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ABSTRACT: Here, we report the synthesis of TiO2/BiFeO3 nano-
heterostructure (NH) arrays by anchoring BiFeO3 (BFO) nano-
particles on TiO2 nanotube surface and investigate their pseudocapa-
citive and photoelectrochemical properties considering their applica-
tions in green energy fields. The unique TiO2/BFO NHs have been
demonstrated both as energy conversion and storage materials. The
capacitive behavior of the NHs has been found to be significantly
higher than that of the pristine TiO2 NTs, which is mainly due to the
anchoring of redox active BFO nanoparticles. A specific capacitance of
about 440 F g−1 has been achieved for this NHs at a current density of
1.1 A g−1 with ∼80% capacity retention at a current density of 2.5 A
g−1. The NHs also exhibit high energy and power performance (energy
density of 46.5 Wh kg−1 and power density of 1.2 kW kg−1 at a current
density of 2.5 A g−1) with moderate cycling stability (92% capacity retention after 1200 cycles). Photoelectrochemical
investigation reveals that the photocurrent density of the NHs is almost 480% higher than the corresponding dark current and it
shows significantly improved photoswitching performance as compared to pure TiO2 nanotubes, which has been demonstrated
based the interfacial type-II band alignment between TiO2 and BFO.
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■ INTRODUCTION

Intensive research attention has been focused on the energy
storage and conversion from the renewable and clean energy
sources in order to deal with the ever-increasing energy
consumption and environmental issues.1,2 Recently, hybrid
supercapacitors (SCs) having high energy and high power
density, which can bridge the gap between rechargeable battery
and ordinary dielectric capacitor, are being considered to be
one of the pioneers in the field of alternative energy storage
systems in lieu of the conventional rechargeable battery and
fuel-cell to quench the energy-thirst of the battery powered
electronic gadgets, hybrid vehicles, mechatronic systems and
medical instruments.3,4 Among SCs, the pseudocapacitors have
gained remarkable attention because of their high theoretical
specific capacitance, high energy and power density and long
life cycle associated with Faradaic redox reactions compared to
the electrical double-layer capacitors (EDLCs).5−8 Being
inspired by the high pseudocapacitance of various transition
metal oxides such as MnO2, Fe2O3, NiO, Co3O4, NiCo2O4 and
V2O5, researchers have studied them extensively as promising
candidates for SC electrodes that are also economical,

environment friendly, abundant in nature and can be fabricated
using easy, cost-effective routes.7,9,10 However, the performance
of the SCs depends upon many basic characteristics of the
electrode. The ideal SCs should have the merits of high specific
capacitance, high power density, high energy density, fast ionic
conductivity, good rate capability and long cycling stability.11

To achieve these, various novel nanostructures and nano-
heterostructure pseudocapacitor electrodes have been designed
based on the transition metal oxides and hydroxides such as, α-
Fe2O3−MnO2, carbon NTs−NiOx(OH)y etc.12,13 In this
context, the electrodes with 3D nanoheteroarchitectures with
large surface area integrated with easy pathway for charge
carriers could be ideal for high performance SC electrode.14−16

Along with the energy storage, efficient conversion of the
green energy has also become very challenging in recent time
and considering this the photoelectrochemical (PEC) con-
version of the solar energy by using nanostructures of
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semiconducting materials as photoelectrodes has also drawn
immense attention in the research of photovoltaic devices.17,18

The performance of photoelectrodes mainly depends upon the
suitable choice of the semiconductors having suitable band gaps
capable of absorbing a wide range of visible light spectrum that
could facilitate effective creation of free charge carriers. In this
regard, type-II semiconductor nanoheterojunctions are found
to exhibit excellent PEC characteristics because of their
preferential band alignment, better photon absorption capa-
bility, large interfacial area for rapid charge separation/injection,
and improved charge carrier transport.17−21

However, among the potential members TiO2 based
nanostructures and NHs have been investigated based on
their PEC properties.17,22 Along with this, few a TiO2 based
NHs like RuO2−TiO2 and NiO−TiO2

23,24 have also been
studied as the electrode for SCs, where the redox active
elements are responsible for the pseudocapacitance. Very
recently, perovskite bismuth ferrite (BiFeO3, BFO) has gained
considerable attention as the ferroelectric and photovoltaic
material.25−27 However, still to date, no BFO based electrodes
have been reported as a pseudocapacitor or photoelectrode,
although BFO containing redox active ions could serve as a SC
electrode for energy storage. Moreover, the type-II semi-
conductor NHs based on BFO and TiO2 could be interesting
considering the PEC properties, arising because of the unique
nanoarchitecture, suitable band gap and interfacial band
engineering.
In this work, 3D nanoarchitectures of BFO nanoparticles

