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ABSTRACT: The use of ferroelectric polarization to promote electron—hole separation
has emerged as a promising strategy to improve photocatalytic activity. Although
ferroelectric thin films with planar geometry have been largely studied, nanostructured
and porous ferroelectric thin films have not been commonly used in photo-
electrocatalysis. The inclusion of porosity in ferroelectric thin films would enhance the
surface area and reactivity, leading to a potential improvement of the photo-
electrochemical (PEC) performance. Herein, the preparation of porous barium titanate ’
(pBTO) thin films by a soft template-assisted sol—gel method is reported, and the control

of porosity using different organic/inorganic ratios is verified by the combination of

scanning electron microscopy and ellipsometry techniques. Using piezoresponse force

microscopy, the switching of ferroelectric domains in pBTO thin films is observed,

confirming that the ferroelectric polarization is still retained in the porous structures. In addition, the presence of porosity in pBTO
thin films leads to a clear improvement of the PEC response. By electrochemical poling, we also demonstrated the tuning of the PEC
performance of pBTO thin films via ferroelectric polarization. Our work offers a simple and low-cost approach to control the
morphology optimization of ferroelectric thin films, which could open up the development of materials with great potential for PEC
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B INTRODUCTION

Photo-electrochemical (PEC) water splitting has recently
gained particular attention as a promising approach for the
conversion of solar energy into chemical energy.l’2 To obtain
efficient PEC performance, photoelectrodes need to fulfill the
following fundamental requirements: chemical stability, good
light absorption, and control of the electron—hole recombina-
tion rate.” Spatial separation of photogenerated charges at the
surface of photoelectrodes could reduce the electron—hole
recombination losses.” In this context, one of the approaches
that has been regularly adopted to improve photocatalytic
activity is the fabrication of porous and nanostructured
photoelectrodes. These materials present the advantage of
high surface areas, which considerably enhance their reactivity
at the electrode/electrolyte interface and their light-harvesting
capabilities.6’7 Moreover, in general, at the nanoscale, a larger
number of active sites are present at the surface of these
photoelectrodes. This promotes an increase in the surface
charge carrier transfer rate, which improves the overall
photocatalytic performance.”

Recent studies have also focused on the role of ferroelectric
polarization in photo-electrocatalysis.”'® Ferroelectric materi-
als possess spontaneous polarization which can be reversibly
switched by an external electric field."' This spontaneous
polarization can induce opposite band-bending at the ferro-
electric material’s surface, facilitating electron—hole pairs’
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migration toward opposite directions. Thus, the spatially
separated photogenerated carriers are able to participate in the
oxidation and reduction reactions at different locations.'”
Indeed, it has been demonstrated that the ferroelectric phase of
BaTiO; induces the suppression of charge-carrier recombina-
tion, resulting in much higher carrier lifetimes. "

Previous research works have reported that redox reactions
can occur preferentially on the surface of BaTiO;, Pb(Zr,Ti)-
O;, and LiNbO; substrates."*"” In particular, Giocondi and
Rohrer have shown that when aqueous Ag* and Pb*" ions are
placed on the BTO surface, upon illumination by ultraviolet
light, the oxidation of Pb** by photogenerated holes and the
reduction of Ag" by photogenerated electrons generate
insoluble products (Ag and PbO,, respectively), which are
selectively accumulated on the surface of the BTO substrate in
the proximity of domains with opposite polarization.'”

This result demonstrates that the polarization from the
ferroelectric substrate spatially separates charge carriers,
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creating consequently preferred reduction and oxidation sites.
More recently, researchers have reported the enhancement of
PEC performance in ferroelectric thin films with a planar
geometry.'*™*° For example, Cao et al. showed that the
ferroelectric polarization in BiFeOj; thin films can controllably
increase the PEC efficiency, especially after poling pretreat-
ment.”

Moreover, Suzuki et al. have reported that the addition of
porosity in ferroelectric thin films generates an anisotropic
strain, which distorts the ferroelectric crystal lattice, promoting
the stabilization of the ferroelectric phase.21 In fact, it has been
observed that porous ferroelectric thin films show a higher
local piezoelectric response and an enhancement of electro-
mechanical properties compared to dense films.””~** On the
other hand, it has been demonstrated that ferroelectric
spontaneous polarization decreases according to the particle
size at the nanoscale. For example, for BaTiO;, it has been
reported that the ferroelectric switching disappears in the size
range of 5—10 nm.”> However, to the best of our knowledge,
only a small number of studies have been reported on
nanostructured ferroelectric thin films for PEC applica-
tions.”"*’ For example, Das et al. have demonstrated the
ability to control the ferroelectric polarization in different
morphologies of BiFeO; nanostructures upon application of an
external electric field, which leads to the tuning of the PEC
performance depending on the polarization orientation.”®
Moreover, Singh et al. have reported that a nanoporous
ferroelectric structure of Ag,Nb-codoped SrTiOj; films show an
enhancement of the PEC properties, thanks to their large
surface areas combined with ferroelectric polarization.
Interestingly, the porosity can be controlled by adjusting the
sacrificial nanopillar structures, and the annealing parameters
and the PEC response can be tuned by applz'ing an electric
field, which polarizes the nanocomposite film.”® Thus, it is of
great interest to study the impact of porosity on ferroelectric
thin film photoelectrodes, which are very favorable in
photoelectrocatalysis.

