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We demonstrate the growth and characterization of an array of ferroelectric nanowires for photoelectrochemical
(PEC) hydrogen production. The photoelectrodes are made of vertically aligned one-dimensional nanowires of
the “classic” ferroelectric perovskite KNbO3 grown epitaxially on a Nb-doped SrTiO3 substrate. The charge
transfer properties of the photoelectrodes can be eﬀectively tuned by controlling the polarization state, thereby
optimizing PEC performance. By manipulating the poling bias from +15 V to −15 V, we were able to tune the
photocurrent density in the range from ca. 0.7–11.5 μA·cm−2 (at 0 V vs. Ag/AgCl) under irradiation of air mass
1.5 global (AM 1.5 G) full sunlight at 100 mW/cm2, while the onset potential switches from −0.32 to −0.46 V.
Our work provides the basis for understanding PEC reactions conducted with ferroelectric nanowire
photoelectrodes as well as insights on strategies for constructing high performance nanowire array-based
PEC systems.

1. Introduction
The growing global demand for renewable and sustainable energy
has prompted major eﬀorts towards developing new solar technologies.
In particular, harnessing solar energy for hydrogen production by using
a photoelectrochemical (PEC) cell represents a very attractive approach
towards alternative clean fuels [1–4].
Major research eﬀorts have focused on developing materials usable
as photoelectrodes, which are a key component in a PEC cell. Among
various challenges, the performance of conventional photoelectrode
materials (n-type TiO2 [5], ZnO [6], α-Fe2O3 [7], BiVO4 [8,9] and WO3
[10,11]; p-type Si [12,13], Cu2O [14] and CaFe2O4 [15], etc.) is still
limited by their relatively low absorption coeﬃcient, short carrier
diﬀusion length, and the fast recombination rate of photogenerated
charge carriers. Current strategies to optimize the separation of
electron-hole pairs in photoelectrodes mainly focus on chemical and
structural optimization (e.g. control of morphology and crystallogra⁎
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phy), which are limited by the synthesis techniques currently in use.
An alternative approach to overcome the limitations of conventional semiconductors is to fabricate photoelectrodes made of ferroelectric materials [16–18]. The key advantage of ferroelectric systems
is associated with their remnant polarization, which creates a depolarization electric ﬁeld (Edp) that extends over the entire volume of the
ﬁlm or bulk material. This ﬁeld may replace the electrical ﬁeld that
forms in a classical p-n junction, eﬀectively separating electron-hole
pairs and driving them towards electrodes; this phenomenon is
generally referred to as the ferroelectric photovoltaic eﬀect (FPVE)
[19–22]. This internal electrical ﬁeld also gives rise to the modulation
of the chemical potential and surface band bending, which are the
essential factors that determine PEC performance [23]. Recent studies
reported several ferroelectric photoelectrodes such as LiNbO3 [24],
BaTiO3 [25–27], Pb(Zr,Ti)O3 (PZT) [28,29], BiFeO3 [30–32] and
Bi2FeCrO6 [33] with large and reversible polarization, showing an
enhanced PEC activity by controlling the ferroelectric polarization.
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gration sphere. Piezoresponse force microscopy (PFM) measurements
were performed using a Veeco Enviroscope atomic force microscope
(AFM) equipped with Pt/Ir coated ANSCM-PA probes from App Nano
with cantilever spring constant of ~40 N/m (resonance frequency
~300 kHz). We applied an AC voltage of 0.5 V at 26 kHz between the
conductive tip and the NSTO conductive substrate. The bias required
for hysteresis measurements was applied using a DC source (Keithley
2400 Sourcemeter) in series with an AC driving voltage. Macroscopic
ferroelectric hysteresis loop of the sample was obtained using a
ferroelectric tester (Radiant Technologies RT6000HVA) at a frequency
of 100 Hz. The voltage was directly applied between the NSTO bottom
electrode and the top of KNO NW arrays without depositing a top
electrode.

