons of CdS photocatalyst, which
largely benets to the promotion of separation efficiency of
photo-induced charges, and nally results in the improvement
of hydrogen generation rate. Ultrathin Ni(OH)2 nanosheets
provide much more reaction active cites, benet to the transfer
and separation of photo-reduced carriers, and result in the
promotion of reaction rate. In addition, ultrathin materials
oen have atomic thickness, given them unique catalytic
property, which signicantly accelerate the hydrogen genera-
tion. Considering the low cost of Ni metal and its metal salts,
ultrathin Ni(OH)2 nanosheets cocatalyst connected with CdS
nanorods photocatalyst undoubtedly shows commercial
application.
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A. L. Rogach, F. Jäckel, J. K. Stolarczyk and J. Feldmann,
Nat. Mater., 2014, 13, 1013–1018.

4 X.-Y. Li, H. Wang, T.-T. Chu, D.-Z. Li and L.-Q. Mao, Mater.
Res. Bull., 2014, 57, 254–259.

5 H. Wang, W. Chen, J. Zhang, C.-P. Huang and L.-Q. Mao, Int.
J. Hydrogen Energy, 2015, 40, 340–345.

6 W. Wang, S. Liu, L. Nie, B. Cheng and J. Yu, Phys. Chem.
Chem. Phys., 2013, 15, 12033–12039.
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