For these reasons, in the present work, we develop and study
porous BaTiO; (pBTO) thin films as photoanodes, prepared
by a soft template-assisted sol—gel method, which allows large-
scale coating calpability and precise control of the chemical
composition.”””’ We show that it is possible to tune the
porosity in BaTiO; thin films using a facile and low-cost
approach while retaining ferroelectric polarization. Impor-
tantly, we further demonstrate that the PEC performance can
still be controlled via the ferroelectric polarization in porous
BaTiO; thin films using electrochemical (EC) poling of the
porous films. This paves the way for morphology optimization
of ferroelectric photoelectrodes, thus improving their capa-
bilities for PEC applications.

B EXPERIMENTAL SECTION

Preparation of pBTO Thin Films. pBTO thin films were
prepared by a soft template-assisted sol—gel method.*"** All
chemicals were purchased from Sigma-Aldrich unless otherwise
stated.

1 X 2 cm? fluorine-doped tin oxide (FTO) glass (Sigma-Aldrich,
SKU 735167-1EA, L X W X thickness 300 mm X 300 mm X 2.2 mm,
surface resistivity ~ 7 /sq) substrates were sonicated sequentially in
deionized (DI) water, acetone, and 2-propanol for 15 min each.
Between each step, FTO glass substrates were blown with nitrogen, in
order to remove any possible dust/particulates deposited. In order to
prevent charge recombination at the interface between the pBTO
layer and the FTO glass,>® pBTO thin films were grown on compact

titanium dioxide (TiO,) used as a blocking layer (TiO,/pBTO). The
TiO, precursor solution was prepared from a titanium isopropoxide
(0.2 M) solution in ethanol, with the addition of HCI (0.02 M). After
that, the TiO, precursor solution was deposited by spin-coating (4000
rpm, 30 s), and was heated at 120 °C for 10 min and then at 500 °C
for 30 min.**

To prepare pBTO precursor solutions, different quantities of block
copolymer (BCP) Pluronic-P123 (0.2, 2, 3.5, S g; BASF Corporation)
were dissolved in absolute ethanol (3.8 mL) at 40 °C, under stirring
(2, 26, 47, 67 w/v %). Then, barium acetate (0.46 g; Thermo Fisher
Scientific) was added into glacial acetic acid (3 mL; Thermo Fisher
Scientific) at S0 °C under stirring, until complete solubilization. After
the solution was cooled down to room temperature (RT), an
equimolar amount of titanium butoxide (0.61 g) was added dropwise
to the barium acetate solution. The solution was stirred for 30 min at
RT. After the Pluronic-P123 solution was cooled down to RT, it was
added dropwise under stirring to obtain the final solution. The
mixture was stirred for 1 h at RT. Subsequently, the prepared barium
titanate precursor solutions were deposited by spin-coating onto the
compact TiO, layers on FTO glass at S00 rpm, S s (1st step) and then
3000 rpm, 30 s (2nd step), successively. The as-prepared thin films
were placed on a hot plate at 90 °C for 1 min and then 350 °C for 4
min. After that, the thin films were annealed at 750 °C for 10 min and
then cooled at 30 °C, at a ramp rate of S °C/min (Lenton Furnace,
model UAF 14/5). Hereafter, the TiO,/ pBTO thin films obtained are
named pBTO-0.2, pBTO-2, pBTO-3.5, and pBTO-S, according to the
quantities of BCP used.

Material Characterization. The morphology of pBTO thin films
was investigated by scanning electron microscopy (SEM) on an FEI
Inspect F, using an accelerating voltage of 5 kV. The estimation of
porosity from SEM images was obtained using Image] analysis
software, where the pores’ area was isolated by thresholding.’® The
analysis was repeated three times for each different pBTO thin film.

The thickness measurements of pBTO thin films were obtained
using Image] analysis, and they were performed 10 times for each
SEM cross-sectional image.

