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ABSTRACT: Controlling the interface electronic band structure in heterostructures is essential for developing highly eﬃcient photoelectrochemical (PEC)
photoanodes. Here, we presented an enhanced oxygen evolution reaction (OER) by
introducing the piezotronics concept, i.e., piezoelectric polarization (Ppz)-induced
band engineering. In a Ni(OH)2-decorated ZnO photoanode system, appreciably
improved photocurrent density of sulﬁte (SO32−) and hydroxyl (OH−) oxidation
reactions were obtained by physically deﬂecting the photoanode. Both theoretical
and experimental results suggested that the performance enhancement was a result
of the piezoelectric Ppz-endowed enlargement of the built-in electric ﬁeld at the
ZnO/Ni(OH)2 interface, which could drive an additional amount of photoexcited
charges from ZnO toward the interface for OER. This strategy demonstrates a new
route for improving the performance of inexpensive catalysts-based solar-to-fuel
production.

P

especially for OER.8−18 Unlike the noble metal catalysts, these
oxides and hydroxides are predominantly insulators. Introducing an insulating catalyst between the semiconductor photoelectrode and electrolyte will induce a signiﬁcant drop of the
total potential (deﬁned by the initial Fermi level diﬀerence
between semiconductor and electrolyte, denoted as φ0) in the
catalyst layer, and thus reduce the built-in potential (φbi) and
depletion width (Ld) in the semiconductor. The reduced φbi
and Ld impairs the eﬃciency of photoexcited charge separation
and holes injection. To alleviate these drawbacks of applying an
insulating catalyst layer, additional consideration should be
given to enhancing the semiconductor/electrocatalyst interfacial electronic structure and properties.
The piezotronic eﬀect is a recently proposed principle for
locally engineering the band structures of heterojunctions using
piezoelectric polarization (Ppz).19−22 Ppz can be generated by
mechanically straining a piezoelectric material and considerably
inﬂuences the free charge distribution and the band structure at
the piezoelectric/semiconductor interface. Applying Ppz to
control the charge transport properties of semiconductor
devices has been employed in gating nanowire-based ﬁeldeﬀect transistors (FET),19,21 manipulating electro- or photoluminescence,22−25 optimizing photovoltaics performance,26
and facilitating electrochemical reactions.27−29 The performance gains induced by Ppz were found to be stable since Ppz can
be maintained durably upon constant deformation.22,28 Here,
we studied the application of the piezotronic concept to

hotoelectrochemical (PEC) water splitting is a promising
strategy for converting solar energy to chemical fuels.1 In
traditional photovoltaic (PV) devices, a high-quality p−n
junction is required for eﬃcient photoexcited charge separation.
Many factors complicate the preparation of high-quality p−n
junctions, including proper alignment of band structures, high
crystal quality, and precise dopant control. Compared to PV
devices, a PEC system is relatively simpler, where the energy
discontinuity at the semiconductor/electrolyte interface
provides necessary driving force to separate photoexcited
charges.2,3 In a typical PEC water splitting process, photoexcited holes are involved in oxidation reactions at the
photoanode, converting hydroxyl (OH−) to oxygen gas (O2).
At the photocathode, photoexcited electrons take part in
reduction reactions, where protons in hydronium molecules
(H3O+) are reduced to hydrogen gas (H2). These oxidation and
reduction reactions are referred to as the oxygen evolution
reaction (OER) and hydrogen evolution reaction (HER),
respectively. Thermodynamically, the minimum energy required for splitting H2O into H2 and 1/2O2 is 1.23 eV. In
addition to the thermodynamic limit, additional activation
energy is needed to overcome the kinetic barrier and increase
the rate of electrochemical reaction. To minimize the
requirement of activation energy, OER and HER catalysts are
frequently applied to the surface of semiconductor photoelectrodes. Noble metals such as platinum and iridium have
shown excellent catalytic performance in both OER4,5 and
HER6,7 processes. However, large-scale industrial application of
these catalysts has been severely limited by their high cost.
