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ABSTRACT

Ferroelectrics are crystalline materials that possess a permanent and reversible spontaneous
polarization. When applied in (opto)electronic devices, the presence of a polarization-induced
internal electric field can facilitate enhanced charge separation and transport. Changing the
polarization state additionally alters the electronic states and surface properties of
ferroelectrics, which can be exploited to gain better control over reaction activity and
selectivity when ferroelectrics are used as catalysts. For these reasons, ferroelectrics offer
significant potential as new generation photoelectrodes. Given the growing interest in their

use for photoelectrochemical applications, it is timely to thoroughly review the intricate
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interplay between ferroelectric properties and photoelectrochemical performance, The fG¢1S 5 a1s;
of this review article is to provide such a comprehensive background. We cover the design
strategies used thus far for ferroelectric-based photoelectrodes through microstructure tuning,
thin film configuration control, and chemical modification through introducing defects and
dopants, with a particular focus on factors that impact photoelectrochemical performance.
Experimental design considerations for ferroelectric photoelectrodes, including material
fabrication, poling methods, and electrolyte selection, which play important roles in
ferroelectric-based photoelectrochemical systems, are also highlighted. Ultimately, this
review is expected to set the stage for innovative breakthroughs in the design and synthesis of
high-performing ferroelectric-based photoelectrodes for sustainable solar fuel and chemical

generation.
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2 The need to find environmentally-friendly and renewable energy options to replace fossil
3 fuels has driven significant advancement in solar energy conversion technologies.!
4  Photoelectrochemical (PEC) or photoelectrocatalytic systems have emerged as a promising
5 approach as they exhibit the capacity to capture solar energy during the day and convert it
6  into valuable chemicals or energy carriers that are available to use during both the day-time
7  and night-time.>? PEC systems are relatively simple without expensive solar-to-electricity
8  infrastructure requirements.* For example, Shi et al. have demonstrated a PEC system to split
9 water into hydrogen and oxygen with more than 5.7% solar-to-hydrogen conversion
10  efficiency using BiVOy-sensitized mesoporous WO3/Pt films and a porphyrin-dye-based
11  photoelectrode without any external bias.’> In recent progress, the application of PEC
12 reactions has been expanded beyond water splitting into producing sustainable platform
13 chemicals. For instance, a PEC system developed by Reisner et al. integrated an alcohol
14  oxidation reaction with a carbon dioxide reduction reaction (CO,RR) in a tandem PEC

15  configuration.® The unique system delivered simultaneous and bias-free aldehyde (value-

Published on 03 December 2024. Downloaded on 12/10/2024 3:57:02 AM.

16  added chemical) and formate (energy carrier) production under visible-light illumination.

17 Beyond the traditional semiconductors commonly used in PEC systems, ferroelectric
18  materials, particularly the family of perovskite oxides with the general formula of ABO;,
19  have attracted much attention.”® Ferroelectrics are a distinct class of materials with non-
20 centrosymmetric crystallographic structures capable of responding to an external electric
21  field.!"® The mismatch between the cation and anion centers of ferroelectric materials
22 generates a dipole moment, known as polarization, which can accelerate charge carrier
23 separation.!"'> For example, Jiang and co-workers demonstrated a polarization-induced
24 improvement in a BaTiOj; ferroelectric semiconductor on a CdS photoanode. Upon inducing

25  polarization, a 3-fold increase in photocurrent density was observed for PEC water splitting.'3
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Furthermore, the surface adsorption and desorption behavior of ferroelectric materials catibBe . a1or

controlled by manipulating their polarization state, improving control over reaction activity
and selectivity.!%!5 These unique features of ferroelectric materials make them promising for

use as photoelectrodes in PEC cells.

Although ferroelectric materials have shown potential as photoelectrodes, poor light
absorption and photoelectrode stability represent primary challenges.!® Purely ferroelectric
photoelectrodes can only deliver photocurrent densities in the order of tens of pA cm™.
Implementing strategies such as oxygen vacancy formation, heterojunction construction,
carbon-based material incorporation, and plasmonic element introduction can further advance
photocurrent densities to the mA c¢cm™2 range.!”?! These improvements have been associated
with a larger range of light absorption, or improved charge separation to prevent self-
oxidation and self-reduction.!’! Such studies underlic the importance of a thorough

understanding on the intrinsic ferroelectric properties of the materials.

While reviews on the utilization of ferroelectric materials in solar harvesting technologies are
available,?>2* there is a notable gap in the discussion of the design principles necessary to
construct ferroelectric-based photoelectrodes for various PEC applications. For example, Yu
and co-authors described recent advances in ferroelectric materials for PEC applications,
while Kim et al. summarized ferroelectric materials employed in PEC systems with an
emphasis on water splitting reactions.?>** In 2020, Li and co-workers published a review on
implementing ferroelectric materials in PEC and photocatalytic water splitting, discussing
how the internal electric field can be used to enhance water splitting performance.?
Understanding the fundamentals of ferroelectrics and PEC is essential to designing
ferroelectric-based PEC systems that are high-performing, durable, and scalable. Therefore, a
systematic exploration of strategies for designing ferroelectric photoelectrodes, from both

PEC and materials viewpoints, is crucial.
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1  The current review offers an in-depth analysis of ferroelectric photoelectrodgs, for, BEG a5k
2 systems, addressing ferroelectric  photoelectrocatalyst design  strategies  and
3 photoelectrocatalytic cell configuration. We begin with an introduction to the general
4  working principles and overview of popular ferroelectric materials for PEC systems (Section
5 2). This is followed by an in-depth assessment of various design strategies from PEC and
6  materials standpoints, including the effects of: (i) microstructure by tuning of crystallography,
7  orientation and morphology; (ii) thin film configuration control through thickness and/or
8  heterojunction formation; and (iii) chemical and structural modification through doping
9 and/or defect engineering (Section 3). Section 4 addresses the experimental design strategies
10  for ferroelectric photoelectrodes, including fabrication methods, polarization method, and
11 electrolyte selection. Finally, we conclude the review in Section 5 with an outlook and

12 perspective of advancement of PEC systems with ferroelectric photoelectrodes.
13
14 3. Ferroelectric materials as photoelectrodes

15  In the operation of a typical PEC system, there are three major steps involved as shown in Fig.

Published on 03 December 2024. Downloaded on 12/10/2024 3:57:02 AM.

16  l1a: (1) light absorption and photo-induced charge generation; (2) charge transfer and
17  separation; and (3) charge consumption.”> For the initial step, light is absorbed by a
18  semiconductor with an appropriate bandgap, exciting electrons and producing photogenerated
19  electron-hole pairs, which are then separated. The excited electron migrates to the
20  photocathode, leaving behind a hole which is transferred to the photoanode surface. Ideally,
21 the photogenerated charges are then consumed by reactions on the photoelectrode surfaces. It
22 is essential that the conduction band (CB) and valence band (VB) of the semiconductor have
23 appropriate potentials for the desired reduction and oxidation reactions. For example, in the

24 water splitting reaction, the semiconductor CB must be more negative than the hydrogen
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evolution reaction (i.e., the reduction potential of H"; Ecg <E%q), while the VB mustbHe

more positive than the water oxidation potential (Eyg > E)).
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Figure 1. Schematics depicting (a) the PEC water splitting mechanism on conventional
photoelectrodes which involves three steps: (1) light absorption and charge generation; (2)
charge transfer and separation; and (3) charge consumption through surface catalytic

reactions; (b) The effects on charge transport and water interaction in PEC water splitting due
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1  to poling of ferroelectric photoelectrodes. The colors of the arrows indicate the rglatiye ¥ateS . a1ok

2 of charge transfer, with faster indicated by green and slower by red.

4  The semiconductor bandgap significantly influences photoelectrode performance as it
5 regulates light spectrum absorption and hence charge generation. A semiconductor material
6  with wide bandgap (wider than 3 eV) is activated only by UV light and is not ideal for solar
7  irradiated-PEC applications. On the other hand, the photovoltage generated by narrow band-
8  gap semiconductors is not sufficient to drive the reactions.?® Consequently, for a common
9 PEC water splitting application, a bandgap in the range of 1.6-2.6eV is required to
10  efficiently absorb solar radiation and drive the reactions.?” Various strategies to engineer the
11 system’s light absorption, such as introducing vacancies into the semiconductor, plasmonic
12 doping, and surface modification using photosensitive materials, have been established.!8-20-27-
13 ?° For instance, introducing oxygen vacancies by hydrogenating a bismuth ferrite (BiFeOs /
14 BFO) photoelectrode has been shown to reduce the bandgap from 2.1 eV to 1.9 eV, thereby

15  broadening the light absorption range of the photoelectrode.?®

Published on 03 December 2024. Downloaded on 12/10/2024 3:57:02 AM.

16  Immediately after the charges are generated, it is crucial to swiftly separate and utilize them
17  to minimize charge recombination. At the current developmental stage, electron-hole pair
18  recombination is a significant obstacle in PEC applications.>> Several key strategies such as
19  shortening the charge migration distance, increasing the charge lifetime, enhancing the
20  conductivity of the semiconductor, and strengthening the driving force for charge separation
21  and migration have been explored to suppress charge recombination.?! These approaches are
22 implemented by modifying the photoelectrodes by nanostructure engineering, introduction of

23 dopants, crystal facet engineering, and formation of heterojunctions.3-°
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Ultimately, the photogenerated electrons and holes should be consumed for redyction @i a1or

oxidation reactions at the surfaces of the (photo)cathode and (photo)anode, respectively. At
this step, the reaction kinetics, including the adsorption and/or desorption of the reactants
and/or products play a determining role in the efficiency and selectivity of the reactions.*
Several reviews have addressed how these critical steps can be promoted for conventional
photoelectrode systems, such as by introducing surface passivation layers,*! improving

charge dynamics,** introducing co-catalysts,*3 and employing alternative reactions.**