The transmittance of pBTO thin films was measured using a
PerkinElmer Lambda 950 UV—vis spectrophotometer in the 300—
600 nm range. The optical band gap (Eg) of pBTO thin films was
estimated using the Tauc relation,”® which is expressed as

ahv = C(hv — E,)"

where C is a constant, « is the absorption coefficient, hv is the incident
photon energy, and n is related to the type of transition. The direct
band gap energy E, of pBTO thin films was determined by the
extrapolated linear region of the plots at (ahv)* = 0.

To determine the overall porosity of pBTO thin films,
spectroscopic ellipsometry (SE) measurements using two surrounding
mediums (air and water) were carried out using samples deposited on
a Si substrate without a compact TiO, blocking layer, using a Semilab
SE2000 ellipsometer.

For ambient conditions, samples were placed on a hot plate (120
°C, 30 min) before measurements, in order to remove any possible
residual water molecules that remained in the pores. Application of
the Bruggeman effective medium approximation (EMA) allowed
accurate determination of the overall porosity of each pBTO
sample.”” In a subsequent step, and in order to confirm ambient
porosity calculations, porous samples were infiltrated with water and
SE measurements were fitted again using the same EMA but adding
water instead of air as a medium material*® The surface area of
different porous samples prepared in this work was determined by
ellipsometric porosimetry at atmospheric pressure, using water as a
solvent.”® Thus, adsorption isotherm at controllable humidity were
fitted using the Brunauer, Emmett, and Teller (BET) model. The
cross-section area for water was calculated as 0.105 nm® using
standard methods.*” All data analyses were performed using Semilabs
SEA software (v1.6.2).

The crystalline phase of pBTO thin films was investigated by X-ray
diffraction (XRD) using a PANalytical X'Pert Pro diffractometer,
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Figure 1. Soft template-assisted sol—gel method used for the preparation of BTO thin films. The procedure involves the following steps:
preparation of BTO precursor solution, where the inorganic component and the block copolymer (BCP) agent are combined and the hydrolysis/
polycondensation reaction takes place; after that, the BTO precursor solution is deposited on cleaned FTO glass by spin-coating, and the organic/
inorganic hybrid film is obtained. Finally, the deposited film is annealed (750 °C, 10 min) to remove the organic template and allow the BTO
crystallization, promoting the formation of porous BTO (pBTO) thin films.

(a)

pBTO-0.2 pBTO-2 pBTO-3.5

Top-view

Cross-section

2.0%10™
350] © pBTO thin films _pgig.glz
—pBTO-
—_ R2= 0.971 1.6x10" __ BTO-3.5
g 200, o —— pBTO-5
~ £ 1.2x10"
2 G
2 250 2
S 3 8.0%x10°1
= > Eq=3.33
= 200 5 ES: 3.37
~ 4.0x10°1 g= 3.65
Eg=3.65
150 . . . . . :
00 01 02 03 04 05 06 07 0.0 . .

28 30 32 34 36 38 40

P123 (g/ml) Eneray (6V)
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equipped with a Cu Ka source, with a 0.5° grazing incidence angle.
The XRD measurements were obtained from 26 = 20 to 70° with a
scan speed of 0.006°/s.

Raman spectroscopy measurements were carried out on a
Renishaw inVia confocal Raman microscope, using a 100X objective
and 442 nm as the excitation wavelength. The Raman spectra were
acquired after setting the accumulation and acquisition time to 3 and
100 s, respectively, in the 100—800 nm range. Piezoresponse force
microscopy (PFM) images were recorded using a Bruker Dimension
IconXR atomic force microscope to investigate the ferroelectric
response of pBTO-0.2 and pBTO-5 thin films. PFM imaging was
performed in DataCube mode (DCUBE PFM) by applying a DC
voltage sweep to the tip going from —8 to +8 V. DCUBE PFM height,
phase, and amplitude signals of pBTO-0.2 and pBTO-5 were acquired
off-resonance at 250 kHz and with 4 Vac. The PFM measurement is
accurate only when the electrostatic force is zero, that is, when the tip
voltage is equal to the surface potential; therefore, hysteresis loops
were measured without electrostatic field artefacts by using switching
spectroscopy PEM (SS-PFM) mode. This involves applying a series of
(“on-field”) write voltage segments for each of several (“off-field”)
read voltages (Figure S1). The purpose of the “on-field” segments is
to determine the voltage (between tip and sample) where the
polarization state of the material changes. The “off-field” segments
allow characterization of the material response after each of the “on-
field” segments to look for the state change and measure the material
response. By using a series of different “off-field” voltages, it is possible
to compensate for electrostatic field artifacts that arise due to the
difference in contact potential between tip and sample. During each
write and read voltage segments, the amplitude/phase versus contact
resonance frequency sweeps are performed. These are then fitted and
peak amplitude, quality factor, and corresponding phase values are
recorded. Plots of amplitude and phase versus write voltage are
extracted. The SS-PFM data were collected with minimum and
maximum write voltage segments ranging from —10 and +10 V,
respectively, in SO steps, going from low to high. The write time
duration of each segment was 10 ms. The minimum and maximum
read voltage segments ranged from —4 and +5 V, respectively, in 7
steps, going from low to high. The read time duration of each segment
was 20 ms.

