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Abstract
Designing high-performance photoanodes is essential for efficient solar energy conversion in
photoelectrochemical (PEC) water splitting. In this paper, we report an effective approach to
improve the PEC performance of ZnO nanorod (NR)-based photoanodes by introducing low-crystalline
Ni(OH)2 electrocatalyst nanosheets onto the ZnO surfaces. ZnO NR arrays and Ni(OH)2 nanosheets
were grown sequentially by electrochemical deposition, forming a core–shell structure. The ZnO NR
cores acted as photon absorber as well as rapid charge transporter; whilst the wrinkled Ni(OH)2
nanosheets largely increased the surface area and facilitated the PEC process by lowering the energy
barrier of water oxidation and suppressing electron–hole recombination. As a result, more than one
order of magnitude enhancement of PEC efficiency was obtained from the Ni(OH)2/ZnO core–shell NR
photoanode compared to bare ZnO NRs. The thickness effect of Ni(OH)2 overcoating was also
investigated. It was observed that although the electrocatalytic effect increased monotonically with
the amount of Ni(OH)2 coating, too much Ni(OH)2 coverage could reduce the photocatalytic effect by
limiting the light absorption. This research demonstrates that introducing appropriate amount of Ni
(OH)2 electrocatalysts can effectively facilitate the PEC performance of ZnO photoanodes. It suggests
a promising route toward high-performance photoanode design for efficient solar energy conversion.
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Introduction

Among numerous research efforts that have been devoted to
efficient solar energy harvesting and conversion [1–3], photo-
electrochemical (PEC) water splitting is a very attractive
strategy for converting solar energy into hydrogen fuel [4–6].
Many semiconductor metal oxides, such as ZnO [7], TiO2 [8], α-
Fe2O3 [9], WO3 [10], BiVO4 [11], etc. have been studied as
photoanodes in PEC applications, whereas tremendous chal-
lenge still exists in the development of effective and efficient
photoanodes. An ideal photoanode requires high physical and
chemical stability, appropriate band structure for broad-band
light absorption and water redox reactions, high catalytic
activity, as well as good charge transport property. In reality,
there is no such material that can satisfy all these require-
ments for developing an ideal photoanode. For example, TiO2

has excellent stability and catalytic property, and its valence
and conduction bands straddle the water redox potentials.
Therefore, TiO2 has been widely used for photo water
splitting, although its efficiency is still suffering from its low
conductivity and wide bandgap that only allows UV-range
photoactivity. α-Fe2O3 is recently proposed as a promising
candidate due to its more appropriate band structure that
enables water redox reactions in visible light regime. How-
ever, its insulator-like conductivity remains as a serious
obstacle for achieving a high overall efficiency. ZnO has a
very similar bandstructure as TiO2 [4] with a typical electron
mobility that is 10–100 times higher than that of TiO2 [12–14].
Recent researches have also been conducted to dope or
sensitize ZnO to enhance the light absorption and charge
separation [14–19]. These merits make ZnO a very promising
candidate for PEC water splitting, whereas, the reported
solar-to-hydrogen conversion efficiency of ZnO photoanode is
still considerably lower than TiO2 due to its high recombination
rate of photoexcited electron–hole pairs and poor surface
activity for the oxygen evolution reaction [20–22].

Introducing electrocatalysts to the surface of photoanode
has been suggested as an effective strategy to facilitate
oxygen evolution reaction at the surface of photoanodes.
For instance, Ni- and Co-based electrocatalysts have been
widely used in electro-water splitting due to their high
catalytic activity, chemical stability, and low toxicity [23–
26]. Introducing Co–Pi film coating to the surface of oxide
photoanode, such as α-Fe2O3 [27,28], WO3 [29], and BiVO4