Recently, pure transition-metals and transition-metal oxides and
hydroxides have emerged as promising low-cost catalysts,
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Figure 1. Calculated electric potential (φ) distribution across the ZnO/Ni(OH)2/H2O and ZnO/Ni(OH)2/Na2SO3 heterojunctions. (a) φ
distribution of ZnO/H2O with (green) and without (magenta) Ni(OH)2 catalyst layer. Signiﬁcantly reduced band bending of ZnO can be observed
after inserting Ni(OH)2. (b) φ distribution of ZnO/Ni(OH)2/H2O under diﬀerent strain conditions (denote strain as ε). Positive and negative strain
can increase and decrease the depletion of ZnO, respectively. The inﬂuence of Ppz was dramatically pronounced after adding Ni(OH)2. (c) φ
distribution of ZnO/Na2SO3 with (green) and without (magenta) Ni(OH)2 catalyst layer. Ni(OH)2 decreased the band bending of ZnO. (d) φ
distribution of ZnO/Ni(OH)2/Na2SO3 under diﬀerent strain conditions, showing that positive and negative strain can increase and decrease the
depletion of ZnO, respectively.

negative (compressive) strain, perpendicular to the ZnO/H2O
interface, when a bias of 1 V vs SCE applied to the ZnO anode.
It was found that when the ZnO layer is strained, Ppz has little
eﬀect on the band positions at the interface, changing the
junction potential by less than 21 mV. When an insulating
Ni(OH)2 layer with low dielectric constant (∼3.4)30 is
introduced between ZnO and H2O (Figure 1b), the impact
of the strain-induced Ppz on the energetics of ZnO is intensiﬁed.
The insulating Ni(OH)2 layer increases the energetic penalty of
redistributing charge in H2O relative to redistributing charge in
ZnO, thus ZnO provides the majority of charge redistribution
and compensation necessary to balance Ppz. Under these
conditions, a tensile strain of 0.2% uniformly applied to ZnO,
perpendicular to the junction, increased the φbi and Ld of ZnO
from 0.37 to 0.53 eV and 20.3 to 24.6 nm, respectively. A
compressive strain of −0.2% reduced the φbi and Ld to 0.23 eV
and 15.7 nm, respectively. As shown in Figure S2, the inﬂuence
of Ppz on the φbi and Ld of ZnO could be ampliﬁed by
increasing Ni(OH)2 thickness.
The eﬀect of increasing the electrolyte concentration on the
expression of Ppz was then investigated. Figure 1c shows the
electrical potential proﬁles for a ZnO/Na2SO3 solution (1 M in
H2O) junction with and without a 10 nm-thick insulating
Ni(OH)2 layer. Without the Ni(OH)2, the majority (<99.9%)
of electrical potential change across the interface is within ZnO.
After adding a 10 nm-thick Ni(OH)2 layer between the ZnO
and Na2SO3 solution, the majority (67.1%) of φ0 is found to
drop within the insulating Ni(OH)2. The electric potential
shared by ZnO and Na2SO3 solution decreased to 32.8% and
0.05%, respectively. Meanwhile, Ld of ZnO was reduced from
44.3 to 23.5 nm. Applying strain directly to a ZnO/Na2SO3
junction was found to have no eﬀect (<1 mV) on the potential

enhancing the performance of inexpensive catalysts in OER. In
a ZnO/Ni(OH)2-based photoanode system, Ppz was introduced
to increase the electric ﬁeld strength in the vicinity of the
semiconductor/electrolyte heterojunction, expanding the depletion length, and thus driving an additional amount of
photoexcited charges toward the interface for the OER. By
physically deﬂecting a laminate ZnO/Ni(OH)2 photoanode,
appreciably improved photocurrent density (Jph) of sulﬁte
(SO32−) and OH− oxidation reactions were obtained. Both
theoretical and experimental results suggested that the
performance gain was a result of the piezotronic-induced
enlargement of the built-in electric ﬁeld at the ZnO/Ni(OH)2
interface. This strategy demonstrates a new route for improving
the performance of OER catalysts for achieving eﬃcient PEC
water splitting.