PEC measurements were conducted on pBTO thin films with a
potentiostat (Gamry Potentiostat Interface 1000) using a three-
electrode configuration: a pBTO thin film as the working electrode,
Ag/AgCl as the reference electrode, and a platinum wire as the
counter electrode. All the PEC tests were performed at RT in 1 M
NaOH solution as an electrolyte. A solar simulator (Sciencetech,
class: ABA) was used for the front illumination of pBTO thin films.
All the PEC measurements were taken at AM 1.5 G 1 sun (100 mV/
cm?).

To acquire linear sweep voltammetry (LSV) curves, the potential
was swept from —0.6 to +0.6 V versus Ag/AgCl at a rate of 10 mV/s.
The LSV measurements were performed in triplicate for each type of
the pBTO thin film.

To investigate the effect of ferroelectric polarization on PEC
performance, EC poling was carried out on pBT0-0.2 and pBTO-5
using a two-electrode cell configuration. The pBTO thin film and a
platinum wire were used as the working electrode and the counter
electrode, respectively, in a non-aqueous electrolyte solution (0.1 M
LiClO, in propylene carbonate). The EC poling was conducted using
a Keithley 2400 by applying alternatively +8 V/—8 V on a platinum
electrode for five steps (10 s each). The last potential was +8 or —8 V
to obtain a remnant Py, or P, respectively. The current flow
between the sample and the counter electrode was monitored to be
not higher than 1 mA in order to avoid damaging the sample.'**’

After EC poling, pBTO thin films were washed with DI H,O,
acetone, and ethanol and dried in air before performing LSV
measurements.

B RESULTS AND DISCUSSION

An overview of the fabrication method is shown in Figure 1.
Porous architectures were created following the so-called soft
template-assisted sol—gel method. To this end, BCP micelles
were mixed in solution with inorganic sol—gel precursors and
deposited on FTO substrates. In a subsequent step, the hybrid
composites were transformed into the final porous BTO film
by thermal calcination. This is in line with previous studies,
where controllable porous materials were synthesized using
BCPs as sacrificial structure-directing agents. Indeed, following
this approach, the pore size can be tuned by controlling the
BCP molecular weight*' or by the addition of swelling agents
to the hybrid solution,” while the total sample porosity
directly relies on the final organic/inorganic ratio.**

SEM top-view images confirm the porous structure of pBTO
thin films (Figure 2a). In particular, the films show a solid
matrix with interconnected pores. Furthermore, it is possible to
observe that by increasing the concentration of P123 BCP, the
pore area gradually increases (Figure 2a top view). The
morphological features are also investigated through cross-
sectional SEM images, where the grains are vertically stacked,
and the gaps between them are the pores (Figure 2a cross-
section). Moreover, the thickness of pBTO thin films is linearly
proportional to the P123 BCP concentration, calculated as the
quantity of BCP over the total volume of the precursor
solution (R* = 0.971). This is expected as the volume occupied
by the organic sacrificial template present in the thin films
deposited by spin-coating is higher in pBTO-5 compared to
pBTO-0.2. For this reason, the pBTO-5 thin film is thicker
(Figure 2b).

The transmittance spectra of pBTO thin films show band
edges within 350—380 nm across the UV light range (Figure
S2). It can be observed that the absorption coefficients of the
pBTO thin films are higher compared to those reported for
ceramic samples* but in the same order of magnitude as
barium titanate thin films prepared by sol—gel methods.*~*’
Indeed, the preparation technique and the related stoichiom-
etry of the films can influence the optical properties.*®
Moreover, previous research has reported an increment of
the absorption coefficient in porous films,"~>" as the porosity
present in the films can act as light scattering centres, resulting
in higher absorption of the Iight.49 On the other hand, the high
absorption coefficient could also be related to the presence of
imperfections in the films (e.g., defects, disordering, and oxygen
vacancies).” The band gap energies estimated from the Tauc
plot are in the range 3.3 to 3.6 eV (Figure 2c), which is close to
the value reported for bulk samples (3.4 eV),>* and it is in
accordance with values previously reported for BT'O thin films
prepared by the sol—gel method (3.7 eV).* Indeed, it has
been found that the preparation technique can induce
variations in the stoichiometry and defect distribution of the
films, leading to differences in the estimated band gap
energies.48 Moreover, the slight variation between the
estimated band gap energy values of pBTO thin films could
be related to scattering effects which can arise in porous
samples. This has previously been demonstrated to lead to an
apparent absorption enhancement due to light scattering,
which influences the measured transmittance spectra, including
the position of the absorption onset used to determine the
band gap>® (Figure S2).