Various ferroelectrics have been implemented as photoelectrodes for different PEC
applications, as summarized in Table 1.4 Among these, titanates (e.g., PbTiO3 / PTO and
BaTiO; / BTO) are the most widely studied ferroelectric materials as photoelectrodes,
followed by the group of ferrites, which is dominated by BiFeOs;. The increased interest in
ferroelectric photoelectrodes can be attributed to their permanent and reversible intrinsic
electric polarization upon exposure to an external electric field, which can improve PEC
performance particularly by facilitating photo-induced charge separation and suppressing
charge recombination,'! hence potentially overcoming one of the main limiting factors in
current PEC systems. As depicted in Fig. 1b, switching the polarization state of a
ferroelectric material induces the displacement of charged ions within the material, leading to
a non-neutral surface charge. The charged surface generates an electric field at the
semiconductor-electrolyte interface (SEI) and across the whole ferroelectric layer which will
affect the rate of charge transfer to the surface and/or the conductive substrate. Moreover, the
two distinct surfaces of ferroelectric materials in different polarization states could tailor the
adsorption strengths of reactants and products, allowing enhanced activity as well as better

control over the selectivity of the products.4>-33

Many studies have demonstrated these features of ferroelectric photoelectrodes in PEC

reactions.!”-19-31:34-56 For example, Augurio et al. demonstrated that ferroelectric polarization
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1 can enhance PEC performance of a BaTiO; photoanode.’! The enhanced PEC performaiicess aion
2 was attributed to band bending at the BaTiOs/electrolyte interface which facilitated faster
3 charge separation. In the case of controlling the adsorption strength, an In,Se; monolayer has
4  been shown to exhibit reversible chemical-physical adsorption by ferroelectric switching,
5  demonstrating the potential for controlling catalytic reactions through polarization changes.>’
6  The polarization-dependence of adsorption strength has also been shown on oppositely poled
7  LiNbOj; surfaces — on a positively-charged LiNbO; surface, the peak desorption temperature
8 for acetic acid was observed to be 100 K higher compared to the negatively-charged
9  surface.’® Further, the interactions of H,O and CH3OH with LiNbO; were influenced by the
10  polarization direction, demonstrating the potential realization of tunable catalytic reactions on

11 the ferroelectric surface.>®

12 The unique phenomenon of polarization-induced surface reconstruction particularly opens
13 avenues for designing cyclic catalytic pathways in PEC and related applications, both for
14  liquid- and gas-state adsorbates. An intriguing example comes from the work by Kakekhani,

15  who developed a model for catalytic NO, decomposition and water splitting over a PbTiO;-

Published on 03 December 2024. Downloaded on 12/10/2024 3:57:02 AM.

16  based catalyst.!*!5 By cyclically switching the polarization, it was predicted that variations in
17  the thermodynamically stable surface termination could be harnessed to drive desired
18  reactions, as depicted in Fig. 2. The findings illustrate the potential of ferroelectric materials

19  to revolutionize catalytic processes.
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Figure 2. Schematic of proposed water splitting reaction by cyclic switching between the
negatively poled and paraelectric (001) surface of PbTiO;. Two H,O molecules are adsorbed
and dissociated on the negatively poled surface to produce bound atomic H. When the surface
is switched to the paraelectric phase, the H atoms recombine to form weakly bound H,,
creating a pristine surface ready for the next cycle. Reproduced with permission.!* Copyright

2016, Royal Society of Chemistry.

The early development of ferroelectric photoelectrodes was dominated by lead titanate
(PbTiO;), which has a space group of P4-mm and Curie temperature (7¢) of 495 °C.%° One of
the earliest studies reported fabrication of a PbTiO3-PbO composite photoelectrode from a
mixture of PbO, and TiO, which had undergone solid-state sintering.®! Given the infancy of
its development at the time, single-phase PbTiO3; was not achievable, with PbO also being
present. Nevertheless, the early PbTiO;-PbO photoelectrode exhibited impressive PEC
performance with an open-circuit potential (V,.) of 0.38 V and solar-to-electrical conversion

efficiency of 0.04% under 100 mW cm-? white-light illumination. Single-phase PbTiO; has
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1 since been successfully synthesized by various methods, including hydrothermal . @id; ook
2 chemical ripening processes using TiO, and PbO precursors.5>% It has consequently been
3 shown that the spontaneous polarization of PbTiO; produces polarization-dependent band
4  bending that suppresses electron-hole pair recombination, thus enhancing PEC
5  performance.®3-%° However concern regarding lead toxicity has seen the attractiveness of
6  PbTiO; by the PEC community diminish, leading to interest in other metal-oxide ferroelectric

7  materials.

8 Thus, as a lead-free alternative, barium titanate (BaTiO;) has emerged as a popular

9  photoelectrode. In addition to the environmental and health issues, the absence of lead makes
10  BaTiO; more robust compared to PbTiO; as it is free from the issues of high vapor pressure
11 and lead volatility, ensuring stable stoichiometry, better mechanical stability, and long-term
12 reliability.” Moreover, BaTiO; has a T¢ of 120 °C, which is still within the operation range
13 of PEC applications (normally lies below 100 °C). BaTiO; has exhibited great potential for
14  PEC systems due to its beneficial characteristics including appropriate band positions,

15 abundant oxygen vacancies, tunable particle size and morphology, robust spontaneous

Published on 03 December 2024. Downloaded on 12/10/2024 3:57:02 AM.

16  polarization, rapid migration of photogenerated charge carriers, and band bending.!6-37:43:51.71-
17 74 Despite these advantages, the large bandgap of BaTiOs (3.2 ¢V) means it captures less than
18 5% of solar photons due to its narrow absorption capability, limiting its application as a

19  photoelectrode for PEC solar conversion. !¢

20 Beyond PbTiO; and BaTiOs;, BFO has recently received significant attention over the past
21 decade due to its bandgap (2.3-2.7 eV) being more appropriate for solar harvesting.
22 Additionally, its suitable band position for the hydrogen evolution reaction (HER), non-toxic
23 nature, and earth-abundant metal constituents make BFO promising for PEC applications.
24  Huang et al. reported a remnant polarization (P;) value of ~84.9 uC.cm™2 for BFO, which

25 results in a strong polarization electric field and hence good band bending and charge
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separation during the PEC process.”> However, BFO is reported to suffer from large cutfénts oo

leakage. In a PEC system, current leakage can accelerate photoelectrode depolarization,
leading to poor photoelectrode stability and progressive loss in performance.’® Strategies
have been implemented to address this issue including elemental doping and defect

engineering.?’.77-80

Other commonly studied ferroelectric photoelectrodes include alkali niobates (NaNbOs,
LiNbO;, KNbO;) and tantalates (NaTaOs, LiTaOs, KTaOs). The niobates and tantalates have
been attracting attention as PEC electrode materials as they are lead-free and exhibit
outstanding ferroelectricity originating from distortion of [NbOg] or [TaOg] octahedra. 33-81-83
Also, for tantalates, the Ta—O—Ta bond angles are reported to assist in delocalizing the

excited energy to facilitate catalytic reactions.?*

As mentioned earlier, to employ ferroelectric materials as photoelectrodes, the optical,
electronic, and ferroelectric properties of the materials need to be initially screened.
Important parameters including the saturation polarization intensity (Ps), the remnant
polarization intensity (P;) and the coercive field (£.) can be deduced from the polarization
strength-electrical field (P-E) loops, as shown in Fig. 3a.3> These parameters and the shape
of the hysteresis loop are important to define the performance of ferroelectric materials and
devices. Generally, a larger remnant polarization value is better as it indicates stronger
polarization remaining within the material after the electric field is removed. Coercive field
indicates the strength of the electric field at which the macroscopic polarization disappears,

with higher values being preferred.

From the semiconductor standpoint, the material should have a suitable bandgap that
facilitates solar light absorption (ideally around 1.6 — 2.6 eV for water splitting applications).

As shown in Fig. 3b, the wider the bandgap, the lower the theoretical photocurrent density,
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1  and the lower the solar-to-hydrogen conversion efficiency. The electronic band pogitions (Rig. a:or
2 3c) of the photoelectrode must be evaluated against the standard redox potentials of the
3 reactions involved. Assignment of a ferroelectric semiconductor as a photocathode or
4 photoanode could be justified by comparing the band-edge positions against the standard
5 redox potentials of the targeted reactions (e.g., 0 V vs. NHE for HER and 1.23 V vs. NHE for
6  water oxidation, OER). The intrinsic semiconducting type of each material also requires
7  consideration when assigning a ferroelectric material as a photocathode or photoanode — an
8 n-type semiconductor is usually employed as a photoanode and a p-type semiconductor as a

9  photocathode.

(a)
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11 Figure 3. (a) Typical hysteresis loop of a ferroelectric material, with corresponding domain

12 reversal (polarization rotation) state and strain—electric field curve. Reproduced with
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permission.®® Copyright © 2013, John Wiley and Sons. (b) Theoretical maximu. solatot0s: a1l
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hydrogen (STH) conversion efficiency (left axis) and photocurrent (right axis) as a function
of material bandgap. Reproduced with permission.?” Copyright © 2013, The Authors,
published by Springer. (¢) Band edge positions of different ferroelectric semiconductors used

in water splitting.

4. Design Strategies for Ferroelectric Photoelectrodes
The capability of ferroelectric-based photoelectrodes in enhancing charge separation and
controlling reaction selectivity for PEC applications has been proven. Nevertheless, bare
ferroelectric materials have so far exhibited very low photocurrents due to their wide
bandgaps and substantial defect-induced current leakage. The next section of the review
outlines essential design strategies for ferroelectric-based photoelectrodes, including
microstructure tuning, thin film configuration design, and chemical modification, to provide
future directions to enhance the PEC performance of ferroelectric photoelectrodes.
Collectively, the strategies contribute to developing high-performance ferroelectric-based

photoelectrodes for PEC applications.

3.1.Microstructure Tuning
The properties of ferroelectric materials strongly depend on their crystallographic
microstructure, especially on the crystal growth orientation. Polycrystalline ferroelectric
materials present polydomain structures where oppositely aligned domains may reduce the
net polarization and hence nullify the ferroelectric enhancement in most cases.?® This effect
will also lead to higher charge recombination in a polycrystalline ferroelectric compared to a
single-crystal ferroelectric.%® Therefore, it is generally preferable to use single-crystal

materials. He et al. successfully tuned the crystallinity of BFO from polydomain to single
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1 domain by changing the precursor solvent and hydrothermal treatment time  dufitig ook
2 synthesis.®® Photogenerated electrons and holes in the single-domain BFO were efficiently
3 separated and transferred to the positive and negative polarization surfaces, respectively,
4  invoking a nine-fold increase in photocatalytic water oxidation under visible-light irradiation,
5 compared to polydomain BFO particles. The most common method to grow single-crystal
6  ferroelectrics involves using a template with a specific orientation. Our research group
7  adopted this strategy with a chemical solution deposition method to fabricate epitaxial (001)
8 BFO thin films on a strontium titanate (SrTiOs;, STO) (001) substrate.”® The approach
9  produced well-oriented BFO films with excellent ferroelectric properties where no secondary
10  phase formation was observed.
11 Beyond crystal uniformity, polarization in different crystal orientations introduces changes in
12 the optical, electronic and ferroelectric properties of ferroelectric semiconductors. Song et al.
13 demonstrated these effects by observing the PEC performance of BFO photoelectrodes with
14  different crystallographic orientations.’? As shown in Fig. 4a, the different crystallographic
15  orientations affected the conduction and valence bands of BFO, with almost 0.2 eV

16  difference between (001),. and (111),.. Among (111),, (001),., and (110),, oriented epitaxial

Published on 03 December 2024. Downloaded on 12/10/2024 3:57:02 AM.