(NPs) anchored TiO2 nanotubes (NTs) (TiO2/BFO semi-
conductor NHs) have been fabricated by facile wet chemical
route. The TiO2/BFO NHs have been demonstrated as an
efficient electrode material for the supercapacitor, for the first
time, to the best of our knowledge. The 3D nanoarchitecture of
TiO2/BFO NHs provide large surface area for fast charge
transfer during Faradaic redox reactions whereas the TiO2 NTs
cores serve as the ideal channel for effective carrier transport to
the current collector. The NHs electrode exhibits specific

capacitance as high as 440 F g−1 at a current density of 1.1 A
g−1, excellent rate capability (80% capacity retention at 2.5 A
g−1) and moderate cycling stability (∼7.5% loss after 1200
cycles) because of the unique 3D nanoarchitecture with
enhanced surface area and reduced electron and ion transport
pathways. Moreover, the visible light driven PEC property of
the TiO2/BFO NHs has also been investigated here. In this
photoelectrode, BFO NPs anchored on the TiO2 NTs surface
provides a 3D nanoarchitecture with large surface area for
photon interaction. BFO with a suitable energy band gap
effectively absorbs visible light and generates electron−hole
pairs, and the type-II n−n band alignment between TiO2/BFO
enables fast carrier separation at the interface through
heterojunction engineering.

■ EXPERIMENTAL SECTION
Reagents. Titanium foil (Alfa Aesar, 99.96% pure and 0.25 mm

thick), ammonium fluoride (NH4F, LobaChemie), formamide
(CH3NO, LobaChemie), bismuth(III) nitrate pentahydrate (Bi-
(NO3)3·5H2O, Sigma-Aldrich), iron(III) nitrate nonahydrate (Fe-
(NO3)3·9H2O, Merck), 2-methoxyethanol (C3H8O2, Merck). The
chemicals used throughout the experiment were of analytical grade and
no further purification was done.

Synthesis of TiO2 NTs. The TiO2 NTs arrays were fabricated by
electrochemical anodization of high purity Ti foil. A piece of Ti foil of
dimensions 40 × 60 × 0.25 mm, pretreated with several cleaning
processes, was used as the anode in a formamide based electrolyte bath
containing 0.2 M of NH4F and 5 vol % of DI water. A high purity
copper foil of similar dimension acted as the cathode. Anodization was
carried out under a constant voltage of 25 V at 20 °C for 20 h. After
the as-anodized sample was cleaned in ethanol and acetone, it was
annealed in air in a tube furnace at 400 °C for 90 min.

Synthesis of TiO2/BFO NHs. The TiO2/BFO NHs arrays were
fabricated by a facile wet chemical route. In this process, the as-
prepared arrays of TiO2 NTs were dipped in a 0.3 M solution of
bismuth(III) nitrate pentahydrate with 0.3 M iron(III) nitrate
nonahydrate in 2-methoxyethanol at room temperature for 4 h.
Afterward, the dip-coated sample was dried under IR lamp and
annealed for 2 h in a tube furnace at 480 °C in air.

Figure 1. (a and b) FESEM images of the as-prepared 3D arrays of TiO2/BFO NHs. (c) XRD patterns of the TiO2 NTs and TiO2/BFO NHs. (d)
Schematic representation of the anchoring of BFO NPs on the surface of TiO2 NTs.
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Material Characterizations. The morphology, structure and
crystal structure of the TiO2/BFO NHs array were studied by field
emission scanning electron microscopy (FESEM, JEOL JSM-7600F)
and high resolution transmission electron microscopy (HRTEM,
JEOL JEM 2100). The selected area electron diffraction (SAED)
pattern and the energy filtered transmission electron microscopy
(EFTEM) images for the sample were also obtained using the
HRTEM. The chemical composition of the sample was studied by
energy dispersive X-ray spectroscopy (EDS, Oxford Instruments,
attached to the FESEM) and X-ray photoelectron spectroscopy (XPS)
using the monochromatic X-ray from VG-SCIENTA, USA (SCIENTA
MX-650) with Al Kα X-ray beam (1486.6 eV). The beam current used
was 20 mA. Raman spectroscopy measurements were carried out in
the range of 50−1000 cm−1 using a micro-Raman spectrometer
(LABRAM HR from Horiba Jobin Yvon). The crystal phases present
in the sample were investigated by X-ray diffraction (XRD, Panalytical
X’Pert Pro diffractometer) using Cu Kα line (λ = 1.54 Å). The
absorbance spectrum of the TiO2/BFO NHs was recorded at room
temperature by a UV−visible-NIR spectrometer (PerkinElmer
Lambda 1050 UV/vis/NIR spectrometer) within a wavelength limit
of 800 to 250 nm.
Electrochemical and Photoelectrochemical Measurements.