To investigate the inﬂuence of Ppz on OER performance, the
potential distribution across the ZnO/Ni(OH)2/H2O heterojunction was ﬁrst calculated numerically (see Supporting
Information for calculating details, S3). As shown in Figure
1a, for a photoanode held at 1 V vs SCE, without Ni(OH)2
(i.e., a ZnO/H2O junction), ZnO and H2O share 80.9% and
19.1% of φ0, respectively. After adding a 10 nm-thick Ni(OH)2
layer between the ZnO and H2O, the majority (58%) of φ0 is
dropped within the insulating Ni(OH)2. The electric potential
shared by ZnO and H2O decreased to 25% and 17%,
respectively. Meanwhile, Ld of ZnO was reduced from 37.6 to
20.3 nm. This calculation suggests that an insulating Ni(OH)2
layer between the ZnO and H2O will cause a deterioration of
φbi and Ld in the photoactive ZnO ﬁlm.
We next introduced strain to the model to investigate the
inﬂuence of Ppz. Figure S1 presents the potential distribution of
the ZnO/H2O junction, under uniform positive (tensile) and
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Figure 2. Structure and elemental characterizations of a ZnO/Ni(OH)2 heterostructure. (a) SEM image of electrodeposited Ni(OH)2 on ZnO ﬁlm.
A sheet-like Ni(OH)2 layer with a wrinkled surface was uniformly covered on the entire ZnO surface. (b) TEM observation of an individual
Ni(OH)2 sheet. The inset is the corresponding FFT, which reveals the polycrystalline feature of Ni(OH)2. (c) Full-range XPS spectrum acquired
from a ZnO/Ni(OH)2 heterojunction. (d) Ni 2p scan for ZnO/Ni(OH)2 heterostructure. The spin-energy separation of 17.7 eV between Ni 2p3/2
and Ni 2p1/2 peaks veriﬁed the Ni(OH)2 composition.

Figure 3. Ppz enhanced sulﬁte oxidation based on ZnO/Ni(OH)2 photoanode. (a) Schematic drawing of experimental setup for investigating the
inﬂuence of Ppz on sulﬁte oxidation and OER. (b) Jph−V curves of ZnO (red) and ZnO/Ni(OH)2 (blue) photoanode for sulﬁte oxidation. (c,d) J−V
characterizations of ZnO/Ni(OH)2 with various strains under dark (c) and 150 W Xe lamp illumination (d).
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Figure 4. Strain-related OER performance of ZnO/Ni(OH)2 photoanode. (a,b) Band diagram of ZnO/Ni(OH)2/DI-H2O heterojunction when it
was subjected to a positive (a) and negative (b) strain. The band bending scale was referred to the calculated potential distribution in Figure 1b. (c,d)
J−V curves of ZnO/Ni(OH)2 photoanode for OER under diﬀerent strain conditions in dark circumstance (c) and 150 W Xe lamp illumination (d).
(e,f) Jph of ZnO/Ni(OH)2 photoanode under periodic positive (e) 0.1% (green) and 0.2% (blue) strains, and negative (f) 0.1% (magenta) and 0.2%
(red) strains at a constant bias of 1 V versus SCE. The positive and negative strained regions are marked with light green and pink, respectively. Jph
were collected under 150 W Xe lamp illumination.

distribution (Figure S3) because Ppz is completely screened by
charge redistribution (stern layer formation) in the 1 M
Na2SO3 solution. Applying an insulating Ni(OH)2 layer
between ZnO and Na2SO3 revives the energy penalty of
screening Ppz via charge redistribution in the solution phase
(Figure 1d). For the ZnO/Ni(OH)2/Na2SO3 interface, a
tensile strain of 0.2% uniformly applied to the ZnO,
perpendicular to the junction, increased the φbi and Ld of
ZnO from 0.49 to 0.65 eV and 23.5 to 37.4 nm, respectively. A
compressive strain of −0.2% reduced the φbi and Ld to 0.34 eV
and 19.3 nm, respectively. Under proper conditions (e.g., an
Ni(OH)2 layer and positive strain), both the increased electric
ﬁeld strength at the ZnO interface and the greater depth of the
electric ﬁeld into the bulk of ZnO are expected to contribute to
an increase in the total number of photoexcited charges that are
successfully separated and driven toward the water interface,
resulting in higher Jph and OER performance.