17 BFO domains, (111),. exhibited superior performance with a photocurrent density of 0.046
18  mA cm? at 0 Vagaeci Notably, the (111),. oriented BFO featured a bandgap of 2.57 eV and
19  an onset potential of -0.382 Vagagci, which was lower than for (001),. and (110),. In
20  addition to changing the band positions, different crystallographic orientations were shown to
21 affect the P, value (Fig. 4b-¢), resulting in different intensity of band bending at the SEI
22 (illustrated in Fig. 4d). The higher P, value of (111),. resulted in the strongest downward
23 band bending in down-poled BFO amongst the three orientations, delivering the greatest

24 enhancement in PEC performance for the down-poled case (0.08 mA cm2 at 0 Vag/agc)-
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Figure 4. (a) Band positions, (b) P—E hysteresis loop measurements, (¢) ferroelectric
polarization paths and P, values, and (d) band energy diagram for BiFeO; thin-film
photoanodes with different crystallographic orientations. Reproduced with permission.®
Copyright © 2017, Springer Nature. (e¢) Photocurrent measurements under zero bias (0 V vs.,

Ag/AgCl) and (f) electrochemical impedance spectroscopic analysis of the three different
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1  orientations of BFO thin films. Reproduced with permission.”> Copyright 2016, . R6%als a0k

2 Society of Chemistry.

4  Similarly, Huang et al. investigated Au/BFO with different orientations synthesized by pulsed
5 laser deposition (PLD) on a single-crystal (0.5 wt%) Nb-doped STO substrate with (100),
6 (110), and (111) orientations.” As shown in Fig. 4e, up-poled BFO(;;, exhibited the best
7 PEC performance (45 pA cm™2) at 0 Vagaec, followed by BFOgi9) (35 pA cm™?) and
8  BFO(o) (25 pA cm™2) under the same measurement conditions. This superior performance
9 by BFO( ) was attributed to: (i) a higher valence band position providing more carriers to
10  participate in the water splitting process and reducing charge transfer resistance, and (ii)
11 higher spontaneous polarization along the [111] direction providing a higher driving force for
12 charge separation as indicated by the smaller radius in the Nyquist plot obtained from

13 electrochemical impedance spectroscopy (Fig. 4f).

14 The direction of crystal growth also affects the crystal facets exposed on which the catalytic

15  reactions occur.’’*?> Due to anisotropy of the crystal planes, some ferroelectric metal oxides

Published on 03 December 2024. Downloaded on 12/10/2024 3:57:02 AM.

16  exhibit facet-dependent physical and chemical properties. This includes geometric structures,
17  surface electronic structures, surface built-in electric fields, and redox active sites, which
18  create differences in the adsorption energies of oxygen or hydrogen intermediates, leading to
19  different HER or OER PEC activities.?!?3%* Ferroelectric monoclinic KNbO3 nanowires (m-
20 KNbO;3; NWs) exposing {100}, {010} and {001} facets with a growth direction of [100], and
21 orthorhombic (0-KNbO3) NWs enclosed by {101} and {010} facets with a growth direction
22 of [101], possess bandgaps of 3.15 eV and 3.25 eV, respectively.”> As expected, the different
23 KNbO; NW structures exhibited different P, values. The <101> direction for m-KNbO; gave
24 a P, value of 20 pC.cm™ while the <001> direction for 0-KNbO; gave a P, value of 42

25  pC.cm2. The higher P, value of 0-KNbOj; indicates a stronger ferroelectric-induced electrical
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energetic conduction band of 0-KNbOj;, meant the photoactivity of the 0-KNbO; NWs was

up to two-fold greater than m-KNbQOj; under identical experimental conditions.

The above demonstrates that the design and morphological control of crystal facets and
surface atomic arrangement in ferroelectric-based photoelectrodes is crucial for optimal
performance. Based on the Gibbs-Wulff theory, semiconductor crystals formed under
equilibrium conditions tend to expose less reactive (low-energy) facets,’! but these facets are
not desirable in terms of PEC activity. To address this, various strategies can be employed to
facilitate tailored tuning of the exposed facets. This includes altering the synthesis method,

adjusting the annealing temperature, using different solvents and introducing capping agents.

To produce BFO with distinct facets, Djatoubai and co-workers varied the NaOH
concentration during a hydrothermal synthesis process.>3 Varying the NaOH concentration
led to different BFO morphologies, attributed to the agglomeration of BFO nanoparticles in a
specific direction. A higher NaOH concentration (12.5 M) produced BFO nanoplates, while
lower concentrations (8 M and 3.5 M) yielded rectangular cuboids and hexagons, respectively.
Notably, the rectangular cuboid BFO, dominated by (102) crystal facets, exhibited efficient
charge carrier separation compared to the hexagons with (102) facets and nanoplates with
(104) facets, resulting in enhanced water splitting performance by the BFO rectangular
cuboids (higher oxygen gas yield by ~1.93 and ~1.55 times compared to the BFO hexagons

and nanoplates, respectively).

While facet engineering is one of the most explored strategies in PEC in general, its
application to ferroelectric photoelectrodes remains limited. Subsequently, a distinct

opportunity is available to explore facet engineering as a strategy to promote ferroelectric
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1 performance and establish the correlation between exposed facet and ferroeleCttiC s aon

2 semiconductor behavior.

4 3.2. Thin Film Configuration Control
5  3.2.1.Thickness

6  Semiconductor film thickness can significantly affect ferroelectric properties, light absorption,
7  and charge separation beahvior of photoelectrodes. The optimum thickness of a ferroelectric
8  photoelectrode will be attained when all ferroelectric properties, photoactivity, and charge
9 transfer efficiency are considered. One effect that is particularly important in ferroelectric
10  thin films is the substrate clamping effect.”6® When a ferroelectric layer is grown on a
11  substrate, part of the ferroelectric layer is clamped due to lattice mismatch between the
12 substrate and the ferroelectric layer. As the film thickness decreases, a larger proportion of
13 the film is influenced by the clamping effect, resulting in stronger domain wall pinning and a
14 higher driving electric field required to achieve a uniform polarization state.”® For instance,

15  Pérez de la Cruz et al. explored the influence of substrate clamping on the microscopic

Published on 03 December 2024. Downloaded on 12/10/2024 3:57:02 AM.

16  piezoelectric response of lead zirconate titanate (PZT) as the film thickness decreased.!® PZT
17  thin films with varying thicknesses were deposited on Pt(;1;)/Ti1/Si0,/Si substrates using a sol-
18  gel method. They reported that 140 nm-thick films exhibited a single perovskite phase with
19  (111) texture. As the film thickness increased to 420 and 700 nm, the films transitioned into a
20  highly (100)-oriented state, accompanied by an increase in the mean grain size. The changes
21 had a direct impact on the dielectric permittivity (¢) of the PZT films, which steadily

22 increased from 848 (for the 140 nm thick PZT film) to 1270 (for the 700 nm thick PZT film).

23 To efficiently capture the solar spectrum, the choice of thickness of the semiconductor

24 absorber layer must consider the incident light penetration depth, which is inversely related to
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the absorption coefficient. Further, thick semiconductor films mean longer migration led&ths; a1/
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for the photoexcited charges, which leads to a higher probability of photo-generated charge
recombination.?® There is typically an optimum thickness for every photoelectrode type.
Photoelectrodes with a thickness beyond the optimum point can suffer from high charge
recombination. For example, Haydous et al. demonstrated that epitaxial yttrium-doped
bismuth ferrite (Bigg7Yo.03FeO3) films grown on a (001) Nb-doped STO substrate by PLD
exhibited PEC properties with a strong dependence on film thickness (Fig. 5a).3° A film
thickness of 22 nm produced a photocurrent of 0.72 mA cm? at 1.4 Vyyg, twelve times
higher than the photocurrent density exhibited by a 75 nm-thick film (0.06 mA cm™ at 1.4
Vrye) under the same illumination and testing conditions (Fig. 5b). The thicker film was
reported to invoke a higher charge recombination rate which was detrimental to PEC

performance.

Others have reported on optimum thicknesses for various ferroelectric-based photoelectrodes,
including BFO36.101.102  BTQ103, and PTO'%3, which exhibit good ferroelectric properties and
PEC performance. A study by Liu et al. highlighted the importance of finding the optimum
thickness of ferroelectric-based photoelectrodes.!® A polycrystalline BFO thin film on a
Pt/T1/S10,/Si(100) substrate was found to experience a bandgap decrease from 2.46 eV to
2.32 eV with increasing film thickness from 160 nm to 280 nm, arising from improved
crystallinity of the thicker samples (Fig. Sc¢). Additionally, based on UV-vis spectra, light
absorbance by the photoelectrode was enhanced in both the UV and visible-light regions for
the thicker films. PEC testing (Fig. 5d) demonstrated that 200 nm BFO gave a higher
photocurrent magnitude (-15 pA cm™? at 0 V vs RHE) compared to 160 nm BFO (-7 pA cm™
at 0 V vs RHE). A further increase in film thickness (240 and 280 nm) deteriorated the PEC
performance due to severe charge recombination in the bulk of the photoelectrode. The above

findings underscore the critical role thickness plays in regulating the ferroelectric properties
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1 and PEC performance of ferroelectric-based photoelectrodes. Thus, studies of ferroeleCttiCs s aon
2 photoelectrodes should pay attention to the thickness used, and the development of film

3 fabrication methods with controllable and uniform thickness should be explored.
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5 Figure 5. High resolution transmission electron microscopy (HRTEM) cross-sectional
6 images of yttrium-doped bismuth ferrite (Big¢7Y(03Fe0s, Y-BFO) films with thicknesses of
7 (a) 22nm and 32nm, (b) potentiodynamic measurements for the Y-BFO thin films.
8  Reproduced under terms of the CC-BY license.’® Copyright © 2018, The Authors, published
9 by Springer Nature. (¢) UV-vis absorption spectra and optical bandgaps (inset), and (d)
10  photocurrent densities versus time (measured under intermittent light illumination) of BFO
11  films with different thicknesses. Reproduced with permission.!® Copyright 2016, AIP

