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Jiayu Chu,? Guoji Sun,® Xijiang Han,*2Xin Chen, Jiajun Wang,? Wen Hu,9 Iradwikanari Waluyo,?
Adrian Hunt,? Yunchen Du,? Bo Song,*¢ and Ping Xu*?

In order to further enhance the performance of photocatalysts, cocatalysts are applied to accelerate the photocatalytic

reactions. Herein, ultrafine cobalt oxide (CoO) nanoparticles are synthesized through a novel bottom-up strategy and

explored as an efficient non-noble cocatalyst to dramatically promote the photocatalytic hydrogen evolution rate of CdS

nanorods. CdS/CoO heterostructures, consisting of highly dispersed 3-5 nm CoO nanoparticles anchored on the CdS

nanorods, can provide a high photocatalytic hydrogen evolution rate of 6.45 mmol g* h*(~36 times higher than that of bare

CdS nanorods) in the visible-light region (>420 nm). Combined X-ray photoelectron spectroscopy and X-ray absorption near

edge spectroscopy analyses suggest Co-S bond formation between CoO and CdS, which guarantees efficient migration and

separation of photogenerated charge carriers. This work provides a new avenue for adopting CoO as an effective cocatalyst

for enhanced photocatalytic hydrogen production in the visible-light region.

Introduction

Overcoming the issues of environmental pollution and energy
shortage is the most urgent challenge to human society.l*
Hydrogen, as a clean energy source, has attracted tremendous
attention to solve this thorny problem.>’7 Among the various
hydrogen-generation technologies, photocatalytic hydrogen
evolution has always been a promising route for water splitting
because of the inexhaustible advantage of solar energy.812
However, the high recombination rate of photogenerated
charge carriers remains an intractable issue for most
photocatalysts. With this regard, introduction of cocatalysts
becomes an effective approach to suppressing the electron-
hole recombination, lowering the overpotential for hydrogen
production as well as enhancing the light absorption.13-16 In
recent decades, various cocatalysts, such as noble metals (Pt,1”
Pd,*® Rh!%), non-noble metals (Ni,'> Cu?°), or metal sulfides
(MoS,,2t NiS?% 23), have been developed as cocatalysts in
photocatalytic hydrogen evolution. However, noble metal
cocatalysts, with remarkable performance, are limited by their
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high cost and scarcity.?* While, for non-noble cocatalysts, their
performance are still not comparable to that of Pt or other
noble metal cocatalysts.?> Therefore, it is urgent to develop
highly active and cost-effective cocatalysts as alternatives to
noble metal ones.

Cobalt (ll) oxide (CoO) has a promising optical response
toward the visible light and strong electron transport properties
due to its merits of a relatively narrow bandgap (2.6 eV).2% 27
Recently, CoO has gained increasing attention since Bao et al.
firstly reported that CoO could decompose pure water under
visible-light irradiation.?® CoO/g-C3;N,4 heterojunctions with CoO
nanoparticles uniformly dispersed on the g-C3N; surface
displayed enhanced photocatalytic activity and stability, and in
this case CoO plays the role of reduction center for hydrogen
evolution due to a higher conduction band (CB) of g-CsN,4 than
that of Co0.2° Nevertheless, to date, only a few studies have
focused on CoO as a candidate in photocatalytic hydrogen
evolution and the rate of hydrogen evolution remains relatively
low.?? 2331 Also, there is a fatal flaw that aggregated CoO
nanoparticles have almost no photocatalytic activity,?® and thus
synthesis strategy of highly dispersed CoO nanoparticles is
highly demanded.

