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In a photo-electrochemical (PEC) cell, rapid spatial separation of the photo-generated carriers and their

transport kinetics within the photo-electrode materials are fundamental to achieving high-performance

devices and avoiding charge recombination. Recently the use of ferroelectric potential in ferroelectric

photo-active semiconductors has shown to be an effective strategy to modulate the charge transfer

properties both in the bulk phase and at the surface of semiconductors. In this perspective, the Aurivillius

perovskite Bi4Ti3O12 (BiTO) is of great interest owing to its excellent photocatalytic activity and strong

spontaneous ferroelectric polarization. The use of BiTO powder for the photocatalytic reduction of CO2

has recently been reported, but its utilization as a photo-electrode for the photo-electrochemical (PEC)

reduction of carbon dioxide has never been exploited, especially assisted by a ferroelectric potential. In

this work, highly transparent BiTO-based thin film photo-cathodes were fabricated via a sol–gel/spin

coating coupled process and optimized, for the first time in the literature, for CO2 PEC reduction. The

influence of the number of depositions on the photo-electrochemical properties was initially accurately

investigated and an optimized photo-electrode was thus obtained, which registered a maximum current

density of −4.1 mA cm2 under illumination conditions. In addition, the effect of the ferroelectric potential

on the photo-electrochemical performances was accurately studied in this optimized system producing

a current density increment of about 50% and an enhanced charge transfer ability, thus demonstrating

the possibility of effectively adopting ferroelectric polarization in BiTO photo-electrodes to boost the

photo-electrochemical reduction of CO2.
1 Introduction

The depletion of fossil fuels caused by the rapid development of
industry, the consequent climate changes generated by high
carbon dioxide (CO2) emissions, and the energy shortage of our
age are matters of major concern in modern society. In this
perspective, photocatalytic and photo-electrocatalytic reduction
of CO2 can provide an effective and environmentally friendly
strategy to address these issues, using solar energy to transform
CO2 into clean and valuable fuels and chemicals.1,2 The devel-
opment of efficient photocatalytic systems has therefore
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f Chemistry 2023
become of great urgency and a hot topic among the scientic
community.

In recent years, bismuth-based photocatalysts have received
increasing attention in the photocatalytic eld, due to their
appropriate bandgap and tunable surface structure, also
achieving excellent results in the photocatalytic reduction of
CO2; however, their performances are still limited by the fast
charge carrier recombination,3,4 which is a major aspect to be
considered and reduced to develop a high-performance
photocatalyst.

Among the available bismuth-based photocatalysts, bismuth
titanate Bi4Ti3O12 (BiTO) has recently drawn growing interest as
an abundant, stable, and highly photocatalytic-active
compound,5 due to its peculiar crystal and electron structure.6

Being part of the Aurivillius perovskite family, it possesses in
fact a layered crystal structure made up of pseudo-perovskite
[Bi2Ti3O10]

2− layers composed of three TiO6 octahedral units,
which are sandwiched between [Bi2O2]

2+ layers along the c-axis.
As veried by rst-principles calculation,7 in the electronic
structure, the hybridized O 2p, and Bi 6s orbitals co-participate
in the formation of the valence band. This interaction between
Bi and O primarily promotes the migration of photo-generated
Sustainable Energy Fuels, 2023, 7, 1107–1118 | 1107
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holes to [Bi2O2]
2+, and the electron transfer to the Ti–O octa-

hedral layers so that electrons and holes preferentially move
within different areas of the BiTO structure. The effective
separation of the photogenerated carriers is therefore achieved
in the local unit cell.8 On this basis, several BiTO-based powder
systems have been successfully reported over the years, for
multiple photocatalytic purposes,9–19 and recently BiTO has
been employed as a catalyst also in the CO2 photo-reduction
reaction, producing CO,20–24 methanol (CH3OH),21 and
methane (CH4).24 In addition to these already promising
photocatalytic performances, the distortion of the TiO6 octa-
hedra in the pseudo-perovskite blocks is responsible for the
BiTO well-known ferroelectric behavior,25 which has been
proven to represent a strong driving force for bulk charge
separation.14,26,27 Recently the exploitation of piezo/ferro-electric
potentials in photoactive semiconductors has been adopted as
an effective strategy to modulate the charge transfer properties
both in the bulk phase and at the surface of semiconductors,28,29

and has been also only recently applied to BiTO CO2

photoreduction, employing corona poling on BiTO nanoowers
to enhance the ferroelectric behavior of the material, achieving
a 9-times improved CO production rate.30

Besides photocatalysis, adopting ferroelectric semi-
conductors can be particularly effective in photo-
electrochemical (PEC) cells as photoelectrode materials,
considering the possibility to modify cell efficiency towards the
desired reaction by simply polarizing the photoelectrode, thus
representing a great operational advantage.