12 Publishing.
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3.2.2.Heterojunctions DOI: 10.1039/D4TA07812H

A heterojunction is defined as the interfacial contact between two semiconductors with
different crystallographic properties and band structures, which can result in a built-in
electrical field to accelerate charge separation.'®> Designing a photoelectrode based on a
heterojunction with an appropriate band alignment allows for efficient charge injection from
one semiconductor to the other, facilitating charge separation and prolonging charge lifetimes
compared with the use of single materials.?® Beyond charge separation, heterojunction
engineering has also been widely implemented to improve light absorption, since
heterojunctions can allow absorption of a greater portion of the light spectrum than single
materials due to differences in the bandgaps of the two semiconductors in the

heterostructure.26:106

Combining a ferroelectric material with an excellent light-absorbing semiconductor can be
beneficial as utilization of a significant portion of the solar spectrum is then enabled. For
instance, by combining BFO with Sn-doped TiO,, Huang et al. achieved a photocurrent
density of 1.76 mA c¢cm= at 1.23V vs. RHE, higher than the photocurrent for Sn-doped TiO,
(0.84 mA cm?) and neat BFO (typically in the order of pA cm?).19 When designing a
heterojunction for a PEC photoelectrode, achieving a proper band-edge alignment at the
interface is crucial for maximally exploiting the heterojunction effect to enhance charge
transfer.!%® Heterojunction configurations, as illustrated in Fig. 6(a-b), include type-I and
type-1I heterostructures. The type-I heterostructure consists of a semiconductor with more
negative CB and more positive VB (Semiconductor A) and a semiconductor with less
negative CB and less positive VB (Semiconductor B). As a result, both electrons and holes
are transferred from A to B. This type of heterojunction is rarely implemented in PEC
systems as the photoexcited electrons and holes in a PEC system should be guided in

opposite directions to promote spatial charge separation.
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2 Figure 6. Different heterojunction types for photoelectrodes, with their band alignments and
3 the possible mechanisms of charge transfer indicated: (a) type-I heterojunction and (b) type-
4  1I heterojunction. Reproduced under terms of the CC-BY license.!? Copyright © 2022, The
5  Authors, published by Wiley-VCH GmbH.

6

7  In contrast, a type-1I heterostructure involves a semiconductor with less negative CB and
8 more positive VB (Semiconductor A) and a semiconductor with more negative CB and less
9 positive VB (Semiconductor B). This configuration allows the photogenerated electrons in
10  Semiconductor B to be transferred to Semiconductor A, while the photogenerated holes in
11 Semiconductor A are transferred to Semiconductor B, realizing spatial charge separation.
12 This heterojunction is the most common applied in PEC systems as it provides an additional
13 driving force for photogenerated charge separation.!'®
14 As widely reported, changes in the polarization direction in ferroelectric materials can alter
15 the band positions of the materials.'’’ In photosensing device development based on
16  heterojunctions, ferroelectric polarization-induced band-engineering has successfully tuned
17  the nature of the heterojunction formed and thus changed the carrier transport mechanism.
18  For example, Chen et al. synthesized a type-II heterojunction by integrating ferroelectric
19  germanium monoselenide (GeSe) and molybdenum sulfide (MoS,).!!! Transition of the
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heterojunction from type-II to type-I was realized by switching the polarization state, tdsthe s a1or
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downward state. This phenomenon was attributed to the polarization shifting the conduction
band position of GeSe to a more negative potential, thus changing it from being higher to
lower relative to the conduction band of MoS,, thus a type-I (straddling) band alignment was
formed. This unique ability could be beneficial for photoelectrochemical systems by altering

straddling type heterojunctions (type-I) to staggered gap heterojunctions (type-II).

A commonly-reported ferroelectric material used in heterojunctions is BTO, often coupled
with a high-performance PEC material.”’’>!12 The heterojunction improves overall PEC
efficiency due to the strong ferroelectric polarization of the BTO crystals. A notable example
is TiO,/BTO core/shell NWs synthesized using a two-step hydrothermal process.”
Interestingly, the thickness of ferroelectric materials is important not only for the standalone
ferroelectric materials (as discussed in section 3.2.1.) but also for heterostructures. The
TiO,/BTO core/shell NWs with 5 nm BTO thickness yielded significantly higher
photocurrent densities (1.30 mA cm2 at 1.23 Vyyg) compared to bare TiO, (0.78 mA cm™2 at
1.23 Vgrue). When the BTO thickness was increased to 40 nm, the photocurrent density
dropped to 0.74 mA cm2 at 1.23 Vryg due to a higher bulk recombination rate in the thick
BTO shells. Positive poling resulted in enhanced photocurrent density for TiO,/BTO-5nm but
decreased the performance of TiO,/BTO-40nm (Fig. 7a-b), while the opposite trend was seen
for negative poling, i.e. poling decreased PEC performance for TiO,/BTO-5nm but enhanced
it for TiO/BTO-40nm. As schematically shown in Fig. 7¢-d, the internal electric field
induced in BTO by negative polarization accelerates the transport of holes to the BTO/NaOH
interface. In contrast, positive poling induces an unfavorable gradient in the BTO valence
band, which impedes the charge transfer to the BTO/NaOH interface but enhances band
bending and hence the width of the depletion region in the TiO,. For thethicker BTO

(TiO,/BTO-40nm), the effect of polarization on transport across the BTO layer and to the
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BTO/NaOH interface dominates, such that the best performance is seen with negative, politig, « a1or
but for the thin BTO (TiO,/BTO-5nm) holes can tunnel through the BTO shell, so the band
alignment in the BTO shell is less significant and the effect of polarization is dominated by

the band bending in the TiO,.
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Figure 7. LSV curves of the unpoled (red), positively poled (blue) and negatively poled
(magenta) TiO,/BTO NWs with a BTO thickness of (a) 5 nm and (b) 40 nm. (c) Calculated
potential distribution and electric poling effects on the ferroelectric enhancement in
Ti0,/BTO/NaOH heterojunctions with BTO thickness of (¢) 5 nm and (d) 40 nm.

Reproduced with permission.”? Copyright © 2015, American Chemical Society.

In a similar system utilizing TiO, nanowires, Wu et al. demonstrated that using STO instead

of BTO with interface stress-induced lattice strain in the STO can significantly enhance the
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separation and transfer of photogenerated charges.!!> Although ferroelectricity, jin ST aias
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remains controversial, the strained STO was reported to possess ferroelectric properties. To
modify the thickness of the STO shell in the TiO,/STO core/shell NWs, the hydrothermal
reaction time was varied. Among the various thicknesses, TiO, NWs with a 10 nm-thick STO
shell exhibited the highest photocurrent density of 1.43 mA ¢cm™2 at 1.23 Vyyg (Fig. 8a). This
represents an impressive improvement (83%) compared to pristine TiO, (0.78 mA cm™2 at
1.23 Vgrye) under the test condition of 1 M NaOH electrolyte and AM 1.5 G illumination. The
enhanced performance was attributed to improved charge separation efficiency. The
experiments yielded a separation efficiency of 87.7% at 1.23 Vgyg, which was 79.3% higher
than that observed for pristine TiO, NWs. Enhanced performance compared with TiO,/BTO
core/shell NWs was attributed to the better electrical conductivity of STO than BTO (Fig. 8a).
Like the BTO system, the PEC performance of the TiO,/STO heterostructure was further
enhanced by polarization. Numerical band structure calculations unveiled that, under positive
polarization, a negative ferroelectric charge accumulated at the TiO,/STO interface (Fig 8b).
The effect amplified band bending in the TiO, compared to the unpoled sample resulting
enhanced charge separation to slightly boost photocurrent density, with the limited effect
attributed to the spontaneous polarization of the STO being predominantly positive.
Conversely, negative poling reduced the depletion width of TiO, resulting in substantially
decreased photocurrent density (Fig. 8a). The magnitude and width of the depletion layer are

decisive factors in ensuring efficient charge separation.
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7  illumination, and (d) schematic energy band diagram of positively and negatively poled

8  BFO-5/TiO,. Reproduced with permission.!'* Copyright © 2019, Elsevier.

10 Beyond BTO and STO, the combination of TiO, with BFO has also been explored.''* A
11 BFO/TiO; thin film photoanode with a 50 nm BFO layer exhibited a maximum photocurrent
12 density of 11.25 mA em™2 at 1.5 Vgcg in 1 M NaOH under 300 W Xe lamp illumination with
13 AM1.5G filter (Fig. 8c¢). The heterostructure substantially outperformed pristine TiO,, which
14  produced only 0.33 mA cm™ at 1.5 Vgcg under the same conditions. Moreover, the study

15  demonstrated that up-poling the BFO/TiO, further enhanced the PEC performance, boosting
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the photocurrent density to 28.75 mA cm2 at 1.5 Vscg under identical testing conditionse &8s cais.;
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schematically shown in Fig. 8d, the improvement was attributed to the narrowed space
charge region at the BFO/Ti0O, interface for the positively-poled photoanode. This caused an
enlarged built-in electric field and upward band bending at the BFO/TiO, interface, which
resulted in more efficient charge carrier separation. On the contrary, negative polarization
reduced the intensity of the band bending, which slowed the carrier separation and thus

decreased the current density.

Another commonly used photoactive material in ferroelectric-based composite
photoelectrodes is BiVO,4 (BVO). The narrow BVO bandgap (2.4 e¢V) allows it to absorb the
visible-light range of the solar spectrum.’3 However, its PEC performance is still low due to
unavoidable charge recombination throughout the bulk and at the surface of BVO.
Combining BVO with ferroelectric materials can enhance the electron transport properties.®?
This concept was demonstrated by Xie and co-workers, who used a sol-gel method to deposit
BFO on BVO and then subjected it to heat treatment at 500°C for 30 min.?! The resulting
BVO/BFO heterostructures produced substantially increased the photocurrent density, 440%
higher (0.6 mA cm at 1.23 Vgyg) with a ~400 mV onset potential shift compared to bare
BVO (0.14 mA cm™ at 1.23 Vyyg), measured in 0.5 M Na,SO4 under AM 1.5 G illumination.
The exploitation of ferroelectric polarization in BVO/BFO heterostructures was achieved by
applying +20 V electrical potential in air. Positive polarization enhanced the BVO/BFO
photoanode photocurrent density by 19% compared to the unpoled case. As shown in the
inset of Fig. 9a, this improvement was attributed to stronger upward band bending at the
BFO/BVO interface, which lead to an increased width of the depletion layer (Lp) in BVO.
The change in the interfacial energy levels facilitates charge separation and thus leads to the
improved PEC performance. In contrast, the opposite effect was observed with negative

polarization which induces decreased band bending and narrowed Lp. The photocurrent
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1  density of down-poled BVO/BFO was reported to decrease to 75.6% that of the ynp6ledss aion
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4  Figure 9. (a) LSV curves of the as-prepared (black), positively poled (red) and negatively
5 poled (blue) BVO/BFO photoanode under 100 mW c¢cm™2 visible light. Inset is the schematic
6 mechanism of the charge dynamics tuned by the direction of the polarization (Lp: width of
7  the depletion layer). Reproduced with permission.?! Copyright © 2017, Elsevier. (b) LSV
8 plots for Co;04/BVO-BFO light-off, light-on and ferroelectric-light on and (c¢) energy
9 diagram and possible photogenerated charge pathways in illumination condition under
10  different electric field ferroelectric polarization. Reproduced with permission.?® Copyright ©

11 2022, Elsevier.