While extensive research has focused on semiconductor/electrolyte
interfaces with planar geometry, recent advances in nanofabrication
enabled the use of nanostructured semiconductors for PEC hydrogen
production [3,34–36]. Among various categories of nanomaterials,
vertically aligned arrays of semiconductor nanowires (NWs) are of
particular interest because of their large semiconductor/electrolyte
interfacial areas in addition to other beneﬁcial properties, including
enhanced light scattering and trapping, and eﬃcient ballistic charge
transport along the wire's axis [37–40]. As a result, devices based on
NW arrays are promising towards the wide scale adoption of solar
technologies based on low cost-to-power requirements.
Several studies reported various planar ferroelectric photoelectrodes [28,30,31,41–43], yet far less information is available regarding
devices for solar hydrogen production based on arrays of ferroelectric
NWs. For example, PEC activity enhanced by ferroelectric polarization
was observed for a TiO2/BaTiO3 core/shell NW photoanode [44]. These
studies motivated us to develop photoelectrodes made of ferroelectric
NW arrays, to take full advantage of their unique electrical and optical
properties.
Potassium niobate (KNbO3, KNO), a classic perovskite oxide with
intriguing ferroelectric properties, suitable band positioning, excellent
chemical stability, as well as non-toxicity compared to lead-based
materials such as PZT, has been used successfully in various photocatalytic processes, including hydrogen production [45–48], degradation of organic pollutants [49–51], and CO2 conversion [52]. In
particular, Park et al. reported that polarized K0.5Na0.5NbO3 powder
exhibits a signiﬁcantly enhanced photocatalytic activity (ca. 7 fold),
compared to that of the neutral sample [53].
Inspired by these studies, herein we chose KNO as a model system
to explore the role of the polarization state in the PEC behavior of
photoelectrodes made of arrays of ferroelectric NWs. We demonstrate
that the internal ﬁeld induced by the polarization of KNO NWs can
eﬀectively tune the charge transfer characteristics of photo-excited
electron-hole pairs.

2.3. Photoelectrochemical measurements
All PEC measurements were performed on an electrochemical
workstation (Chenhua CHI 660D) in a three-electrode system using
the KNO NW array photoanodes as the working electrode, a Pt plate as
the counter electrode, and a standard Ag/AgCl electrode as reference. A
300 W xenon lamp equipped with an AM1.5 ﬁlter was used as
irradiation source with a light intensity of 100 mW/cm2 measured
with a radiometer. 1 M Na2SO4 aqueous solution was employed as
electrolyte. The linear sweep voltammograms were carried out at a scan
rate of 20 mV/s. Photocurrent density measurements as a function of
time (J-t) of the photoanodes with on and oﬀ cycles were carried out at
a ﬁxed bias of 0 V vs. Ag/AgCl. Electrochemical impedance spectroscopy (EIS) measurements were conducted with an amplitude of 5 mV
over a frequency ranging from 0.01 to 100 kHz. Poling of the NW
arrays was performed in 2 M KCl aqueous solution using Pt as counter
electrode by applying a bias with a DC power supply for 60 s. The
experimental setup for the poling treatment is schematically shown in
Fig. S1 in the Supporting information ﬁle.
3. Results and discussion

