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ABSTRACT: The performances of heterojunction-based electronic devices are extremely sensitive to the interfacial electronic
band structure. Here we report a largely enhanced performance of photoelectrochemical (PEC) photoanodes by ferroelectric
polarization-endowed band engineering on the basis of TiO2/BaTiO3 core/shell nanowires (NWs). Through a one-step
hydrothermal process, a uniform, epitaxial, and spontaneously poled barium titanate (BTO) layer was created on single
crystalline TiO2 NWs. Compared to pristine TiO2 NWs, the 5 nm BTO-coated TiO2 NWs achieved 67% photocurrent density
enhancement. By numerically calculating the potential distribution across the TiO2/BTO/electrolyte heterojunction and
systematically investigating the light absorption, charge injection and separation properties of TiO2 and TiO2/BTO NWs, the
PEC performance gain was proved to be a result of the increased charge separation eﬃciency induced by the ferroelectric
polarization of the BTO shell. The ferroelectric polarization could be switched by external electric ﬁeld poling and yielded PEC
performance gain or loss based on the direction of the polarization. This study evidence that the piezotronic eﬀect (ferroelectric
or piezoelectric potential-induced band structure engineering) holds great promises in improving the performance of PEC
photoelectrodes in addition to chemistry and structure optimization.
KEYWORDS: Ferroelectric polarization, photoelectrochemical water splitting, piezotronic band engineering, barium titanate,
TiO2 nanowire
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trioxide (WO3), are popular candidates for constructing robust
photoanodes due to their excellent chemical stability.7−13 The
main drawbacks of these oxides are the limited light absorption
and poor charge separation eﬃciency due to their large band
gap and high trapping density.14,15 There are two predominant
strategies to enhance the separation of electron−hole pairs in
photoanodes: reducing the crystal size to the scale of the hole
diﬀusion length and increasing the carrier conductivity by

ydrogen production from photoelectrochemical (PEC)
water splitting is a promising pathway for solar energy
conversion.1 To achieve eﬃcient and durable solar to hydrogen
conversion, PEC photoelectrodes desirably need the following
characteristics: eﬀective and broad band light absorption, rapid
charge separation, and superior stability. Small band gap
semiconductors (e.g., silicon and III−IV group of composites)
can eﬃciently absorb light and separate charges.2,3 However,
they suﬀer from surface corrosion and passivation during the
redox reactions, constraining their lifetime to hours.4−6 N-type
semiconductor oxides, such as titanium dioxide (TiO2),
hematite (Fe2O3), bismuth vanadate (BiVO4) and tungsten
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Figure 1. Morphology and composition characterizations of pristine TiO2 NWs and TiO2/BTO core/shell NWs. (a-e) Top-view (i) and 15° tilted
cross-sectional (ii) SEM images of the TiO2 NWs (a) and TiO2/BTO NWs with diﬀerent conversion temperatures: (b) 150 °C, (c) 170 °C, (d) 190
°C, and (e) 210 °C. Scale bars are 500 nm for i and 1 μm for ii. (f) X-ray diﬀraction patterns and (g) X-ray photoelectron spectra of TiO2 NWs and
TiO2/BTO core/shell NWs.

morphology and crystallography control. Nevertheless, both
strategies are restricted by the limit of synthesis procedures.7,16
Permanent electrical polarization induced by ionic displacement (e.g., ferroelectric and piezoelectric potential) has shown
great promises in engineering the interfacial band structure and
manipulating the charge transfer property of heterostructures.17−21 When a ferroelectric material is involved in a
heterojunction, its electrical polarization would induce
considerable free carrier redistribution in the adjacent semiconductor. As a consequence, the magnitude and width of
depletion region in the semiconductor can be eﬀectively tuned
toward favorable direction.20 A variety of studies have
evidenced the eﬀectiveness of implementing ferroelectric
polarization to adjust the performance of semiconductor
devices. For example, ferroelectric polymer was employed to
facilitate the charge separation in organic photovoltaics and
thus improved the overall cell eﬃciency.17 Coupling the
ferroelectric materials to ﬁeld-eﬀect transistors enabled the
ferroelectric polarization gating eﬀect.18 Ferroelectric polarization was also found to be able to tune certain electrochemical
reactions (e.g., degradation of rhodamine B, ethylene, congo
red, methyl orange, and methyl blue) on bulk ferroelectric
surfaces (e.g., barium titanate (BTO), lead zirconate titanate
(PZT), and bismuth ferrite (BFO)) decorated with photoactive
materials.19,22−24 PEC water splitting is a similar electrochemical system driven by energy discontinuity at the
electrode/electrolyte interface. One can expect positive
(maybe signiﬁcant) performance gain when ferroelectric
polarization is appropriately introduced to such a system.
However, the high dielectric constant and insulating nature of
typical ferroelectric materials exclude them from the