A lot of work has been published on the study and devel-
opment of poled ferroelectric photoelectrodes such as
BiFeO3,31–40 BaTiO3,41–45 Li/Na/K-NbO3,45–49 PbTiO3–

PbZrTiO3,50–53 and SrTiO3,54,55 for the PEC water-splitting reac-
tion, but the use of ferroelectric photocathodes for CO2 PEC
reduction has not been exploited yet. On the other hand, some
studies on the production of BiTO ferroelectric layers have been
reported for photovoltaic applications,56–58 and only one
preliminary work on photo-electrocatalysis has been reported,
where thin lm BiOI/BiTO electrodes were fabricated via
a metering rod method for the photo-electrochemical charac-
terization of this heterostructure, as a photoanode in the
ferroelectric-assisted water-splitting reaction.59 Therefore, to
the author's best knowledge, this is the rst time in the litera-
ture that BiTO thin-lm photocathodes have been developed for
the photoelectrochemical reduction of CO2, and that the
possibility to apply a ferroelectric potential to BiTO
photoelectrodes has been studied in detail for the ferroelectric-
enhanced photoelectrochemical reduction of carbon dioxide.

In this work, highly transparent BiTO thin lms were fabri-
cated via a facile sol–gel/spin-coating process to be used as
photocathodes for the PEC reduction of carbon dioxide assisted
by a ferroelectric potential. The inuence of the number of
depositions (i.e., amount of photoactive material) on the photo-
electrochemical properties was at rst accurately investigated
and an optimal number of spin-coating cycles was thus identi-
ed. The effect of ferroelectric polarization on the
photoelectrochemical performances of the optimized electrode
was then assessed, showing a remarkable enhancement of the
1108 | Sustainable Energy Fuels, 2023, 7, 1107–1118
PEC performances in terms of produced electric current and
surface charge transfer ability under optimal electric poling
conditions. According to the observed results, an explanation of
the improved performances was provided based on the material
band bending at the electrode/electrolyte interface induced by
the ferroelectric potential coupled with the applied external
potential. This work, therefore, demonstrates the possibility of
effectively adopting a ferroelectric polarization to modulate the
PEC performances of BiTO photocathodes in the ferroelectric-
assisted CO2 photo-electrochemical reduction.
2 Experimental
2.1 Fabrication of the BiTO photo-electrodes

Thin-lm BiTO photocathodes of 2.25 cm2 were fabricated via
a sol–gel/spin coating coupled process on FTO substrates
(uorine doped tin oxides, SnO2 : F, Sigma Aldrich, Germany,
surface resistivity ∼7 U sq−1), in line with previously reported
methodologies60,61 (Fig. 1). The BiTO precursor solution was
prepared by dissolving a stoichiometric amount of bismuth
nitrate [Bi(NO3)3$5H2O] (ACS reagent $98.0%, Sigma Aldrich,
Germany) in a mixed solution of acetic acid (AcOH) and 2-
methoxyethanol (2-MOE) at 1 : 1 v/v. The resulting solution was
stirred at 70 °C for 1 hour under reux conditions. A second
solution was prepared by slowly adding titanium isopropoxide
[Ti(OC3H7)4] (Ti-i-PrO4) ($97.0%, Sigma Aldrich, Germany)
under continuous stirring into a 2-MOE solution containing
acetylacetone (AcAcH) ($99.5%, Fluka Analytical, Germany) as
a stabilizer to control the rate of hydrolysis and condensation of
titanium alkoxide. The as-produced Ti-solution was then added
to the Bi-solution and the obtained mixed yellow system was
stirred for 2 hours at 70 °C under reux. Finally, 2-MOE was
added to adjust the concentration to 0.02 mol L−1, with
a proportion of AcOH and 2-MOE equal to 1 : 3 v/v. The as-
prepared solution was spin-coated using a commercial spin-
coater (POLOS Spin 150i-NPP, SPS Europe) onto FTO-coated
glass previously sonicated in isopropyl alcohol for 10 min and
then rinsed with distilled water. The spin-coating cycle was
optimized and set to 1000 rpm for 5 s and 3000 rpm for 25 s,
followed by a drying process at 150 °C for 5 min in a static oven
to evaporate the solvents. These processes were repeated
multiple times to obtain multilayer photoelectrodes (i.e., 3, 5,
and 7 depositions), which were then annealed in air at 250 °C
and 500 °C for 30 min to allow the formation of the crystal
phase.

In this work, seven depositions were chosen as themaximum
number of consecutive spin-coating cycles to ensure the fabri-
cation of defect-free thin-lm BiTO electrodes (i.e., high
uniformity of the coating).
2.2 Structural and morphological characterization

X-ray diffraction (XRD) spectra were collected in variable
temperature in situ mode on the BiTO dried precursor, and at
room temperature on the BiTO powder sample (i.e., BiTO dried
and annealed precursor) and layers on a Bruker D8 Discover
advanced diffractometer (Cu Ka1,2, Bruker AXS GmbH,
This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Schematic representation of the fabrication process of the BiTO
multi-layered electrodes.

