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H-dependent mechanism of
ferroelectric polarization on different dynamic
pathways of photoelectrochemical water
oxidation†

Xing Ji, ‡a Zhouhao Zhu,‡b Ming Zhou,a Ying Zhang, c Liyong Gan, *b

Yunhuai Zhang *a and Peng Xiao*b

Ferroelectric polarization is considered to be an effective strategy to improve the oxygen evolution reaction

(OER) of photoelectrocatalysis. The primary challenge is to clarify how the polarization field controls the

OER dynamic pathway at a molecular level. Here, electrochemical fingerprint tests were used, together

with theoretical calculations, to systematically investigate the free energy change in oxo and hydroxyl

intermediates on TiO2–BaTiO3 core–shell nanowires (BTO@TiO2) upon polarization in different pH

environments. We demonstrate that the adsorbate evolution mechanism (AEM) dominated in acidic

environments, and both positive and negative polarization resulted in a reduction in the oxo-free energy,

which inhibited the reaction kinetics. In the oxide path mechanism (OPM) that occurs in alkaline

conditions, the ferroelectric polarization exhibits repulsive adsorbate–adsorbate interaction for OH−

coverage and free energy shift of the OH− groups. We elucidate that a weakly alkaline electrolyte is the

optimal environment for ferroelectric polarization because the positive polarization promotes OH−

coverage and facilitates reaction pathway transfer from AEM to OPM; therefore, BTO@TiO2 exhibited

a record polarization enhancement to 0.52 mA cm−2 at 1.23 VRHE in pH = 11. This work provides a more

accurate insight into the pH-dependent effect of ferroelectric polarization on the OER dynamic pathway

than conventional models that are based solely on the regulation of band bending.
Introduction

The oxygen evolution reaction (OER) from water transforms
renewable energy, such as solar radiation, into chemical energy,
such as H2, through sustainable electro- or photo-
electrochemical approaches. At present, the predominant
hurdle for the OER is the sluggish kinetics of the four electron/
four proton transfers. This necessitates the application of large
overpotentials at meaningful rates.1,2 Although the “Sabatier
Principle” has been proposed to compare catalysts,3 under-
standing the intrinsic rules governing the reaction steps and
intermediates evolution is central to clarifying the basis of the
kinetics of the catalysts in detail.
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According to the widely accepted adsorbate evolution
mechanism (AEM),4,5 the OER process involves the trans-
formation of multiple oxygen intermediates (i.e., OH*, O*, and
OOH*) on a single active site, as shown in Scheme 1a. The rate-
determining step (RDS) for this path is the reaction of adsorbed
O* with water to form an OOH*.6 Strategies, such as lattice
doping and interface engineering, have been widely applied to
modulate the spin/charge density or proton acceptor sites, thus
optimizing the binding energy of intermediates and kinetics in
the RDS.7–10 However, a high overpotential (h) is required to
drive the OER in this pathway due to a theoretical limit of
approximately 370 ± 100 mV.11,12 Recently, a novel oxide path
mechanism (OPM) was put forward to address this limitation.13

This mechanism allows the direct coupling of O–O species on
two active sites without the generation of extra OOH* inter-
mediates (Scheme 1b), thus breaking the scaling relationship
and accelerating the OER kinetics further as compared to
AEM.14 Symmetric dual-metal congurations with appropriate
atomic distances are expected to be advantageous in promoting
O–O coupling with a low energy barrier.15 In an exciting recent
breakthrough, a “two-dimensional volcano” plot was reported
to elucidate the intrinsic OER kinetics that can be further
enhanced by optimizing both the binding energy and the
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc08291e&domain=pdf&date_stamp=2025-02-08
http://orcid.org/0000-0003-4280-8609
http://orcid.org/0009-0003-2036-5429
http://orcid.org/0000-0002-1879-1918
http://orcid.org/0000-0001-7611-8775
https://doi.org/10.1039/d4sc08291e
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc08291e
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC016007


Scheme 1 Comparison of reported OER mechanisms. Schematic illustration of (a) AEM and (b) OPM. (c) The reduction process to realize the
intermediates, (d) the light–dark electrochemical scan test, and (e) the reduction potential of hydroxyl and oxo intermediates.
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interaction strength between the catalytically active states.16

This nding provides a more accurate description of the OER
dynamic pathway than traditional models, which are based
solely on the binding energetics.

