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  1   .  Introduction 

 With imminent depletion of global fossil fuels and increasing 
concern on the climate change, considerable efforts have been 
devoted to exploiting clean and effi cient power sources in the 
past decade. [  1  ]  Photoelectrochemical (PEC) splitting of water 
into hydrogen and oxygen by the direct use of sunlight is an 
ideal, renewable method of clean energy production that inte-
grates solar energy collection and water electrolysis into a 
single photoelectrode. The effi ciency and stability of photoan-
odes are key factors in PEC cells, and a great many semicon-
ductor materials have been used as photoanodes (e.g., ZnO, [  2  ]  
TiO 2 , [  3  ]  and  α -Fe 2 O 3  [  4  ] ). Although these materials have shown 
interesting performance, the effi ciency of photocatalytic process 
generally suffers from poor charge transport property and slow 
interfacial kinetics for water splitting. Recently, considerable 
interest have been invested to overcome these disadvantages, 
including tuning compositions (e.g., doping), [  5  ]  construction of 
nanostructured electrodes (e.g., branched nanowire and nano-
tube array), [  6  ]  and loading of cocatalysts (e.g., IrO 2  and Co-based 
materials). [  7  ]  Nevertheless, how to achieve cost-effective photo-
anodes with high energy conversion effi ciency and desirable 
stability for PEC water splitting remains a challenging goal. 

 The integration of promising water oxi-
dation catalyst with a photon-absorbing 
substrate can provide a substantial reduc-
tion in the external power needed to drive 
water splitting. For example, cobalt–
phosphate-based (Co–Pi) materials have 
been used to improve the photocurrent 
of PEC electrodes by facilitating electron-
hole pair separation and improving O 2  
evolution kinetics. [  7b,c,d  ]  Layered double 
hydroxides (LDHs) are layered anionic 
clays generally expressed by the formula 
[M II  1- x  M III   x  (OH) 2 ]  z   + (A  n−  )  z/n  · y H 2 O (M II  and 
M III  are divalent and trivalent metals 
respectively; A  n−   is the interlayer anion 
compensating for the positive charge 

of the brucite-like layers). [  8  ]  The versatility in both chemical 
composition and structural morphology of LDH materials 
makes them attractive candidates as electrocatalysts. [  9  ]  For the 
water-splitting application, nanostructured LDHs is particu-
larly relevant on account of their high surface-to-volume ratio 
and short diffusion length for carrier transport compared with 
their bulk counterparts. In this regard, the incorporation of 
semiconductor core−hierarchical LDH shell into a sophisticated 
nanoarray structure for photoelectrodes would be a preferable 
resolution in PEC catalysis: (i) the semiconductor core guar-
antees the utilization of solar energy, giving rise to reduced 
external power consumption; (ii) the LDH shell as effective 
co-catalyst increases the reaction kinetics, thus depressing the 
charge recombination rate; (iii) the hierarchical structure ena-
bles a convenient charge transfer to the electrode/electrolyte 
interface where the oxidation of water molecules occurs. 

 Herein, we demonstrate the design and fabrication of well-
aligned ZnO core@LDH shell hierarchical nanoarrays by direct 
deposition of LDH nanosheets on ZnO nanowires (NWs) via a 
facile electrosynthesis method, which exhibit largely enhanced 
PEC water splitting performance. Various metal oxides@LDH 
core−shell hierarchical nanoarrays (ZnO@LDH, TiO 2 @LDH, 
and Co 3 O 4 @LDH) have been prepared with fi ne control over 
the shell thickness and morphology; the LDH nanoplatelets 
were strongly and uniformly anchored onto the surface of sem-
iconductor NWs. The as-obtained ZnO@CoNi-LDH core−shell 
nanoarray exhibits promising behavior in PEC water splitting, 
giving rise to a largely enhanced photocurrent density and sta-
bility, much superior to those of ZnO-based photoelectrodes. 
This is attributed to the successful integration of photogen-
erated electron-hole separation originating from ZnO core and 
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curve b) confi rms their preferential anisotropic growth along 
the [001] direction of FTO. After coating with the LDH layer, 
the XRD pattern of the resulting material (Figure  1 G, curve c) 
shows a superimposition of a ZnO phase and an LDH phase. 
The (003), (006), (012) and (107) refl ection of a typical LDH 
material are clearly observed, indicating its high crystallinity. In 
addition, this method can be readily extended to the fabrication 
of other semiconductor core−LDH shell arrays. The example 
of TiO 2 @LDH and Co 3 O 4 @LDH arrays were also synthesized 
 via  the electrosynthesis method, giving materials with similar 
core−shell structure and uniform morphology (Figure S3, Sup-
porting Information).  