applications involving charge transport, such as PEC photoelectrodes. In this paper, we report a development of
ferroelectric-enhanced PEC photoanode on the basis of
TiO2/BTO core/shell nanowire (NW) arrays. Through surface
converting reaction, a very thin ﬁlm of BTO was uniformly and
epitaxially created on TiO2 NW surfaces with its [001]
direction parallel to the radius direction. The spontaneous
electrical polarization on the BTO ﬁlm increased the band
bending of TiO2 NWs and enhanced the charge generation and
separation eﬃciency, resulting in improved photocurrent
density of both water and sodium sulﬁte (Na2SO3) oxidation
reactions. This research provided a successful demonstration of
the ferroelectric eﬀect in nanostructured heterojunctions as an
eﬀective strategy for improving the PEC performance.
The development of TiO2/BTO core/shell NWs included
two main steps: hydrothermal growth of TiO2 NWs array and
BTO surface conversion (see experimental section for details).
Four diﬀerent thicknesses of BTO shell were produced by
converting TiO2 NWs at various reaction temperatures ranging
from 150 to 210 °C. Figure 1a−e shows the morphology of
TiO2 NWs array and the four TiO2/BTO core/shell NWs
heterostructures. The average length and diameter of TiO2
NWs were ∼1.6 μm and ∼100 nm, respectively (Figure 1a).
After converting TiO2 NWs to BTO at 150 °C for 2 h, the NW
morphology was well preserved and no surface roughness could
be observed from the SEM image (Figure 1b). When the
reaction temperature increased to 170 °C, a number of
nanoparticles with diameter of ∼250 nm appeared at the top of
TiO2 NWs, whereas the majority of TiO2 NW surface remained
smooth (Figure 1c). Further raising the reaction temperatures
to 190 and 210 °C signiﬁcantly accelerated the conversion
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Figure 2. Crystallography and elemental characterizations of TiO2/BTO core/shell NWs. (a,b) Representative TEM images and (c) high-resolution
TEM image of an individual TiO2/BTO NW synthesized at 150 °C. Inset is the corresponding FFT image. (d) Selected inverse FFT image obtained
from the marked FFT spots in the inset, which corresponds to (002) and (002̅) planes of BTO. The bright area represents the BTO composition.
(e) STEM image of the TiO2/BTO NWs. (f−h) EELS elemental mapping of the dashed-square marked region in panel e for (f) Ba, (g) Ti, and (h)
O.

evidenced that the c-axis (i.e., ferroelectric polarization
direction) of BTO was perpendicular to the TiO2 surface.
Selected area electron diﬀraction (SAED) pattern (Supporting
Information Figure S2) further conﬁrmed that the (220) and
(002) planes of the BTO shell were parallel to the (001) and
(110) planes of the TiO2 core, respectively. A reverse ﬁltered
FFT image was constructed from the selected (002) and (002̅)
diﬀraction spots of BTO (as circled in the inset of Figure 2d).
The bright contrasts in Figure 2d represented the BTO phase.
The image revealed that BTO was predominately distributed
along the TiO2 surface and its c-plane oriented single crystal
structure was also conﬁrmed. The electron energy loss
spectroscopy (EELS) elemental mapping under scanning
transmission electron microscopy (STEM) mode (Figure 2e)
revealed the spatial element distributions of Ba, Ti, and O along
an individual core/shell NW (Figure 2f−h). Ba and O were
concentrated at the NW edge while Ti was uniformly
distributed along the entire NW. The element distribution
was in good agreement with the TiO2/BTO core/shell
conﬁguration.
PEC performance of TiO2 NWs and TiO2/BTO core/shell
NWs were ﬁrst evaluated in 1 M sodium hydroxide (NaOH)
solution with an exposed photoactive area of 0.1 cm2 under one
sun illumination. Figure 3a shows the photocurrent densitypotential (Jph−V) curve of pristine TiO2 NWs and TiO2/BTO
NWs. Jph of water oxidation from the TiO2 NWs was 0.78 mA/
cm2 at 1.23 V versus the reversible hydrogen electrode (RHE),
which was comparable to previous reports.26,27 Temperatures
of 150 and 170 °C TiO2/BTO NWs with thin BTO shells
yielded markedly higher Jph of 1.30 and 1.14 mA/cm2 at 1.23 V
versus RHE, corresponding to 67% and 46% improvements
over pristine TiO2 NWs, respectively. When the BTO shell
thickness increased by raising the reaction temperatures to 190
and 210 °C, Jph decreased to 0.81 and 0.74 mA/cm2 at 1.23 V
versus RHE, respectively. Diﬀerent from Jph, the onset potential
exhibited an opposite trend in response to BTO shell thickness
variation, that is, thicker BTO shell oﬀered more negative onset