2. Experimental
The synthesis of vertically aligned KNO NW arrays is based on a
simple hydrothermal reaction without seed layer. Fig. 1a and b show
tilt-view SEM images of the as-grown KNO NW arrays on NSTO
substrate. The NWs are vertically aligned, with width ranging from 100
to 200 nm and a height of ca. 8 µm. The NWs are asymmetric,
resembling a stepped structure, demonstrating an anisotropic growth
of the wires (see enlarged SEM image in Fig. S2a). At the initial growth
stage, a thick ﬁlm with thickness of ca. 2 µm was formed on the NSTO
substrate by nucleation and coalescence of square islands, as observed
from the top view in Fig. S2b, consistent with previous reports [55].
The width of the islands shrinks along the growth direction. The islands
develop into tower-like structures, suggesting a dislocation-assisted
growth mechanism [56]. EDX measurements were carried out to
evaluate the chemical composition of the NW arrays (Fig. S2c),
indicating that the wires consist of K, Nb and O.
The out-of-plane orientation and phase purity of the sample were
investigated by high-resolution XRD θ−2θ scans. The as-grown NW
arrays (Fig. 2a) exhibit three sets of mixed (ll0)o/(00 l)pc orientation, as
inferred by the presence of (110)/(001), (220)/(002) and (330)/(003)
diﬀraction peaks. The diﬀraction peaks only indicative of SrTiO3 or
KNbO3 phases were detected, suggesting that the NW arrays are coriented with a single phase perovskite structure.
To further establish the in-plane epitaxial relationship between the
NW arrays and the substrate, we acquired XRD ϕ scans on the (101)
diﬀraction peaks of the NWs and substrate. Only four peaks separated
from each other by 90° were found at the same position for both the
KNO and NSTO (Fig. 2d), revealing that the epitaxial relationship
between the NW arrays and the substrate has a fourfold symmetry:
KNO [001]pc//NSTO [001]c. The appearance of both (110) and (001)
orientations is attributed to the signiﬁcantly reduced diﬀerence in

2.1. Synthesis of KNbO3 nanowire arrays
Arrays of single-crystalline KNO NWs were epitaxially grown on
Nb-doped (0.7 wt%) SrTiO3 (NSTO) (100) by a hydrothermal method
[54]. NSTO was chosen as substrate because of its electrical conductivity. The substrate was cleaned by sonication in acetone, ethanol and
deionized water, respectively. In a typical reaction, an alkaline aqueous
solution was obtained by dissolving 6.312 g of potassium hydroxide
(KOH) in 7.5 mL of deionized water. Subsequently, 0.437 g of niobium
(Nb) metal powder was added to the solution. The suspension was then
transferred to a Teﬂon-lined autoclave (20 mL), in which the cleaned
NSTO substrate was positioned face down and placed ca. 1 cm above
the bottom of the Teﬂon liner. The autoclave was kept in an oven at
150 °C for 12 h. After cooling down to room temperature, the sample
was rinsed with deionized water and dried at 60 °C.
2.2. Characterizations
X-ray diﬀraction (XRD) was used to analyze the crystal structure
using a high resolution Panalytical X’pert Pro diﬀractometer. To
investigate crystal orientation, we carried out ϕ-scans by 360° in-plane
sample rotation around the (101) plane of the NSTO substrate.
Characterization of sample morphology and chemical composition
were performed by ﬁeld-emission scanning electron microscopy
(FESEM) (JEOL JSM7401F) equipped with an energy-dispersive Xray spectrometer (EDX). Transmission electron microscopy (TEM) and
selected area electron diﬀraction (SAED) images were obtained using a
FEI Tecnai G2 F20 microscope. Diﬀuse reﬂectance spectra (DRS) were
recorded by UV–visible spectroscopy (Hitachi U-3010) with an inte93
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Fig. 1. (a, b) SEM images of KNO NW arrays epitaxially grown on NSTO (100) substrate. (c) Low-magniﬁcation TEM and (d) HR-TEM image of the KNO NWs. SAED patterns are
shown in the inset of (d).

hysteretic behavior (Fig. 3d). The hysteresis loops exhibit a highly
asymmetric shape (saturated at 0 V), which indicates the existence of a
spontaneous polarization (Ps) in the KNO NWs. The direction of Ps
points 45° up from the substrate towards the top of the NW. We
repeated PFM measurements on several randomly selected NWs,
obtaining similar/consistent results.
A key question for such systems is to determine whether onedimensional wires exhibit any spontaneous ferroelectric ordering.
Theoretical work predicted quantitatively that a large spontaneous
polarization of the bulk magnitude exists in one dimensional Pb(ZrTi)
O3 wires [58]. Herein, surprisingly, our experimental results demonstrate the existence of a strong spontaneous polarization in the asgrown KNO NWs by a facile chemical route. To understand the
ferroelectric behavior of the NW arrays at the macroscale, we further
measured ferroelectric hysteresis loops of the whole sample, as
illustrated in Fig. S3a. The remnant polarization is about 90 μC/cm2
(Fig. S3b), much higher than that of epitaxial KNO thin ﬁlms [59,60].
Further theoretical and experimental studies are needed to understand
the origin of such strong spontaneous polarization in the as-prepared
KNO ferroelectric NWs. The distinct ferroelectric performance of the
obtained KNO NW arrays allows us to manipulate the internal electric
ﬁeld induced by polarization and thus to tune the charge transfer
behavior in NW based photoelectrodes.
Before investigating the hydrogen production performance of the
KNO NWs, we characterized their photoabsorption properties. The
UV–vis diﬀuse reﬂectance spectrum (Fig. 4b) of the as-prepared
sample was measured and converted into absorption readings accord-