Herein, a bottom-up pathway is developed for fabricating
CdS/Co0 heterostructures with highly dispersed ultrafine CoO
nanoparticles on the surface of CdS nanorods (Scheme 1). The
as-prepared ultrafine CoO nanoparticles, as a novel and
efficient cocatalyst, can significantly enhance the photocatalytic
hydrogen evolution rate of CdS nanorods. The highly dispersed
CoO nanoparticles are obtained through a modified procedure
in preparing ZIF-67 metal organic frameworks (MOFs). It should
be pointed out that CdS nanorods were wrapped by hierarchical
ultrathin amorphous Co(OH), nanosheets when we increased
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the relative ratio of Co?* ions to 2-methylimidazole (2MIM) in an
original attempt to synthesize ZIF-67 on CdS nanorods (see
Experimental Section for details), which however provides a
unique opportunity to fabricate ultrafine CoO nanoparticles
decorated on CdS nanorods (termed as CdS/CoO
heterostructures) through a subsequent calcination process
under mild conditions.
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Scheme 1 Schematic illustration of preparing CdS/CoO heterostructures.
Hydrolysis of 2MIM in the presence of water produces a strong local alkaline
environments at the CdS surface, and hierarchical Co(OH), nanosheets can be
produced with the addition of Co?* ions. Subsequent calcination of the
CdS/Co(OH), nanocomposites leads to ultrafine CoO nanoparticles uniformly
decorated on the CdS nanorods.

Experiment Section

Synthesis of CdS nanorods. CdS nanorods were fabricated through
our previous method.32 Briefly, 1.87 g of Cd(NO3),-4H,0 and 1.38 g of
NH,CSNH, were ultrasonically dispersed into 30 mL of
ethylenediamine, and then the solution was transferred into a Teflon
liner and maintained at 160 °C for 24 h. After that, the obtained
yellow precipitates were centrifuged, rinsed with distilled water and
ethanol for several times, and then dried in a vacuum drier at 60 °C
for further use.

Synthesis of CdS/Co(OH), nanocomposites. CdS/Co(OH), was
prepared through a modified procedure in attempt to grow ZIF-67 on
CdS nanorods. Typically, 50 mg of CdS nanorods were dispersed into
100 mL of methanol containing 0.82 g of 2-methylimidazole. After
being ultrasonically treated for 2 h, 100 mL of methanol containing
2.91 g of Co(NOs),-6H,0 were added into the above solution and
stirred for different time periods (0.25, 1, 3 and 6 h). The product
was washed with methanol for three times and dried in a vacuum
drier at 60 °C.

Synthesis of CdS/CoO heterostructures. The obtained CdS/Co(OH),
nanocomposites were calcined in a tube furnace at 600°C for 2 h at
a rate of 2 °C min! under a continuous flow of Ar. The final samples
were denoted as CdS/CoO-x heterostructures, where x represents
the reaction time during the preparation of CdS/Co(OH),
nanocomposites precursors.

Characterization . Scanning electron microscopy (SEM) images were
obtained on HELIOS Nanolab 600i (FEI Instruments). Transmission
electron microscopy (TEM) images were obtained on Tecnai F20 (FEI
Instruments) at an accelerating voltage of 200 kV. Powder X-ray
diffraction (XRD) data were recorded on a Rigaku D/Max-RC X-ray
diffractometer with Cu Ka radiation source (45.0 kV, 50.0 mA). X-ray
photoelectron spectroscopy (XPS) was performed on a PHI-5400
ESCA system using an Al Ka radiation as a source. The binding energy
was calibrated using the C 1s photoelectron peak at 284.6 eV as
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reference. Inductively  coupled  plasma-atomic  emission
spectrometry (ICP-AES) was measured on PerkinElmer (PE) Optima
8300. The UV-vis absorption spectra were collected on a Hitachi
UH4150 spectrometer. Photoluminescence (PL) spectra were
recorded on a PerkinElmer LS 55 spectrometer in the wavelength
range of 450-800 nm, using an excitation wavelength of 450 nm.
Nitrogen adsorption/desorption isotherms were collected on
QUADRASORB SI-KR/MP (Quantachrome, USA) after heating the
materials in vacuum for 2 h at 120 °C. Soft X-ray absorption
spectroscopy measurements were performed at the 23-ID-2 (l10S)
beamline at the National Synchrotron Light Source Il (NSLS-II),
Brookhaven National Laboratory. Co L-edge XANES spectra were
acquired in the total electron yield (TEY) mode through drain current
measurements. The samples were mounted on an indium foil on a
sample holder prior to introduction into the ultra-high vacuum
chamber. The spectra were normalized to the current on a gold mesh
located upstream of the sample.
Mott-Schottky measurement. Mott-Schottky analysis was applied to
calculate and compare the density of charge carriers (Ng) of the
photocatalysts, providing further insight into the process of
photocatalytic hydrogen evolution. The carrier density is calculated
by eq 1:33
N, = 2/602550