 The detailed nanostructure of ZnO@CoNi-LDH is further 
investigated by high-resolution TEM (HR-TEM).  Figure    2  A 
shows the LDH nanofl ake and ZnO nanowire are densely inter-
connected, and the HR-TEM image of the nanowire edge sec-
tion (Figure  2 B) provides more compelling evidence on the 
interface between ZnO nanowire and LDH nanoplatelet. The 
ZnO core exhibits a distortion of lattice fringes in the interface 
region (including bending and dislocation), demonstrating a 
strong interaction between ZnO and LDH. [  10  ]  The selected-area 
electron diffraction (SAED) pattern (Figure  2 B, inset) is indica-
tive of the two-component crystalline nature: one set of spots 
can be indexed to a single crystalline ZnO wurtzite structure 
along the [100] zone axis; another set of hexagonally arranged 
spots correspond to the LDH phase. In addition, the HR-TEM 
image of one LDH nanofl ake (Figure S4) and its SAED pattern 
(Figure S4, inset) confi rm the crystal structure of CoNi-LDH, 
in which the fringes with lattice spacing of 0.24 nm can be 
indexed to the (012) plane of a CoNi-LDH phase.  

 X-ray photoelectron spectroscopy (XPS) and extended X-ray 
absorption fi ne structure (EXAFS) techniques were employed 
to give a further insight into the interaction between ZnO core 

excellent electrocatalytic behavior of LDH shell. To the best of 
our knowledge, this is the fi rst paradigm of sensitizing metal 
oxides nanowires with inorganic LDH materials for enhanced 
photoanode property.  

  2   .  Results and Discussion 

 The preparation of ZnO@CoNi-LDH NWs array with core−shell 
structure on fl uorine-doped tin oxide (FTO) substrate is illus-
trated in  Figure    1  A. The ZnO NWs grown on FTO were prepared 
 via  a solvothermal method as described previously. [  5d  ]  As shown 
in Figure  1 B, the ZnO NWs were vertically aligned to FTO 
with an average diameter of  ∼ 90 nm and a length of  ∼ 3.6  μ m, 
respectively. After being coated with LDH nanofl akes ( ∼ 75 nm 
in width and  ∼ 15 nm in thickness) by an electrosynthesis route, 
core−shell ZnO@CoNi-LDH nanoarrays with uniformity both 
in size and morphology were obtained, with intercrossing LDH 
nanoplatelets perpendicularly grafted to the solid core (Figure  1 C 
and Figure S1, Supporting Information). The core−shell struc-
ture was further demonstrated in the TEM image of the resulting 
ZnO@LDH arrays (Figure  1 D), from which the core diameter 
of  ∼ 85 nm and the shell thickness of  ∼ 75 nm were identifi ed 
clearly. EDX mapping analysis (Figure  1 E) shows that the zinc 
is located in the central part of the NWs composite while both 
cobalt and nickel are homogeneously distributed throughout 
the whole NWs. The line scanning profi le (Figure  1 F), 
combined with the EDX spectrum of ZnO@CoNi-LDH arrays 
(Figure S2, Supporting Information), further verifi es the uni-
form presence of Zn, Co and Ni (with a Co/Ni molar ratio of 
 ∼ 2.0). Figure  1 G shows the XRD patterns of FTO substrate, 
ZnO/FTO, and ZnO@CoNi-LDH/FTO, respectively. The XRD 
pattern of ZnO NWs with dominant (002) refl ection (Figure  1 G, 