Ferroelectric (FE) materials exhibit spontaneous electric
polarization due to changes in bonding (such as BiFeO3 (ref.
17)) or the displacement of ions from their equilibrium position
(such as BaTiO3 (ref. 18)). Over the past few decades, FE polar-
ization has shown great promise in the electro- or photoelec-
tron- OER process. One respectable view is that spontaneous
polarization offers an internal electric eld or band-engineering
effects to propel the charge transport behaviors.19,20 In addition,
the FE materials may attract electrically charged species from
the solvent environment on their poled surfaces to screen the
built-in electric eld for the sake of charge neutrality.21,22

Therefore, an ideal catalytic system to break the Sabatier prin-
ciple can be realized on FE materials by executing reversible
polarization, which achieves efficient adsorption of reaction
substrates and rapid desorption of products.23 First-principles
computations have been used to identify the adsorption-free
energy of the OER intermediates on FE-based heterojunctions.
For example, Jun et al. found that positive polarization effec-
tively reduces the energy required for the formation of OH* and
O*.24 Iyer et al. indicated that polarization in the opposite
direction causes an asymmetric response to the OER Gibbs free
energy prole due to the modulation of interface chemistry and
© 2025 The Author(s). Published by the Royal Society of Chemistry
surface reconstructions.25 The challenge is that experimentally
probing the intermediate's evolution is extremely difficult
because these reactive species form within a hydrogen-bonded
network and at a buried metal–oxide interface that obscures
them.

Spectroscopy has been employed to directly probe the
congurations of OER intermediates, such as OH* and O*. For
example, X-ray absorption spectroscopy (XAS) can monitor the
change in the local electronic state near the metal atoms and
oxygen K-edge, and oxygen species (O− and O2−) have been re-
ported to form during the OER.26 Coupled with optical regimes
(i.e., ultraviolet-visible, infrared, and Raman), the vibrational
energy of the oxygen intermediates, such as OH*, O* and OOH*,
can be determined aer efficient photoexcitation.27 However,
these complex spectroscopic techniques cannot characterise
the change in free energy of the OER intermediates across the
full pH range, which is a critical factor for AEM and OPM
kinetics. Additional analytical tools, such as isotope labelling
and mass spectrometry, should be combined to obtain further
insight into the nature of the intermediates.28

In a photoelectrocatalytic OER process, H2O or OH− adsor-
bed on a photoanode surface undergo the sequential trans-
formation of intermediates under the action of photo-induced
holes to eventually produce oxygen. These intermediates do not
form on the photoanode surface before the OER cycle; instead,
they only appear dynamically on active sites under
Chem. Sci., 2025, 16, 3296–3306 | 3297
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photoexcitation.29 This process exhibits non-equilibrium and
the isolation of the intermediate congurations oen requires
photoexcitation. Once the light source is ceased, some of the
intermediates cannot proceed with complete conversion to
oxygen and remain on the photoanode surface. Accordingly,
negative electrochemical scanning in the dark facilitates the
gain of electrons by the residual intermediates, resulting in
a reduction peak on the scanning curve,30,31 as shown in Scheme
1c and d. The peak potentials can be employed to quantify the
degree of oxidation of the intermediates, which is related to
their free energy. We have veried that the reduction peak (Ep)
at 0.40 VRHE on TiO2 at pH = 0 is related to the reduction of O*
during AEM, and the Ep for OH* appeared at 0.29 VRHE on TiO2

at pH = 14, which corresponded to the OPM (Scheme 1e).32 It
has been reported that the surface structure of FE materials,
BaTiO3 (BTO) or SrTiO3, is terminated by a TiO2 double layer.33

The conguration of the OER intermediates on these ferro-
electrics should be similar to TiO2. Therefore, if we can probe
the intermediates on the FE, the polarization regulates the
energy of the intermediate and its evolution can be claried,
which is extremely important to explore the inherent origins of
enhanced kinetics.