Paper Sustainable Energy & Fuels

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
D

ec
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 4

/1
4/

20
26

 1
1:

48
:1

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Karlsruhe, Germany) in the 2-theta range 20–70°, to monitor the
Bi4Ti3O12 phase evolution, and verify the purity of the obtained
crystal phase. Thermal analysis (STA 449 C Jupiter thermo-
microbalance, Netzsch-Gerätebau GmbH, 25 – 700 °C,
5 °C min−1, and Air/5% Ar protective gas) of the precursor
solution aer solvent evaporation was conducted for the
determination of an appropriate thermal annealing prole and
temperatures (ESI, Section S2†). Morphology analyses were
performed via scanning electron microscopy (FE-SEM, FEG-
SEM Sigma: Zeiss, Germany) to verify the presence of uniform
coatings. FE-SEM cross-sectional images were collected to
determine the thickness of the optimized BiTO multi-layered
electrode. To assess the surface topography, atomic force
microscopy (AFM) analyses were performed in tapping mode
with a Bruker MultiMode 8 system using commercial Bruker
RTESPA probes (f0 = 300 KHz and k = 40 N m). Raw AFM data
were attened to remove experimental artifacts with SPIP so-
ware (https://www.digitalsurf.com/), which was also used to
analyze the images calculating the roughness. For each
sample, several areas in different positions were probed for
a total scanned area larger than 100 mm2 and the average
roughness was extracted.
2.3 Optical characterization of the BiTO electrodes

Spectrophotometric determination of the lm bandgap (Eg) was
performed using the absorption spectra recorded in trans-
mission mode using a PVE300 system (Bentham Instruments
Ltd, United Kingdom) and applying the Tauc equation.
2.4 Electrochemical and photoelectrochemical
characterization of the BiTO photoelectrodes

The photoelectrodes were nally characterized from an elec-
trochemical point of view (Autolab PGSTAT302N + FRA32M,
Metrohm, Nederland) under dark conditions and under
This journal is © The Royal Society of Chemistry 2023
controlled illumination (Solar Simulator ABET Technologies
Sun 2000, Connecticut, 1 sun, AM 1.5, 100 mW cm−2). All PEC
measurements were performed in a three-electrode cell
conguration, using the BiTO lms as working electrodes,
a platinum wire as the counter electrode, and a silver chloride
electrode (Ag/AgCl, 3.0 M KCl) as the reference electrode. Elec-
trochemical impedance spectroscopy (EIS) measurements and
Mott–Schottky analyses (MS) of BiTO electrodes with different
thicknesses were performed in a 0.1 M KCl aqueous solution
(Sigma Aldrich) at −1.2 V (vs. Ag/AgCl) and in the potential
window −1.5–0.1 V (vs. Ag/AgCl), (frequency range: 104 to 0.5
Hz) respectively. Linear sweep voltammetry (LSV) was per-
formed under reduction conditions (10 mV s−1, potential
window: −1.5 –0.2 V vs. Ag/AgCl) in a 0.1 M KHCO3 aqueous
solution (Sigma Aldrich) saturated with CO2 (99.998%, 20 min,
and 0.5 L min−1). In addition, EIS measurements were con-
ducted in the same electrolyte (CO2 saturated 0.1 M KHCO3) for
the best performing BiTO electrode together with transient
photocurrent measurement (J–t) with a frequency of 0.1 Hz.
Finally, the whole recorded data were elaborated using Nova
1.12 soware. The EIS analyses were tted by using Z-View
soware (Scribner Associates). The poling treatment was per-
formed in a two-electrode cell conguration, which operated
with the BiTO thin-lm electrode as the working electrode and
using a platinum plate as the counter electrode in a 0.1 M
LiClO4 (Sigma Aldrich) propylene carbonate solution because of
the wide electrochemical window33 by applying a bias of ±4 V
for 10 seconds. During the poling procedure, the current was
kept below 1 mA. In the characterization of the photo-cathodes,
to conrm the evolution of hydrogen (i.e., water reduction
reaction), which is thermodynamically favored at more negative
potentials, chronoamperometry reactions were carried out at
the constant voltages of −0.9, −1.2, and −1.4 V vs. Ag/AgCl in
the three-electrode conguration previously described for 1 h.
Gas samples were analyzed using a 990 micro-GC (Agilent
Technologies) equipped with a molecular sieve 5 Å packed
column for hydrogen detection and a thermal conductivity
detector (TCD); argon was used as the carrier gas.

3 Results and discussion
3.1 Structural and morphological characterization

Fig. 2 shows the XRD spectra of the BiTO powder sample ob-
tained by thermally treating the sol–gel precursor according to
the described annealing prole (reported in the Experimental
part), and of the BiTO spin-coated layer onto FTO-coated glass.

The obtainment of the orthorhombic Bi4Ti3O12 phase (PDF#
35-0795) was veried in the powder sample with the presence of
low-intensity extra peaks (2-theta: 34° and 49°, marked with
asterisks) probably attributable to the intermediate pyrochlore
phase Bi2Ti2O7 (PDF# 01-074-4250). This phase, which has oen
been observed both in Bi4Ti3O12 powder samples and lms62–64

depending on the synthesis temperature, Bi : Ti molar ratio,
substrate, and lm growth conditions, has been proven to
decompose at temperatures higher than 600 °C (ESI, Fig. S1†),
in accordance with the literature.65 However, such heating
conditions cannot be employed in the fabrication of the BiTO
Sustainable Energy Fuels, 2023, 7, 1107–1118 | 1109
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Fig. 2 XRD patterns of the BiTO powder calcinated at 500 °C (a), the
FTO substrate (b), and the spin-coated BiTO film on FTO-coated glass
(c).