[30], has recently been shown to be able to improve their PEC
performance, due to the lower of water oxidation energy
barrier at oxide surfaces by Co–Pi. A large variety of Ni based
materials, such as nickel-dihydrolipoic acid [31], nickel hydro-
xides [32], and nickel oxides [33], also have received good
attention as effective water splitting elector-catalysts. A
robust solar water splitting system has been reported using
CdSe nanocrystals capped with Ni2+-dihydrolipoic acid cata-
lysts [31]. It also has been found that a nickel oxide coated n-
type silicon photoanode exhibited an enhanced PEC perfor-
mance compared to the silicon photoanode under neutral pH
condition [33]. Driven by these successful developments, we
explored the application of Ni-based electrocatalysts in ZnO
pohotoanode systems with an aim of overcoming the critical
limitations that prevent ZnO from being an effective photo-
anode. Large-area Ni(OH)2 nanosheet-coated ZnO core–shell
nanorod (NR) arrays were synthesized via a well-controlled
electrodeposition method. The Ni(OH)2/ZnO NRs were used as
the photoanode for PEC water splitting, exhibiting a drastic
enhancement of photocurrent and conversion efficiency com-
pared to bare ZnO NRs-based photoanodes. This work suggests
introducing Ni(OH)2 electrocatalysts can effectively improve
the PEC performance of ZnO-based PEC photoanodes.

Experimental section

Synthesis of Ni(OH)2/ZnO core–shell NR arrays

All reagents used in this study were analytical grade. Electro-
deposition was carried out in a conventional three-electrode
cell. A saturated calomel electrode (SCE) was used as the
reference electrode, and the counter electrode was a graphite
rod. The FTO glass with a sheet resistance of 14 Ω/sq was used
as the working electrode. The FTO glass was cleaned in
ultrasonic bath by deionized (DI) water, then ethanol, and
finally rinsed DI water again before electrodeposition. The ZnO
NR arrays were prepared via cathodic electrodeposition in a
solution containing 0.02 M Zn(NO3)2+0.01 M CH3COONH4+
0.01 M (CH2)6N4 with a current density of 0.5 mA cm�2 at
90 1C for 1 h. The as-synthesized ZnO NR arrays were dried at
room temperature in atmosphere. The electrodeposition of Ni
(OH)2 was then carried out on the as-synthesized ZnO NR
arrays in a solution of 0.01 M NiCl2 at 0.7 mA cm�2 at 90 1C
with different electrodeposition times. After this two-step
electrodeposition, the sample was rinsed in DI water, and then
was dried in atmosphere at room temperature before the PEC
measurement.

Characterizations

The morphology and structure of the samples was characterized
using scanning electron microscope (SEM, LEO 1530) and
transmission electron microscopy (TEM, JEM2010-HR). The
TEM specimens were prepared by mechanically scratching off
the NRs from substrate and collected by a carbon-coated
copper grid. X-ray photoelectron spectroscopy (XPS) experi-
ments were performed in an ESCA Lab 250 (Thermo VG) with
200 W Al Kα radiation. The analysis chamber pressure was
�7.5� 10�6 Pa and the distance between the sample and
X-ray gun was �1 cm. The pass energy constant was 20 eV for
the high resolution scans. The binding energies were calibrated
by placing the C 1 s peak of adventitious carbon at 284.8 eV.

PEC experiments

The PEC experiments were conducted on a CHI 660d electro-
chemical workstation (CHI Instruments) in a three-electrode
PEC cell with a quartz window, through which simulated
solar illumination was applied to the photoelectrode surface.
A Pt foil and a Ag/AgCl electrode acted as the counter and
reference electrodes, respectively. The as-prepared Ni(OH)2/
ZnO nanostructure on the FTO substrate was used as
the working electrode. A 0.5 M Na2SO4 aqueous solution
(pH=6.62) was used as the electrolyte. The illumination
was provided by a 500 W Xe lamp (PLS-LAX500, Perfectlight)
with a water IR filter. The illumination intensity at the sample
position was determined to be 100 mW/cm2. The PEC experi-
ments were carried out in atmosphere at room temperature.
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Results and discussion

The Ni(OH)2/ZnO core–shell NR arrays were grown on FTO
substrates via two-step electrodeposition, as schematically
illustrated in Figure 1. First, ZnO NR arrays were grown on FTO
substrates by cathodic electrodeposition. Their morphology is
shown by a SEM image in Figure 2a. One hour deposition
yielded dense hexagonal ZnO NRs uniformly covering the
substrate surface. The NRs are �1.5 μm long and �300 nm
in diameter with slightly tempered tips (Figure 2b). The NRs
are quasi-aligned vertically due to their high density-confined
orientation. Then, Ni(OH)2 nanosheets were deposited onto
the ZnO NRs through the same electrodeposition approach.
The morphology of Ni(OH)2 coating is shown in Figure 2c. All
the ZnO NRs were uniformly covered with a rough layer of Ni
(OH)2. The Ni(OH)2/ZnO NRs exhibit the same vertical align-
ment and no agglomeration was observed. A closer view shows
that the Ni(OH)2 coating had a sheet-like structure with a
rough and wrinkled surface feature (Figure 2d). These wrinkles
covered the entire NR body with a typically thickness of
�20 nm and a extention of �100 nm. This unique coating
structure tremendously increased the surface reaction sites
compared to those provided by NRs, which is beneficial to high
efficient PEC reactions.