The electrochemical and photoelectrochemical properties of TiO2/
BFO NHs were analyzed through potentiostatic and galvanostatic
measurements using a software controlled conventional three
electrode electrochemical cell (Potentiostat, Metrohm AutoLab-30)
consisting of the as-prepared sample as the anode, Ag/AgCl as the
reference electrode and a Pt wire as the cathode and an aqueous
solution of 0.5 M Na2SO4 as the electrolyte at room temperature. The
linear sweep voltammetry (LSV) was executed with the same
workstation under dark and visible white light illumination (λ > 420
nm with fixed intensity of 10 mW/cm2) conditions. The photo-
switching property was also investigated at zero bias voltage vs Ag/
AgCl with 100 s interval between light “on−off” cycles. Electro-
chemical impedance spectroscopy (EIS) of the TiO2/BFO NHs was
carried out to investigate the charge carrier generation and transfer
procedures under visible light and dark conditions within a frequency
range of 10 mHz to 100 kHz with an ac amplitude of 0.5 V. The mass
of the active materials were calculated by subtracting the mass of the
underneath Ti foil from the total mass of the electrode (i.e., TiO2 on
Ti or TiO2/BFO on Ti) by using a microbalance. The mass of the Ti
foil was calculated after peeling off the active materials from its surface.

The loading density of TiO2 on Ti is 3.2 mg/cm2 and same for TiO2/
BFO on Ti is 3.3 mg/cm2.

■ RESULTS AND DISCUSSION

The morphology of the as-prepared TiO2/BFO 3D NHs
studied by using field emission scanning electron microscopy
(FESEM), as shown in Figure 1a,b, reveal regular vertical
tubular arrays of the NHs with uniform shape and diameter
grown over a large surface area (see Figure S1, Supporting
Information for the top view images). The surface roughness of
the single NH (Figure 1b) indicates the anchoring of the BFO
NPs on the surface of TiO2 NTs grown vertically on the Ti
substrate, as shown schematically in Figure 1d. The outer
diameters of the NHs are found to be ∼110 nm with a wall
thickness of about 20−25 nm. The XRD patterns for both the
TiO2 NTs and TiO2/BFO NHs have been shown in Figure 1c.
Presence of polycrystalline anatase phase of TiO2 is evidenced
from the XRD pattern where the BFO nanoparticles are also
found polycrystalline in nature with peaks correspond to the
distorted rhombohedral structure of BiFeO3 with R3c space
group (JCPDS No: 71-2494). The peaks for Ti arise because of
the Ti substrate underneath the NHs. However, the formation
of TiO2/BFO heterojunction can better be visualized from the
transmission electron microscopy (TEM) micrographs (Figure
2a,b,c and Figure S2a in the Supporting Information). Clear
indication of the anchoring of BFO NPs throughout the surface
of the TiO2 NTs in a regular way is evidenced from Figure 2b,c.
The size of the BFO NPs is found to be ∼2−8 nm from the
high resolution TEM micrograph (Figure 2b,c and Figure S2a
in the Supporting Information). The SAED patterns for the
TiO2/BFO 3D NHs and TiO2 NTs are shown in Figure S2b in
the Supporting Information. The uniform anchoring of the
BFO NPs on TiO2 NTs surface has further been visualized by
the energy filtered TEM (EFTEM) studies (Figure 2d−h)
where it can be seen that all the component elements of the
NHs viz. Ti, Fe, Bi and O are present in a regular way
throughout the NHs. Furthermore, the presence of the
component elements has also been evidenced from the energy

Figure 2. (a, b and c) TEM micrographs of the as prepared TiO2/BFO NHs. (d, e, f, g and h) EFTEM micrographs of the TiO2/BFO
nanoheterostructures.
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dispersive X-ray spectroscopy (EDS) analysis (Figure S3,

Supporting Information).
Raman spectroscopy has been employed to understand the

lattice properties and spin-phonon coupling of the pure TiO2

NTs and TiO2/BFO NHs. The intense six active Raman modes

(Figure S4, Supporting Information) of TiO2 NTs namely

Eg(1) ∼ 144 cm−1, Eg(2) ∼ 196 cm−1, B1g(1) ∼ 397 cm−1,

A1g(2) and B1g(2) ∼ 518 cm−1 and Eg(3) ∼ 636 cm−1 are

Figure 3. XPS spectra of (a) Ti 2p, (b) Bi 4f, (c) Fe 2p and (d) O 1s core levels of the TiO2/BFO NHs.