12
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Distinct from the BVO/BFO system prepared by Xie et al., Yang et al. prepared, BY.O/BED 2155
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heterostructures with Co;0,4 cocatalyst by spin-coating mixed solutions containing bismuth,
iron and vanadium precursors.*® The films did not exhibit distinguishable layers of BVO and
BFO, although TEM images indicated heterojunction formation between the BFO and BVO.
The as-prepared sample exhibited a photocurrent density of 2.24 mA cm? at 1.23 Vgyg,
which was approximately double that of Co3;04/BVO. Interestingly, this work demonstrated
enhanced PEC performance by polarizing with a negative potential (-30 V DC power for 10
minutes in 1 M KOH solution), realizing an increased photocurrent density of 4.51 mA cm™
at 1.23 Vrye. As shown in Fig. 9b, this effect of negative polarization was observed up to 1.8
Vrue- On the other hand, the performance was significantly decreased to 1.23 mA cm? at
1.23 Vgye with positive polarization. The improvement in negatively poled BVO/BFO was
attributed to the modulation of band gradients in BFO as a result of ferroelectric polarization
(Fig. 9c¢). Negative polarization results in a positive band gradient in BFO (sloping up
towards the SEI), which facilitates hole transfer to the electrolyte. Meanwhile, positive
polarization induces a negative band gradient in BFO which leads to accumulation of charge

carriers at the BFO/BVO interface, thus invoking higher charge recombination.

It is interesting that these two previous studies reported opposite effects on PEC performance
with polarization direction of BFO. While Xie attributed the improved performance of
positively poled BFO/BVO to enhanced charge dynamics at the BFO/BVO interface, Yang
considered the effect of band gradient in negatively poled BFO/BVO to dominate, thus
resulting in better performance compared to positively poled BFO/BVO. In our recent study,
we have revealed the interplay between ferroelectric polarization and charge transfer
dynamics at the heterojunction interface of a BFO/BVO system.!!> We found that there are
two co-existing effects induced by ferroelectric polarization, with the dominant one

regulating the overall performance. By having a balance of both effects, we realized
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1  enhanced PEC performance in both polarization directions. The down polarization ‘0f: 2ok
2 BFO/BVO shifts the BFO band energies to lower energy levels, invoking intensified band
3 bending at the SEI and a positive band gradient, delivering a 136% enhancement in
4  photocurrent density compared with the unpoled sample. The negatively shifted electronic
5 states in the down-poled BFO reduced the band offsets at the BFO/BVO heterointerface,
6 reducing the energy barrier for photogenerated charge transfer across the BFO/BVO interface.
7  However, the reduced band offsets also diminish the driving force for charge transfer across
8 the interface and the extent of band bending in BVO near the interface, exposing a tradeoff
9  between the effects of polarization on the heterointerface vs. within the bulk ferroelectric and
10  at the SEI in poled BFO/BVO. The tradeoff is reversed for upward polarized BFO/BVO,
11 where the larger band offset at the heterointerface facilitates band bending and charge
12 separation at the BFO/BVO interface, resulting in increased charge separation efficiency.
13 However, the band gradients in the up-poled BFO layer will impair hole transport to the SEI,
14 resulting in higher resistance for charge transfer to the electrolyte. Nevertheless, in the up-
15  poled BFO/BVO system, the enhanced bulk charge transfer overshadows the other negative

16  effects, therefore a 70% enhancement in photocurrent density (relative to unpoled) at 1.23 V

Published on 03 December 2024. Downloaded on 12/10/2024 3:57:02 AM.

17  vs. RHE was observed.

18  Other metal oxides semiconductors such as tungsten oxide (WO;) and hematite (Fe,Os) are
19  also frequently combined with ferroelectric materials for PEC applications.!'¢-!° For instance,
20 Sima and co-workers fabricated ferroelectric a-Fe,O3;/BTO photoanodes by hydrothermal
21  synthesis, spin coating, and thermal treatment.*> The nanowires were approximately 1 um in
22 length with a BTO layer up to 18 nm thick. Subjecting the nanowires to ferroelectric positive
23 polarization in propylene carbonate offered a 40.4% increase in photocurrent density
24 compared to the equivalent unpoled sample, while negative polarization decreased the

25  photocurrent.
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- i i 55,120,121 it ia]g19.122,123
Apart from metal oxides, integrating metal sulfides or nitride materials'?12%123 A§ith 5 200

ferroelectrics like BFO, BTO, SrZrO; and Pb(Zr;,Tigg)O3 (PZT) is a common approach to
enhance electron-hole separation in photoanodes with strong visible-light absorption. The
previously discussed attributes of BTO complement the advantageous characteristics of CdS,
leading to improved performance by BTO/CdS heterojunction photoelectrodes. Fang et al.
demonstrated a type-II heterojunction by creating a BTO/CdS heterostructure, which
exhibited a photocurrent density of ~0.5 mA cm™ at 0 Vg a,cr during sulfite oxidation, ~12
times greater than the neat BTO photoanode due to the internal electric field effect at the
BTO/CdS interface.!?° Wang and co-workers, who integrated BFO with a C3N, photocathode,
delivered a 2.4 times enhancement in photocurrent density compared to pristine BFO.!° The
improved PEC performance was attributed a type-II heterojunction being formed between
BFO and g-C;N4, enhancing photogenerated charge carrier separation. Upon positive
polarization of the BFO/g-C3N, photocathode, the PEC performance was boosted, with a shift
in the onset potential to 0.182 Vsga.c1 for water splitting in a 0.1 M Na,SO4 solution under

100 mW c¢m Xe lamp illumination.

While it has been widely demonstrated that ferroelectric polarization can enhance PEC
performance of composite photoelectrodes by accelerating the charge transfer at the interface,
there is no single pattern in the polarization direction reported to give improvement; the
reported studies variously show improvement in upward, downward, or even both
polarization directions depending on the specific case. Nevertheless, here we summarize the

general pattern that can provide general guidance for designing ferroelectric composites:

(1) In the case of the ferroelectric material being employed as a photocathode
(photoanode), sandwiched between a conductive substrate and another photo-

absorber, the positive / upward (negative / downward) polarization would
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generally be beneficial as it will facilitate charge transfer to the,condycfiye s ook
substrate and/or the other semiconductor.

(i1) In the case of a ferroelectric material deposited on top of a photoabsorber, there
will be two interfaces (i.e., heterojunction interface, and SEI) at which the
ferroelectric polarization will induce two co-existing, and often competing, effects.
The polarization direction that intensifies band-bending at the SEI usually brings
about a negative impact to the band-bending at the heterojunction, and vice versa.
The observed improvement in the PEC performance is thus usually a tradeoff

between these effects.

It is worth noting that there might also be effects from formation of and changes in band
gradients across the ferroelectric layer, and also changes in the surface adsorption-

desorption capabilities that might contribute to the observed polarization effects.

3.3. Chemical Modification

3.3.1. Defect Engineering

In a typical metal oxide ferroelectric-based semiconductor, two types of vacancies may exist:
anion vacancies (i.e., oxygen vacancies/O,) and cation vacancies.!?* Of these, the vacancy
type with the lowest energy of formation predominates and, in turn, controls the
semiconductor properties. It has been reported that O, located at the surface of a
photoelectrode can serve as active sites where reactions occur.'?>126 Similar to other metal
oxides, O, have also been reported to introduce an impurity band within the bandgap of
ferroelectric semiconductors.'?’-12° Thus, O, presence can increase the carrier concentration,
enhancing charge transfer and suppressing bulk recombination. Specifically for ferroelectrics,

vacancies can undergo electro-migration under the influence of the internal electric field,
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leading to a restructured energy barrier at the ferroelectric interface.®!28130) Yy  etodl s i
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conducted a study on Bi;TiNbOy (BNT) nanosheets and discovered a unique synergistic
effect between oxygen vacancies and ferroelectric polarization.!3! When BNT nanosheets
containing oxygen vacancies (BNT-OV2) were polarized (referred as BNT-OVP), they
exhibited a significantly higher remnant polarization and coercive field than the neat BNT
(Fig. 10a), due to the introduction of O, impeding displacement of the ions and therefore
increasing the energy required to allow the displaced ions to return to their original positions.
Consequently, the polarized state persisted for a longer period compared to the BNT sample
without O,. The photocurrent response by BNT, BNT-P (polarized neat BNT), BNT-OV2
and BNT-OVP (Fig. 10b) revealed that the presence of oxygen vacancies facilitated
absorption of a wider light spectrum (up to 500 nm, compared to 420 nm for neat BNT) due
to an intermediate band induced by the oxygen vacancies. However, an excessive O,
presence in ferroelectric materials can adversely impact the ferroelectric properties due to

increased electrical conductivity and thus current leakage.”

d BNT b T =
( ) — BNT-OVP ( ) E =3 ™ _E.rrl_T .
i K < NT-
E 5.2.0 — BNT-OV2
(=] [
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Figure 10. (a) Hysteresis loops for BNT photoanodes with (BNT-OVP) and without (BNT)
oxygen vacancies, and (b) photocurrent response by BNT, polarized BNT (BNT-P), oxygen

vacancy-rich BNT (BNT-OV2) and polarized oxygen vacancy-rich BNT (BNT-OVP) under
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1 light with different wavelengths. Reproduced under terms of the CC-BY license.!'} Copytights ook

2 © 2018, The Authors, published by Springer Nature.