      Figure 1.  (A) Schematic illustration of the fabrication of ZnO@LDH core−shell NWs array; SEM images of (B) ZnO NWs and (C) ZnO@LDH core−shell 
NWs array on FTO; (D) TEM image, (E) EDX mapping and (F) line scan results of ZnO@LDH core−shell NWs array; (G) XRD patterns of (a) FTO 
substrate, (b) ZnO NWs array on FTO, (c) ZnO@CoNi-LDH NWs array on FTO. 
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layer on ZnO NWs, the Zn−O and Zn−Zn coordination peaks 
in the FT display a slight decrease, indicating the structural 
defects induced in the ZnO host lattice by the LDH incorpora-
tion. The EXAFS results are consistent with those of HR-TEM 
and XPS, demonstrating an interaction occurs between ZnO 
core and LDH shell. This interaction would facilitate the elec-
tron transfer at the ZnO/LDH interface and the resulting PEC 
behavior, which will be discussed in the next section. In add-
tion, no obvious broadening of FT peak was observed for the 
ZnO@LDH nanoarrays, indicating a low LDH substitution 
into the ZnO phase. [  12a  ]  This is consistent with the result of 
HR-TEM image (Figure  2 B). 

 Time-dependent experiments were carried out to understand 
the formation process of such interesting ZnO@LDH core−
shell hierarchical array.  Figure    3   shows the scanning electron 
microscopy (SEM) images of six samples obtained with dif-
ferent electrosynthesis durations. A thin layer of nanofl ake-like 
subu nits appears on the surface of ZnO NWs with a short dep-
osition time (30 s, Figure  3 A); numerous nanofl akes come into 
formation on the surface of ZnO NWs with the deposition time 
of 50 s (Figure  2 B). As the reaction time was further prolonged, 
the LDH nanofl akes with well-defi ned plate-like morphology 
grow much bigger and more densely with decreasing inter-
space. After 300 s of electrodeposition, the whole surface of the 
electrode is covered with LDH nanofl akes. It is known that light 
absorption of a material and the migration of the light-induced 
electrons and holes are the most key factors in controlling a 
photocatalytic reaction, which is relevant to the electronic struc-
ture of the material. [  13  ]  The UV-vis absorption spectra of ZnO 
NWs and ZnO@LDH core−shell nanoarrays with various depo-
sition time show similar absorptive property in the full solar 
spectrum region (Figure S6), indicating that the introduced 
LDH shell does not hinder the light absorption of ZnO NWs.  

 The hierarchical ZnO@LDH core−shell nanoarrays were 
subsequently investigated as photoanodes in PEC water split-
ting. As shown in  Figure    4  A, compared with the pristine ZnO 
NWs, the photocurrent density of ZnO@LDH arrays increases 
signifi cantly in a potential window from −0.5 to 1.2 V  vs . Ag/

and LDH shell. Figure  2 C shows the typical XPS spectra of 
ZnO and ZnO@LDH nanoarrays, respectively. For the sample 
of ZnO NWs, the binding energies of Zn 2p 1/2  and Zn 2p 3/2  
are respectively located at 1044.05 and 1021.05 eV, with a spin 
energy separation of 23 eV, in good agreement with reported 
data of Zn 2p states in ZnO NWs. [  11  ]  After the electrodeposi-
tion of LDH shell, both the Zn 2p 1/2  and Zn 2p 3/2  peaks shift 
to higher energy levels (1044.5 and 1021.25 eV, respectively), 
along with a sharp decrease in the intensity, suggesting the 
interaction between ZnO and LDH. The Co 2p and Ni 2p core 
level spectra of the as-synthesized ZnO@LDH nanoarrays 
sample were recorded in Figure S5. The Co 2p 3/2  spectrum 
shows a complex structure broadened by 
multiplet splitting effects (Figure S5-A). The 
binding energy of Co 2p 3/2  can be decom-
posed to 780.1 and 781.6 eV, indicating the 
presence of Co 3+  and Co 2+  oxidation state in 
the sample with Co 3+ /Co 2+  atomic ratio of 0.9 
based on the integral peak area. Figure S5-B 
shows the binding energy of Ni 2p is located 
at 855.6 eV, corresponding to the Ni(II) oxi-
dation state. Based on the EDS analysis and 
elemental analysis, the composition of NiCo-
LDH shell were determined as [Ni 2+  0.23 Co 2+  0.