Figure 4. (a) Cyclic voltammetry curves of the as-prepared TiO2/BFO NHs electrode at different scan rates in a 0.5 M Na2SO4 solution at room
temperature, (inset of panel a) comparison between the CV curves of TiO2 and TiO2/BFO NHs electrode at scan rate of 2 mV s−1. (b) Constant
current charge/discharge curves of the as-prepared TiO2/BFO NHs electrode at different current densities. (c) Variation of specific capacitance with
charge/discharge current densities. (d) Variation of energy and power densities with charge/discharge current densities for TiO2/BFO NHs
electrode.
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assigned to anatase TiO2. The increase of the intensity, shift in
position and the broadness of the Eg(1) phonon mode of TiO2
after the anchoring of BFO NPs is most expectedly because of
the contribution from the longitudinal-optical (A1) phonon
modes such as A1-1 (125 cm−1) and A1-2 (158 cm−1) of BFO
(inset of Figure S4, Supporting Information).28,29

For a better insight of the chemical composition and
electronic structure of the as-synthesized TiO2/BFO NHs, we
have performed the X-ray photoelectron spectroscopy (XPS)
analysis. The XPS survey spectrum (Figure S5, Supporting
Information) clearly shows the presence of all the constituent
elements like Ti, Bi, Fe and O. The high resolution curve-fitted
elementary XPS peaks of Ti 2p, Bi 4f, Fe 2p and O 1s core
levels are presented in Figure 3. In Figure 3a, the binding
energies of the Ti 2p3/2 and Ti 2p1/2 are found to be nearly 459
and 464.8 eV, respectively, which correspond to the +4
oxidation state of Ti in anatase TiO2.

30−32 However, there is no
sign of the presence of Ti3+ state which usually occurs at 457.4
eV31 Figure 3b shows the 4f core level spectrum of bismuth
where the peaks corresponding to the Bi 4f7/2 and Bi 4f5/2
situated at the binding energies of 159 and 164.3 eV,
respectively, clearly represent the +3 oxidation state of Bi in
BiFeO3 without any trace of metallic Bi in the matrix.28,33 The
deconvolution of the Fe 2p core level spectrum produces four
Gaussian peaks, as shown in Figure 3c. The positions of the
characteristics peaks of Fe 2p3/2 and Fe 2p1/2 have been found
in the vicinity of 711.1 and 725 eV, respectively, correspond to
the trivalent oxidation state of iron in BiFeO3.

34,35 Besides
these, two tiny satellite peaks can also be observed at the
binding energies of 714.2 and 719 eV, redefining the electronic
structure of Fe3+. Moreover, there is no sign of the Fe2+ related
peaks (at 709.5 eV for Fe 2p3/2 and 716 eV for Fe 2p1/2), which
again confirms the presence of only trivalent oxidation state of
iron in BFO.34,35 The XPS analysis indicates that only pure
BiFeO3 phase is present without any type of impurities. The
XPS spectrum of O 1s core level, as shown in Figure 3d, can be
deconvoluted into two symmetric Gaussian peaks centered on
530.3 and 532.2 eV. The low binding energy peak at 530.3 eV
of O 1s can be assigned to the −2 oxidation state of oxygen in
the NHs.31,36 The peak around 532 eV can be ascribed to the
presence of the hydroxyl group due to absorbed moisture or the
oxygen vacancy related defects in NHs.31,32,28

The electrochemical properties of the TiO2/BFO 3D NHs
elctrode have been studied by using the cyclic voltammetry
(CV) and galvanostatic (GV) charge/discharge methods to
investigate the performance of NHs as a SC. Figure 4a shows
the CV curves of the TiO2/BFO NHs electrode, recorded at
different scan rates of 2, 10, 30, 50 and 100 mV s−1 within a
voltage window of −1.3 to +0.5 V in 0.5 M aqueous Na2SO4
solution at room temperature and the corresponding CV curves
for pristine TiO2 NTs are also given in Figure S6 (Supporting
Information). In Figure 4a, the typical shape of these CV curves
consisting of distinct redox peaks represents pseudocapacitive
behavior of this NHs. Here, pseudocapacitance mainly arises
because of the surface and near surface based Faradaic
oxidation/reduction reactions between variant oxidation states
of the Bi and Fe together with the proton movement between
the electrodes through electrolyte.37 At the same time, electrons
move from the electrode to the current collector (Ti substrate)
and vice versa to balance the chemical equilibrium. Though in
case of BFO the actual redox reaction mechanism is not known
yet, however, a proposed charge storage mechanism of BFO

might involve the redox reaction between III and 0 and III and
II oxidation states of Bi and Fe, respectively.12,38−40