4  The presence of oxygen vacancies in metal oxide ferroelectric materials can naturally occur
5 during the synthesis process with their concentration dependent on, for example, the partial
6 oxygen pressure during annealing.!?%132 Xu et al. demonstrated that annealing BFO in
7  oxygen-poor conditions resulted in a higher oxygen vacancy concentration within the
8  material.'* On this basis, synthesizing oxide materials under a low oxygen atmosphere or
9  vacuum conditions could promote oxygen vacancy formation.!** In a study by Radmilovic et
10  al., oxygen vacancies were intentionally introduced through heat treatment of BFO thin films
11  under a nitrogen environment, resulting in n-type BFO suitable for use as a photoanode.!
12 The flat band potential was reported to shift slightly in the negative direction compared to the
13 defect-free BFO, accompanied by an improvement in photocurrent by 76%. The introduction
14  of oxygen vacancies can also lead to other physical changes in the material, including a

15 change in color.'’®?® Wang et al. demonstrated the effectiveness of high-pressure

Published on 03 December 2024. Downloaded on 12/10/2024 3:57:02 AM.

16  hydrogenation to introduce oxygen vacancies into BFO. Compared to pristine BFO, the
17  hydrogenated BFO demonstrated an enhanced capability to absorb visible light, accompanied

18 by a decrease in the bandgap of the hydrogenated material 8

19  Other than applying additional treatment on the material, the concentration of oxygen
20 vacancies can be controlled, for example, through varying the ratio of metal ions in sol-gel
21  precursors. Yang et al.!?® conducted a study investigating the impact of oxygen vacancy
22 concentration on BFO performance by varying the bismuth content in the precursor solution.
23 They demonstrated that precursor solutions with a lower bismuth content produced films with

24 poorer morphology and a higher concentration of oxygen vacancies. Prasad and co-


https://doi.org/10.1039/d4ta07812h

Published on 03 December 2024. Downloaded on 12/10/2024 3:57:02 AM.

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Journal of Materials Chemistry A

Page 36 of 65

icle Online

workers!3¢ reported 100% enhancement in the photocurrent density (measured at, 0.6, Vo ¥ xcra1ot

RHE) of a BFO photocathode synthesized with 10% excess bismuth in the precursor solution
compared to the stoichiometric counterpart. This improvement was attributed to a lower
recombination rate and lower charge transfer resistance in the 10% excess bismuth BFO, due

to the presence of fewer vacancies which can act as recombination centers.

While anion vacancies are the most common form of defects, recent reports have highlighted
the potential benefits of metal cation vacancies in ferroelectric-based photoelectrodes.!37:138
Cation vacancies have been demonstrated to play similar roles to anion vacancies in
modifying the catalytic properties of nanomaterials.!3® They can reduce activation energies
for surface reactions by altering the reaction mechanism at the photoelectrode active sites.
Further, cation vacancies have been found to impact the ferroelectricity of materials. For
example, the formation of strontium (Sr) vacancies in STO can give rise to room-temperature
ferroelectricity, when STO is otherwise paraelectric,!37-138 opening up an avenue to enhance
the PEC performance of STO-based photoelectrode systems. It is worth noting that there are
a substantial number of studies available on materials rich in anion vacancies, while there are
relatively few reports on ferroelectric-based photoelectrodes with an abundance of metal
cation vacancies. The high formation energy of metal cation vacancies may be a barrier in
this regard. Greater effort is needed in this emerging research area to advance the
development of cation vacancy-rich photoelectrodes. Many studies have demonstrated the
benefits of vacancies within ferroelectric photoelectrodes; however, some works have also
pointed out problems associated with the presence vacancies. Therefore, finding the delicate
balance is required when controlling the vacancies within a material to optimize its properties

and functionality.
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1 3.3.2. Doping DOI: 10.1039/DATA07812H

2 To address the issue of limited light absorption due to the wide bandgap of perovskite oxide
3 ferroelectrics, doping can be employed to enhance light harvesting.>!4* When metal ions are
4  introduced into a ferroelectric crystal lattice through doping, they usually create a narrow
5 energy band within the bandgap. This, in turn, makes it easier to produce photoexcited
6 electrons and extends the photo-responsive wavelength into the visible region. For instance, a
7  study by Hu et al. demonstrated that the bandgap of a PTO photocathode could be reduced

8 from 3.4 eV to 3.2 eV by doping it with iron.®® The bandgap reduction derived from the

9 formation of energy levels around 0.2 eV below the PTO conduction band. With doping, the

10  photocurrent of the PTO photocathode significantly increased from 38 pA c¢cm™ to 120 pA

11  cm?at0 Vgcg in 0.1 M Na,SO,4 under 100 mW ¢cm? Xe lamp illumination.

12 The PEC performance of an Ag/Nb-doped ferroelectric STO photoanode in unpoled and
13 poled conditions was examined by Singh et al.'*! The unpoled photoanode yielded a
14  photocurrent density of 93 uA cm™2 at 1 Vagagct, With an onset potential at —0.74 'V g/aqct-

15  The positively poled sample demonstrated an enhanced photocurrent density of 130 pA cm™

Published on 03 December 2024. Downloaded on 12/10/2024 3:57:02 AM.

16  at 1 Vgagct, accompanied by a 20 mV reduction in the onset potential. However, under the
17  same test conditions, negatively poled samples displayed a reduced photocurrent density of
18 40 pA cm 2 at 1 Vagaecr With a positive shift in the onset potential by 20 mV. The trends in
19  photocurrent are seen through the amperometry test results (Fig. 11a). Ag/Nb doping
20 introduced sufficient free charge carriers in the STO to flatten the electronic bands. A
21 negative shift in the flat-band potential for the sample with positive polarization compared to
22 the negatively poled sample was observed through a Mott-Schottky test (Fig. 11b,c). As
23 schematically shown in Fig. 11d, at the STO-electrolyte interface, the energy bands were

24 bent upwards, creating a space charge region (Wj.). Positive polarization enlarged the Wy
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width at the STO-electrolyte interface, enhancing the potential gradient and dgiying B66Es a0k
holes towards the interface to facilitate charge transfer to the electrolyte. The extended W,
also provided a larger region within the STO for effective separation of photogenerated
electron—hole pairs by the built-in potential. In contrast, negative polarization had the
opposite effect on the interfacial band structure. The W, was reduced which lowered the
interfacial charge density, hindered -electron—hole separation and diminished PEC

performance.
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Figure 11. (a) Chronoamperometry test at 0.5 V vs. Ag/AgCl, and Mott—Schottky plots of (b)
positively and (c) negatively poled Ag/Nb:STO photoelectrodes. (d) Schematic illustration of
the electronic band structure of ferroelectric Ag/Nb:STO under different polarization
conditions. E;: intrinsic built-in electric field; E,: induced polarization electric field; Wi:
space charge region width; P: polarization, CB: conduction band; VB: valence band.

Reproduced with permission.!4! Copyright © 2019, American Chemical Society.
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6. Experimental Aspects DO 10.1039/D4TA07812H

Beyond photoelectrode materials selection and design, it is important to consider
experimental aspects such as fabrication method, poling technique and electrolyte selection.
These experimental factors which require consideration during the design and testing of

ferroelectric photoelectrodes are examined in the ensuing sections.

6.1. Fabrication Method

As summarized in Table 1, one of the methods commonly used to synthesize ferroelectric
photoelectrodes is the hydrothermal method. Hydrothermal is a process of crystallizing a
substance at high temperature (i.e., higher than the boiling point of solvent) and high pressure
in an aqueous solution. The hydrothermal process offers control over the morphology and
size of the fabricated ferroelectric nanostructures by tuning the temperature, reaction time, pH
of the solvent, and also the concentration of the metal precursors.'*?> The hydrothermal
method has been demonstrated to fabricate BaTiO334572, BiFeO3!?, NaNbO3358!, doped-
Zn0O', doped-STO™ photoelectrodes. For example, Yang et al. controlled the thickness of
the ferroelectric BaTiO; layer on TiO, nanowire photoanodes by varying the hydrothermal
reaction temperature.’? The thickness of the BaTiO; on TiO, was observed to increase from 5
nm to 40 nm when the temperature was increased from 150 to 210 °C due to an accelerated

BaTiOj; synthesis rate.

Apart from hydrothermal, sol-gel is another adopted method due to its simplicity. Sol-gel
synthesis generally starts by the deposition of a precursor solution onto a substrate — normally
through a dip-coating or spin-coating process, followed by a subsequent gelation (drying)
process at low temperature (<100 °C) prior to a high-temperature crystallization step.'4> The
concentration of metal precursors, chelating agent, solvent, coating speed (i.e., spinning rate

for spin-coating or withdrawing speed for dip-coating), viscosity, gelation temperature,
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1  crystallization temperature, and annealing atmosphere all play pivotal roles in detesmitfitig . a:or
2 the morphology, crystal size, phase, and thickness of the photoelectrode synthesized. For
3 example, work by Zhang and co-workers demonstrated that the quality of sol-gel-derived
4  BiFeOs is highly influenced by the metal nitrate concentration in the precursor solution.?®
5 Increasing the metal nitrate concentration will induce precipitation during the drying process
6 due to the accelerated drying rate of the organic solvent. The precipitates will lead to the

7  formation of secondary phases (i.e., impurities) in the BiFeO; films.

8  Despite their advantages, the hydrothermal and sol-gel processes most of the time result in
9  polycrystalline material, in which, for ferroelectric materials, the non-aligned domains may
10  reduce the magnitude of ferroelectric polarization.®® A study on lead lanthanum zirconate
11 titanate (PLZT) films with a Au/PLZT/Pt structure underscores the importance of having a
12 single growth oriented crystal within the thin films, with a uniform polarization direction
13  producing a significantly larger photocurrent compared to a randomly-oriented
14  polycrystalline PLZT film.'¥ Nevertheless, in order to get single-crystal ferroelectric

15  photoelectrodes, there are two main requirements: (i) high precision fabrication techniques,

Published on 03 December 2024. Downloaded on 12/10/2024 3:57:02 AM.

16  and (i1) suitable substrate that promotes crystal growth in specific orientation. Highly precise
17  fabrication methods, such as sputtering oxide molecular beam epitaxy (OMBE),'4” physical
18  vapor deposition (PVD),'* or chemical vapor deposition (CVD),!4° have dominated the scene
19  for realization of high quality ferroelectric thin films. However, their scalability is a
20 significant commercial challenge. For instance, the popular method for epitaxial growth of
21 pulsed laser deposition (PLD) can typically only synthesize samples with a size of several

22 square millimeters, and thus is not feasible for large-scale production.