24 Co 3+  0.31  (OH) 2 ] 0.32 (Cl − ) 0.32 . 
 The fourier transform (FT) magnitudes 

of the Zn K-edge EXAFS for the ZnO NWs 
and ZnO@LDH nanoarrays are shown in 
Figure  2 D. For the ZnO NWs sample, the 
fi rst peak at  ∼ 1.6 Å is due to Zn−O coordina-
tion in the fi rst shell; the second peak at  ∼ 3 Å 
is attributed to the second Zn−Zn coordina-
tion shell. [  12  ]  After electrodeposition of LDH 

      Figure 2.  (A) HR-TEM image and (B) magnifi cation of image A for the 
ZnO@LDH core−shell NWs (inset: the corresponding fast Fourier trans-
form (FFT) pattern); (C) typical Zn 2p XPS spectra and (D) fourier trans-
forms of EXAFS spectra for ZnO NWs and ZnO@LDH core−shell NWs 
array, respectively. 

      Figure 3.  SEM images of ZnO@LDH core−shell nanoarrays obtained with various electrodepo-
sition durations: (A) 30 s, (B) 50 s, (C) 100 s, (D) 150 s, (E) 200 s, (F) 300 s. 
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tion and charge transfer. To examine the 
photoresponse of the core-shell structure 
over time, the  I − t  curve of ZnO@LDH NWs 
at +0.5 V with the deposition time from 0 
to 100 s was measured (Figure  4 C). Upon 
illumination at 100 mWcm −2 , a spike in the 
photoresponse was observed for all the sam-
ples owing to the transient effect in power 
excitation, and the photocurrent then quickly 
returned to a steady state. This further con-
fi rms that photogenerated electrons promptly 
transfer from ZnO core to LDH shell. Com-
pared with the reported photocurrent densi-
ties for photoelectrodes (usually less than 
1 mAcm −2  at 0.5 V), [  14   ,   5a   ,   6c   ,   7b,d  ]  the results in 
this work show that the well-aligned ZnO@
LDH hierarchical nanowires array photoelec-
trode exihibits superior PEC performance. 
It is proposed that the LDH shell and high-
quality contact at the ZnO/LDH interface 
increase the reaction kinetics of water split-
ting and facilitate the charge transfer to the 
electrode/electrolyte interface, accounting for 
the largely enhanced PEC behavior.  

 Electrochemical impedance spectroscopy 
(EIS) study provides information about the 
interfacial property of photoanodes. The sem-
icircle diameter of EIS equals the electron 
transfer resistance ( R  et ), which controls the 
electron transfer kinetics of the redox probe 

at the electrode interface. [  15  ]  Figure  4 D shows the typical EIS 
for the ZnO and ZnO@LDH electrode in 0.5 M Na 2 SO 4  solu-
tion, measured in the dark and illumination (at 100 mWcm −2 ), 
respectively. The semicircles for both samples are much larger 
in the dark than with illumination (Figure  4 D), demonstrating 
that the photogenerated charge carriers substantially lower the 
charge-transfer resistance. In addition, the ZnO@LDH array 
with smaller diameter was observed both in the dark and under 
illumination relative to the ZnO NWs, which indicates a con-
ducting effect of the CoNi-LDH shell on the electron-transfer 
process at the electrode interface. This result is consistent with 
the photocurrent measurements which show much higher 
photocurrent density for the ZnO@LDH array. Furthermore, 
the  R  et  decreases signifi cantly as the LDH deposition time 
increases from 0 to 100 s (Figure S8); while it turns to increase 
with a further enhancement of deposition time from 100 to 
150 s, in accordance with the results of current-voltage behavior 
of ZnO@LDH core−shell NWs arrays (Figure  4 B). 