XPS characterization was conducted to verify the chemical
composition of the coating results. From the XPS spectrum,
Zn, O, and Ni signals can be clearly identified (Figure 3a). Zn
LMM and Ni KLL peaks are the Auger spectra related to the
electrons of neighboring K, L and M atomic shells in Zn and Ni
atoms, respectively. In addition, Cl signals were also detected,
which came from adsorbed electrolyte during electrochemical
deposit. The peak centered at 1022.1 eV corresponds to the
Zn 2p3/2 core level and is the signature peak of Zn2+ in ZnO
(Figure 3b) [34]. The symmetrical peak shape confirms the
perfect stoichiometry of the electrodeposited ZnO NRs. The Ni
2p XPS spectrum is shown in Figure 3c. Two satellite peaks are
located at the higher binding energy sides of the main double
Ni 2p peaks. The peak shape and the Ni 2p3/2 peak value
(85670.1 eV) are in good agreement with literature reports
confirming the state of Ni2+ in Ni(OH)2 [35].

The Ni(OH)2 coating morphology and its crystal structure
was further investigated by TEM characterization. As shown
in Figure 4a, Ni(OH)2 nanosheets were rooted on the surface
of ZnO NRs and extended ~100 nm above the surface. The
large number of dark contrast stripes evidences the highly
FTO substrate ZnO NR Ar

ZnO

Electrodeposition

Figure 1 Schematic illustration of the fabrication procedure
folded configuration of the nanosheets. Selected-area electron
diffraction (SAED) pattern of the core–shell NR recorded one
set of bright diffraction spots decorated with diffused halo
diffraction rings (the inset of Figure 4a). The bright spots
belong to the ZnO NR and confirm its single crystalline
wurtzite structure. The diffused diffraction rings can be
indexed to the hexagonal phase of Ni(OH)2, suggesting the
Ni(OH)2 nanosheets were not fully developed polycrystalline
structure. The Ni(OH)2 nanosheets had very small thicknesses.
By zooming in at the folded region, the smallest width of the
dark contrast lines (corresponding to the nanosheet's thick-
ness) was found to be �3–4 nm (Figure 4b). The low crystal-
linity/amorphous structure of the nanosheet can also be
clearly observed from the high-resolution TEM (HRTEM) image
taken at the flat and folded regions (Figure 4c). Recently,
superior electrocatalytic activity in oxygen evolution reaction
from water was demonstrated from amorphous electrocataly-
tic materials compared to their crystalline phase due to their
larger density of active unsaturated sites on the surface and
higher degree of atomic structural flexibility than those of
crystalline phases [36,37]. Meanwhile, the single crystal ZnO
NR core can provide an effective electron transport pathway
owing to its good conductivity [38,39]. Therefore, the config-
uration of low-crystalline Ni(OH)2 nanosheet electrocatalyst
shell on single-crystalline ZnO NR core is a promising photo-
anode structure that may significantly improve the perfor-
mance of PEC water splitting.

PEC measurements were performed in 0.5 M Na2SO4 solu-
tion using a typical three-electrode electrochemical cell. The
current density–voltage (J–V) curves shown in Figure 5a com-
pare the PEC performances of ZnO NR and Ni(OH)2/ZnO core–
shell NR photoanodes. From the dark scans, bare ZnO NR
photoanode exhibited a very low current density (�0.01 mA/
cm2 at 1.25 V) suggesting the good surface quality of the ZnO
NRs. The dark current density of the Ni(OH)2/ZnO photoanode
at 1.25 V vs. Ag/AgCl was 1.68 mA/cm2 (pH=6.62). The high
current density in dark evidences the excellent electrocataly-
tic property of the Ni(OH)2 nanosheets for oxygen evolution
[23]. This dark current density value is also higher than that of
Co–Pi/Co/Si electrode (�0.75 mA/cm2 at 1.25 V vs. Ag/AgCl,
pH=7) [40] and Co–Pi/α-Fe2O3 electrode (�0.9 mA/cm2 at
1.25 V vs. Ag/AgCl, pH=8) [28]. Because more alkalescent
electrolyte can promote the oxygen evolution reaction, the
electrocatalytic property of the Ni(OH)2/ZnO photoanode is
indeed superior than these electrodes.
rays Ni(OH)2/ZnO core-shell 
NR Arrays