d(1/c?)jav "
where ey is the electron charge, € is the dielectric constant of the
semiconductor, &yis the permittivity of vacuum, Cis the capacitance,
and V is the applied bias at the electrode. Here, we take €=11.6 for
Cds.
Photocatalytic hydrogen evolution test. The photocatalytic
reactions were conducted on a vacuum-closed gas-circulation
system with a top window at room temperature, which was sealed
with a silicone rubber septum. A 300 W Xe lamp (PLS-SXE300/300UV)
with a cut off filter (>420 nm) was employed, which was positioned
10 cm away from the reactor, and the intensity focused on the
reaction system was measured to be ~180 mW cm=2. In a typical
procedure, 50 mg of the as-prepared catalyst was dispersed into 100
mL aqueous solution containing 20 mL of lactic acid. Prior to
irradiation, the reaction system was pumped to vacuum for 45 min.
The amount of produced H, was measured by gas chromatography
(Techcomp GC7900) with a thermal conductivity detector (TCD), with
N, as the carrier gas. Here, no noble metal co-catalyst (H,PtClg) was
added into the reaction system.

The apparent quantum yield (AQY) for hydrogen evolution at the

fixed wavelength of 420 and 500 nm are calculated according to eq
2:2

AQY:%XIOO%:MXIOO%

’ ‘ (2)
where N, is the amount of reaction electrons, N, is the amount of
incident photons, M is the amount of H, molecules, N, is Avogadro’s
number, h is Planck’s constant, c¢ is the speed of light, S is the
irradiation area, P is the intensity of the irradiation light, t is the
reaction time, and A is the wavelength of the incident light (420 and
500 nm).

Photoelectrochemical test. The photoelectrochemical
measurements were carried out using a standard three-electrode
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cell on a CHI 660D (CH Instruments, Inc.) electrochemical
workstation, with a Ag/AgCl reference electrode, a platinum foil as a
counter electrode and the as-prepared photocatalyst film electrodes
on FTO glass as the working electrode. The photoanodes were
prepared by a spray coating method, using a glass-rod to roll a paste
containing 30 mg of powders and 2 mL of EtOH on a transparent FTO
glass-substrate, followed by calcining for 120 min at 400 °C under a
N, atmosphere with a heating rate of 5 °C min'l. KOH (0.1 M) was
purged with N, and used as the electrolyte. Electrochemical
impedance spectroscopy was measured at the potential of 0.6 V vs
Ag/AgCl.
Computational methods. All calculations were performed using the
density functional theory (DFT) by the Vienna Ab-initio Simulation
Package (VASP).3* The interactions between valence electrons and
ions were treated with the projector augmented wave (PAW)
potentials.3> The exchange-correlation interactions were described
by generalized gradient approximation (GGA)3*® with the Perdew-
Burke-Ernzerhof (PBE) functional.3® Spin-polarization was included
through all the calculations, an effective U-J parameter of 3.7 was
applied to improve the description Co 3d states.3” The electron wave
functions were expanded in a plane-wave basis with a cut-off energy
of 520 eV. The convergence criteria for residual force and energy on
each atom during structure relaxation were set to 0.01 eV A and 10
3 eV, respectively. The vacuum space was more than 15 A to avoid
the interaction between periodical images. The Brillouin zone was
sampled with the Monkhorst-Pack mesh with a K-point of 4 x 4 x 1
grid in reciprocal space.