Fig. 3 FE-SEM morphology at low and high magnification of BiTO 3 (a,

1110 | Sustainable Energy Fuels, 2023, 7, 1107–1118
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layers due to the use of FTO-coated glass substrates (ESI, Section
S1†). As is shown, because of the thin nature of the deposited
layers, in the spin-coated samples FTO peaks are predominant
in intensity compared to the BiTO ones, and secondary phases
could not be detected.

Spin-coated electrodes with a different number of deposi-
tions, namely 3 (BiTO 3), 5 (BiTO 5) and 7 (BiTO 7) depositions,
were therefore prepared and fully characterized from
a morphological point of view. The number of depositions is in
fact a key parameter to be considered for the development of an
optimized highly transparent photoelectrode because it is
strictly related to the amount of loaded photo-active electro-
catalyst and to the transparency of the photoelectrode itself. An
increase in the number of depositions affects the lm thickness
usually leading to increased absorption of light and photocur-
rent. Nevertheless, this increment has been observed to be not
monotonic in different materials;66–68 there is in fact a critical
value aer which the photo-electrochemical properties
decrease. This trend can be explained by considering light
attenuation68 and the occurrence of undesired phenomena such
b), BiTO 5 (c, d), and BiTO 7 (e, f) electrodes.

This journal is © The Royal Society of Chemistry 2023
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Table 1 Roughness values extrapolated by AFM analyses for the BiTO
electrodes with an increasing number of depositions

Sample Ra (nm) Rq (nm)

BiTO 3 11.0 � 0.5 14.3 � 0.5
BiTO 5 8.3 � 0.5 10.6 � 0.5
BiTO 7 6.7 � 0.5 8.7 � 0.5
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as electron–hole recombination, which are enhanced by the
increased electron diffusion path.66 For these reasons, the
denition of an optimized electrode thickness (i.e., number of
spin-coating cycles) constitutes a fundamental step for the
development of an efficient photoelectrode. The inuence of
the number of spin-coating cycles on the layer morphology was
therefore initially investigated. The FE-SEM images of the as-
prepared samples surfaces are reported in Fig. 3.

As is clear from the low magnication micrographs, the
whole set of electrodes is characterized by homogeneous BiTO
coatings with no cracks or defects as a result of the tailored
thermal annealing process developed (ESI, Table S2†). The
substrate effect, deriving from the high roughness of FTO-
coated glass (ESI, Section S3†), is prominent on the thinner lm
(i.e., low depositions number), with a visibly decreased rough-
ness going from 3 to 5 and 7 deposition electrodes as a result of
the higher amount of material deposited.

These results were corroborated by AFM analysis. Fig. 4
shows representative 5 mm × 5 mm AFM topography images
collected for the different BiTO electrodes. The absence of
discontinuous islands in all the AFM micrographs suggests the
uniform covering of the substrate in the whole set of analyzed
samples, as previously observed from SE-FEM images. As is
shown, the higher the number of spin-coating cycles (from 3 to
7) the less the contrast of the AFM image reported (i.e., differ-
ence in the z-scale) as a consequence of the lling of the gaps on
the surface of the rough FTO substrate produced by the
progressive addition of new BiTO layers. This is also veried by
the roughness properties of the electrodes, with all the main
roughness parameters decreasing with the increasing number
of spin-coating cycles (Table 1), thus conrming the previously
reported FE-SEM investigation.

3.2 Optical characterization

The bandgaps (Eg) of the as-obtained homogeneous BiTO elec-
trodes were determined via spectrophotometric analysis.
Fig. 4 Representative atomic force microscopy (AFM) images of the to
coating depositions, 3 (a), 5 (b), and 7 (c) respectively. The scale bar is 1

This journal is © The Royal Society of Chemistry 2023
Transmittance spectra were collected (Fig. 5a) and the bandgaps
were calculated by extrapolating the intercept of the linear
section of the Tauc plot (Fig. 5b) obtained by applying the
following Tauc equation (1):

ahn = A(hn − Eg)
n (1)

where a is the absorption coefficient, h is the Planck's constant
(J s), n is the light frequency (s−1), A is the absorption constant,
and Eg is the value of the bandgap energy (eV), whereas the
exponential n refers to the type of electronic transition specic
to the semiconductor.69 In this work n = 1/2 was used in
accordance with other studies in the literature.20,21,57,60,70–72 As is
shown, the entire set of produced photo-electrodes displays very
high transparency values (i.e., T% 80–95) in the whole visible
region, which is a desirable aspect when both the
photoelectrodes of the PEC cell need to be illuminated (tandem
conguration). As expected, higher transmittance values are
associated with a lower number of depositions.

The presence of interference fringes in the transmittance
curves conrms the uniformity in thickness, surface homoge-
neity, and the compact nature of the produced BiTO layers.73–76

The extrapolated bandgap values for the BiTO electrodes were
(3.56 ± 0.01) eV, (3.55 ± 0.01) eV, and (3.54 ± 0.01) eV for BITO
3, BiTO 5, and BiTO 7 respectively, which are in line with
previously reported values for thin-lm BiTO compact
layers.60,72,77
pography of the BiTO electrodes with the increasing number of spin
micron for all the images.

