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ABSTRACT: Cobalt hydroxide/cadmium sulfide composite was
prepared using an easy coprecipitation strategy. The field emission
scanning electron microscopy (FESEM) and transmission electron
microscopy (TEM) confirmed that Co(OH), nanometer particles
were modified on CdS. Even without noble-metal cocatalyst, the
photocatalytic H, evolution over CdS after Co(OH), loaded was
evidently increased. The most excellent Co(OH), of 6.8 mol %,
resulted in a H, generation rate of 61 umol h™' g~!, which
exceeded that of pure CdS by a factor of 41 times. Surface
photovoltage (SPV) and surface photocurrent (SPC) investiga-
tions revealed that the photogenerated electrons could be
captured by the loaded Co(OH), nanoparticles. The interface
formed between Co(OH), and CdS is vital to the enhancement of
photocatalytic H, generation. Electrochemical measurement results indicated that another reason for the enhanced photocatalytic
activity of Co(OH),/CdS catalyst is that Co(OH), has outstanding H, generation activity.
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B INTRODUCTION

With excessive consumption of fossil fuels and growing
environmental pollution, solutions to energy, and environ-
mental issues have become urgently important topics nowa-
days. For resolving energy crisis and environment problems,

Co(OH), modified CdS nanorods has not been reported up to
date.

In this work, for the first time, we used the Co(OH),/CdS
composites prepared by easy coprecipitation way for photo-
catalytic H, generation. To clarify the role of Co(OH),,

photocatalytic H, evolution using photocatalysts of semi-
conductors has been considered as an attractive way.' > CdS is
an attractive semiconductor for H, evolution and is widely
studied for its narrow band gap and sufficiently negative
conduction band potential.é_9 Traditionally, for improving the
photocatalytic H, generation efficiency over CdS, noble metals
(Pt, Rh, and Pd) are essential cocatalysts.'®~"* However, noble
metals are scarce and of high-cost. Therefore, it is vital to find
highly efficient and low-cost cocatalysts to replace noble metals
for sustainable development."*'* Zong and co-workers thought
that MoS, and WS, are outstanding cocatalysts of CdS. The
MoS,"® and WS, "¢ loaded could increase the H, generation rate
for CdS. What is more, our studies indicated that the H,
generation rate of Zny4Cd,,S was remarkably improved by CuS
loaded."” Cobalt hydroxide is an earth-abundant and promising
transition metal hydroxide, which has been recently used in
supercapacitors, batteries, and photocatalysts.'®~>° However, as
far as we know, efficient photocatalytic H, evolution over
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photogenerated charge features of Co(OH),/CdS composites
could are characterized by SPS, SPC, and transient photo-
voltage (TPV) techniques. A comprehensive explanation for
the mechanism of enhanced photocatalytic H, evolution was
proposed in terms of the role of Co(OH),. The study may be
beneficial to developing inexpensive and eflicient photocatalyst
for water of decomposition.

B EXPERIMENTAL SECTION

All the reagents are analytically pure. They are not further purified.
Synthesis of CdS Nanorods. CdS nanorods were synthesized

with solvothermal way.** Typically, the cadmium nitrate tetrahydrate

(4.66 g) was dispersed in reaction kettle with 72 mL of ethylenedi-
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amine containing thiourea (3.45 g). The solution was heated at 160 °C
for 48 h and cooled down, spontaneously.

Synthesis of Co(OH),/CdS. The Co(OH),/CdS composites
photocatalysts were prepared with easy coprecipitation strategy.
Typically, CdS (04 g) was added into 0.25 M sodium hydrate
solution (50 mL). Then 0, 1.3, 2.7, 4.6, 10.4, or 17.9 mL of 0.05 M
Co(NO;), solution were dropwise put into above solution with
stirring, respectively. After 2 h, the obtained composites were washed
and then dried in vacuum. According to the results of ICP (as shown
in Supporting Information Table S1), the theoretically loaded molar
ratios of cobalt hydroxide to (cobalt hydroxide + cadmium sulfide)
were R =0, 1.7, 3.3, 6.8, 15, and 23 mol %. Therefore, those obtained
composites were marked as SO, S1.7, S3.3, S$6.8, S1S5, and S23,
respectively. Pure cobalt hydroxide photocatalyst was synthesized
using the above way without CdS.