lattice mismatch seen by each orientation, resulting from the anisotropic lattice expansion [56].
The sample's crystal structure was further investigated by highresolution transmission electron microscopy (HR-TEM). As shown in
Fig. 1d, an individual NW shows pseudocubic lattice parameters in the
orthorhombic phase of the (100) and (011) planes with lattice spacings
of a=4.02 Å and c=4.13 Å, respectively. The SAED pattern (inset of
Fig. 1d) is well-deﬁned, indicating that the NWs are single crystals.
Based on these results, we conclude that the KNO NWs grow along the
[011] direction. Consistent with previous reports [55,57], both TEM
and XRD characterizations conﬁrm that the KNO NW arrays grown on
NSTO exhibit a stable orthorhombic phase, instead of a metastable
monoclinic phase. We consider that the epitaxial strain from the NSTO
substrate (cubic) may stabilize the more symmetric orthorhombic
structure during synthesis [55], rather than the monoclinic one. The
spontaneous polarization of KNO is along the [001] direction [57],
which is 45° oﬀ the long axis of the NW.
The local piezoelectric/ferroelectric characteristics of individual
vertically aligned KNO NWs were assessed by measuring the piezoelectric response phase and amplitude under an applied DC bias. The
experimental setup is schematically illustrated in Fig. 3a. Fig. 3b
displays an AFM topographic image of the NW arrays, acquired in
noncontact mode at low scan speed. As shown in Fig. 3c, amplitude
butterﬂy loops were observed, along with abrupt phase changes from
90° to −90° when sweeping the DC voltage, demonstrating local
switching of ferroelectric polarization in the NWs. The corresponding
piezoelectric response as a function of applied voltage shows a
94
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Fig. 2. (a) XRD patterns of the as-grown KNO NW arrays on a NSTO (100) substrate. The squares in the ﬁgure correspond to Kβ peaks, while the triangles indicate tungsten
contamination from the X-ray tube cathode. (b) A magniﬁed view of the selected-range XRD patterns. (c) Crystal structure of KNO unit cell. The black arrow indicates one of the possible
directions of the electric polarization P. (d) Corresponding 360° ϕ-scan measurements around the (101) plane of the NSTO substrate.

We poled the photoelectrodes in 2 M KCl solution by applying a DC
bias, as reported previously [44]. All PEC measurements were conducted in an electrolyte consisting of 1 M Na2SO4 aqueous solution
under AM 1.5 G (100 mW/cm2) simulated sunlight irradiation. For
comparison purposes, the top axis was converted to the reversible
hydrogen electrode (RHE) scale using the following expression
ERHE=EAg/AgCl+0.0591 V pH +0.197 V.
Under simulated solar irradiation (Fig. 4c, upper panel), a net
photocurrent density (Jph) of ca. 1.5 μA cm−2 was observed for the asgrown NWs array sample at the thermodynamic potential (+0.62 V vs.
Ag/AgCl). The sample poled with +15 V (middle of Fig. 4c) exhibited a
very similar Jph (1.2 μA cm−2), implying that the spontaneous polarizations in the as-grown single crystalline KNO NWs are highly aligned
and optimized along this direction. This is consistent with PFM
analysis. By contrast, after negative (−15 V) poling (lower panel of
Fig. 4c), the Jph drastically increased to ca. 21.8 μA cm−2 at the same
bias. The onset potential switches from −0.32 V to −0.46 V when the
poling bias of pretreatment switched from +15 V to −15 V, which is
favorable for decomposing water with the KNO photoanode.
To examine the instant photoresponse for the electrodes, we