Ellipsometric assessment of pBTO thin films presented in
this work was conducted to verify the control of porosity by
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adjusting the P123 BCP concentration. Due to a significant
fraction of pores > 50 nm, the determination of pore size
distribution via capillary condensation was not applicable, and
therefore an alternative approach was followed as shown in
Figure $3.>* In a first step, a non-porous BTO (npBTO) thin
film is used to establish the optical characteristics (n and k) of
the pristine material (Figure S3(i)). The application of a
Cauchy dispersion model displayed a reasonable fit with
optical parameters acquired for the npBTO film (Figure S4).
The obtained refractive index of the film (1.98 at 632 cm™) is
slightly lower than the one reported in the previous literature
(2.33).>> This small variation can be explained taking into
account the presence of certain intrinsic porosity, probably due
to the material deposition process by spin-coating, and visible
in the corresponding SEM image (Figure 3a). Considering that
all BTO samples present in this study are deposited in the
same conditions, this residual porosity can be neglected.

The optical parameters of npBTO were used as reference
values to determine the porosity in all porous pBTO thin films.

In a second step, pBTO-0.2, pBTO-2, pBTO-3.5, and
pBTO-5 samples were characterized following the same SE
protocol. In all these cases, ellipsometer angles (¥ and A)
were fitted using a Bruggeman EMA to extrapolate the overall
porosity of each pBTO sample (Figure SS). Thus, a
homogeneous flat layer with a certain volume fraction of
each component (BaTiO; and air) was established (Figure
S3(ii)). In the final step, pBTO samples were infiltrated with
water to confirm the porosity values previously obtained
(Figure S3(iii)). In this case, a homogeneous flat layer with a
certain volume fraction of BaTiO; and water was used as a
starting point for the modeling. Similar to the previous case,
ellipsometer angles (¥ and A) were fitted using a Bruggeman
EMA to determine the overall porosity of each pBTO sample
(Figure S6).

Table S1 summarizes the porosity of pBTO thin films
obtained using SE-air, SE-H,O, and SEM analysis. The
porosity values acquired by SE-air and SE-H,O show a linear
dependence with P123 BCP concentration, in agreement with
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Figure S. PFM phase signals of pBTO-0.2 and pBTO-5 extrapolated at —8, 0, and +8 V (scale bar: 200 nm), during a ramp from —8 to +8 V (a,c)
and the corresponding phase hysteresis loops, measured using SS-PFM (b,d).

the ones estimated from image analysis of the SEM
micrographs (Figure 3b). However, in all cases, the porosity
values obtained by SE are higher compared to the ones
obtained by SEM. We note that the estimation of porosity
from SEM images only refers to the surface of the samples,
contrary to SE, where the whole film thickness is analyzed,*®
which would account for this systematic underestimation of
porosity by SEM analysis.

Porosity values obtained after infiltration (SE-H,0) show a
good reproducibility when compared with the ones obtained
for ambient measurements (SE-air), showing in both cases
similar values for high and medium P123 BCP concentrations
(Figure 3b). However, for low organic content (pBTO-0.2),
SE results show a slight discrepancy (36 vs 44%). A likely
reason for the discrepancy in the pBTO-0.2 sample may be
incomplete water infiltration due to limited pore accessibility
due to the lower porosity and pore size compared to the rest of
the pBTO thin films.

Moreover, the surface area (S) of pBTO thin films was
determined from the ellipsometric adsorption isotherms by
applying the BET method. Figure S7 shows the BET plots
obtained for the samples presented in this work. By fitting the
experimental values in the linear range (0.05 < p/po < 0.3), the
corresponding surface areas were calculated. A clear reduction
in the surface area can be identified with the increase in the
concentration of the P123 BCP in the starting solution from
pBT0-0.2 (524 m*/cm?) to pBTO-5 (340 m*/cm?). This is in
line with observations by top-view SEM analysis (Figure 2a).
Thus, the higher the BCP concentration, the bigger the pores
in the final inorganic structure and therefore the lower the
surface area.