It is evident from Figure 4a that the current response of the
electrode increases with increasing scan rates and the shapes of
cyclic voltammogram curves remain almost invariant through-
out the whole range of scan rates (2 to 100 mV s−1). A lower
current at a lower scan rate is mainly because of the thick
diffusion layer grown on the electrode surface, which limits
electrolyte flux toward the electrode. However, at higher scan
rates, the diffusion layer cannot grow wider on the electrode
surface, facilitating higher electrolyte flux and hence the
enhancement in current. Significant increase in current density
has been observed in the case of the TiO2/BFO NHs electrode
as compared to the pristine TiO2 nanotube based electrode
(corresponding CV scans at 2 mV s−1 are shown in the inset of
Figure 4a) after anchoring BFO on their surface. Introduction
of BFO NPs over the TiO2 NTs surface significantly increases
the active area of the reaction platform for the surface or near
surface based redox reactions and thus the capacitive
performance is found to enhance.12,16 Moreover, the unique
3D structure of the electrode materials can store the electrolytic
ions effectively and also facilitates ion transfer to the inner sides
of the electrode by shortening ion diffusion path even at higher
scan rates. However, in Figure 4a it is found that with the
increase in scan rate the upper and lower redox peaks shift
more toward positive and negative sides, respectively, which is
mainly because of the development of overpotential that limits
the faradaic reactions. Actually, at higher scan rates, different
types of polarization effects (concentration polarization, charge
transfer polarization etc.) dominate, which increases the
overpotential impeding the Faradaic reactions to happen
leading to the increase in peak separation. However, we have
observed nearly linear dependence of the anodaic and cathodaic
peak currenton the potential scan rates, as shown in Figure S7
(Supporting Information), which confirms surface controlled
pseudocapacitive behavior of the material under investiga-
tion.6,41

Figure 4b shows the typical galvanostatic charge/discharge
cycling curves of the as-prepared TiO2/BFO electrode at
different current densities ranging from 1.1 to 2.5 A g−1 within
the voltage window of 0 to −1 V. The potential-time plots of
TiO2/BFO NHs electrode exhibitasymmetric behavior between
charge/discharge profiles, characterized by slow discharging
process with an extended tail as compared to the charging. This
slow rate of discharging exhibits higher Coulombic efficiency
(>100%) for the electrode, which can be explained based on
the change in the oxidation states of the constituent redox
active elements during cathodic and anodic scans of the cyclic
voltammograms of NHs electrode (Figure 4a). During
charging, mainly all the Bi metals lost electrons and completely
converted into Bi3+ ions as represented by a distinct single peak
in the anodic sweep in CV curves, whereas during discharging,
though the majority of Bi3+ ions reduced to Bi metal by gaining
electrons (large peak at ∼ −0.87 V during cathodic sweep in
CV curves), some Bi3+ ions still remained unaltered and were
converted to Bi metal at some higher negetive voltages (small
peak at ∼ −1.2 V during cathodic sweep in CV curves). This
type of two step reduction procedure helps to hold the charge
for longer times leading to the extended tail of discharging
curves.16,39,40,42 Now, from the discharging curves, the specific
capacitance (Csp) was calculated using eq 1.
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where I (A) is the discharge current, Δt (s) is the discharge
time consumed in the potential window of ΔV (V) and m (g) is
the mass of the active material. The calculated specific
capacitance (Csp) of as prepared TiO2/BFO NHs electrode as
a function of current density is shown in Figure 4c. In this case,
maximum value of specific capacitance was found to be nearly
440 F g−1 at a current density of 1.1 A g−1 and this remains at
350 F g−1 when the current density was increased to 2.5 A g−1,
implying that this NHs electrode can retain ∼80% of its initial
capacitance when the current density is almost 2.3 times higher
than the initial value. The specific capacitance of the TiO2/BFO
NHs electrode is found to be much better than the values as
reported for other BFO based supercapacitors, such as BFO
thin films37 and also for other pervoskite based electrodes.43−46