 To further evaluate the enhanced PEC water oxidation per-
formance of the ZnO@LDH electrode, incident-photon-to-
current-conversion effi ciency (IPCE) was measured for the 
core-shell nanowire arrays with LDH deposition time from 0 
to 150 s ( Figure    5  A). It was found that the UV−vis transmit-
tance spectra for pristine ZnO NWs and ZnO@LDH core-shell 
NWs are almost identical, suggesting that the LDH co-catalyst 
does not affect the light absorption ability of the materials 
(Figure S6). IPCE is expressed as IPCE = (1240 I )/(  λ P  light ), 
where  I  is the photocurrent density (mA/cm 2 );   λ   is the inci-
dent light wavelength (nm), and  P  light  (mW/cm 2 ) is the power 

AgCl. The ZnO@LDH nanoarrays photoanode (with LDH 
deposition time of 100 s) shows a pronounced photocurrent 
starting at about −0.3 V, which increases to 1.5 mAcm −2  at 
+0.5 V under illumination. The photocurrent density is about 
three times larger than that of pristine ZnO NWs at +0.5 V and 
7 times at +1.0 V, suggesting the defi nitely enhanced PEC per-
formance in water splitting by introducing CoNi-LDH shell. 
The effect of LDH catalysts on water splitting is also evident in 
the dark scan (Figure S7), in which the onset of electrochemical 
O 2  evolution shifts to the negative direction (decreasing over-
potential) with the increase of LDH deposition time from 0 to 
100 s. The results demonstrate that the CoNi-LDH can effec-
tively catalyze water splitting. To further reveal the effect of 
LDH shell deposited on the ZnO NWs, a series of photocurrent 
measurements were carried out on ZnO@LDH NWs photoan-
odes with various LDH deposition time (from 30 to 150 s). The 
corresponding photocurrent response to light ON–OFF cycling 
is shown in Figure  4 B, from which a steady and prompt pho-
tocurrent generation can be observed during on and off cycles 
of illumination. The photocurrent of ZnO@LDH NWs fi rstly 
increases gradually along with the increase of LDH deposition 
time and reaches a maximum for the ZnO@LDH (100 s) NWs 
sample. However, the measured photocurrent decreases sig-
nifi cantly with further elongation of the deposition time. This 
result demonstrates that coating of LDH onto ZnO at a suit-
able level can effectively enhance ZnO photocatalytic activity; 
while an excess of LDH incorporation leads to a decrease of 
the photoconversion effi ciency, which may result from a dense 
packing of LDH on the electrode that hinders photon absorp-

      Figure 4.  (A) Current-voltage curves of pristine ZnO NWs and ZnO@LDH (100 s) core−shell 
NWs array in the dark and under illumination at a scan rate of 10 mVs −1 ; (B) current-voltage 
behavior of ZnO@LDH core−shell NWs arrays with various LDH deposition time upon chopped 
light illumination; (C) amperometric  I − t  curves at a potential of 0.5 V for pristine ZnO NWs 
and ZnO@LDH core−shell NWs arrays with various LDH deposition time; (D) electrochemical 
impedance spectra (measured at 0.5 V) of pristine ZnO NWs and ZnO@LDH (100 s) core−
shell NWs array under illumination. 
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      Figure 5.  (A) IPCEs for ZnO@LDH electrode with various LDH deposition time, measured in 
the wavelength range 400−700 nm at applied voltage of +0.50 V. (B) Schematic illustration of 
the photoelectrochemical water oxidation process by the as-obtained ZnO@LDH core−shell 
NWs array. 

density of monochromatic light at a specifi c wavelength. In 
comparison with the pristine ZnO NWs, the ZnO@LDH core-
shell nanowire arrays show substantially enhanced IPCE. For 
instance, the IPCE of the pristine ZnO NWs, ZnO@LDH 
(30 s), ZnO@LDH (50 s) and ZnO@LDH (100 s) at the inci-
dent wavelength of 400 nm are 0.78, 1.3, 1.9, and 2.5%, respec-
tively; while a decrease was observed in the sample of ZnO@
LDH (150 s): 1.7%. As demonstrated in Figure  4 B, by using 
a water oxidation cocatalyst, the PEC performance of ZnO@
LDH can be largely enhanced, resulting in more than 7 times 
(at +1.0 V) higher full-spectrum photocurrent compared with 
unmodifi ed ZnO NWs.  