To investigate the crystalline phase, XRD analysis was
performed on pBTO thin films, which clearly show the peaks
referred to BTO crystals (Figure 4a). However, it is difficult to
discriminate between the cubic (paraelectric) phase and the
tetragonal (ferroelectric) phase using XRD. It has been
reported that the strain can stabilize the cubic (paraelectric)
phase in BTO at RT despite the tetragonal (ferroelectric)

phase being the most thermodynamically stable.””>® There-
fore, it is important to confirm that the pBTO thin films we
have produced in this work are tetragonal by analyzing the
XRD patters in more detail. In general, compared to the cubic
phase, the XRD pattern referred to the BTO tetragonal
structure show split peaks at 20 = 45° into two peaks at 260 =
44.8° and 260 = 45.4°, which correspond to hkl Miller indices
(002) and (200), respectively (JCPDS 05-0626). For the
pBTO thin films, the presence of this splitting is not distinctly
observable, probably because the polycrystalline nature of the
film broadened the peak width®” (Figure 4a). In addition, all of
the peaks in the XRD pattern of pBTO-5 show a lower
intensity compared to pBTO-0.2, including the peak at 20 =
45° making the analysis of this peak more challenging (Figure
4b). The overall reduction in XRD signal intensity from
BaTiO; compared to the substrate-related peaks is expected, as
when increasing the concentration of P123 BCP the volume
fraction occupied by the BTO inorganic precursors present in
the film deposited by spin coating is lower, and a higher signal
intensity is obtained from the substrate through the pores.

To further investigate the crystalline phase, Raman spec-
troscopy was performed on the pBTO-5 thin film and
commercial BTO powder, annealed at 1200 °C for 12 h,
which is used as the reference sample. BTO powder shows the
peaks at 275, 305, 520, and 720 cm ™', which are assigned to
the A,(TO), B, + E(TO + LO), E(TO) + A,(TO), and
E(LO) + A;(LO) Raman active modes, which clearly
correspond to the tetragonal phase of BTO® (Figure 4c).

In the pBTO-5 thin film, the presence of the peaks relative
to the Raman modes of tetragonal BT O is confirmed except for
the splitting of A;(TO) mode. This can be attributed to the in-
plane compressive strain induced by porosity, which enhances
the stability of the ferroelectric phase.”’ We can therefore
confirm that the pBTO-$ thin films are in the tetragonal,
ferroelectric phase. In addition, the Raman active mode
detected at 639 cm™! in the pBTO-S thin film is most likely
attributed to the anatase phase of TiO,** (Figure 4c).
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Figure 6. LSV measurements of BTO thin films (a) and relative current density values extrapolated at 1.19 V vs RHE (b) and relative correlation
with the surface area (inset); LSV curves of pBTO-0.2 (c) and pBTO-5 (d) obtained before and after EC poling and comparison of the current
density values obtained at 1.19 V vs RHE (f); schematic of the band-bending phenomenon, which occurs at the pBTO/electrolyte interface (e).

To study the ferroelectric response of pBTO thin films, PFM
was obtained for pBTO thin films with lower (pBT0-0.2) and
higher (pBTO-5) porosity. The topographic images show the
grain structure of the pBTO films where the presence of pores
is further confirmed. However, the pores are not well-defined,
probably because of the use of the PFM contact mode, which
is not particularly suitable for the resolution of film
topography. Moreover, it is possible to observe that the
BTO grain structure is larger in pBTO-$ than in pBT0-0.2, in
agreement with SEM images (Figure S8a).

The PFM phase images of pBTO-0.2 and pBTO-5 show
clear regions in the samples with different contrast, which

reflect grains randomly split into domains of opposite
polarities. The dark areas correspond to the domains with
polarization oriented toward the substrate (Py,,,). In contrast,
the bright regions are domains with polarization terminated at
the free surface of the film (P,). As the DC voltage was
increased from —8 to +8 V, the domains switched their polarity
in both samples (Figure Sa,c). This behavior is also observed in
the PFM amplitude images (Figure S8b(iiii)).

Analyzing the PFM phase images in more detail, the
switching of the domains appears more complete for pBTO-5
compared to pBTO-0.2. This evidence could be related to the
relationship between grain size and piezoresponse. According
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to previous research,”®* larger grains usually exhibit stronger
piezoresponse signals compared to smaller grains. Therefore, as
a consequence, small grains could be more difficult to switch in
polarity, with respect to large grains. This result is also
reflected in the PEC performance after the EC poling
procedure, which is discussed further below.