Moreover, The specific capacitance of the TiO2/BFO NHs
electrode is found to be higher than the carbon based
electrodes like carbon nanotube-bridged graphene 3D material
(∼199 F g−1)47 and graphene/carbon nanotube electrode
(∼115 F g−1)48 but lower than the cobalt oxide based electrode
(∼768 F g−1).49 The excellent capacitive performance (high
specific capacitance and high capacitive retention) of the TiO2/
BFO NHs electrode can mainly be attributed to the
nanoarchitectural design of the electrode where the BFO
anchored TiO2 NTs surface provides a large and fast redox
reaction environment together with the Ti metal underneath,
which serves as the highly conductive current collector.
Moreover, direct growth of the TiO2 NTs on the Ti current
collector significantly reduces the series resistance of the whole
electrode, as represented by the small IR drop in the charging/
discharging curves, also enhances the capacitive performance by
allowing fast charge transfer. However, for practical applica-
tions, it is important for a supercapacitor to possess high energy
delivery capability in addition to high specific capacitance at
high current density. Therefore, calculation of energy and
power densities of the supercapacitor electrode gives the idea
about the feasibility of applying this NHs electrode for practical
device fabrication. Here, we have calculated the energy and
power densities of this NHs electrode from the galvanostatic
charge/discharge curves using eqs 2 and 3 as follows

= ΔE C V
1
2

( )sp
2

(2)

and

=
Δ

P
E

t (3)

where E (Wh kg−1), P (kW kg−1), Csp (F g−1), ΔV (V) and Δt
(s) are the energy density, power density, specific capacitance,
the potential window of discharge and time of discharge,
respectively. Figure 4d shows that the energy density of the
TiO2/BFO NHs electrode decreases from 58.5 to 46.5 Wh kg−1

as the discharge current density increases from 1.1 to 2.5 A g−1,
whereas the power density goes up to 1.2 kW kg−1 at a current
density of 2.5 A g−1. Indeed, the calculated energy and power
densities of this electrode are found to be far better than the
previously reported perovskite based supercapacitors.37,43−46

This type of high energy and power performance at higher
current density of this NHs electrode indicates the potential of
this electrode for application in electrochemical supercapaci-
tors.
Long cycle life is one of the vital characteristics that an ideal

supercapacitor should have. Figure 5a shows the life cycle test
of the as prepared TiO2/BFO NHs electrode, carried out for
1200 cycles at a current density of 1.1 A g−1. Almost 92%
capacitance retention has been observed for this TiO2/BFO
NHs electrode after 1200 cycles. This decay of capacitance after
1200 cycles can be attributed to the dissolution/decomposition
of some electroactive material into the electrolyte during
continuous charge/discharge test. Hence, considering the long
cycle stability, the TiO2/BFO NHs electrode can be considered
as a moderate type pseudocapacitive material in aqueous
electrolyte medium.
The electrical conductivity and ion transfer of the super-

capacitor electrodes has been investigated further by electro-
chemical impedance spectroscopy (EIS). All the impedance
measurements were carried out at open circuit potential within
a frequency range of 10−105 Hz with an voltage amplitude of 5
mV and the corresponding Nyquist plot for the TiO2/BFO
NHs electrode is shown in Figure 5b. The intercept of the
impedance curve on the real axis in the high frequency range
represents the equivalent series resistance (ESR) of the system,
which includes the bulk resistance of the electrolyte, the
inherent resistances of the electrode active material along with
the contact resistance at the interface between electrolyte and
electrode.50 Under normal conditions, the magnitude of the
ESR for TiO2/BFO NHs electrode is found to be 2.1 Ω, which
represents good electrical contacts and higher electrical
conductivity. Such low resiatance of the NHs system
significantly improves the ion diffusion and electron conduction
procedure which has been reflected by the higher power density

Figure 5. (a) Cycling performance of TiO2/BFO NHs electrode showing the capacitance retention after 1200 cycles using a charge/discharge at
current densities of 1.1 A g−1. (b) Electrochemical impedance spectroscopy (Nyquist plot) for the supercapacitor electrode based on TiO2/BFO
NHs electrode under normal conditions (dark condition).
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of the NHs electrode. However, the arc in the low frequency
regime of the Nynquist plot of TiO2/BFO NHs electrode
clearly indicates the charge transfer resistance of the electrode
material resulting from the diffusion of electrons.
The photoelectrochemical energy conversion and the

photoswitching performance of the pristine TiO2 NT and
TiO2/BFO NHs arrays were investigated by employing the
same workstation mentioned earlier. To investigate the
photoelectrochemical activities of pristine TiO2 NT and
TiO2/BFO NHs, linear sweep voltammetry (LSV) analyses
were performed under dark and white visible light (λ > 420 nm
with fixed intensity of 10 mW/cm2) illumination conditions at
room temperature and the corresponding current density vs
voltage (J−V) curves are shown in Figure 6a recorded at a
constant potential of 0.3 V vs Ag/AgCl. Here, one thing should
be noted: that the sudden boost in current at around 0.4 V for
TiO2/BFO NHs can be attributed to the surface based Faradaic
reactions that has also been observed during CV measurements
(as discussed earlier). The variation in current density of both
the electrodes under dark and visible light illumination
conditions at a particular bias voltage is shown in Figure 6b.
From Figure 6a,b, it is evident that the current densities of pure
TiO2 NT arrays under dark and even in illuminated conditions
are literally nominal compared to the TiO2/BFO NHs. For
TiO2 NT arrays, change in current density is also very small
after illumination. But, for TiO2/BFO NHs, the photocurrent
density at 0.4 V is found to be about 480% higher than the
corresponding dark current. Therefore, considering the whole
range of external bias voltage (−0.9 to +1 V) we can conclude
that the conversion capability of visible light through
photogenerated charge carrier generation and separation of