Synthesis of Pt/CdS. A Pt/CdS composite was prepared by
NaBH, reduction. In a typical procedure, CdS nanorods (0.4 g) were
put into deionized water (50 mL) under stirring. Subsequently, 1.08
mL of H,PtClg aqueous solution (18.94 mmol/L) was injected. After it
was stirred for 30 min, a NaBH, aqueous (NaBH,/Pt = 10, molar
ratio) was quickly put into the above solution. Then the solution was
stirred for 1 h. The obtained composites were washed and dried.

Characterizations. The transmission electron microscopy(TEM;
TECNAIG® FEI Company), high resolution transmission electron
microscopy(HRTEM; TECNAIG® FEI Company) and field emission
scanning electron microscopy(FESEM; FEI Company) are used to
characterize morphologies and dimensions for photocatalysts. The X-
ray diffraction (XRD) using Rigaku D/Max-2550 diffraction instru-
ment with Cu Ko radialization (1 = 1.5418 A, 50 kV, 200 mA) was
used to characterize the crystallographic texture of photocatalyst. The
scanning range of 26 is from 10° to 70°. The scanning rate is 10°
min~". The X-ray photoelectron spectroscopy (XPS) was conducted
on the Thermo VG Scientific Escalab 250 spectrometer with
monochromated Al Ka excitation source. In order to measure the
absorption (300—800 nm), we have measured these dispersions on
UV—vis-NIR Spectrophotometer (Shimadzu UV-3600). The surface
photovoltage (SPV) and surface photocurrent (SPC) were carried out
for investi§ating charges features on the previously reported
equipment.”**" A self-made instrument'” was used to investigate
TPV features of photocatalysts. Briefly, a laser light eradiating impulse
with 355 nm wavelength and 5 ns pulse width is as light resource;
digital oscilloscope is as register. The ICP measurement was acquired
on a PerkinElmer Optima 3300DV ICP spectrometer.

Electrochemical Measurements. The electrochemical H,
generation feature of Co(OH), was studied by a three electrodes
system. Fluorine-doped tin oxide (FTO) electrode and FTO with
Co(OH), electrode were as the work electrodes. FTO electrode and
Co(OH),/FTO electrode were as the work electrodes. The
Co(OH),/FTO was made via dropping ethanol solution of Co(OH),
on FTO. 0.5 M Na,SO, was used as electrolyte. Electrochemical
measurements were conducted with CHI1630b electrochemical
workstation. The Pt wire was used as counter electrode. The Ag/
AgCl electrode was used as reference electrode.

Photocatalytic Reaction. A quartz container with 5.3 cm? of light
coverage was used to test photocatalystic H, generation. The weight of
sample was 0.1 g of 100 mL water solution including 25 mL ethanol
was used as hole consumers. And the illumination time was 1 h, which
was provided by 500 W xenon lamp. The gas phase chromatograph
was employed to determine the concentration of H, evolution. The
carrier gas was nitrogen (N,).

B RESULTS AND DISCUSSION

Figure 1 shows XRD patterns of CdS and Co(OH),/CdS
composites, which can offer information about the crystallinity
of photocatalysts. As can be seen in Figure 1, it is indicated that
the samples have a pure phase of CdS. With increasing the
concentration of Co(OH),, the diffraction peaks corresponding
to (001) and (011) reflections of hexagonal f-Co(OH), (PDF
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Figure 1. XRD patterns of Co(OH),/CdS with different molar
percentages from 0% to 23%.