Ni(OH)2

Electrodeposition

s for Ni(OH)2/ZnO core–shell NR arrays on FTO substrates.
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Figure 2 (a,b) Low- and high-magnification SEM images of as-synthesized ZnO NR arrays on FTO substrate, respectively. (c,d) Low-
and high-magnification SEM images of Ni(OH)2/ZnO core–shell NR arrays, respectively, with the Ni(OH)2 electrodeposition time to be
5 min.
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Figure 3 XPS spectrum of a survey scan (a), Zn 2p characteristics (b), and Ni 2p characteristics (c) of the Ni(OH)2/ZnO core–shell NR
arrays.
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Figure 4 (a) TEM image of a Ni(OH)2/ZnO core–shell NR. Inset
is the corresponding SAED pattern. (b) TEM image showing the
configuration of the outer Ni(OH)2 nanosheet. (c) HRTEM image
taken from the wrinkled region of the Ni(OH)2 nanosheet.
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Upon illumination by 100 mW/cm2 white light, the total
photocurrents (Jtotal) of both Ni(OH)2/ZnO and bare ZnO
photoanodes exhibited a significant increase. For ZnO
photoanode, the Jtotal value at the potential of 1.25 V was
0.15 mA/cm2 (inset of Figure 5a); whilst it was 2.58 mA/cm2

for the Ni(OH)2/ZnO photoanode at the same potential. All
the samples were tested for at least 3 times, and no
degradation in either performance or structure was
observed. Upon Ni(OH)2 coating, the Jtotal obviously shifted
toward the negative potential direction compared. In our
system, the thermodynamic potential for O2 evolution
EH2O=O2

is 0.64 V vs. the Ag/AgCl electrode at a pH of
6.62. Below this thermodynamic oxidation potential,
enhancement of Jtotal also can be clearly observed. These
characteristic improvements evidence the electrocatalytic
effectof Ni(OH)2 catalyst in PEC oxygen evolution reactions.
Comparison between Ni(OH)2-coated and bare ZnO NR
photoanodes demonstrates that the Ni(OH)2 electrocatalyst
can effectively facilitate the PEC water splitting reactions
on ZnO surfaces. The principle of such an electrocatalyst
enhancement is schematically shown in Figure 5b. Upon
illumination, electron–hole pairs are generated in ZnO by
absorbing photons with energy higher than its band gap. For
n-type ZnO photoanode, photogenerated electrons move
from the conduction band (CB) to the conductive substrate
and then reach the counter electrode to reduce water
generating hydrogen. The photogenerated holes in the
valance band (VB) of ZnO transfer to the Ni(OH)2 shell that
is in contact with ZnO surfaces. The holes are then trapped
in Ni(OH)2 and oxidize NiII into higher valence NiIII/NiIV. The
NiIII/NiIV ions further interact with water molecules in their
vicinity and generate oxygen; meanwhile, they are reduced
back to NiII [23]. Introducing the NiII/NiIII/NiIV redox
processes can largely reduce the energy barrier of water
oxidation reactions by photogenerated holes, and thus
significantly higher photocurrent can be obtained. In addi-
tion, adding a complete amorphous Ni(OH)2 coating would
effectively neutralize the surface trapping sites, and thus
suppress the direct surface recombination of electron–hole
pairs. Therefore, higher quantum efficiency of PEC water
splitting can be expected.