TiO2/BFO NHs is significantly higher than the TiO2 NTs,
which is mainly because of the introduction of the suitable band
gap BFO NPs over the TiO2 NTs surface. The photocurrent
density recorded for the TiO2/BFO NHs electrode is found to
be considerably higher than that of the SrTiO3/TiO2 nanotube
arrays51 and surface modified TiO2 NWs.52 The photocurrent
density is found to be comparable with that of the ZnO/CdTe
electrode.53 The photoconversion efficiency, η of the TiO2/
BFO NHs electrode is calculated by using the following
formula:

η = ×I P( V)/ph in (4)

where Iph is the photocurrent density, V is the voltage difference
between anode and cathode and Pin is the input power density
(10 mW/cm2). Hence, the value of η is calculated as 8.7%, at a
voltage difference of 0.1 V vs Ag/AgCl electrode where the
value of photocurrent density is found to be 8.7 mA/cm2.
As far as the photoswitching is concerned, the TiO2/BFO

NHs array is found to be superior to the pristine TiO2 NTs.
The photoanodes exhibit a symmetric photoswitching charac-
teristic on application of a periodic light “on−off” cycle. Figure
7a shows the current density vs time (J−t) plots for pristine
TiO2 NTs and TiO2/BFO NHs arrays at 0 V vs Ag/AgCl. One
reason behind choosing zero bias is that it means the external
visible solar energy can be harvested without applying any bias
to the electrochemical cell. It is evident from Figure 7a that for
TiO2/BFO NHs, there exist sharp changes in current density
when the visible light is switched “on” and “off”, representing
fast photoswitching characteristics of the TiO2/BFO NHs. The
increments in current density after switching “on” the light

Figure 6. (a) Current density (J) vs bias voltage (V) plot for the TiO2 NTs and TiO2/BFO NHs array under dark and visible white light (λ > 420
nm) illumination conditions and (b) comparison between dark and photocurrent densities of the electrodes in 0.5 M Na2SO4 solution at a bias
potential of 0.4 V (vs Ag/AgCl).

Figure 7. (a) Zero-bias photocurrent density as a function of illumination time for the TiO2 NTs and TiO2/BFO NHs arrays; (b) Nyquist plots
under visible light and without light (dark) conditions for the TiO2/BFO NHs arrays. Inset shows the magnified view of the high frequency region of
the impedance spectrum.

http://dx.doi.org/10.1021/acssuschemeng.5b00519


source are always found to be at least greater than 500% as
compared to “off” state. After the visible light is switched “on”,
the current initially rises to a transient maximum and then it
tends to saturate during each interval of “on” cycle. However,
the decrements in the current density from the transient
maximum to the saturated state, just before switch “off”, has
been found to be almost 17% with a time constant associated
with the transient component is ∼10 s. In the case of the
pristine TiO2 NTs array, a poor photoswitching characteristic is
observed, as shown in Figure 7a. In this case, the photocurrent
density is almost 8−10 times smaller than that for the TiO2/
BFO NH array, but the increments in current density to the
transient maximum after switching “on” the visible light are
around 100% only. More significantly, as time goes on, the
current density for TiO2 NT arrays does not show any sign of
saturation and keeps dropping off severely during the light “on”
state and this drop is almost 300% between just after the “on”
and just before “off” states with a time constant of ∼75 s. This
undoubtedly implies a poor current retention property and as a
result a poor photoswitching performance of pristine TiO2
NTs.
For further elucidation on the photoelectrochemical proper-

ties of TiO2/BFO NHs governed by enhanced charge carrier
dynamics after illumination, we performed the EIS analysis of
the NHs under dark and illuminated conditions and the
corresponding Nyquist plots are shown in Figure 7b. It is
evident that under visible light the arc radius of Nyquist plots of
the electrode is significantly smaller than that for the dark
condition, representing lower charge-transfer resistance of the
TiO2/BFO NHs electrode during illumination, which is ideal
for fast charge carrier transport. On the other hand, the large
diameter semicircle under dark condition reflects larger charge-
transfer resistance resulting in poor charge transportation
capability and poor current response. More interestingly, from
the inset of Figure 7b, it can be seen that the ESR of the NHs
decreases from 2.1 to 1.3 Ω after visible light illumination,
which is mainly due to the incorporation of BFO NPs having
energy band gap suitable for absorbing visible light and the
improved charge carrier dynamics because of the interfacial
band engineering as discussed below.
The enhanced photocurrent in TiO2/BFO NHs can be