23 The second important aspect is the substrate selection, as single-crystal growth usually
24  requires a substrate that induces growth of crystals with a specific orientation (e.g., SrTiOs,

25 LaAlOs;, MgO). Interestingly, with a proper substrate selection, a single crystal ferroelectric
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thin film can be grown with simpler methods, such as sol-gel, if precise control of synthgsis;  aisi;

parameters is realized. For example, Zhang et al. fabricated a 150 nm-thick (001)-oriented
BiFeO; epitaxial thin film on a lanthanum strontium manganese oxide (LSMO)/STO (001)
substrate with sol-gel method.”® The as-synthesized thin film exhibited ferroelectric
properties that are comparable with PLD-derived BiFeO; (001)-oriented epitaxial thin films.
However, this approach also presents economic challenges for scaling up as such substrates
are expensive. Interesting studies in solar cell technology have reported that pre-treatment of
the conductive substrates that are often used in PEC systems (i.e., FTO and ITO) can promote
a preferred growth orientation.!’%5! Given the promises of this technique in dictating the
crystal growth orientation, there is a vast opportunity to adopt pre-treatment of substrates to

promote preferred growth orientation of ferroelectric photoelectrodes.

6.2. Poling Method

Domain switching or polarization is defined as the process of aligning the domains in a
ferroelectric material in a specific direction. It is usually achieved by imposing a strong
electric field on the ferroelectric material.!32-15% The process involving application of a strong
electric field may induce structural changes in the photoelectrode, thus careful selection of
the poling method has to be considered, as it can significantly affect the ferroelectric

properties and PEC performance.

One common method to pole a ferroelectric material is by DC poling.!3>-157 During DC
poling, the ferroelectric sample is sandwiched between a top and a bottom metal electrode
(Fig. 12a). DC Poling is commonly conducted in an isolated environment, such as a mineral
oil or an inert atmosphere, to insulate the material from excessive electric discharge.!>® The

poling commences by gradually increasing the DC voltage until the desired electric field (5-
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1 1000 kV cm) is attained, based on a saturation polarization value. This poling method 250
2 possesses several drawbacks, such as the need for a conductive coating (e.g., silver paste) to
3 be applied to the photoelectrode surface (i.e., the silver paste acts as top electrode during the
4  DC poling). Unless properly removed, this coating will impose extraneous effects on any
5 subsequent PEC performance test. Removing the coating requires contact with a solvent

6 and/or application of force (e.g., sonication or scrubbing) which may de-pole the sample.

7  Unlike DC poling, corona poling requires metallization on a single side of the ferroelectric
8  sample only and is more practical for ferroelectric photoelectrode fabrication. During corona
9 poling (Fig. 12b), a high voltage (8 — 20 kV) is applied to a needle , causing break-down of
10  the gas molecules near the needle tip to produce a corona discharge.!3>153:159-161 Exposure of
11 the ferroelectric sample to this corona discharge causes poling. A metallic grid, held at a
12 lower voltage (0.2 -3 kV), is placed between the needle and the ferroelectric sample to
13 distribute the ionized charges across the sample, giving better uniformity of poling. The
14 number of charges reaching the ferroelectric sample surface is controlled by the grid location

15  and the applied voltage.

Published on 03 December 2024. Downloaded on 12/10/2024 3:57:02 AM.

16  Polarization of a ferroelectric photoelectrode can also be accomplished by electrochemical
17  poling (Fig. 12¢). In this method, a two-electrode set up (counter electrode and working
18  electrode) is usually used, even though some studies demonstrate the use of a three-electrode
19  configuration (counter electrode, working electrode and reference electrode). In
20  electrochemical poling, propylene carbonate is usually used as the electrolyte solvent owing
21 to its large electrochemical window that eliminates the possibility of electrolyte reduction or
22 oxidation during the poling process.?%#%162 Lithium perchlorate is usually used as the
23 electrolyte in the organic solvent system as it has good solubility in the organic medium.
24 Alternatively, some researchers have demonstrated that polarization can be done in aqueous

25  media with NaOH'¢3, KCI'"72 or KOH? as the electrolyte (Table 1).
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Even though many studies have demonstrated effective poling methods for ferroeleCttic s ook

photoelectrodes, there is still a lack of systematic studies on the effects of different
polarization methods on the PEC performance of photoelectrodes. In the corona poling
method, the ferroelectric surface is less affected by chemical changes, as it is only in contact
with a gaseous environment. However, in the electrochemical method, the surface of the
ferroelectric thin film may interact with the water/solvent used, leading to hydration or other
changes in surface chemistry. The XPS and DFT results in our previous work show that the
BFO surface termination is strongly influenced by the interaction between the polarized
surface and water.''> Consequently, our work (electrochemical poling) likely resulted in a
different terminating layer and hence differences in the observed PEC performance compared
to Xie et al.?! (poling in air), as discussed earlier (Section 3.2.2). It should be noted that there
may also be effects associated with provenance of samples and details of PEC measurement

contributing to the differences in results.

Careful consideration of parameter suitability (e.g., temperature, mechanical stress, sample
geometry, and chemical compatibility) is required when choosing the poling method, and in
addition to choosing an appropriate poling method, such poling parameters must also be
considered and tuned to effectively pole the material and optimize the PEC performance.
Different poling methods require tuning of different parameters such as voltage, temperature,
poling duration and inert gas used. The degree of alignment of the dipoles in a ferroelectric
material depends on both intrinsic and external factors such as the uniformity and duration of
the applied electric field, and factors related to the sample being poled, including its size,
manufacturing procedure, and the presence and concentration of defects, impurities, pores,
and dopants.>%-64131.164-166 Dyring the poling process, the application of mechanical stress can
affect the domain-wall movement.?%-167-16> Among all the influential factors, the strength of

the applied electrical field, and poling temperature and duration, are generally the most
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1  critical parameters affecting the poling of ferroelectric materials and the conseguent, BEC 25k

2 performance.

(a) (b) In dry air / inert gas .
V '
: In mineral oil V
Needle ————

A

lonized gas——p ,‘”\\ —

Metallic grid ——p -/m\ -
' I"l' | l "

INTIENT
L bibed
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Heating plate _:L

3

4 Figure 12. Schematic depicting various poling systems; (a) DC poling, (b) corona poling,
5 and (c) electrochemical poling.

6

7  Apart from the above, there is also a challenge in developing in-situ poling methods. With
8 current poling methods, in order to switch the polarization state, the photoelectrode needs to

9  be taken out from the PEC reaction system, poled, and then put back into the reaction system,

Published on 03 December 2024. Downloaded on 12/10/2024 3:57:02 AM.

10  which is not practical in terms of allowing dynamic polarization switching. To harness the
11 full potential of a ferroelectric photoelectrode, i.e., to achieve control of reaction activity and
12 selectivity by tailoring the adsorption/desorption strength of all reactants, intermediates and
13 products, it must be possible to dynamically control the polarization state over the course of
14 the reaction to allow surface chemistry to be independently optimized for each reaction step.
15  This requires an in-situ polarization method. However, a simple yet effective, and rapid, in-
16  situ poling method remains elusive, which opens a vast opportunity for the community to
17  develop such methods to allow agile and dynamic ferroelectric photoelectrodes and fully

18  exploit their potential in PEC applications.

19
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6.3. Electrolyte Selection DOI: 10.1039/DATAQ7812H

Electrolyte solution plays a vital role in photoelectrocatalysis in general, especially in
determining the charge transfer behavior at the semiconductor-electrolyte interface. Despite
the importance of electrolyte selection, no studies are available which specifically investigate
the effect of electrolyte on PEC performance for ferroelectric materials. Tian et al.
demonstrated that exposing epitaxial BFO to solutions with different pH could drive
reversible bulk polarization switching.!” The OH~ and H* ionic adsorption and interaction on
the BFO surface provide a driving force to induce upward or downward bulk polarization,
respectively. This phenomenon was analyzed by phase-field simulations which suggested that
negative charge accumulation from OH™ ions on the BFO surface can lead to polarization
reversal from a downward to an upward state. Conversely, the positive charge from H" could
instigate polarization reversal from an upward to a downward state as shown in Fig. 13a-d. It
was reported that contact with acetone did not affect the polarization states. Thus, identifying
the correct pH conditions is critical to retain the desired polarization direction of ferroelectric
photoelectrodes during a PEC process. Employing a non-aqueous electrolyte (e.g.,
acetonitrile) offers an alternative to retain the polarization state of a ferroelectric
photoelectrode. However, this approach comes with challenges related to potential

environmental impact and the toxicity of organic solvents.
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Phase(°)

Phase (%)

1
§ 2 Figure 13. Schematic illustration of BFO switching from downward/upward after exposing
§ 3 the films to (a) Milli-Q water (neutral) and (c¢) acidic solution. (b) and (d) show the
§ 4  corresponding piezoresponse force microscopy (PFM) images (scale bar is 2 um).
% 5 Reproduced under terms of the CC-BY license.!”® Copyright © 2018, The Authors, published
% 6 by Springer Nature.
S
I
:
2 8  Careful selection of the electrolyte type (i.e., acidic, neutral, or basic) is also necessary to
E 9 restrict photoelectrode corrosion during the PEC process. Pourbaix diagrams can provide
g

10 guidance on electrolyte selection for specific ferroelectric materials. However, reports of

11 detailed Pourbaix diagrams for ferroelectrics are relatively rare in the literature.

12

13 7. Outlook and Perspective

14 Ferroelectric materials hold significant promise as photocathodes or photoanodes in PEC
15  applications due to their polarization-induced internal electric field and switchable surface
16  properties, which can be exploited to improve charge transport and separation, and to gain

17  better control over reaction activity and selectivity. The current review discussed the essential
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design criteria and strategies for employing ferroelectrics in PEC systems based on £epofted; oo,

experiences, providing valuable insights on the future of ferroelectric photoelectrodes. High-
quality photoelectrodes must excel in three key areas: (i) superior light absorption and charge
generation; (ii) efficient charge transfer; and (iii) rapid charge consumption. Of these three
attributes, ferroelectrics offer particular potential in maximizing charge transfer and charge
consumption beyond conventional semiconductors. In order to harness the full potential of
ferroelectric materials, exploiting the polarization to optimize aspects (ii) and (iii) while
ensuring good light absorption (e.g., through identifying low bandgap ferroelectrics,
implementing bandgap modification strategies, or incorporating ferroelectrics in
heterostructures) is particularly important. It has also been emphasized throughout the
discussion that the thickness of a ferroelectric layer, both in standalone photoelectrode
systems and heterostructures, is an influential factor for overall PEC performance and should

be carefully considered and controlled.