In the above system, the hydrogen adsorption free energy AGy
can be calculated by eq 3:

MG, = AE, +AZPE +TASy, (3)
where AE, represents the adsorption energy of one hydrogen atom,
which is calculated according to eq 4, AZPE denotes the zero point
energy difference between the adsorbed state of the system and the
gas phase state obtained by hv/2. TASy is the gas-phase entropy
contribution of a hydrogen molecule and can be calculated by eq 5.

DEy = E(H*) - E(*) — 1/2E(H,) (4)
1 o
AS, =——S§
T (5)

where * refers to the catalyst used for hydrogen evolution, E(*) and
E(H*) are the total energies of the surface system and the surface
system with one adsorbed H, respectively. E(H,) represents the total
energy of a gas phase H, molecule, and Sﬂz is the entropy of H, in gas
phase at the standard condition.

Results and Discussion

The formation of amorphous Co(OH), can be verified by
combined X-ray diffraction (XRD) (Fig. S1 in ESIT) and Raman
studies (Fig. S2 in ESIT) in the CdS/Co(OH), nanocomposites. The
morphology evolution from CdS nanorods to CdS/Co(OH),
nanocomposites and then to CdS/CoO heterostructures were
investigated by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). As-prepared CdS
nanorods are highly uniform with an average diameter of about
50-80 nm and smooth surface (Fig. S3 in ESIT), which can be fully
wrapped by the soft and wrinkled Co(OH), nanosheets under

This journal is © The Royal Society of Chemistry 20xx
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proper reaction conditions (Fig. 1a). The content of Co(OH),
nanosheets on the CdS nanorods can be effectively tuned by
controlling the reaction time (Fig. S4 in ESIT). Notably, TEM
image reveals that the Co(OH), nanosheets are ultrathin and
closely packed on the surface of CdS nanorods (Fig. 1b). High
resolution TEM (HRTEM) observation (Fig. S5 in ESIT) confirms
the amorphous nature of the Co(OH), nanosheets. After
calcination, ultrafine CoO nanoparticles converted from the
Co(OH), nanosheets are uniformly grown on the CdS nanorods
(Fig. 1c and 1d). Similarly, the loading amount and size of CoO
nanoparticles in the CdS/CoO heterostructures can also be
manipulated from the CdS/Co(OH), precursors (Fig. S6 in ESIT).
Meanwhile, the molar ratios of Co to Cd in CdS/CoO-x
heterostructures (x represents the reaction time during
preparing CdS/Co(OH), nanocomposites) were determined by
X-ray photoelectron spectroscopy (XPS) and Inductively coupled
plasma-atomic emission spectrometry (ICP-AES) techniques
(Table S1 in ESIt), which suggest more CoO loaded on CdS with
prolonged reaction time. Taking CdS/CoO-1h for example, the
size of CoO nanoparticles is about 3-5 nm (red areas in Fig. 1e).
HRTEM image and selected area electron diffraction (SAED)
pattern in Fig. 1f clearly display the lattice spacing of 0.358 and
0.246 nm that can be assigned to the (100) plane of hexagonal
CdS and (111) plane of cubic CoO, respectively. Elemental
mapping from the high-angle annular dark-field scanning TEM
(HAADF-STEM) image (Fig. 1g) shows that Cd, S, Co and O
elements are homogeneously distributed over the nanorods,
another proof of the successful fabrication of CoO nanoparticles
uniformly decorated on the CdS nanorods without obvious
aggregation in the CdS/CoO heterostructures.

——eeed 100 NM

Fig. 1 (a) SEM image and (b) TEM image of CdS/Co(OH),
nanocomposites, (c) SEM image, (d) TEM image, (e, f) HRTEM and fast
Fourier transform (FFT) image of CdS/CoO-1h heterostructures, (g)
HAADF-STEM image and EDS mapping of a single CdS/CoO-1h
heterostructure.