ing to the Kubelka-Munk (K-M) method [61]. The absorption spectrum
shows a sharp optical band transition at ca. 380 nm, with an estimated
band gap (Eg) of ~3.28 eV (inset of Fig. 4b). The Eg is close to the
reported value for orthorhombic KNO nanocubes (3.2 eV), and somewhat wider than that of KNO microcubes (3.15 eV) [47]. The diﬀerence
is attributed to size eﬀects of the NWs. In contrast to a powdered KNO
sample which typically appears white due to its wide band gap [54],
KNO NW arrays appear as dark grey, as shown by the digital image in
the inset of Fig. 4b. This is evidenced by the appearance of the
absorption tail in longer wavelengths, which could be ascribed to the
strong light scattering of the NWs [62].
Polarization engineering in ferroelectrics is crucial to tune the
depolarization (internal) electric ﬁeld and obtain optimal surface band
structures to enhance their PEC properties. Herein, we aim to understand the polarization controlled PEC performance and charge transfer
behavior in ferroelectric NWs.
KNO NW arrays used as photoanode are presented in Fig. 4a.
Fig. 4c displays representative linear sweep voltammetry (J-V) curves
for the KNO/NSTO photoelectrodes, as well as the sample that has
undergone poling pretreatments with two diﬀerent directions ( ± 15 V).
95
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Fig. 3. (a) Schematic illustration of PFM measurement on a single KNO NW. (b) AFM topography image showing the surface of the NW arrays. DC bias induced local PFM (c) phase
signal and piezoelectric strain amplitude, and (d) piezoresponse curve of a single KNO NW.

ferroelectric KNO NW based photoanodes. The proposed mechanism
could be explained as follows. An upward poling (Pup) results in an Edp
(opposite to the polarization direction) which drives the positive
charges accumulated on the NW's surface and negative ones to the
bottom electrode (Fig. 5a), while downward poled (Pdown) KNO NWs
lead to an opposite Edp (Fig. 5b). Fig. 5c and d display schematic band
structures of the NSTO/KNO/electrolyte heterojunction for the two
poling directions. The Fermi level position of NSTO is at −0.4 eV vs.
NHE [21], and the conduction band minimum (CBM) and valence
band maximum (VBM) position of KNO is at −0.78 eV and 2.36 eV,
respectively [63].
For a positively poled sample (Fig. 5c), the photogenerated
electrons and holes could be easily trapped in the KNO NW photoanode due to the downward band bending at the KNO/electrolyte
junction and upward bending near the NSTO/KNO junction. This
would prevent photogenerated holes from moving to the surface of the
KNO NWs, as well as the transfer of electrons to the NSTO bottom
electrode. On the other hand, the negative pretreatment potential
switches the internal ﬁeld so that it points towards the top of the KNO
NW and yields an opposite band bending at both junctions (Fig. 5d),
compared to the sample poled positively. Due to the favorable band
bending, the photogenerated e−/h+ pairs in the KNO NWs will be
separated eﬀectively by the driving force arising from Edp created by
the polarization; the electrons will move toward the NSTO substrate,
while the holes will migrate to the electrolyte, leading to an enhanced
PEC activity.
The controllable charge transfer behavior observed in the ferroelectric
KNO NWs opens the possibility of designing a complete PEC cell with
only ferroelectric electrodes that behave as photoanodes or photocathodes
relying on the choice of poling biases. Additionally, such tunable reactions
could also be applied to other electrochemical processes. Further investigations are in progress on ferroelectric NWs with narrow band gap to
fully use the solar spectrum to improve the PEC performance.