Sustainable Energy Fuels, 2023, 7, 1107–1118 | 1111
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Fig. 5 Transmittance spectra of the 3 (BiTO 3), 5 (BiTO 5), and 7 (BiTO
7) spin-coated layers (a) and relative Tauc plot (b) used for the
extrapolation of the bandgaps.
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3.3 Electrochemical and photoelectrochemical
characterization of the BiTO photo-electrodes

LSV measurements in the dark and under illumination (1 sun,
AM 1.5, 100 mW cm−2) were then collected under reduction
conditions (−1.5–0.2 V vs. Ag/AgCl) in a 0.1 M KHCO3 aqueous
solution saturated with CO2 for the whole set of BiTO electrodes
to assess the photo-electro activity of the layers and establish
the best performing system in terms of the current density
produced. LSV curves in the dark and under illumination for the
whole set of BiTO electrodes are shown in Fig. 6. When illu-
minated, all the electrodes achieved higher values of current,
verifying their photo-electrode character, with current density
values registered under illumination conditions at the nal
potential (i.e., −1.5 V vs. Ag/AgCl) of (−2.8 ± 0.1), (−3.5 ± 0.1),
and (−4.1 ± 0.3) mA cm−2 for BiTO 3, BiTO 5, and BiTO 7
respectively. An almost linear increment of current density at
−1.5 V vs. Ag/AgCl was thus recorded under illumination going
from BiTO 3 to BiTO 7 (ESI, Fig. S4.1†), with the latter reaching
the highest current density values (Fig. 6c), and a photo-current
density at −1.5 V vs. Ag/AgCl of (−1.5± 0.4) mA cm−2 as a result
of the higher amount of photo-active material of this electrode.
As is shown, a reduction peak around −1.2 V vs. Ag/AgCl is
Fig. 6 LSV analyses in the dark and under illumination for BiTO 3 (a),
BiTO 5 (b), and BiTO 7 (c) and LSV curve under illumination of the
whole set of electrodes for comparison (d). All the curves were
recorded in a CO2 saturated 0.1 M KHCO3 aqueous solution.

1112 | Sustainable Energy Fuels, 2023, 7, 1107–1118
present in the voltammogram of all the tested BiTO photo-
electrodes, probably attributable to the reduction of water,
which is more thermodynamically favored at a lower potential.

A control experiment performed using BiTO 7 in the same
electrolyte (i.e., KHCO3 0.1 M degassed with Ar) but in the
absence of CO2 (ESI, Fig. S4.2†) showed in fact a similar prole,
thus conrming this assumption. However, the lower current
density values (i.e., more positive J) and an onset potential
shied towards more negative potential compared to the same
electrode tested in CO2-saturated KHCO3 verify a higher photo-
electrochemical activity of the electrode towards CO2

reduction.78–80 The hydrogen evolution assumption via the water
splitting reaction at potentials lower than −1.2 V (vs. Ag/AgCl)
was therefore conrmed by analyzing gas samples collected
during 1 h chronoamperometric measurements performed on
BiTO 7 under illumination (1 sun, AM 1.5, and 100mW cm−2) in
the electrolyte of interest (CO2 saturated KHCO3 0.1 M) (ESI,
Fig. S5†).

The higher photo-activity of the BiTO 7 sample shown by the
LSV curves was corroborated by EIS analysis performed under
dark and illumination conditions at a negative potential (i.e.,
−1.2 V vs. Ag/AgCl) in a non-redox electrolyte (i.e., KCl 0.1 M) in
order to investigate the inuence of the number of depositions
on the charge transfer properties of the BiTO photo-electrodes.
Nyquist plots for the whole set of electrodes are reported in
Fig. 7. All the experimental values could be well-tted with the
equivalent circuit reported in the inset and the derived
parameters are listed in Table 2. In the circuit, RCT represents
the charge transfer resistance at the electrode/electrolyte inter-
face, CPE1 (i.e., constant phase element) in parallel to RCT
constitutes the capacity to accumulate charges at the double
layer, therefore standing for the non-faradic phenomena, and Rs

accounts for any and all resistances associated with solution
resistance, wires, clips, or other contacts in the system.81 More
in detail, RCT values correspond to the diameter of the arch-
shaped segments visible in Nyquist plots. As expected, RCT
values associated with illuminated curves are lower compared
to those of dark curves, thus conrming the photoactive nature
of the electrode. More interestingly, RCT decreases both under
dark and illumination conditions going from 3 to 7 layers
corroborating LSV measurements and proving an increased
charge transfer ability for the sample with the highest amount
of loaded material. The near-linear increase of these properties
Fig. 7 Nyquist plots for the 3 (BiTO 3), 5 (BiTO 5), and 7 (BiTO 7) spin-
coated electrodes under dark (a) and illumination conditions (b) at
−1.2 V (vs. Ag/AgCl) in 0.1 M KCl aqueous solution.

This journal is © The Royal Society of Chemistry 2023
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Table 2 Charge transfer resistance (RCT) values for 3 (BiTO 3), 5 (BiTO
5), and 7 (BiTO 7) BiTO depositions samples

Sample RCT – dark (kU) RCT – light (kU)

BiTO 3 3.89 � 0.07 2.68 � 0.03
BiTO 5 2.47 � 0.04 1.63 � 0.03
BiTO 7 1.88 � 0.08 1.24 � 0.02
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demonstrates that up to 7 depositions (i.e., BiTO 7) the critical
thickness of BiTO electrodes was not reached.