J. Name., 2013, 00, 1-3 | 3
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One may wonder how is Co(OH), formed? It is worth noting
that CdS/ZIF-67 (Fig. S7 in ESIT) can be obtained when the molar
ratio of Co?*ions to 2MIM is ~1:7, which is the ratio usually used
for preparing MOFs materials.38 Interestingly, when the ratio is
~1:1.4, a critical structure containing both ZIF-67 and Co(OH),
nanosheets can be obtained (Fig. S8 in ESIT). CdS nanorods fully
wrapped by Co(OH), nanosheets can be prepared when the
ratio is greater than 1:1.4. Our control experiments strongly
suggest a hydrolysis-precipitation process: when the CdS
nanorods are dispersed into the methanol solution containing
2MIM, a local alkaline environment on the surface of the CdS
nanorods is formed by hydrolyzing 2MIM with the water
present in methanol. Subsequent addition of Co?* ions
promotes the growth of Co(OH), nanosheets at the CdS surface.
If the adding order of Co?* ions and 2MIM is reversed, very
limited Co(OH), nanosheets can be observed (Fig. S9 in ESIt),
indicating the important role of local alkaline environment at
CdS surface. In order to verify the hydrolysis process of 2MIM,
we removed water in methanol by method of reflux with
magnesium rod and keeping Co(NOs),-6H,0 and 2MIM in a
vacuum drier for 24 h. As expected, no Co(OH), nanosheets are
found on the surface of CdS nanorods (Fig. S10 in ESIT). Notably,
addition of some water purposely into the above anhydrous
system leads to similar Co(OH), nanosheets again (Fig. S11 in
ESIT). These results convincingly reveal that the trace water in
methanol will lead to the hydrolysis of 2MIM and thus generate
a local strong alkaline environment for the precipitation of Co?*
ions into ultrathin Co(OH), nanosheets. Of particular interest is
that no precipitation can be found when the solution only
contains Co?* ions and 2MIM at a molar ratio of 1:1.4 (without
CdS nanorods) even after 48 h, an indication that CdS nanorods
are also crucial for forming a local alkaline environment at their
surface for the growth of Co(OH), nanosheets. However, when
there is a large amount of OH" in the system (the reaction
solvent is only water), heavily aggregated Co(OH), nanoparticles
will be obtained quickly (Fig. S12 in ESIT). Above results confirm
that CdS nanorods and trace water are indispensable for the
formation of CdS nanorods uniformly wrapped by ultrathin
Co(OH); nanosheets. What’s more, this method is also suitable
for the acquisition of other materials that are wrapped by
hierarchical Co(OH), nanosheets, such as TiO,/Co(OH), and
Cu,0/Co(OH), (Fig. S13 in ESIT), which might become a novel
and general route for the fabrication of Co(OH), nanosheets on
other supports.