The calculated piezotronic enhancement was then tested in a
strained PEC water splitting system. The piezo-photoanode
comprised three layers: a ﬂexible indium tin oxide (ITO)-

coated polyethylene terephthalate (PET) substrate, a radio
frequency sputtered ZnO ﬁlm, and a layer of electrodeposited
Ni(OH)2 catalyst. The morphology of the electrodeposited
Ni(OH)2 ﬁlm was characterized using scanning electron
microscopy (SEM) as shown in Figure 2a. The rough Ni(OH)2
layer had a sheet-like structure with wrinkled surface features
and a uniform coverage over the ZnO photoanode. Individual
Ni(OH)2 sheets were semitransparent under transmission
electron microscopy (TEM) (Figure S4), indicating a small
ﬁlm thickness. A high-resolution TEM image (Figure 2b) and
its corresponding fast Fourier transform (FFT; inset of Figure
2b) revealed that the Ni(OH)2 ﬁlm was polycrystalline. The
lattice distance was measured to be 0.24 nm, agreeing well with
the (011) plane of β-Ni(OH)2.31 Elemental characteristics of
the ZnO/Ni(OH)2 heterojunction were further studied by Xray photoelectron spectroscopy (XPS). The full XPS spectrum
(Figure 2c) showed good agreement with all the elements
expected in a ZnO and Ni(OH)2 sample. The peak centered at
1022.1 eV is the signature peak of Zn2+ in ZnO, corresponding
to the Zn 2p3/2 core level (Figure S5).16,32,33 Its symmetrical
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strain-induced variations to J and Jph are believed to be the
consequence of altered electron−hole separation and holes
injection eﬃciency, reinforcing the conclusion that Ppz is
capable of signiﬁcantly manipulating the interfacial band
structure of the ZnO/Ni(OH)2 heterojunction.
To reveal the inﬂuence of Ppz on the OER, the Na2SO3
electrolyte was replaced with deionized (DI)-H2O. For a typical
ZnO/Ni(OH)2 photoanode, the driving force for separating
photogenerated charges originates in the energy diﬀerence
between the Femi level of ZnO and electrolyte solution. With
the addition of mechanical strain as a variable, Ppz is expected to
augment the driving force for electron transfer reactions at the
interface. Figure 4a,b shows the band diagram derived from
calculation for the ZnO/Ni(OH)2/DI-H2O heterojunction
under positive and negative strains, respectively (Figure 1b).
Under positive strain, the ZnO ﬁlm will generate a Ppz with a
direction pointing toward the ZnO/Ni(OH)2 interface.26
Mobile charges in the ZnO, Ni(OH)2 and DI-H2O will
redistribute to screen the strain-induced Ppz. The low
conductivity and low dielectric constant Ni(OH)2 ﬁlm
increases the energetic penalty of screening the Ppz via charge
redistribution in the DI-H2O as compared to the ZnO. As
charge redistribution takes place in the ZnO to screen Ppz, φbi
and Ld in the ZnO increase (Figure 4a). This enhanced band
bending is expected to speed up the eﬃciency of photoexcited
charge separation, accelerating the rate of holes injection into
Ni(OH)2 and therefore increasing the Jph. Conversely, negative
stain will induce an opposite Ppz, shallowing the depletion
region in ZnO and reducing Jph (Figure 4b).