speed and generated numerous BTO nanoparticles, yielding a
thick BTO ﬁlm on TiO2 NWs (Figure 1d,e). X-ray diﬀraction
(XRD) and X-ray photoelectron spectroscopy (XPS) were
performed to characterize the composition and crystallography
of TiO2 NWs before and after BTO conversion (Figure 1f,g).
XRD pattern of pristine TiO2 NWs conﬁrmed the rutile phase
of TiO2 with two diﬀraction peaks centered at 36.5° and 63.2°,
corresponding to the (101) and (002) planes of rutile TiO2
(JCPDS No. 88-1175). For 150 °C TiO2/BTO sample, a small
peak of tetragonal BTO (31.6°, JCPDS No. 05-0626) appeared.
With the rising of reaction temperatures, the intensity of
tetragonal BTO peaks drastically increased while the rutile
TiO2 peaks gradually diminished, evidencing the evolving of
BTO with the consumption of TiO2. The BTO evolution trend
was further conﬁrmed by XPS spectra shown in Figure 1g,
where the signature peaks of Ba emerged at 150 °C TiO2/BTO
NWs and kept increasing following the increment of reaction
temperatures.
TiO2/BTO core/shell structure was further investigated by
transmission electron microscopy (TEM). The 150 °C TiO2/
BTO NW sample was characterized as shown in Figure 2a.
Low-magniﬁcation TEM image illustrates a conformal core/
shell NW with a smooth surface (Figure 2b). High-resolution
TEM (HRTEM) image revealed the good lattice match of the
core/shell structure (Figure 2c). The BTO/TiO2 interface was
fairly coherent. The BTO shell thickness was measured to be 5
nm, which was above the critical thickness (∼2.4 nm) for BTO
to show ferroelectricity.25 The BTO shell thickness and surface
roughness increased at elevated conversion temperatures. A
maximum BTO thickness of approximately 40 nm was obtained
at 210 °C (Supporting Information Figure S1). The lattice
spacing of core NW was measured to be 0.32 and 0.29 nm,
matching well with the (110) and (001) plane of rutile TiO2,
respectively. On the basis of the HRTEM and fast Fourier
transform (FFT) pattern (inset of Figure 2c), the lattice
spacing of the shell was measured to be 0.20 nm, corresponding
to the (002) plane of tetragonal BTO. This observation
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(see Supporting Information Figure S3b−d for calculation
details). The variation of these values is substantially smaller
than the observed Jph variation. Therefore, light absorption
should not be the main reason for PEC performance
improvements.
PEC sulﬁte oxidation was thermodynamically and kinetically
more favorable than water oxidation, which can be considered
as a hole scavenger.7,31−33 ηinjection of TiO2 NWs and TiO2/
BTO NWs can be determined by comparing their PEC
performance of water and sulﬁte oxidation (ηinjection = JPEC/
Jsulfite). The experiments were conducted in a 0.5 M phosphate
buﬀer solution containing 1 M sodium sulﬁte (pH = 7) under
one sun illumination. Figure 4a−d compares the Jph−V curves