In other words, this indicates that the number of electrons
effectively available for reduction processes in the BiTO multi-
layered electrodes up to 7 consecutive depositions does not
decrease as a consequence of the increased electron diffusion
path and charge recombination processes.

This was veried by means of Mott–Schottky (MS) analyses.
The MS plot reporting the reciprocal squared values of the layer
capacitance (1/C2) at 1 kHz vs. the applied potential (E) is shown
in Fig. 8 for BiTO electrodes with different layers numbers. As
indicated by the positive slope of the linear segment, the BTO
layers behave like an n-type semiconductor for which the Mott–
Schottky equation is (2):82

1

C2
¼ 2

330A2eND

�
E � Efb � kBT

e

�
(2)

where 30 represents the permittivity of free space, 3 the relative
permittivity of the semiconductor (equal to 200 for BiTO83), A the
interfacial area (i.e., electrode surface area), e the electronic
charge, ND the number of donors (i.e., the density of electrons),
kB the Boltzmann constant, T the temperature, and E the elec-
trode potential applied relative to the reference electrode. In
particular, the plot of 1/C2 vs. V should yield a linear segment and
from its slope, the density of charges (ND) can be calculated
based on the following relationship (3):

slope ¼ 2

330A2eND

(3)

As is shown, the slope of the linear segments decreases with
the increasing thickness of the BiTO layer as a result of the
increased density of charges, as described by eqn (3). Assuming
the interfacial area constant for all the layers and approximated
to the geometric area of the tested electrodes, ND values of (6.4
Fig. 8 Mott–Schottky plot of the BiTO layers with a different number
of depositions (a) and energy diagram of the BiTO 7 photo-electrode
vs.NHE (pH= 7) compared with the redox potential of CO2 conversion
reactions (b).

This journal is © The Royal Society of Chemistry 2023
× 1024) m−3, (1.5 × 1025) m−3, and (2.3 × 1025) m−3 for BiTO 3,
BiTO 5, and BiTO 7 respectively were obtained, verifying the
highest number of electrons in the BiTO 7 photoelectrode.

All these results (i.e., LSV, EIS, and MS measurements)
indicate the BiTO 7 electrode as the best performing system
among the ones tested and it is, therefore, the only one
considered in the next part of this work. The at band potential
(E) of the optimized electrode was determined from the
intercept (E=−0.971 V vs. Ag/AgCl, ESI Fig. S6†) of the MS curve
on the potential axis as follows (4):�

Efb ¼ E � kBT

e

�
1

C2
¼ 0

(4)

The calculated BiTO E value vs. Ag/AgCl was converted to
the Normal Hydrogen Electrode (NHE) scale according to the
Nernst equation (5):

ENHE = EAg/AgCl + 0.0591 pH + E0
Ag/AgCl (5)

and was equal to−0.788 V vs.NHE. For an n-type semiconductor,
the E is close to the conduction band (CB) of the semiconductor.
The valence band (VB) edge of 2.75 V vs. NHE (pH = 7) was
therefore calculated using the Eg value previously obtained (3.54
eV). This value, which is higher than all the redox potentials of the
main CO2 reduction processes (ESI, Table S6†), makes the
prepared BTO photo-electrode a suitable system, from a thermo-
dynamic point of view, for the electrochemical reduction of CO2

(Fig. 8). The thickness of this optimized electrode was therefore
nally determined via FE-SEM cross-sectional images (ESI, Table
S7 and Fig. S7†), which resulted to be equal to 130 ± 5 nm.

The charge transfer properties of BiTO 7 in the dark and
under different illumination conditions (i.e., front and back
illumination) in the electrolyte of interest (i.e. CO2 saturated
KHCO3) were therefore studied at 0 V (vs. Ag/AgCl) and under
Fig. 9 Nyquist plot of the 130 nm thick BiTO electrode (BiTO 7) at
0 and −0.8 V (vs. Ag/AgCl) in the dark and under different illumination
conditions (i.e., front and back illumination) in CO2-saturated 0.1 M
KHCO3 aqueous solution.

Sustainable Energy Fuels, 2023, 7, 1107–1118 | 1113

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2se01372j


Sustainable Energy & Fuels Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
D

ec
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 4

/1
4/

20
26

 1
1:

48
:1

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
reduction conditions at a potential of −0.8 V (vs. Ag/AgCl) (i.e.,
at a potential at which the water reduction reaction does not
occur on the surface of the electrode) to dene the most
appropriate illumination conditions. Fig. 9 reports the Nyquist
plot of the BiTO 7 sample. All the experimental data were tted
using the previously reported circuit model (Fig. 7) and the
relative RCT values are listed in Table S8 (ESI).†

As previously observed, for both the applied potentials, the
impedance spectra recorded under light are characterized by
smaller arches compared to the corresponding dark curves,
meaning that the charge transfer ability of the samples is
enhanced as a result of the higher number of charges available
generated from the photoexcitation process.