The crystal structure and composition of the prepared
samples were characterized by X-ray diffraction (XRD) in Fig. 2a.
XRD pattern of CdS nanorods corresponds to standard
hexagonal phase (JCPDS No0.41-1049). The peaks ascribed to the
Co(OH);, nanosheets in the CdS/Co(OH), nanocomposites could
not be found, due to their amorphous feature. For the CdS/CoO-
1h heterostructures, the diffraction peaks at 29= 36.5, 42.4,
61.5, 73.7 and 77.6° can be indexed to the (111), (200), (220),
(311) and (222) planes of cubic CoO (JCPDS No0.43-1004). In
addition, the presence of CoO can also be verified by the Raman
bands at 485, 530 and 690 cm™! (Fig. S2 in ESIT).3% 40 In order to
understand the interaction between CoO and CdS in the
CdS/CoO heterostructures, XPS spectra of CdS, CoO and
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CdS/Co0-1h heterostructures were compared (Fig. 2b, 2c and
S14 in ESIT). For Co 2p level (Fig. 2b), the peaks at 778.2 and
793.7 eV can be ascribed to Co 2p;/; and Co 2p,,, of Co-S
bonds.27- 40-42 Meanwhile, besides the features of S in CdS, the
characteristic peaks located at 161.7 and 162.8 eV in the S 2p
spectrum agree well with S 2p3/, and S 2p;,, of Co-S bonds (Fig.
2¢).%° Above results confirm that CoO nanoparticles are bonded
on the surface of CdS nanorods through the formation of Co-S
bonds. Further observation of the peaks of Co-O bonds reveals
that the Co 2p peaks in the CdS/CoO-1h heterostructures shift
to a higher energy position as compared to those of CoO.
Similarly, in the S 2p and Cd 3d spectra (Fig. S15 in ESIt), the
peaks of Cd-S bonds move to lower energy positions, which
further reveals that the electron density of CdS is increased with
the decoration of CoO nanoparticles.3? 4346 Moreover, the Co L-
edge X-ray absorption near edge spectroscopy (XANES) also
shows a similar energy shift phenomenon (Fig. 2d), where two
main peaks (L, and L) are presented due to core-level spin-
orbit coupling and further splitting at L,, peak is due to the
multiple structure from electron-electron interactions that can
imply the local symmetry.*” 48 Apparently, the Co atoms of
typical CoO are octahedrally coordinated (Op), and some
feature of tetrahedrally coordinated (T4) structure appears once
CoO is anchored on the CdS nanorods due to the formation of
Co-S bonds. Above results confirm that CoO and CdS are
interconnected through the Co-S bonds in the CdS/CoO
heterostructures.

o
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Fig. 2 (a) XRD patterns of CdS, CdS/Co(OH), nanocomposites and
CdS/CoO0-1h heterostructures, (b) high-resolution XPS spectrum of Co
2p of CoO nanoparticles and CdS/CoO-1h heterostructures, (c) high-
resolution XPS spectrum of S 2p of CdS nanorods and CdS/CoO-1h
heterostructures, (d) Co L,,,-edge X-ray absorption near edge spectra
of the CoO nanoparticles and CdS/CoO-1h heterostructures.

To acquire insight into the photocatalytic response,
spectroscopic and photochemical studies were conducted. The
UV-vis absorption spectra of the photocatalysts are essential to
measure their light-harvesting abilities. As shown in Fig. 3a, the
CdS/Co0O-1h  heterostructures exhibit much enhanced
absorption than CdS nanorods in the visible light region due to

This journal is © The Royal Society of Chemistry 20xx
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the presence of CoO. It is worth noting that the absorption
features vary with the CoO content in the CdS/CoO
heterostructures (Fig. S16 in ESIt), indicating that the light
absorption capacity can be adjusted by the amount of CoO.
Here, the light absorption in the visible region increases from
CdS/Co0-0.25h to CdS/Co0-1h, and then gets decreased for
CdS/Co0-3h and CdS/Co0-6h, suggesting that too much loading
of CoO will, on the contrary, hinder the light absorption of CdS
in the CdS/CoO heterostructures. In addition, the light
harvesting efficiency (LHE) of the CdS and CdS/CoO-1h (Fig. S17
in ESIt) were calculated from the measured reflection (R) and
transmission (T) according to LHE (A) (%) = 100% - R(A) (%) - T(A)
(%).#° It is shown that the LHE of CdS/CoO-1h heterostructures
is much higher than that of CdS in the visible light region
because of the existence of CoO. The bandgap of CdS/CoO
heterostructures is calculated to be about 2.24 eV (Fig. 3b),
narrower than that of CdS nanorods (2.41 eV), which may
substantially enhance the photocatalytic activity due to the
broadened light harvesting.

a s b "0
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Fig. 3 (a) UV-vis absorption spectra, (b) optical bandgaps, (c) Time-
resolved transient PL decay and (d) Mott-Schottky plots of the CdS
nanorods and CdS/CoO-1h heterostructures.

Meanwhile, the behavior of charge trapping and separation
in the CdS and CdS/CoO heterostructures was compared by the
photoluminescence (PL) spectra (Fig. S18 in ESIT). The original
CdS nanorods show a strong emission peak at ~575 nm, which
is derived from the inter-band recombination of electron and
While the PL emission intensity of CdS/CoO-1h
heterostructures is dramatically decreased as compared to that
of CdS nanorods, displaying that introduction of CoO can
effectively inhibit the recombination of electron-hole pairs and
improve the transport rate of the photocarriers. Time-resolved

holes.