To investigate this eﬀect, the PEC performance of the ZnO/
Ni(OH)2 anode was measured in DI-H2O under diﬀerent
straining conditions. Without applying any strain or light, the
current remained at a low level between a bias of −0.5 and 1.5
V versus SCE (Figure 4c). When the bias was greater than 1.5
V, the OER began. Similar to SO32− oxidation, the largest and
smallest J were measured with 0.2% and −0.2% strain,
respectively, indicating that Ppz has an inﬂuence on holeinjection capability under a constant bias. Both in the dark and
when illuminated by a Xe lamp (Figure 4d), J had an
approximately linear relationship to both potential and strain.
This linear response of both J and Jph to the applied potential is
likely because the OER in DI H2O is both extremely kinetically
and diﬀusion limited. These factors are not strongly inﬂuenced
by the energetic landscape on the electrode-side of the junction,
and thus the eﬀect of strain on J and Jph remained small. It is
useful to compare J and Jph as a function of strain, where strain
had a greater eﬀect on J than on Jph. This phenomenon was also
observed in Ppz-modulated PVs and was known as a
consequence of photoexcited charges screening the Ppz.26
Photoexcited charges are expected to most prominently screen
Ppz when the charges do not have an eﬃcient electron source
and sink to reduce their concentration in the vicinity of the
interface. This situation is exactly what was encountered under
our DI-H2O experimental condition. A magniﬁed Jph−V curve
in the negative bias region (inset of Figure 4d) shows a reversal
of the strain-related current deviation trend as compared to the
positive bias region (i.e., positive strain reduced Jph). This
observation is evidence that the observed current variation is a
result of band engineering rather than piezo-induced resistance
change,19 which would exhibit a linear Jph−V curve.
In order to further investigate the eﬀect of Ppz on PEC
performance, Jph was characterized at a ﬁxed external bias of 1 V
versus SCE as a function of pulsed strain. Figure 4e,f present

shape indicates a perfect stoichiometry of the sputtering ZnO
ﬁlm. The two major peaks with binding energies of 856.3 and
874 eV, and their associating satellite peaks located at higher
binding energies, were attributed to the Ni 2p3/2 and Ni 2p1/2
binding energies, respectively (Figure 2d). The spin-energy
separation of 17.7 eV between the Ni 2p3/2 and Ni 2p1/2
peaks corroborated the Ni(OH)2 composition.34,35
The inﬂuence of Ppz on the PEC performance was ﬁrst
studied in 1 M Na2SO3 electrolyte, which acted as a
photoexcited hole scavenger.13 Although the fundamental
principles are the same, sulﬁte (SO 3 2− ) oxidation is
thermodynamically and kinetically more favorable compared
to OER. SO 32−oxidation is thus a model system for
investigating the eﬀect of Ppz on photoexcited charge separation
at the ZnO/Ni(OH)2 interface. The device and measurement
setup are schematically shown in Figure 3a. This PEC cell has a
layered structure of PET/ITO/ZnO/Ni(OH)2. The working
area was conﬁned to ∼0.1 cm2 by epoxy coating. The entire
device was attached to a poly(methyl methacrylate) (PMMA)
cantilever, which can be deformed to produce diﬀerent strains
to the photoanode. A three electrode conﬁguration was
adopted for PEC measurement with platinum wire and
saturated calomel electrode (SCE) as the counter and reference
electrode, respectively. As shown on Figure 3b, upon 150 W Xe
lamp illumination, the Jph of a pristine ZnO photoanode,
exposed directly to the Na2SO3 solution, reached ∼1.4 mA
cm−2 at a bias of 0.5 V versus SCE. This Jph is 2.8 times larger
than that of ZnO/Ni(OH)2/Na2SO3 heterojunction (∼0.5 mA
cm−2 at bias of 0.5 V versus SCE) under the same conditions.