The improvement induced by Ni(OH)2 coating was quanti-
fied by identifying the net photocurrent density (Jph), i.e. the
difference between Jtotal and the dark current (Figure 5c),
and corresponding PEC efficiency (Figure 5d). Jph of the Ni
(OH)2/ZnO NR photoanode quickly rose when the applied bias
was above 0.6 V and peaked at 1.18 V with a maximum value
of 1.13 mA/cm2. Then, Jph decreased at higher applied bias.
This is because the maximum photogenerated charge flux is
fixed. Under large applied biases, electrocatalytic current
exceeds the photogenerated charge flow and becomes the
overwhelming effect. For bare ZnO NR photoanode, because
it did not have electorcatalytic capability, its Jph basically
followed the same trend of its Jtotal. To compare, Jph of the
Ni(OH)2/ZnO photoanode was nearly one order of magnitude
larger than that of the bare ZnO photoanode. For instance,
the maximum Jph of Ni(OH)2/ZnO and bare ZnO photoanodes
were 1.13 mA/cm2 and 0.14 mA/cm2, respectively. Since the
photocurrent onset potential was nearly unchanged after Ni
(OH)2 coating, similar to those observed from electorcata-
lyst/TiO2 photoanode systems [41], water oxidation over-
potential was used to compare the electrocatalytic reaction
activities [42–44]. The overpotential values were calculated
from the thermodynamic potential EH2O=O2

=0.64 V vs. Ag/
AgCl at pH 6.62. The overpotential of the bare ZnO photo-
anode at a current density of 0.14 mA/cm2 was found to be
0.64 V. The Jph of the Ni(OH)2/ZnO photoanode reached
0.14 mA/cm2 at a more negative overpotential of 0.12 V,
illustrating a higher activity of PEC oxygen evolution reac-
tion. The solar-to-hydrogen conversion efficiencies (η) were
calculated from the Jph curves following equation [45]:

ηð%Þ ¼ Jphð1:23–EappÞ=Plight

where Plight is the power density of the illumination
(100 mW/cm2), and Eapp is the absolute value of the applied
bias that is added in series between the working and counter
electrodes. Here, Eapp is defined as (Em�Eaoc), where Em is
the electrode potential (vs. Ag/AgCl) at which Jph was
measured, and Eaoc is the open circuit potential. The
calculated PEC efficiency as a function of the applied bias
is shown in Figure 5d, where the highest efficiency of the Ni
(OH)2/ZnO photoanode was found to be 0.43%, 10.8 times
higher than that was produced by the bare ZnO photoanode
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(0.04%). This efficiency is also a competitive value compared
to other ZnO based photoanodes, such as undoped ZnO NRs
(0.02%–0.08%) [17,46], N-doped ZnO NRs (0.1%) [46], N-doped
ZnO nanowires (0.15%) [14], C-doped ZnO nanowires (0.18%)
[16], Zn0.96Cu0.04O NRs (0.21%) [47], ZnO nanosheets (0.27%)
[48], and N-doped ZnO nanotetrapods (0.31%) [17]. This
experiment clearly shows that introducing electrocatalysts
to the surface of conventional oxide photoanodes can
advantageously impact their PEC performance.

In order to further investigate the influence of Ni(OH)2
electrocatalyst on the PEC performance of ZnO photoa-
nodes, the amount and morphology of Ni(OH)2 nanosheet
were controlled by varying the deposition time between 1
and 7 min. Corresponding SEM images are shown in Figure 6.
In the first minute, only a very thin Ni(OH)2 film was
conformally coated on the surface of ZnO NRs (Figure 6a).
Small wrinkled area can be observed along corners and
edges, from which the thickness of the Ni(OH)2 nanosheet
was estimated to be a few nm. Continuous growth of the Ni
(OH)2 nanosheets detached certain regions from the NR
surface forming a rough and folded-sheet-like coating
(Figure 6b). The folded area further grew larger and longer
forming suspended Ni(OH)2 nanosheets that were partially
overlapping with each other (Figure 6c). This is the config-
uration used in our previous analysis. The length and
thickness of Ni(OH)2 nanosheets could grow continuously
under extended deposition time, leading to a dense and
thick coverage over the ZnO NRs (Figure 6d). The thickness
of Ni(OH)2 shells with different Ni(OH)2 deposition times
was obtained according to the SEM images in Figure 6. With
the variable deposition times of Ni(OH)2 for 1 min, 3 min,
5 min, and 7 min, the thickness of Ni(OH)2 shell is about
20 nm, 40 nm, 100 nm, and 220 nm, respectively. All these
different Ni(OH)2 morphologies were applied as photoa-
nodes to understand its influence on PEC performance.