30-0443), are much more evident. The stars symbols are used
to mark the XRD peaks of Co(OH),.

FESEM was used to characterize the morphology of S0, S6.8,
and S1S. Figure 2 exhibits CdS nanorods with diameters of
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Figure 2. FESEM images of Co(OH),/CdS: (a and b) FESEM of S0,
(c and d) the FESEM of 6.8, and (e and f) FESEM images of S1S.

about 35 nm before and after loaded with Co(OH),. The
surface of pure CdS nanorods seems neat and smooth (in
Figure 2b). However, the surface of CdS nanorods becomes
rougher with Co(OH), loaded (in Figure 2(c, e). Besides, one
can see (in Figure 2d, f) that there are many nanoparticles on
the CdS nanorods. In Supporting Information Figure Sla, only
Cd and S atoms could be detected in the EDAX of pure CdS,
whereas the samples $6.8 and S15 contain Cd and S in addition
to Co according to Supporting Information Figure Slc, d. On
the basis of the results of XRD, FESEM, and EDAX, we deduce
that the Co(OH), nanoparticles have been successfully loaded
on CdS.
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The TEM could further provide information about surface
features of Co(OH),/CdS composites.

One can observe that the surface of CdS nanorods is coated
with many Co(OH), nanoparticles with 2—10 nm, in Figure 3a,

P v Co(OH):

&

Co(OH) Cds

Figure 3. (a, c) TEM images of $6.8. (b, d) HRTEM images of S6.8.
Inset of panel b shows the corresponding image by fast Fourier
transform.

c. Figure 3b, d taken at interfacial region indicates that
Co(OH), nanometer particles were loaded on the hexagon
CdS of single crystal. As can be seen in Figure 2b, d
(corresponding to the square region marked in Figure 2a, c),
the crystalline network for Co(OH), could be recognized as the
(100) interplanar distance of 0.27 nm. These results suggest
that Co(OH), nanoparticles are modified on CdS nanorods,
which could be beneficial to electrons transfer between
Co(OH), and CdS. However, only a limited amount of
Co(OH), nanoparticles were observed on CdS nanorod surface
in the TEM images. It is well-known that it is more difficult to
load metal hydroxides and metal oxides on CdS than metal
sulfides. According to recent reports, the loading amounts of
metal sulfide cocatalysts are relatively smaller, for example,
MoS, (0.2 wt %)/CdS," NiS (1.2 mol %)/CdS,* and CuS$ (3
wt %)/CdS.** In contrast, herein for Co(OH),, the loading
amount is up to 6.8 mol %. The following reasons may explain
the discrepancy. Because S atom on CdS has low electro-
negativity(2.58) and large radius (0.104 nm), which make it
difficult to form strong interaction (such as H-bond)** with H
atom on Co(OH),. And the repulsive interaction between S
atom and O atom is stronger than that between S atom and S
atom which is not favor for loading cobalt hydroxide.
Therefore, a certain of Co(OH), separately aggregate into
particles beyond CdS (as shown in the Supporting Information
Figure S2 and Figure 2c, e). As a result, less Co(OH), could
grow on CdS. Therefore, it is no wonder that extra Co(OH)), is
necessary in order to obtain effective H, evolution on
Co(OH),/CdS photocatalyst. To determine the amount of
Co(OH),, ICP, XPS, and EDAX are performed to check the
molar ratios of cobalt hydroxide to (cobalt hydroxide +
cadmium sulfide) (in Supporting Information Table S1). The
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Figure 4. XPS spectra for the Co(OH),/CdS: (a) XPS survey spectrum of S6.8. (b—d) High resolution XPS spectra of Co 2p, Cd 3d, and S 2p.
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results calculated from XPS, EDAX, and ICP are inconsistent.
The molar ratios calculated from ICP are lower than feed ratios,
while the molar ratios calculated from XPS and EDAX are
higher than molar ratios calculated from ICP. This is caused by
the following reason. The ICP can be used to analyze a variety
of elements with high sensitivity and accurately detect the
content of element in the whole sample. The results of ICP are
lower than the feed ratios for loss in the course of experiment.
The EDAX and XPS can be used for semiquantitative analysis
and used to analyze the content of element on the surface of
sample. Because Co(OH), are mainly loaded on the surface of
CdS, the results from EDXA and XPS are higher than that of
the results of ICP.