According to the calculated potential distribution of ZnO/
Na2SO3 and ZnO/Ni(OH)2/Na2SO3, the pronounced decline
of Jph after adding Ni(OH)2 to the surface of ZnO is attributed
to the signiﬁcant reduction of φbi and Ld in the ZnO (see
Figure 1c), thus reducing the eﬃciency of photoexcited charge
separation and reducing the concentration of charges at the
interface. Trapping states (recombination centers) at the ZnO/
Ni(OH)2 interface and the high electrical resistance of
Ni(OH)2 may also contribute to the decreased Jph.13 In order
to reduce the inﬂuence from interface trapping states, a planar
conﬁguration, as opposed to a nanostructed heterojunction, was
adopted.13 A small Ni(OH)2 ﬁlm thickness was maintained to
minimize the resistance losses.
Calculations suggested that the unfavorable change in
interfacial band structure caused by adding a Ni(OH)2 ﬁlm
onto the ZnO surface (Figure 1c) can be compensated by the
Ppz created by straining the ZnO (Figure 1d). Figure 3c shows
the current density-potential (J−V) curve of the ZnO/
Ni(OH)2/Na2SO3 PEC under diﬀerent straining conditions
without light illumination. In general, positive strain increased J
and negative strain decreased J, in agreement with predictions
made from calculation. Speciﬁcally, 0.1% and 0.2% strain
increased J from 0.482 mA cm−2 to 0.654 mA cm−2 and 0.740
mA cm−2 at bias of 1.5 V versus SCE, corresponding to an
improvement of ∼36% and ∼85%, respectively. Applying
−0.1% and −0.2% strain decreased J from 0.482 mA cm−2 to
0.374 mA cm−2 and 0.338 mA cm−2, corresponding to an
reduction of ∼22% and ∼30%, respectively. Under Xe lamp
illumination, the absolute values of Jph are signiﬁcantly
increased (Figure 3d). At a bias range of 0.5−1.5 V versus
SCE, SO32− oxidation occurred, and Jph responded to the
applied strain in the same manner as in the dark condition,
where an increase and decrease of Jph are clearly identiﬁed upon
positive and negative strains, respectively. These mechanical
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the Jph−strain curves measured when strain was periodically
applied to the ZnO/Ni(OH)2 heterojunction. In general, Jph
exhibited a quick response to the strain. Under a tensile strain
of 0.1% and 0.2%, Jph increased from 0.249 mA cm−2 to 0.256
mA cm−2 and 0.268 mA cm−2, respectively, demonstrating an
enhanced OER activity under a constant bias but increased
tensile strain. When subjected to a compressive strain of −0.1%
and −0.2%, Jph decreased from 0.249 mA cm−2 to 0.244 mA
cm−2 and 0.239 mA cm−2, respectively. The capacitive current
spikes in Figure 4e, which appear immediately following the
straining events, are indicative of the charge redistribution that
takes place in ZnO immediately after the formation of Ppz.28
These Jph−strain characterizations are further evidence that Ppz
is an eﬀective approach to control the OER performance of
Ni(OH)2-decorated ZnO photoandes.
In summary, we report a novel strategy for manipulating the
interfacial band structure of a ZnO/Ni(OH)2 heterojunction
using strain induced Ppz. Electrical potential distributions
calculated for ZnO/Ni(OH)2 heterojunctions indicate that
Ppz is able to largely increase the φbi and Ld of ZnO at the ZnO/
Ni(OH)2 interface, improving the PEC performance. Experimentally, tensile strain of sputtered ZnO ﬁlms increased both J
and Jph for sulﬁte and water oxidation reactions. These
enhancements were attributed to the increased depth of
electric ﬁeld into the bulk of the ZnO and increased strength
of the interfacial electric ﬁeld, both contributing to an increased
eﬃciency of photoexcited charge separation in ZnO. These
results have shown the promise of using the piezotronic eﬀect
to improve the performance of OER catalysts on semiconductor photoelectrodes. Compared with other delicate
band-engineering approaches, such as tuning the doping
density of semiconductors and integrating high-quality ferroelectrics, this piezotronic strategy can be easily handed and
precisely controlled. Further enhancement of PEC performance
can be expected from optimizing the quality, conductivity, and
piezoelectric property of the photoactive and piezoelectric
material, as well as the thickness and quality of the insulating
catalytic layer.

■
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