of sulﬁte oxidation and water oxidation using TiO2 NWs and
TiO2/BTO NWs photoanodes. In general, the variation of Jph
for sulﬁte oxidation followed the same trend as water oxidation.
Temperatures of 150 and 170 °C TiO2/BTO NWs achieved
signiﬁcantly higher Jph for sulﬁte oxidation over pristine TiO2
NWs (Figure 4a,b). With the increase of BTO conversion
temperature, Jph for sulﬁte oxidation of TiO2/BTO NWs
decreased accordingly (Figure 4c,d). The J−V curves of the 190
and 210 °C TiO2/BTO NW photoanodes showed negligible
diﬀerence in their sulﬁte oxidation and water oxidation PEC
reactions.
On the basis of the measured photocurrent density, ηinjection
was calculated and illustrated in Figure 4e and Supporting
Information Figure S4a. The 190 and 210 °C TiO2/BTO NWs
exhibited notably higher ηinjection than the TiO2 NWs within the
low bias region (<0.7 V versus RHE). Approximately 100% of
ηinjection can be obtained with the 190 and 210 °C TiO2/BTO
NWs over the entire potential window. This reﬂected the
beneﬁcial nature of the highly crystalline BTO shell surface that
can facilitate the eﬃcient interfacial charge injection from BTO
surface to the electrolyte. At high bias region (>0.7 V versus
RHE), ηinjection of both TiO2 NWs and TiO2/BTO NWs
approached 100%, suggesting ηinjection had little contribution to
the Jph enhancement at high bias region.
Similarly, ηseparation can be determined by comparing the
photocurrent density of sulﬁte oxidation and maximum
electron ﬂux calculated from light absorption (ηseparation =
Jsulfite/Jabs). As shown in Figure 4f and Supporting Information
Figure S4b, substantially higher ηseparation were identiﬁed from
the 150 and 170 °C TiO2/BTO NW photoanodes, which were
84.8% and 72.0% at 1.23 V versus RHE, 1.67 and 1.41 times
higher than that of TiO2 NW (50.9%). As for the two thicker
BTO samples (190 and 210 °C conversion), ηseparation dropped
to 51.9% and 41.7%, which was 1.02 times higher and 0.82
times lower than that of TiO2 NW, respectively. All the change
ratios of ηseparation matched well to the Jph variation shown in
Figure 3a, suggesting ηseparation would be the predominant factor
responsible for Jph enhancement.
Considering the magnitude and width of the depletion region
is a signiﬁcant factor that controls ηseparation in semiconductor
heterojunction-based systems, the remarkably improved PEC
performance was most likely a result of the ferroelectric
polarization-induced interfacial electronic band structure
shifting by the BTO shell. The potential distributions across
the TiO2/NaOH solution and TiO2/5 nm BTO/NaOH
solution heterojunction were calculated numerically (Figure
5a). When the spontaneous polarization in BTO appears
negative at the BTO/TiO2 interface (i.e., positive polarization),
it can induce upward band bending and increase the width of
the depletion region in TiO2. Such a change of the interfacial