In addition, the charge transfer properties of the BiTO elec-
trode are enhanced at negative potential because of the higher
number of electrons available deriving from the applied
external negative bias. The reason for that relies on the n-type
semiconducting character of BiTO. When a negative potential
is applied electrons start moving within the material towards
the surface and can be therefore transferred to the electrolyte
species. It is worth noting that the back illumination leads to
smaller RCT for both the applied voltages. Excluding the slightly
smaller amount of light reaching the sample as a result of the
absorption of part of the radiation by the electrolyte when the
frontal illumination is applied, the reason for that can be
Fig. 10 LSV of the illuminated BiTO 7 sample under different poling state
in different poling states at 0 V (vs. Ag/AgCl) (b) and at −0.6 V (vs. Ag/Ag
backside illumination under negative poling compared to the unpoled s

1114 | Sustainable Energy Fuels, 2023, 7, 1107–1118
attributable to the location of photo-generated holes. When the
sample is frontally illuminated, a higher density of holes is
located on the surface of the electrodes where the irradiation is
maximum. This of course hinders the transfer of electrons to
the electrolyte due to the higher recombination probability. In
contrast, when the light strikes the layers from the back of the
sample, a higher concentration of holes and consequently
a higher probability of charge recombination are located on the
back of the BiTO layers so that the charge transfer properties at
the electrode/electrolyte interface are not compromised.

To assess, understand and study the inuence of BiTO
ferroelectric properties on the photo-electrochemical perfor-
mances, electrodes were then subjected to electric poling. LSV
curves under back illumination at different poling states under
reaction conditions (i.e., CO2 saturated 0.1 M KHCO3) are
shown in Fig. 10 together with the time-dependent photo-
current density of the sample under chopped light irradiation.
As is shown (Fig. 10a), an increment of the produced photo-
current is achieved when negative poling is applied, while the
positively poled BiTO electrode displays a decreased photo-
current. The time-dependent current density curves with ON/
OFF illumination when no external bias is applied (Fig. 10b)
show a value of current density almost double for negatively
poled samples compared to positively poled lms (J ∼ 1.1 mA
cm−2 vs. 0.6 mA cm−2). This difference is further increased at
s (a) and current–time dependent curve under chopped light irradiation
Cl) (c). Nyquist plot of the BiTO 7 electrode at −0.6 V (vs. Ag/AgCl) in
ample in 0.1 M KHCO3 aqueous solution (d).

This journal is © The Royal Society of Chemistry 2023
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negative potentials, with a current density value ve times
higher for negative poling compared to the positively poled
sample at −0.6 V (J ∼ 25 mA cm−2 vs. 6 mA cm−2) and doubled
compared to the unpoled sample (J of 13 mA cm−2) (Fig. 10c).
This increment suggests a more efficient charge separation (i.e.,
lower charge recombination) in the negatively poled BiTO
electrode as a result of the ferroelectric potential within the
material. Moreover, the registered current density value at zero
potential, when no poling is applied (i.e., J ∼ 0.65 mA cm−2), is
higher than the ones reported for analogous pure BiTO layers of
0.18 mA cm−256 and 0.075 mA cm−2,57 for photovoltaic
applications.

To study the effect of the ferroelectric potential on the
charge-transfer process of the BiTO layers, EIS measurements
under reduction conditions (−0.6 V vs. Ag/AgCl, in CO2 satu-
rated 0.1 M KHCO3) were carried out under illumination. The
Nyquist plot under backside illumination of the BiTO photo-
electrode under negative poling (i.e., optimal conditions)
compared to the unpoled sample as a reference is reported in
Fig. 10d. The experimental data were tted using the previously
reported circuit model (Fig. 6). As evident, the charge transfer
resistance associated with the negatively poled electrode under
reduction conditions (i.e., negative potential applied) is much
smaller than that of the pristine sample (i.e., (8.9 ± 0.4) kU for
the negatively poled sample vs. (1.4 ± 0.3) × 102 kU when no
poling is applied), thus indicating a faster interfacial electron
transfer from the BiTO poled electrode to the acceptor species of
the electrolyte (i.e., HCO3

− and CO3
2−).

The observed enhanced photoelectrochemical performance
in terms of improved charge separation (i.e., enhanced current–
density) and surface charge-transfer ability of negative polarized
BiTO photocathodes can be explained in terms of change in the
band bending at the electrode interface as a result of the
ferroelectric polarization. Fig. 11a shows the proposed sche-
matic band diagram for the BiTO photo-electrode electrically
connected to the metal counter electrode (Pt wire) when no
Fig. 11 Energy band diagrams for the BiTO photo-electrode in the co
a CO2-saturated KHCO3 electrolyte with no bias (a) and when a negative
the BiTO band bending when a negative (b, e) and positive (c, d) poling
profile along the BiTO electrode thickness; red for positive and blue for

This journal is © The Royal Society of Chemistry 2023
external potential is applied. In the system, a Schottky contact is
established between the FTO and the deposited BiTO as a result
of the highly conductive nature of the substrate84 and, on the
other side, an upward band bending of the n-semiconductor at
the BiTO-electrolyte interface takes place in order to equilibrate
their electrochemical potential (i.e., Fermi level).85 This upward
bending acts as a barrier to electron transfer so that when
electrons are photogenerated they tend to dri towards the
semiconductor bulk and holes are injected into the electrolyte.
This explains the positive current value obtained at zero
potential (Fig. 10b).