However, it has been found that surface charging and
electrostatic interaction between the tip and the sample can
contribute to create contrast in PFM images, which can be
unrelated to the presence of ferroelectricity.”>°° Thus, to
confirm the ferroelectric behavior of pBTO thin films, we
performed SS-PFM, which removes electrostatic contributions
that can affect the signals measured by traditional PFM
modes.”’” Figures 5b,d and S8b(ii,iv) show the PEM phase and
amplitude hysteresis loops, respectively, acquired using SS-
PFM. The phase loops show clear switching with a phase
difference of close to 180° as expected for BaTiO;, and the
amplitude loops show a clear “butterfly” shape. These results
clearly confirm the ferroelectric properties of the pBTO
samples of both high and low porosity. The phase loop is also
narrower for pBTO-5 samples, indicating a smaller coercive
field, in agreement with the more complete domain switching
seen in the PFM images for these samples.

Therefore, we can conclude that the PFM phase and
amplitude signals obtained demonstrate spontaneous polar-
ization switching by applying an electric field in pBTO-0.2 and
pBTO-S thin films and the SS-PFM hysteresis loops, in
combination with Raman spectroscopy, showing the tetragonal
(ferroelectric) phase and EC poling results, that will be
discussed further below, give strong evidence in support of the
ferroelectricity of these samples.

After confirming the ferroelectric behavior of pBTO thin
films, we tested their PEC properties under chopped
illumination. All pBTO thin films show higher photocurrent
density than the non-porous BTO (npBTO) samples,
suggesting that the inclusion of porosity is beneficial. We
note that for fair comparison to the pBTO films, the npBTO
films used for these tests were deposited on FTO glass with a
compact TiO, blocking layer. The films still demonstrated a
non-porous structure when using these substrates (Figure S9).
Moreover, the LSV curve of the compact TiO, blocking layer is
shown in Figure S10, confirming that no additional
contribution in the PEC performance arises from this layer.

Furthermore, from the current density—voltage (J—V)
curves of pBTO thin films, it is possible to observe that
when increasing the concentration of P123 BCP, the measured
current density gradually decreases (Figure 6a), with pBTO-
3.5 and pBTO-S displaying very similar values. When
considering the photocurrent values extrapolated at 1.19 V
versus RHE and obtained across a range of samples, this trend
can be seen more clearly (Figure 6b), and it can be seen that
the pBTO-3.5 and pBTO-§ indeed show comparable values of
photocurrent density within the spread of error across the
measured samples. Nevertheless, it is clear that at 1.19 V versus
RHE, pBTO-0.2 shows an enhancement of the photocurrent of
about 3 yA/cm® compared to pBTO-5 (Figure 6b).

This result could be related to the presence of a high
number of smaller pores in pBT0-0.2, according to the SEM
analysis, which leads to higher surface area and consequently
improvement of PEC performance. In contrast, although
pBTO-S shows greater overall porosity, this is comprised of
larger pores, which results in a lower surface area overall and a
decrement of overall PEC response. This is confirmed by the

measured surface area values of pBTO thin films discussed
above and reported in Figure S7. From the inset in Figure 6b,
it can be seen that the photocurrent density at 1.19 V versus
RHE shows a good correlation with the surface area of the
samples.

Therefore, we can conclude that the introduction of porosity
into a BTO photoanode does indeed improve the PEC
photocurrent but that a basic increase in overall porosity via
inclusion of increasing quantities of BCP does not necessarily
increase PEC photocurrent further. Instead, careful consid-
eration must be given to the morphology of the porous
photoelectrode, where a greater number of smaller pores is
preferable, as it leads to an overall increase of interfacial area in
contact with the electrolyte.

As previously reported, one of the beneficial and fascinating
properties of ferroelectrics as photocatalysts is the ability to
switch their photocurrent response via controlling the
polarization orientation.”® Therefore, to investigate the effect
of ferroelectric polarization on PEC response, we performed
EC poling on pBTO thin films at lower (pBTO-0.2) and
higher (pBTO-S) porosity and measured J—V curves after the
poling pretreatment. Compared to the unpoled state, the +8 V
EC poling induces an improvement of PEC performance in
both pBTO-0.2 and pBTO-S (Figure 6¢,d). This enhancement
in the PEC response can be related to the band-bending at the
pBTO/electrolyte interface resulting from the electrical
polarization. When pBTO is exposed to illumination,
electron—hole (e"—h") pairs are generated and e~ will migrate
to the C* surface while h* will move on the C~ surface,
according to the polarization direction where C* and C~
corresponds to the ferroelectric domains that show upward
and downward polarization, respectively. During positive
poling, the applied field in pBTO points toward the substrate,
aligning the ferroelectric domains with polarization downward
from the surface (C™), which in turn induces the formation of
an internal depolarization field (E,,) that opposes the
polarization direction. To obtain charge compensation, Ejg,
promotes hole accumulation at the surface of pBTO, leading to
upward band-bending. Therefore, positive poling enhances
hole transfer from the ferroelectric surface to the electrolyte to
participate in the water oxidation reaction, favoring the
performance of pBTO as photoanodes as observed (Figure
6e).