 Recently, the photoelectrochemical water oxidation by cobalt/
metal oxide systems has been reported, which usually involves 
the redox couples (Co II /Co III  and Co III /Co IV ) in a cycling 
process. [  7c,d   ,   16  ]  In this work, photogenerated holes in ZnO core 
are transferred to the core-shell interface to oxidize Co II  to 
Co III /Co IV  species in CoNi-LDH shell, which serves as co-cat-
alysts to promote the water splitting reaction (Figure  5 B). The 
high-quality contact at the ZnO/LDH interface allows fast and 
effi cient transfer of the photogenerated holes from the ZnO 
core to the LDH shell, which depresses anodic decomposition/
corrosion and improves the photodevice stability. Moreover, the 
LDH as effective co-catalyst accelerates the reaction kinetics of 
water splitting, and therefore reduces the charge recombination 
rate. In addition, the chemical stability is an important require-
ment for photoanodes in PEC water splitting for a long-term 
application. Figure S9 shows that the photocurrent response 
was almost identical over 30 cycles, indicating a good stability 
of this structure. Therefore, the construction of ZnO@LDH 
core-shell NWs demonstrates an effi cient way to couple an 
oxygen evolution catalyst with a photoanode for sustainable and 
affordable solar fuel technologies.  

  3   .  Conclusions 

 The well-aligned hierarchical heterostructure arrays with ZnO 
NW core and LDH nanoplatelets shell have been successfully 
fabricated  via  a facile and effective electrosynthesis strategy. 
The resulting core−shell ZnO@LDH NW array exhibits sig-
nifi cantly enhanced effi cient in PEC water-splitting, including 
large photocurrent and high stability, much superior to pris-
tine ZnO NWs and most of photoanodes reported previously. 

This can be ascribed to the specifi c hierar-
chical core−shell structure and high elec-
trocatalytic activity, which improves the 
photogenerated charges separation and 
accelerates the kinetics of water splitting. 
In addition, this method can be extended to 
the preparation of TiO 2 @LDH and Co 3 O 4 @
LDH core−shell arrays with prospective 
physiochemical property. Therefore, this 
work demonstrates the fabrication of metal 
oxides NW core−functionalized LDH shell 
hierarchical structures, which have potential 
applications in a variety of fi elds including 
energy storage and conversion, photoelectric 
devices and sensors.  

  4   .  Experimental Section 
  Preparation of ZnO@CoNi-LDH Core−Shell NWs Arrays : First, self-

supported ZnO NWs were prepared by a facile hydrothermal synthesis 
method according to previous report. [  17  ]  Briefl y, 100 mL of a 0.06 M 
solution of zinc acetate in absolute ethanol was prepared with ultrasonic 
agitation. A thin layer of ZnO seeds were obtained by spin-coating of the 
above solution on the pre-treated FTO substrates, followed by annealing 
at 350 °C for 30 min. The seeded substrates were suspended horizontally 
in a reagent solution containing 0.06 M zinc nitrate and 0.06 M HMT in 
a Tefl on vessel, and then sealed in an autoclave and heated to 110 °C 
for 24 h for nanowire growth. The nanowire substrate was removed 
from the autoclave, washed thoroughly with distilled water and dried 
in air. Subsequently, the obtained ZnO nanowire substrate was used 
as the working electrode and placed in an electrochemical cell which 
was assembled in a three-electrode confi guration, by using platinum 
as the counter electrode and Ag/AgCl as the reference electrode. The 
electrolyte for electrodeposition of CoNi-LDH was obtained by dissolving 
CoCl 2 ·6H 2 O (1.784 g) and Ni(NO 3 ) 2 ·6H 2 O (2.181 g) in 50 mL of distilled 
water. The potentiostatic deposition was carried out at a potential of 
−1.0 V vs. Ag/AgCl. The resulting ZnO@LDH NWs array was withdrawn 
and rinsed with distilled water. 