attributed to various factors such as (a) the type-II n−n band
alignment between TiO2 NTs and BFO nanostructures, which

efficiently facilitates the photogenerated charge carrier (elec-
tron−hole) separation and transfer phenomena, (b) a suitable
band gap of BFO as compared to TiO2 for better absorption of
incident solar energy and (c) the presence of BFO nano-
particles outside of the TiO2 NTs, which actually reduces the
energy loss by its antireflection property. In details, bulk BFO
has an optical band gap (Eg) of 2.7 eV and electron affinity (χ)
of 3.3 eV54 whereas anatase TiO2 has a band gap of 3.2 eV and
affinity of 4.8 eV. Hence, after the heterojunction is formed
between TiO2 and BFO, Fermi levels of both materials have to
be the same at thermal equilibrium, which drives band bending
toward the TiO2 side and finally produces a staggered type-II
band configuration, as depicted in Figure 8a. The conduction
band (CB) minima of BFO lie above that of TiO2 and the
valence band (VB) maxima of BFO also lie above that of TiO2.
With this band configuration, when the TiO2/BFO NHs is
illuminated with visible light (λ > 420 nm), the light gets
absorbed by BFO (due to its suitable band gap ∼443 nm) and
also by the oxygen vacancy and defect states present in TiO2

resulting generation of electron−hole (e-h) pairs. In this
experiment, the band gap of BFO is found to be ∼2.8 eV from
the UV−vis spectroscopy studies (see Figure S8, Supporting
Information). The blue shift of the band gap emission in BFO
NPs is most expectedly because of the reduced size of the
NPs.28 However, the band-to-band transition in BFO produces
more e-h pairs than in TiO2. Now, as shown in Figure 8a, these
photogenerated electrons in the CB of BFO diffuse through the
interface to the CB of TiO2. On the other hand, the holes
present in the VB of BFO, react with the OH− ions present in
the electrolyte and reduce them into OH radicals. Thus, BFO
again gets ready for absorption of visible light to produce e-h
pairs. However, as the holes in the VB of BFO disappear in
making OH radicals, a concentration gradient of holes occurs,
which helps the holes present in TiO2 to diffuse into BFO. This
phenomenon reduces the recombination probability of the
electrons diffused to the TiO2 from the BFO side. These
photogenerated electrons then drift axially downward through
to the TiO2 NT and move to Pt counter electrode via the
underneath Ti substrate for hydrogen production (4e− + 4H+→
2H2, see Figure 8b).

Figure 8. (a) Schematic diagram of the type-II band configuration between TiO2 and BFO and the electron−hole migration across the interface
under visible light illumination. (b) Circuit diagram consisting of TiO2/BFO NHs and other components.
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■ CONCLUSION
Highly ordered 3D arrays of bismuth ferrite nanoparticle
anchored TiO2 NTs have been fabricated by a facile wet
chemical route. The electrochemical energy storage and
photoelectrochemical energy conversion properties of the
TiO2/BFO nanoheterostructure arrays have been demonstrated
successfully. Introduction of redox active BFO nanoparticles
having lower energy band gaps as compared to TiO2 enhances
both the pseudocapacitive and photoelectrochemical perform-
ance of the nanoheterostructures significantly as compared to
the pristine TiO2 NTs. In this unique nanoarchitecture, BFO
nanoparticles having diameters in the range ∼2−8 nm
significantly enhance the specific surface area for the surface
based Faradaic reactions whereas the TiO2 NTs cores act both
as a mask and the pathways for the electron transportation
toward the current collector, making the device suitable for
pseudocapacitor electrode. The substantial enhancement in the
current density after visible light irradiation on TiO2/BFO
nanoheterostructures is addressed based on several properties
of the nanoheterostructures like the suitable band gap of BFO
to absorb visible light efficiently and also the type-II
heterojunction formation due to the interface engineering,
which helps the generation/separation of free charge carriers
(electron−hole pairs) allowing unidirectional current flow. This
study indicates that the arrays of TiO2/BFO nanoheteros-
tructure with enhanced capacitive and photoelectrochemical
performance holds potential for applications in both renewable
energy generation and storage devices.
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