However, the effect of positive poling is more evident in
pBTO-5 compared to pBTO-0.2. Indeed, at 1.19 V versus
RHE, +8 V EC poled pBTO-5 shows an increment of the
photocurrent density of about 7 pA/cm® compared to the
unpoled counterpart. On the other hand, the +8 V EC poling
state of pBTO-0.2 shows a higher photocurrent density (8.6
uA/cm?* at 1.19 V vs RHE) than the unpoled state (6.8 uA/
cm? at 1.19 V vs RHE), but the increase of PEC response is not
as significant as in pBTO-5. This suggests that the PEC
performance cannot be changed drastically using EC poling
from the as-produced state in the pBTO-0.2 sample (Figure
6f).

This evidence can be correlated to the PFM results
previously reported for pBTO-5 and pBTO-0.2 thin films. In
the pBTO-S thin film, the almost complete domains switching
observed is reflected in a greater enhancement in the PEC
performance after positive poling, compared to pBTO-0.2,
where the smaller pores and grains of pBTO-0.2 may make
polarization switching more difficult.
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After —8 V EC poling, pBTO-0.2 exhibits a reduced
photocurrent density (4.5 wA/cm® at 1.19 V vs RHE)
compared to the unpoled state (6.8 yA/cm® at 1.19 V vs
RHE). Indeed, during negative poling, the applied electric field
points to the pBTO surface, generating the formation of
opposite Ey., which will create electron accumulation at the
surface of pBTO and consequently downward band-bending.
This leads to the presence of more electrons available for the
water reduction reaction (Figure 6e) but suppresses hole
injection and therefore photocurrent under anodic bias. This
trend in terms of PEC response is also observed in pBTO-$
which shows slightly lower photocurrent density after —8 V EC
poling (4 uA/cm?* at 1.19 V vs RHE), compared to the unpoled
state (4.4 uA/cm?” at 1.19 V vs RHE) (Figure 6f).

B CONCLUSIONS

In the present work, we synthesized and studied pBTO thin
films prepared by a soft template-assisted sol—gel method,
using different amounts of P123 organic sacrificial template.
The concentration-dependent tuning of the porosity is
evidenced by SEM analysis and spectroscopic ellipsometry,
using air and water as surrounding mediums. The combination
of these analyses indeed demonstrates the ability to tune the
porosity of the resulting materials architectures in a range from
36% to 60%. XRD analysis and Raman spectroscopy are
performed to confirm the tetragonal phase of the pBTO thin
films, which is responsible for the ferroelectric behavior of
BTO. In addition, using PFM, we verified the switching of
spontaneous polarization in pBTO thin films, which appears
more complete in pBTO-5 than pBTO-0.2. Owing to their
controllable porosity, pBTO thin films are promising
candidates as photoanodes, with all pBTO samples displaying
enhanced photocurrent compared to a non-porous BTO film.
We observed that when the quantity of the P123 block
copolymer was increased, the PEC response gradually
decreased, and this evidence can be related to the lower
surface area in pBTO-S, compared to pBTO-0.2. Moreover,
after performing +8 V EC poling, a clear improvement in the
PEC performance of pBTO-5 compared to pBTO-0.2 was
observed, which is in accordance with the PFM results
obtained. This suggests that positive poling is very favorable
when pBTO is used as a photoanode.

Thus, the controlled PEC response of a porous ferroelectric
film via EC poling has been demonstrated, which opens up
opportunities to tune and optimize the morphology of
ferroelectric films for PEC applications while still maintaining
the advantages conferred by ferroelectric polarization. For
example, Rioult et al. have reported a PEC performance of ca.
50 uA/cm?* at 1.2 V versus RHE for an epitaxial BTO thin film,
prepared using atomic oxygen-assisted molecular beam epitaxy,
which minimizes the defects in the films.'” Therefore, the
preparation of porous BTO thin films with tunable
morphological properties, using methodologies that allow
more precise control of the crystalline properties, could further
maximize the obtained PEC performance. Moreover, pBTO
thin films have a wide band gap and are therefore only UV-
responsive, thus the tuning of the band gap via doping, or the
use of the ever-increasing range of narrow band gap
ferroelectrics currently under development®~"* could be an
excellent route to pursue in the future.
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