Figure 3. PEC water oxidation performance of TiO2 NWs and TiO2/
BTO NWs. (a) Photocurrent density−potential (J−V) curves of TiO2
NWs and 150−210 °C TiO2/BTO NWs measured in 1 M NaOH
electrolyte under AM1.5 G illumination with intensity of 100 mW/cm2
(one sun). (b) Chronopotentiometric curves of TiO2 NWs and 150−
210 °C TiO2/BTO NWs measured in 1 M NaOH electrolyte under
AM1.5 G illumination with a constant current of zero, showing their
onset potentials were 204, 186, 176, 77, and −38 mV, respectively.

potential. As shown in Figure 3b, the speciﬁc onset potentials
determined by the chronopotentiometric measurements were
204, 186, 176, 77, and −38 mV versus RHE for TiO2 NWs and
150−210 °C TiO2/BTO NWs, respectively. The onset
potential variation revealed that thicker BTO shell yielded
more negative ﬂat-band potential (EFB), agreeing with the
reported EFB of BTO that was ∼50 mV more negative than that
of rutile TiO2.28
Theoretically, Jph is governed by the relation
Jph = Jabs ηseparationηinjection
where Jabs is the photocurrent density at 100% internal
quantum eﬃciency; ηseparation is the photogenerated electron−
hole separation eﬃciency for producing surface-reaching holes;
and ηinjection is eﬃciency of surface-reaching holes participating
in desired electrochemical reactions.7,29 To understand the Jph
improvement, the light absorption property, charge separation,
and injection eﬃciencies of TiO2 NWs and TiO2/BTO NWs
were systemically studied.
The UV−visible light-absorption spectra for the TiO2 NWs
and TiO 2/BTO NWs were obtained ﬁrst (Supporting
Information Figure S3a). Although these samples exhibited
slightly diﬀerent light absorption spectra, the integrated light
absorption values over 300−420 nm did not show appreciable
diﬀerences, which can be attributed to the similar light
absorption coeﬃcients of rutile TiO2 and BTO.30 By
integrating the absorbance across the AM 1.5G solar spectrum,
Jabs (i.e., the maximum achievable electron ﬂux at the
photoanodes) were calculated to be 1.57, 1.57, 1.63, 1.58,
and 1.67 mA/cm2 for the ﬁve TiO2 and TiO2/BTO samples
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Figure 4. Sulﬁte oxidation (SO), water oxidation (WO), charge separation, and injection properties of TiO2 NWs and TiO2/BTO NWs. (a−d) J−V
curves of the TiO2/BTO NWs converted at (a) 150 °C, (b) 170 °C, (c) 190 °C, and (d) 210 °C for WO (solid line) measured in 0.5 M phosphate
buﬀer (pH = 7) and SO (dashed line) measured in 0.5 M phosphate buﬀer with 1 M Na2SO3 (pH = 7) as the hole scavenger under one sun
illumination. J−V curves of TiO2 NWs for SO (black dashed line) were included as the comparison. (e) Eﬃciency of charge injection from the
photoanodes to the electrolyte for WO. (f) Eﬃciency of charge separation inside the photoanodes.

complete the PEC reaction. Nevertheless, the poor electronic
property of BTO yielded an even lower ηseparation and Jph
compared to the pristine TiO2 NW photoanodes.
To test the proposed mechanism, polarization-electric ﬁeld
(PE) hysteresis loop and dynamic contact-electrostatic force
microscopy (DC-EFM) were used to conﬁrm the polarization
of BTO. The PE loop of 150 °C TiO2/BTO NWs presents a
remnant polarization (Pr) of ∼0.051 C/m2 and a coercive ﬁeld
(Ec) of ∼49.8 MV/m at room temperature (Supporting
Information Figure S5). These values are comparable to
those of bulk BTO,36 evidencing the strong ferroelectricity of
the hydrothermal converted BTO shell. Supporting Information Figure S6 reveals a positively charged surface from the 150
°C TiO2/BTO NW. This evidenced the spontaneous ferroelectric polarization of as-synthesized BTO shell was primarily
aligned along the favorable direction (i.e., positive polarization)
as shown in Figure 5a, where the PEC performance can be
enhanced.

band structure facilitates the separation of photogenerated
electron−hole pairs and thus leads to the improved ηseparation
and PEC performance. Because the thickness of BTO shell was
as thin as 5 nm for 150 °C TiO 2 /BTO NWs, the
photogenerated holes could tunneling through the shell
disregard the opposite electrical ﬁeld inside BTO.34,35
Compared to the 150 °C sample, the relatively lower Jph of
the 170 °C TiO2/BTO NWs might be a result of the slightly
increased BTO shell thickness, which impaired the tunneling
eﬃciency of holes. The much thicker BTO shells (∼40 nm,
Supporting Information Figure S1) in the higher temperature
samples and the relatively high resistance of BTO would
substantially hinder hole transport from the TiO2 core and Jph
would mostly be contributed by the light absorption from BTO
itself. Under this circumstance, the spontaneous ferroelectric
polarization inside BTO was expected to impose opposite eﬀect
to charge separation. As shown in Figure 5b, positive
polarization at the BTO/TiO2 interface becomes favorable for
driving photogenerated holes toward the electrolyte to
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Figure 5. Calculated potential distribution and electric poling test of the ferroelectric enhancement. (a) Potential distribution of 150 °C TiO2/5 nm
BTO/NaOH heterojunction, where the spontaneous polarization in BTO shell induced an upward band bending of TiO2 core and facilitated the
charge separation and transportation inside TiO2. (b) Potential distribution of the 210 °C TiO2/40 nm BTO/NaOH heterojunctions, showing a
strong electric ﬁeld inside BTO, which facilitates the hole transport toward solution. (c) J−V curves of the as-prepared (red), positively poled (blue)
and negatively poled (magenta) 150 °C TiO2/BTO NWs. (d) J−V curves of the as-prepared (red), positively poled (blue) and negatively poled
(magenta) 210 °C TiO2/BTO NWs.