collected chronoamperomertic J-t curves under chopped light illumination at 0 V versus Ag/AgCl. As shown in Fig. 4d, the recorded
photocurrent densities are consistent with the values obtained from the
linear sweep voltammagrams. After poling with −15 V, the Jph enhanced to 11.5 μA cm−2 (at 0 V vs. Ag/AgCl) under illumination, more
than 10-fold larger than that of the same sample that underwent +15 V
poling (0.7 μA cm−2). These values show that the performance of the
KNO NW array based photoelectrodes can be eﬀectively tuned.
To understand the eﬀect of polarization in greater depth, we carried
out PEC measurements on samples poled with lower voltages ( ± 5 V).
As expected, the Jph remained practically unchanged after poling with
+5 V bias, while slightly increased to ca. 1.1 μA cm−2 at zero bias
following a −5 V poling treatment. This indicates that the voltage
applied is not suﬃcient to switch a signiﬁcant number of ferroelectric
domains in the KNO NWs. To rule out other factors, we performed the
same set of poling treatments and PEC measurements for similar NW
array photoanodes made of TiO2 (a non-ferroelectric oxide). The
results showed that the electric poling barely aﬀected its performance.
These results clearly demonstrate that the increase of photocurrent in
the KNO NW based photoanode after poling originates only from
modiﬁcation of ferroelectric polarization in the NWs.
To further understand the PEC water oxidation behavior, we
measured the electrochemical impedance spectrum (EIS), which is an
eﬀective method for appraising the intrinsic charge-transfer resistance.
As shown in Fig. 4e, the negatively (−15 V) poled KNO NW electrode
shows a much smaller arc radius in the EIS than that of the positively
(+15 V) poled sample, suggesting its faster interface charge transport.
Therefore, EIS results indicate an enhanced separation of photoexcited
charge carriers in negatively poled NWs, which is beneﬁcial to the PEC
performance of the KNO photoanode.
On the basis of the aforementioned analysis, it is desirable to
regulate the polarization state (internal electric ﬁeld) and migration of
photogenerated holes, so as to obtain high-eﬃciency oxygen-evolving
96
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Fig. 4. (a) Schematic illustration of PEC water splitting on KNO NW arrays. (b) UV–vis diﬀuse reﬂectance spectra of the as-grown KNO NW arrays. Inset: calculation of band gap energy
by Tauc equation and photograph of 10×10 mm2 sample with low reﬂection. (c) Linear sweep voltammetry curves and (d) transient photocurrent responses for the as-grown KNO NW
array photoelectrode and after poling with two opposite directions under AM 1.5 G simulated sunlight (100 mW/cm2) at zero bias (0 V vs. VAg/AgCl). The thermodynamic potential for
water oxidation (1.23 V vs. RHE) is noted by the green line. (e) EIS curves with two diﬀerent ferroelectric polarization directions. Inset shows a magniﬁed view of a selected range.

Fig. 5. A schematic diagram showing polarization bound charge under two diﬀerent oriented polarization conditions: (a) positively and (b) negatively poled KNO NW arrays. P is the
polarization, and Edp is the depolarization ﬁeld. (c and d) Proposed electronic band structure and the mechanisms for the charge transfer process in the KNO NW array photoelectrodes
for the two poling conﬁgurations.
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4. Conclusions and perspectives
In summary, we demonstrated tunable PEC properties in vertically
aligned epitaxial ferroelectric KNO NW arrays grown by hydrothermal
synthesis. Local PFM measurements and macroscopic ferroelectric
tests were performed to investigate the piezoelectric/ferroelectric
behavior of the KNO NWs along the growth direction, demonstrating
ferroelectric long-range order in the wires. As a result of their
prominent ferroelectric properties, the KNO NW array photoelectrodes
can tune the transport of photogenerated charges by manipulating the
built-in potential provided by the ferroelectric domains. The photocurrent and onset potential of the KNO NW photoanode depends
substantially on the poling treatments, and the negatively poled sample
demonstrated an enhanced PEC performance. This study highlights the
potential of ferroelectric or piezoelectric potential-induced band structure engineering for optimizing the performance of ferroelectric NW
array photoelectrodes.
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