To advance the ferroelectric-based photoelectrode field, we propose three significant focal

points for future development:

1. Exploring alternative reactions. Several studies suggest that polarizing a
ferroelectric photoelectrode can regulate the adsorption strength at the surface of the
photoelectrode. Water splitting, which is the most explored PEC reaction to date,
involves sluggish water oxidation at the photoanode surface which restricts efficiency.
Replacing the water oxidation reaction with faster reactions for clean fuel production,
such as biomass oxidation, that require a lower energy input will enhance overall
efficiency.!”12 However, complex reactions such as biomass oxidation face
challenges in product selectivity. Ferroelectric photoelectrodes can offer a unique
advantage here, through using the polarization-dependent surface chemistry to

provide control over adsorption/desorption and reaction processes and hence products
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1 formed beyond what is possible with conventional semiconductor photeelectiddess s aior
2 that present only a single, static surface chemistry. Combining the lower energy
3 requirements of alternative reactions to water oxidation with the controllable surface
4 properties of ferroelectrics will advance the field of photoelectrochemical clean fuel
5 production.

6 2. Optimizing fabrication methods. Available studies have demonstrated that single
7 crystal ferroelectric photoelectrodes generally result in enhanced performance
8 compared to polycrystalline systems. However, fabricating epitaxial single-crystal
9 thin films requires expensive techniques and/or substrates that promote single-crystal
10 growth. Such fabrication methods are not applicable for energy-harvesting
11 technologies, where large-scale, low-cost devices are required. Therefore, future work
12 needs to address these issues by two approaches: (i) Searching for economical and
13 scalable substrates that promote epitaxial single-crystal growth, and (ii) promoting
14 research on low-cost, scalable and uniform techniques for fabrication of
15 polycrystalline ferroelectric materials with good ferroelectric properties on relatively
16 cheap substrates (e.g., ITO, FTO, carbon-based, nickel foam, iron foam). A promising
17 approach that should be investigated further is applying a pre-treatment to substrates
18 to enable crystal growth in a preferred orientation, since optimizing this method
19 presents a vast opportunity to realize efficient ferroelectric photoelectrodes.

20 3. Ferroelectric polarization method and retention. Polarization has been proven to
21 accelerate charge transfer and enhance overall PEC performance. However, many
22 polarization methods demonstrating substantial improvements in photocurrent density
23 are conducted ex-situ (i.e., outside the reaction medium). Additionally, the
24 improvements in PEC performance induced by polarization are typically short-lived,

25 lasting only a few minutes to hours due to charge relaxation. Thus, it is imperative to
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develop fast, in-situ methods for polarizing ferroelectric photoelectrodes, ywithitsthes oo
operating medium to regenerate the polarization or rapidly change the polarization
direction. This is particularly important to enable full exploitation of dynamic control
over the desired photoelectrode surface and electronic states, to allow independent
optimization of each reaction step, e.g. for selectivity control in complex reactions

such as biomass oxidation as mentioned above.
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Table 1. A summary of PEC performance of ferroelectric photoelectrodes.

Material Synthesis method Photocurrent density Electrolyte Poling method Polarization Ref.
(at 1.23 Vgug and AM1.5 G, induced
unless otherwise specified) enhancement
(at 1.23 Vgryg, unless
otherwise specified)
BFO with oxygen Electrodeposition 450 pA cm? Borate buffer N.A. N.A. 135
vacancies (PH=9.2) &
0.7 M sulfite
14 nm LFO/STON PLD 0.55 mA cm™ 0.5 M NaOH N.A. N.A. 34
(Laser light, 5 mW, 405
nm)
BiVO4/BiFeO; Dip coating and sol- 0.28 mA cm? 0.5 M Na,SO, +20 V in air 0.32 mA cm? 21
gel
Co0304/BiVO4-BiFeO; Sol-gel 2.24 mA cm™ 1 M KOH +30 Vin 1 M KOH 4.51 mA cm™ 38
3%-wt BTO-WO; Drop-casting 37.8 pA cm™ 0.5M PBS +20 V in air 63 pnA cm 173
3%-wt BTO -TiO, Drop-casting 28 pA cm? 0.5M PBS N.A. N.A. 173
3%-wt BTO-CuWO, Drop-casting 5.8 pA cm? 0.5M PBS N.A. N.A. 173
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Ag/Nb:SrTiO; PLD 98 uA cm? 0.5 M NaOH 8V 128 pA cm? 141
(A tungsten halogen lamp,
~100 mW cm?)
WO,/BaTiO; Drop-casting 52 uA cm? (UV lamp, 0.5 M PBS +20V 92 uA cm 174
10 mW cm2, 365 nm)
CdS/BaTiO3 Hydrothermal 160.46 pA cm? 0.2 M Na,S0;, +3Vin02M 459.53 pA cm? 13
and 0.1 M Na,S Na,SO; and 0.1 M
Na,S
Ti0,-BaTiO; Core-Shell Hydrothermal 1.30 mA cm™ PBS +3Vor-2Vin2M 1.50 mA cm™ 72
KCl, 5 min
WO,/BiVO./BiFeO4 Sol-gel 1.30 mA c¢cm? 0.5 Na,SO, N.A. N.A. 116
BiFeO;/Sn:TiO, Hydrothermal & Sol- 1.47 mA cm™ 1 M NaOH +2Vin 1 M KOH 1.76 mA cm™? 107
gel
Ag-doped BiVO,/BiFeO;  Spin-coating 0.51 mA cm™ 0.1 M Na,SO, N.A. N.A. 7
(pH=6.5)
Sm-doped BFO@RGO Spin-coating 240 mA cm?at 0.5 Vscg 1 M NaOH N.A. N.A. 175
Ti0,/BTO/Ag,0 composite-hydroxide- 1.3 mA cm™ 1 M NaOH +2 Vin 1 M NaOH, 1.55 mA cm™ 163
mediated (CHM) (150 W Xe lamp, AM1.5G) 60 s
WO;/BiFeO; Sol-gel 300 pA cm? 0.5 Na,SO, N.A. N.A. 17
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a-Fe,0;/BaTiO; Sol-gel and 235 pA cm? 1 M NaOH +8 V in propylene 330 pA cm? 4
hydrothermal carbonate, 60 s
OEC/CTF/BTO Hydrothermal 0.83 mA cm™ 1 M KOH N.A. N.A. 7
BTO/CdS Hydrothermal and 0.5 mA cm? (300 W Xe 0.25 M Na,S0; N.A. N.A. 120
SILAR lamp) and 0.35 M
Na,S
BTO/TiO,/CdSe QDs Hydrothermal ~13.8 mA cm 0.25M Na,S +10Vin0.1 M 15.3 mA cm? 2
and 0.35M LiClO4 in propylene
Na,SO; carbonate, 60 s
BaTiO;/NiFe,04 Hydrothermal 0.34 mA cm2at 1.6 Vgcg 1 M KOH N.A. N.A. 12
PbTiO;@TiO, Doctor blade casting 0.30 mA cm™ 0.1 M KOH N.A. N.A. 0
method
PVDF/Cu/PVDF-NaNbO;  Hydrothermal 0.1 mA cm™ 0.5 M NaOH N.A. 0.15 mA cm™ 81
V doped ZnO Hydrothermal 1.75 mA c¢cm™ 0.5 Na,SO, +2Vor-1.2Vin0.5 1.9 mA cm™ 176
Na,SO,, 20 mins
NaNbO; Hydrothermal 0.31 mA cm?2at IVagaeer 0.5 NaySOy4 5V, contact mode 0.51 mA cm?2at 1 35
Vagagcl
Li-doped ZnO Hydrothermal 0.4 mA cm? 0.5 Na,SO, 100 kV cm™!, contact 0.48 mA cm? 143

mode
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Fe,0;/PZT Spin-coating 1.0 mA c¢cm™ 1 M NaOH +5Vin 1 M KCI 1.25 mA cm? 177
TiO,/STO Hydrothermal 1.4 mA cm? 1 M NaOH +10 V, contact mode 1.45 mA cm™ 113
Bi,FeCrOq PLD 0.10 mA cm™ 1 M Na,SO, +15 'V, contact mode 0.15 mA cm? 178
BVO@BTO Spin-coating 3.9 mA cm? PBS and 0.1 M N.A. N.A. 179
Na,SO;

BaTiO3/Nb:SrTiOs Atomic oxygen 0.09 mA c¢cm™ 0.1 M NaOH +8 V in propylene 0.21 mA cm™ 4

assisted molecular carbonate, 10s

beam epitaxy
BTO/Cu,O Hydrothermal and 0.26 mA cm2at 0 Vagaeer 0.1 M NaOH N.A. N.A. 180

electrodeposition
Cr-doped SrTiO;/TiO, Hydrothermal 4.05 mA cm? at 0.6Vgcg 1 M NaOH N.A. N.A. 144

(Xe lamp, 200 mW cm2,
420 nm cut-off filter)
BiFeO;/Fe,0; Hydrothermal 0.57mA cm?2at 1.7 Vggg 0.5 M Na,SO, N.A. N.A. 119
a-Fe,03/BaTiO; Hydrothermal 235 pA cm? 1 M NaOH +8 V in propylene 330 pA cm? 4
carbonate, 60s
-45 pA cm?2 (500 W Xe,
(111)-oriented BiFeO; PLD 0.5 M Na,SOy4 N.A. N.A. &
AMI.5G)

BiFeO;/Cu,O Sol-gel and RF -103 pA cm?at -0.4 0.1 M Na,SO, +8Vin0.1 M -200 pA cm?2at -0.4 3
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sputtering Vagagcl (350 W Xe lamp) Na,SO, V ag/agcl
+10Vin0.1 M
-0.01 mA cm? (300 W Xe
ITO/nano-Au/PZT Sol-gel 0.1 M Na,SO;  LiCIOy in propylene N.A. 20
lamp, 455-nm-low pass)
carbonate
+10Vin0.1 M
Chemical bath
PZT/CdS -8 pA cm? 0.1 MNa,SO;  LiClIQy in propylene -10.6 pA cm? 36
deposition
carbonate
(101)-oriented PZT PLD 31pA cm? 1 MKCI +5Vin IM KCl -30 pA cm? 17
15 pA cm2 (300 W Xe +8Vin 0.1 M
BFO on Pt/Tl/SlOz/Sl(loo) Sol—gel 0.1M Nast4 N.A. 104
lamp) Na,SO,
chemical vapor
CulnP,S; -11 pA cm? 0.1 M H,SO, N.A. N.A. 181

transport
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