The elements contained and states of Co element in sample
S6.8 are further analyzed by XPS. Figure 4a shows that S6.8
contains cadmium, sulfur, oxygen, cobalt, and carbon elements.
The peaks of C come from CO, adsorbed on the surface of
photocatalyst and casual carbureted hydrogen adsorbed on XPS
equipment.”' The XPS spectrum for Co 2p of $6.8 (Figure 4b)
shows the peaks at 796.7 and 781 eV, which are ascribed to Co
2py), and Co 2ps), for Co** in Co(OH),.** Meanwhile, the
distance in binding energies between Co 2p;/, and Co 2p,, is
about 16 eV, which is also indicative of presence of Co* in the
form of Co(OH),.”® The peaks of Cd 3ds/, and Cd;), can be
observed at 405 and 412 eV, suggesting existence of ca*
This XPS spectrum of S 2p is shown in Figure 4d. The XPS
signals of S 2p observed at around 162.6 eV (S 2p, ;) and 161.5
eV (S 2ps,) are ascribed to S*7, indicating the presence of
metal sulfide.”®

UV-—vis diffuse reflectance spectra for S0, S1.7, S3.3, S6.8,
S15, and S23 are shown in Figure 5. The absorption strength

Abs /a.u.

300 ‘ 460 ) 560 ' 6(')0 ’ 760 ) 800
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Figure S. UV-—vis diffuse reflectance spectra (UV—vis DRS) for

Co(OH),/CdS nanocomposite with different Co(OH),/(CdS +
Co(OH),) molar ratios from 0% to 23%.

for SO (CdS) begins to rapidly raise at 518 nm, matching well
with optical band gap absorption for pure CdS (24 eV).
Meanwhile, compared with CdS, the increasing absorption
(518—800 nm) can be obviously seen with increasing the
content of Co(OH),. Co(OH), alone exhibits an obvious
absorption (300—800 nm) (in Supporting Information Figure
$3). In addition, compared with CdS, the absorption edge of
Co(OH),/CdS does not have evident shift, indicating that
Co*" did not enter crystal grating of CdS.*®

No appreciable H, evolution could be obtained without
illumination or photocatalyzer, indicating that H, generation is
photoinduced reduction reaction over catalyst. As shown by the

results in Figure 6, because photogenerated charges in CdS can
easily recombine, CdS (SO) has low H, generation rate.
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Figure 6. Photocatalytic H, generation rate over pure CdS, Co(OH),/
CdS, and Pt/CdS samples.

Interestingly, little Co(OH), deposited on CdS can evidently
enhance H, generation rate of CdS. The sample S6.8 with 6.8
mol % of Co(OH), exhibits the highest H, evolution rate of 61
umol h™'g™!, showing around 41 higher than H, generation
rate of SO (CdS). Compared with Pt (1 wt %)/CdS, S6.8 also
shows higher H, generation rate. However, redundant
Co(OH), leads to decrease of H, evolution rate. The following
two factors probably account for the negative role of excess
Co(OH),: (I) Too much Co(OH), loaded can keep light from
CdS, which could result in reducing light absorption of CdS
and the number of photogenerated charges in CdS. (II)
Superfluous Co(OH), could become deathnium, which could
cause reduction of photocatalytic H, generation rate.”” What' s
more, Co(OH), alone does not show any photocatalystic H,
generation activity at same test conditions. Using the UV—vis
source herein, the H, evolution rate of Co(OH),/CdS appears
to be higher than those reported for p-MoS,/n-RGO,** NGO-
QDs,”’ Pt—Au—WO,,* BiVO,/Ru-SrTiO;:Rh,*' CdSe in 20%
CH;0H(aq),** Pt-IrO,/WO,//Dye-absorbed Pt/H,NbsO,,,**
NiO,/K,Ce,M,,0; (M = Ta, Nb),** Pt-WO,/Pt-SrTiO;(Cr,
Ta),” and PtATaO,N(A: Ca, Sr, Ba)/WO,,*® but lower than
those reported for MoS,/CdS" and WS,/CdS,"® which are
tested in a wide range of conditions in the literature although
light frequency, intensity irradiation area and so on should be
the same for a fairer comparison. We also studied the
photocatalytic H, evolution activity of Co(OH),/CdS with
visible radiation, and S6.8 also exhibits the highest H, evolution
rate (in Supporting Information Figure $4).