PL decay spectra was measured (Fig. 3c) and the corresponding
decay parameters are listed in Table S2 in ESIT. Compared with
CdS nanorods, an increase in the PL lifetime of the CdS/CoO-1h
heterostructures again confirms the high migration and
separation efficiency of photocarriers.*3> The density of charge
carrier (Ng) is important for the photocatalysts and is calculated
from Mott-Schottky analysis (Fig. 3d) to further probe the

This journal is © The Royal Society of Chemistry 20xx
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charge-transfer process. The carrier density of the CdS/CoO-1h
heterostructures is 3.2x10'7 cm3, remarkably higher than that
of CdS nanorods (2.4x10' cm3). This higher carrier density
distinctly reveals that introduction of CoO can suppresses the
recombination of electron-hole pairs in CdS nanorods. Also, the
CdS/Co0O-1h heterostructures show a higher photocurrent
density than CdS (Fig. 4a) and a smaller diameter of the
semicircles in electrochemical impedance spectroscopy (EIS)
under either light or dark condition (Fig. 4b), indicating that the
separation of photoexcited charge carries can be strengthened
through constructing heterojunctions, which may boost the
photocatalytic activity for hydrogen evolution.>% 51
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Fig. 4 (a) Photocurrent response of the CdS nanorods and CdS/CoO-1h
heterostructures, (b) Nyquist plots of electrochemical impedance
spectroscopy of the CdS nanorods and CdS/CoO-1h heterostructures
under dark and light conditions, (c) photocatalytic hydrogen evolution
activities of different catalysts, and (d) recycled hydrogen evolution
property of CdS/CoO-1h heterostructures for a time period of 15 h.
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The photocatalytic hydrogen evolution tests were conducted
under visible light (>420 nm) irradiation. As shown in Fig. 4c,
significant improvement in hydrogen evolution rate is
established after coupling CoO with CdS. The pristine CdS
nanorods exhibit a hydrogen production rate of 0.18 mmol g?
h-l. The CdS/CoO-1h heterostructures can reach a maximum
rate of 6.45 mmol g1 h1, ~¥36 times higher than that of pure CdS
and is much higher than CdS/Pt (0.98 mmol g h'1) at the same
loading of cocatalyst (Fig. S19 in ESIt), implying that CoO works
much better than noble metal Pt as a co-catalyst in this system.
Impressively, this hydrogen evolution efficiency is much better
than that of many reported works (Table S3 in ESIT).8 13,52 The
oberserved enhanced photocatalytic activity might be
rationalized by the fact that with the formed Co-S bonds
between CoO and CdS in the CdS/CoO heterostructures, the
photogenerated carriers can be transferred more efficiently,
and thus the lifetime of charge carriers is greatly increased.
Besides, the CoO nanoparticles here are very small in size, which
not only serve as an important component of the
heterostructures, but also provide a large number of active sites,
so the photocatalytic hydrogen production rate can be
increased significantly by adjusting the content of CoO in the
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CdS/CoO heterostructures. Moreover, the AQY under different
wavelenghs was measured to further characterize the efficiency
of photocatalytic hydrogen evolution for CdS/CoO
heterostructures, which is 40.64% at 420 nm and 17.45% at 500
nm (Fig. S20 in ESIT). The CdS/CoO-1h heterostructures can also
provide stable photocatalytic hydrogen evolution (Fig. 4d), with
no obvious activity loss after five cycles. The SEM, TEM, XRD and
XPS measurements of the CdS/CoO-1h heterostructures
collected after five cycles suggest neither chemical composition
change nor structural collapse (Fig. S21-23 in ESIT),
demonstrating their good chemical stability during the
photocatalytic process and that introduction of CoO also
improves the photocorrosion issue of CdS materials.
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Fig. 5 (a) Optimized geometry structures of CdS and CoO, (b) the
corresponding density of state plots of CdS and CoO (the dashed line
represents the Fermi level), (c) free energy diagram for hydrogen
adsorption on CdS, CoO and CdS/CoO0, and (d) schematic illustration of
the possible charge transfer process in the CdS/CoO heterostructures.