When a negative potential is induced by polarization on the
surface of the BiTO electrode in contact with the electrolyte
(Fig. 11b), an upwards bending is produced as a result of the
developed ferroelectric potential.29 The driving force for the
photo-generated electrons to reach the bulk of BiTO is thus
enhanced and simultaneously the holes are more driven to be
transferred to the electrolyte species.

On the other side of the electrode, an opposite effect is
achieved, the Schottky barrier height is decreased, thus faciliz-
ing electron injection in the conductive FTO substrate. An
overall more efficient charge separation takes place resulting in
a higher photo-generated current (Fig. 10b). A reversed effect is
in contrast obtained when the polarization through the elec-
trode is inverted (i.e., positive poling) (Fig. 11c), thus explaining
the reduced photocurrent registered (Fig. 10b). Electrons are
less driven to be transferred to the FTO because of the higher
Schottky barrier and the possibility of electron–hole recombi-
nation is therefore enhanced. On the other hand, different
aspects need to be considered when a negative bias is applied to
the BiTO photo-electrode to promote surface reduction reac-
tions. The application of an external bias in the semiconductor
is an effective way to control the Fermi level within the material,
thus representing an efficient strategy to improve the charge
separation within the semiconductor and facilitate the reaction
of the desired charge carriers on its surface.86 The application of
nsidered photo-electrochemical cell with a Pt counter electrode and
bias (d) is applied to the cell, and effect of the ferroelectric potential on
are applied. The coloured bar represents the polarization electric field
negative.
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an external negative voltage induces in an n-type material
a reduction of the electrolyte interface band bending (or even
the elimination) such that the electrons transfer from the
material to the electrolyte become favoured87 (Fig. 11d). The
coupling of this external voltage and of the associated generated
electric eld with the depolarization electric eld created with
the remnant polarization needs therefore to be considered.
When a positive polarization is applied to the BiTO photo-
electrode, a depolarization eld (Edp) is formed so that it
points towards the FTO substrate in accordance with depolar-
ization eld theory. This depolarization eld is opposite in
direction to the applied electric eld generated by the external
voltage so that the overall produced effect is a reduction of the
available energy to promote electron injection in the electrolyte
(Fig. 11f). In other words, the resulting potential-induced band
bending is reduced, thus consequently reducing the registered
photo-current (Fig. 10a and c). From a different perspective,
when positive poling is applied, the positive local charges
induced on the surface of the BiTO photocathodes can recom-
bine with the photo-generated electrons and with the electrons
associated with the applied negative bias so that a reduced
available number of electrons is effectively available for reduc-
tion processes. In contrast a negative poling treatment switches
the resulting depolarization eld towards the electrolyte so that
the resulting electric eld available to separate the photo-
generated charges is enhanced by superimposing the two elec-
tric elds in the same direction56 (Fig. 11e).

An overall downward bending is thus obtained, which
explains the higher photocurrent registered, a direct conse-
quence of the reduced charge recombination, and the lower
electron transfer resistance (Fig. 10d). This, therefore, demon-
strates the possibility of effectively adopting a ferroelectric
polarization (i.e., internal electric eld) coupled with the
application of an external bias (i.e., an external electric eld) to
control the migration of photo-generated charges in BiTO
photo-electrodes for the photo-electrochemical reduction of
carbon dioxide.

4 Conclusions

In this work, highly transparent, spin-coated Bi4Ti3O12 (BiTO)
homogeneous and compact layers with a different number of
depositions were successfully fabricated on FTO-coated glass
substrates to be used as photocathodes for the ferroelectric-
enhanced photoelectrochemical reduction of CO2. The as-
obtained layers were fully characterized from a structural and
morphological point of view. The inuence of the number of
spin-coating cycles on the optical characteristics and on the
main photo-electrochemical properties was thus evaluated, and
BiTO 7 (i.e., 7 depositions) was identied as the optimal BiTO
photo-cathode based on the produced current density (i.e. −4.1
mA cm−2 at −1.5 V vs. Ag/AgCl), on the superior charge-transfer
properties assessed by EIS measurement, and on the higher
charge carrier density (ND of 2.3 × 1025 m−3). The effect of the
ferroelectric polarization on the PEC performances of the
produced BiTO photo-electrode was then investigated, and
under negative polarization, a current density increment of
1116 | Sustainable Energy Fuels, 2023, 7, 1107–1118
about 50% (i.e., −30 mA cm−2 and −20 mA cm−2 at −0.6 V vs. Ag/
AgCl for negatively and not poled samples respectively) and
a reduced charge transfer resistance (i.e., RCT of about 9 kU and
140 kU for negatively and unpoled samples respectively) were
registered, which could be explained based on the band
bending at the photo-electrode/electrolyte interface caused by
the superimposition of the generated ferroelectric potential
with the applied external bias.

This work, therefore, demonstrates the possibility of
exploiting an externally induced ferroelectric potential on thin
lm BiTO photocathodes to modulate the PEC performances in
ferroelectric-assisted CO2 photo-electrochemical reduction.
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