Figure 7 shows J–V, Jph, and PEC efficiencies of Ni(OH)2/
ZnO photoanodes with different Ni(OH)2 deposition times and
compared to bare ZnO photoanodes. Their performance
parameters are also summarized in Table 1. As shown in
Figure 7a, the dark current increased with the increasing of Ni
(OH)2 deposition time, indicating that increasing the amount
of Ni(OH)2 catalyst can directly enhance the electrocatalytic
activity of oxygen evolution reactions. Accordingly, the Jtotal
value also increased following the same trend. The Ni(OH)2
enhancement to Jph was compared in Figure 7b. The max-
imum Jph increased from 0.5 mA/cm2 to 1.13 mA/cm2 as the
deposition time of Ni(OH)2 increased from 1 min to 5 min,
and then decreased to 0.55 mA/cm2 as the deposition time
further increased to 7 min. The existence of optimal Ni(OH)2
coating (or deposition time) is because that although more Ni
(OH)2 could generate higher electrocatalytic activity of
oxygen evolution (evidenced by the monotonic increase of
dark current), thicker Ni(OH)2 nanosheet overcoating could
also impair the light absorption in ZnO NRs and thus reduced
the total number of photoexcited electron–hole pairs for
water splitting. As shown in the inset of Figure 7b, Jph of Ni
(OH)2/ZnO photoanodes were clearly enhanced below the
thermodynamic potential EH2O=O2

=0.64 V (vs. Ag/AgCl, at pH
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Table 1 Summary of PEC performance of photoanodes made from ZnO NRs and Ni(OH)2/ZnO core–shell NRs with different Ni
(OH)2 deposition times.

Ni(OH)2 deposition
time (min)

Jdark @ 1.25 V
(mA/cm2)

Jtotal @ 1.25 V
(mA/cm2)

Jph, max

(mA/cm2)
Overpotential @ Jph of
0.14 mA/cm2 (V)

η (%)

0 (bare ZnO) 0.01 0.15 0.14 0.64 0.04
1 0.95 1.41 0.50 0.28 0.17
3 1.21 2.04 0.91 0.17 0.31
5 1.68 2.58 1.13 0.12 0.43
7 2.93 3.29 0.55 0.05 0.24

Y. Mao et al.16
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6.62) compared to the bare ZnO photoanode. Meanwhile, the
overpotential at Jph=0.14 mA/cm2 decreased monotonically
with the Ni(OH)2 deposition time from 0.64 V for the bare ZnO
photoanode to 0.05 V for the 7-min Ni(OH)2 overcoated ZnO
photoanode. It evidences the electrocatalytic property of the
Ni(OH)2 catalyst for water oxidation. Accordingly, the peak
PEC efficiency increased from 0.17% to 0.43% as the deposi-
tion time of Ni(OH)2 increased from 1 min to 5 min, and then
dropped to 0.24% when the deposition time further increased
to 7 min (Figure 7c). It is important to note that although Jph
and PEC efficiency various under different amount and
morphology of Ni(OH)2 nanosheet coating, all the values are
significantly (at least 43 times) higher than that of bare ZnO
photoanodes (Table 1). This observation strongly proved that
introducing electrocatalysis can largely improve the PEC
performance of conventional photoanodes.
Conclusion

In summary, we have developed a Ni(OH)2/ZnO core–shell NR
arrays photoanode for PEC water splitting via electrodeposi-
tion approach. The single-crystalline ZnO NR cores provide an
effective electron transport pathway. The low-crystalline Ni
(OH)2 shell nanosheets covering the entire single-crystalline
ZnO NR body served as electrocatalyst facilitating water
oxidation reactions. This unique coating structure largely
increased the surface reaction sites and significantly
improved the PEC performance. The PEC efficiency of the
Ni(OH)2/ZnO photoanodes was obtained to be 0.43%, which
was an order of magnitude increase compared to the bare
ZnO photoanode (0.04%). The Ni(OH)2/ZnO core–shell NR
configuration has good potential as photoanodes for hydrogen
generation via PEC water splitting. This research demon-
strates that introducing electrocatalysts to conventional PEC
photoanode systems and the complex low-crystalline/single-
crystalline core–shell nanostructured configurations could
open a new avenue toward designing and fabrication of
high-performance PEC photoanodes.
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