polarization of the as-synthesized BTO, which was not
favorable for charge separation in this case. In general, the
onset potential of the 210 °C TiO2/BTO NWs was less
inﬂuenced by the poling treatment compared to 150 °C TiO2/
BTO NWs (Supporting Information Figure S7c). It is worth
noting that after poling, the 210 °C BTO/TiO2 photoanode
signiﬁcantly outperformed the pristine TiO2 photoanode, which
exhibited negligible performance change under the same poling
condition (Supporting Information Figure S7d), suggesting the
ferroelectric polarization could contribute extra performance
gain in addition to chemistry and structure optimization.
In summary, we developed a ferroelectric polarizationenhanced PEC photoanode based on TiO2/BTO NW arrays.
The BTO shell was formed by locally converting TiO2 NWs
surface via a hydrothermal reaction, which was able to yield a
uniform, epitaxial, and spontaneously poled BTO layer on TiO2
NW surfaces. The 5 nm BTO coating yielded the highest Jph of
water oxidation (1.30 mA/cm2) that was 67% higher than
pristine TiO2 NWs (0.78 mA/cm2). The PEC performance
gain was attributed to the improved charge separation eﬃciency
by investigating and comparing the light absorption, charge
injection, and separation properties of TiO2 and TiO2/BTO
NWs. Calculating the potential distribution across TiO2/BTO/
electrolyte heterojunctions quantitatively presented the eﬀectiveness of ferroelectric BTO in tuning the interfacial electronic
band structure of TiO2. PE hysteresis loop, DC-EFM
characterization, and electric poling further conﬁrmed strong
ferroelectricity of the BTO thin ﬁlm, and the predominating
role of ferroelectric polarization in controlling the PEC
performance. This research evidenced that the ferroelectric or
piezoelectric polarization could be an eﬀective approach to tune

To further verify the ferroelectric polarization eﬀect, TiO2/
BTO NW photoanodes were poled to diﬀerent directions prior
to PEC tests. Poling of the 150 °C TiO2/BTO NW sample was
performed in 2 M KCl aqueous solution using Pt wire as
counter electrode. As shown in Figure 5c, positive poling (i.e.,
the same direction as the spontaneous ferroelectric polarization) of the 150 °C TiO2/BTO NW photoanode further
enhanced Jph compared to the unpoled sample. However, the
magnitude of improvement was not substantial since the assynthesized BTO shell was mostly aligned favorably. When
negative poling was applied to the NWs, Jph and ﬁll factor was
signiﬁcantly impaired due to the downward band bending at
the TiO2 surface and jeopardized charge separation eﬃciency.
The onset potential variation were individually characterized by
chronopotentiometric measurements and were probed to be
246, 197, and 178 mV for positive poling, no poling, and
negative poling, respectively (Supporting Information Figure
S7a). For comparison, same poling conditions were applied to
pristine TiO2 NWs photoanode and the negative poling barely
aﬀected its PEC performance (Supporting Information Figure
S7b).
For thick BTO shells as the situation shown in Figure 5b,
negative poling would enhance the PEC performance. This
prediction was conﬁrmed experimentally from the 210 °C
sample. The 210 °C TiO2/BTO NWs were poled using FTO
glass as the counter electrode in air. As shown in Figure 5d,
negative poling raised Jph from 0.74 to 0.96 mA/cm2,
corresponding to 29.7% enhancement. On the contrary,
positive poling reduced Jph to 0.65 mA/cm2, corresponding to
12.2% decreasing. The much larger amplitude of PEC
performance gain also could be attributed to the prealigned
7579
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