  Preparation of Co 3 O 4  NWs Arrays : The Co 3 O 4  NWs array was 
fabricated by a simple hydrothermal method. [  18  ]  Typically, 5 mmol of 
Co(NO 3 ) 2 ·6H 2 O, 10 mmol of NH 4 F, and 25 mmol of CO(NH 2 ) 2  were 
dissolved in 50 mL of water under stirring. The homogeneous solution 
was then transferred into a Tefl on-lined stainless steel autoclave. 
Subsequently, a piece of clean FTO substrate was immersed into the 
reaction solution. The autoclave was sealed and maintained at 120 °C 
for 5 h. After the reaction, the substrate was withdrawn and rinsed with 
distilled water several times in order to remove the free nanoparticle 
debris and residual reactant. Finally, the substrate was calcinated at 
400 °C in air for 4 h. 

  Preparation of TiO 2  NWs Arrays : The TiO 2  nanorods array was 
prepared using a hydrothermal synthesis reported previously. [  19  ]  Briefl y, 
12 mL of deionized water was mixed with 12 mL of concentrated 
hydrochloric acid (mass fraction 36.5−38%). The mixture was stirred 
at ambient temperature for 5 min followed by addition of 0.4 mL of 
titanium butoxide. After it was stirred for another 5 min, the mixture 
was placed in a Tefl on-lined stainless steel autoclave. One piece of FTO 
substrate was then placed at an angle against the inner wall of reactor 
with the conductive side facing down. The hydrothermal synthesis 
was performed at 150 °C for 20 h; fi nally the FTO substrate was rinsed 
extensively with deionized water, and dried in ambient air. 

  Preparation of Co 3 O 4 @LDH and TiO 2 @LDH Core−Shell NWs Arrays :
The obtained Co 3 O 4  or TiO 2  nanowire substrate was used as the 
working electrode and placed in an electrochemical cell which was 
assembled in a three-electrode confi guration, by using platinum as 
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the counter electrode and Ag/AgCl as the reference electrode. The 
electrolyte for electrodeposition of CoNi-LDH shell was obtained by 
dissolving CoCl 2 ·6H 2 O (1.784 g) and Ni(NO 3 ) 2 ·6H 2 O (2.181 g) in 
50 mL of distilled water. The potentiostatic deposition was carried out 
at a potential of −1.0 V vs. Ag/AgCl. The resulting Co 3 O 4 @LDH and 
TiO 2 @LDH NWs arrays were withdrawn and rinsed thoroughly with 
distilled water. 

  Sample Characterization : Powder X-ray diffraction patterns of the 
core–shell microsphere samples were collected on a Shimadzu XRD-
6000 diffractometer using a Cu K α  source, with a scan step of 0.02° 
and a scan range between 3° and 80°. X-ray photoelectron spectra (XPS) 
were recorded on a Thermo VG ESCALAB 250 X-ray photoelectron 
spectrometer at a pressure of about 2 × 10 −9  Pa using Al K α  X-rays as the 
excitation source. The morphology of the microspheres was investigated 
using a scanning electron microscope (SEM; Zeiss SUPRA 55) 
with an accelerating voltage of 20 kV, combined with energy dispersive 
X-ray spectroscopy (EDX) for the determination of metal composition. 
Transmission electron microscopy (TEM) images were recorded with 
Philips Tecnai 20 and JEOL JEM-2010 high-resolution transmission 
electron microscopes. The accelerating voltage was 200 kV in each case. 
Solid-state UV–vis diffuse refl ectance spectra were recorded at room 
temperature in air by means of a Shimadzu UV-3000 spectrometer 
equipped with an integrating sphere attachment using BaSO 4  as 
background. 

  Photoelectrochemical Experiments : All PEC studies were operated 
on an electrochemical workstation (CHI 660C, CH Instruments Inc., 
Shanghai) in a home-built three-electrode optical cell using Ag/AgCl 
as the reference electrode and a Pt wire as the counter electrode. 
Measurements were performed in a 0.5 M Na 2 SO 4  (pH 6.8) solution as 
supporting electrolyte medium. The pristine ZnO NWs and ZnO@LDH 
NWs were fabricated respectively as photoanode with an area of  ∼ 2 cm 2 . 
The watersplitting photoelectrode was illuminated at 100 mWcm −2  from 
a 150 W xenon lamp. Amperometric  I − t  curves of ZnO@LDH NWs 
arrays were recorded at an applied voltage of +0.5 V at 100 mWcm −2 . The 
sample was illuminated from the back side of the photoanode at room 
temperature.  
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