To design effective photocatalysts used to produce H, from
water of decomposition, it is necessary and important to fully
understand the charges transmission at interface.>” Therefore,
SPC and SPV were used to research photogenerated charges
transmission features of Co(OH),/CdS, which could be
beneficial for understanding the effect of Co(OH),. Because
of separation of photogenerated charges in space, the SPV
signal arises.®® Figure 7a shows the SPV spectra of SO, S3.3,
S6.8, and S18. There are two evident SPV responses in the SPV
spectrum of SO. The positive SPV signal in the 300—518 nm
corresponds to band-to-band transition of CdS, which reveals
photogenerated electrons transfer to bulk and photogenerated
holes to surface.®” This is representative feature of n-type
semiconductor in SPV, where positive charges of surface space
charges area migrate to the surface.** This sub-band transition
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Figure 7. (a) SPV spectra of SO, $3.3, S6.8 and S15. Inset shows the schematic setup of SPS measurement. (b) SPC spectra of S0, $3.3, $6.8, and

S15. Inset shows the schematic setup of SPC measurement.

of CdS corresponds to SPV response in 518—800 nm.
Compared with SO, the SPV signals of Co(OH),/CdS in the
range of 300—518 nm is reduced clearly. This may be caused by
two reasons. The first reason is that Co(OH), loaded on CdS
could prevent CdS from absorbing light and reduce the number
of photogenerated charges. However, this is not consistent with
the results of photocatalytic H, evolution. So this reason is not
main reason for reduction of SPV signal for Co(OH),/CdS.
The second reason is that Co(OH), loaded on the surface of
CdS acts as an electron acceptor, which could offset some part
of the positive photoelectric signal and result in reduction of
SPV signal for Co(OH),/CdS. More photogenerated electrons
are accumulated on surface of CdS, which is beneficial for
photocatalytic reduction. And it will result in the enhanced
photocatalytic H, evolution rate. Thus, the second reason is
main reason for reduction of photoelectric signal for Co(OH),/
CdS. The S15 has the lowest SPV signal while the
photocatalytic H, evolution rate of S15 is lower than that of
S6.8. This may mainly be caused by the fist reason. Too much
Co(OH), coated could prevent light absorption, reduce the
number of photogenerated charges and reduce the chance that
photogenerated holes in CdS take part in the photocatalytic
oxidation reaction with ethanol, which inevitably causes the
decrease of the photocatalytic H, evolution rate. So the
Co(OH), have a best load. Figure 7b shows the SPC spectra of
SO, S3.3, S6.8, and S15. The SPC response intensity of
Co(OH),/CdS is weaker than that of pure CdS, which
indicates that Co(OH), loaded acts as electron acceptors.”**!
With the increase of Co(OH), loaded, more photogenerated
electrons of CdS are captured, which could cause the decrease
of the amount of photogenerated electrons in CdS, block the
horizon transfer of photogenerated electrons and cause the
reduction of SPC. Too much Co(OH), which is coated on CdS
could prevent light absorption. Thus, the photocatalytic H,
evolution rate of S15 is lower than that of S6.8.