In order to better understand the real active sites, density
functional theory (DFT) calculations were applied to study the
density of states (DOS) and hydrogen adsorption free energy
AGy (see Computational Methods for details) of CdS, CoO and
CdS/Co0. The optimized geometry structures of CdS and CoO
are shown in Fig. 5a. It is revealed that the valence band (VB)
top of CdS consists of S 3p and Cd 4d states, and the CB bottom
mainly consists of S 3p state (Fig. 5b). For CoO, Co 3d and O 2p
states contribute to the VB top, and the CB bottom consists of
Co 3d. Notably, VB top of CdS is more positive than that of CoO,
an indication that CdS has a relatively stronger reducing ability,
and CoO will act as the oxidation region,*? which again proves
that the electron density of CdS is increased through the
decoration of CoO nanoparticles. AGy has been used as an
indicator to evaluate the activity of hydrogen evolution reaction
of investigated catalysts.>? It is not conducive to hydrogen
desorption if the interaction between the catalyst and hydrogen
is too strong, and in turn, if hydrogen cannot be adsorbed on
the catalyst, the hydrogen formation requires additional
energy.' 33 Our calculation results show that the AGy value for

6 | J. Name., 2012, 00, 1-3

CdS/CoO heterostructures is close to zero when compared to
that of bare CdS and CoO, suggesting the excellent catalytic
activity for hydrogen evolution on the fabricated
heterostructures (Fig. 5¢c and S24 in ESIt). Consequently, the
charge transfer route in the CdS/CoO heterostructures under
visible-light irradiation can be illustrated in Fig. 5d. The optical
bandgaps for CdS and CoO are ~2.41 and ~2.40 eV, and the
Mott-Schottky plots indicate that the estimated CB potential of
CdS (-0.74 V) lies below that of CoO (-0.80 V) (Fig. S25 in ESIT).
Therefore, electrons are excited from the VB to the CB of CoO
nanoparticles, which then transfer to the CB of CdS nanorods
rapidly. Then, hydrogen production mostly originates from the
CdS surface, and CoO plays a significant role as an efficient
cocatalyst. It is believed that the formed Co-S bonds can
effectively facilitate the migration of photogenerated charge
carriers in the CdS/CoO heterostructures and thus the
photocatalytic hydrogen evolution rate can be significantly
enhanced.

Conclusions

In summary, we demontrate that the photocatalytic hydrogen
evolution performance of CdS nanorods can be dramatically
enhaned by the introduction of highly dispersed ultrafine CoO
nanoparticles as a novel and efficient non-precious cocatalyst.
It is explored that production of hierarchical ultrathin Co(OH),
nanosheets through mimicking MOFs synthesis can be an
effective approach to preparing ultrafine CoO nanoparticles.
Due to the formation of Co-S bonds between CoO and CdS,
migration and separation of photogenerated charge carriers are
significantly  facilitated in the as-prepared CdS/CoO
heterostructures. As a consequence, the CdS/CoO-1h
heterostructures show a highest hydrogen evolution rate of
6.45 mmol g h'! and a promising recycling stability without
activity decay for 15 h in the absence of precious co-catalyst,
which is 36 times higher than that of bare CdS nanorods and
better than most reported CdS-based photocatalysts. This work
provides a facile strategy for the synthesis and application of
untralfine CoO nanoparticles as an alternative cocatalyst to Pt
in photocatalytic water splitting for hydrogen production.
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Highly dispersed ultrafine CoO nanoparticles, as a novel and efficient cocatalyst, can dramatically
enhance the photocatalytic hydrogen evolution rate of CdS nanorods in the visible-light region.
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