TPV spectrum could reflect photophysical processes (trans-
mission and separation) of photogenerated charges in samples.
Therefore, TPV tests were adopted. Figure 8 shows the TPV
spectra of SO, S3.3, S6.8, and SIS under 355 nm light
irradiation. Two interesting features can be obtained: (I) All
photocatalysts show positive TPV signals, which indicate n-type
feature of CdS. (II) Two peaks are obtained in the TPV
response for Co(OH),/CdS, the P1 peak located at time <107
s and P2 peak located at time >107* s. When laser burst acts on
samples, photogenerated charges separate because of the effect
of electric field of space charge zone. Then, TPV response goes
up in the rage of 0—107° 5. Because of the effect of Co(OH),,
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Figure 8. Normalized TPV spectra of SO, S3.3, S6.8, and S15. Inset
shows the schematic setup of TPV measurement.

which can capture photogenerated electrons in CdS, the
photogenerated charges can quickly separate in Co(OH),/CdS,
which is faster than photogenerated charge separation in pure
CdS. So the P1 peak arises earlier for Co(OH), cocatalyst
loaded compared with pure CdS. When the time is longer than
1 X 107% an obvious retardation peak (P2) corresponding to
diffusion photovoltage* can be obtained in the TPV of
Co(OH),/CdS. Yet, no obvious retardation peak can be
observed for SO. The time corresponding retarded peak is a
balance point at which recombination rate of photogenerated
charges is equal to separation rate. The numerial number of
time corresponding to P2 is larger. Then, the photogenerated
charges would need longer time to recombine. This indicates
that generated electrons could have more chances to take part
in the reaction of H, evolution from water of decomposition.
So, Co(OH), loaded increased separation efficiency of
photogenerated charges and inhibited the recombination of
photogenerated charges and inhibited the recombination of
photogenerated charges. There is no doubt that they could
result in increasing of H, generation rate of Co(OH),/CdS.
What’s more, the sample S6.8 has most obvious retardation
peak P2, which indicates that the sample S6.8 has maximum
separation efficiency of photogenerated charges. So the sample
S6.8 has the highest photocatalytic H, evolution rate.

Figure 9 shows the polarization curves for FTO and FTO
with Co(OH),, with increasing potential. FTO shows cathode
current associated with H, generation. However, compared
with FTO, Co(OH),/FTO shows enhanced cathode current at
same potential. The cathode current of FTO with Co(OH), is

dx.doi.org/10.1021/am501216b | ACS Appl. Mater. Interfaces 2014, 6, 13406—13412
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Figure 9. Polarization curves of FTO with and without Co(OH), in
0.5 M Na,SO, solution.

3 times higher than current of FTO at —1.4 V versus Ag/AgCl
electrode. Thus, Co(OH), as a nice catalyst could be used to
catalyze H, generation. This is regarded as a vital factor for

enhancement of photocatalystic H, generation for Co(OH),/
Cds.®

B CONCLUSION

In summary, the photocatalytic H, generation of CdS can be
obviously increased by coating Co(OH), cocatalyst. The
Co(OH),(6.8 mol %)/CdS shows highest H, generation rate
of 61 umol h™' g™, which runs 41 times as high as rate of CdS.
What is more, S6.8 expresses higher activity than CdS with Pt
cocatalyst. Electrons captured by Co(OH), is leading cause for
increase of H, generation rate over CdS. Electrons caught not
only improve charges separation in CdS but also make more
electrons take part in reduction. The research could be in favor
of designing abundant and efficient catalysts for water of
decomposition.

B ASSOCIATED CONTENT

© Supporting Information

XRD pattern of Co(OH),, UV—vis DRS of Co(OH),, the
EDAX of SO, $6.8, and S185, the TEM of S15, and the rate of H,
evolution over Co(OH),/CdS under visible light. This material
is available free of charge via the Internet at http://pubs.acs.org.
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