Hence, TiO2 nanowire (NWs) arrays covered with a thin layer
of BaTiO3 (denoted as BTO@TiO2) were constructed using
a two-step hydrothermal method. The oxo and hydroxyl inter-
mediates on BTO@TiO2 and their reduction peak potentials
were probed using the light–dark electrochemical scan test
under different pH conditions. The reduction potential shi of
the oxo and hydroxyl intermediates that was related to the free
energy shi of the intermediates was studied in detail under
polarization experiments, and a possible mechanism was
proposed by DFT calculations. Based on the AEM and OPM
dynamic pathways, we gained a clear understanding of the
mechanism behind the improved OER kinetics when they are
affected by ferroelectric polarization. We elucidate that ferro-
electric polarization not only controls the free energy of the oxo
and hydroxyl intermediates but also transforms the catalytic
pathway between AEM and OPM by altering the OH− coverage
density on the photoanode, resulting in asymmetric changes of
the OER performance. We verify that the optimal application
environment for ferroelectric polarization is in a weakly alkaline
electrolyte, where the OH− coverage on the photoanode does
not reach saturation, and positive polarization can promote
OH− coverage and facilitate the O–O coupling during OPM.
Under this condition, the photocurrent of BTO@TiO2_P
exhibits a remarkable enhancement of 0.52 mA cm−2 at 1.23
VRHE in the OER performance under positive polarization.
Taken together, these effects reveal the mechanistic origins of
the ferroelectric polarization in different OER dynamic path-
ways and provide rational strategies for the application of
ferroelectric catalysts.

Results and discussion

In this work, BaTiO3 was chosen as the epitaxial layer for the
TiO2 NWs mainly due to its small lattice mismatch and strong
ferroelectric polarization intensity at room temperature (15–30
3298 | Chem. Sci., 2025, 16, 3296–3306
mC cm−2).34 The synthesis of BTO@TiO2 involved seed-layer-
assisted hydrothermal growth of TiO2 NWs on an FTO
substrate, following a previously reported hydrothermal-driven
cation exchange strategy,35 as shown in Fig. 1a. A pristine
TiO2 NWs reference sample has been prepared by the same
method without the cation exchange. X-ray diffraction patterns
(XRD, Fig. S1†) appearing at 35.8° conrmed the rutile phase of
the pristine TiO2 with (011) face. Upon a second hydrothermal
reaction at 150 °C, a novel diffraction peak at 31.1° was observed
on the XRD pattern, corresponding to the (001) face of the
tetragonal-phase BaTiO3.36 The diffraction peak exhibited an
increasing intensity with an extension of the reaction time,
suggesting that the transformation of TiO2 to BaTiO3 was
effectively achieved. Linear sweep voltammetry (LSV) demon-
strated that BTO@TiO2 prepared with 2 hours of hydrothermal
cation exchange exhibited the highest OER photocurrent
density (Fig. S2†). Subsequent characterization and measure-
ments were conducted using this sample. The introduction of
Ba2+ was further conrmed by XPS (Fig. S3†), indicating the
formation of BTO@TiO2.37 In contrast to the pure TiO2 NWs
(Fig. S4†), BTO@TiO2 exhibited an identical morphology with
no discernible surface roughness (Fig. 1b and c), implying that
Ba2+ diffused into the TiO2 surface layer in a smooth and orderly
manner to form BaTiO3 at the surface. Furthermore, the specic
capacitances of TiO2 and BTO@TiO2 were found to be similar to
each other based on the electrochemically active specic surface
area test (Fig. S5†). This nding further indicates that the
morphological structures of the two are not signicantly
different. Consequently, the BTO@TiO2 can be regarded as
a heterojunction structure, where TiO2 serves as the inner core
and BaTiO3 as the outer shell. Furthermore, the atomic-scale
structure of the individual BTO@TiO2 NW's outer layer was
corroborated by HAADF-STEM characterization as shown in
Fig. 1h. The boundaries between TiO2 and BaTiO3 can be
observed clearly, where the thickness of the outer BaTiO3 was
approximately 2 nm aer 2 h of hydrothermal reaction, and
crystallinity was inadequate due to hydrothermal trans-
formation. The atomic structure of the outer layer of BaTiO3

aer undergoing annealing is shown in Fig. 1i. Obviously, the
BaTiO3 surface was encapsulated by two distinct layers of TiO2,
which is consistent with prior observations.33 This nding
provided further evidence that, for the BTO@TiO2 hetero-
junction, the intermediate states of the OER process will be
predominantly affected by the TiO2-like surface, rather than the
BTO surface.

Fig. 2a–c shows the photoelectrocatalytic OER performance
of TiO2 and BTO@TiO2 in different pH electrolytes under AM
1.5 G solar irradiation with a power density of 100 mW cm−2.
The geometric photocurrent densities of TiO2 were 1.06, 0.87,
and 0.98mA cm−2 at 1.23 VRHE in electrolytes with pH= 0, pH=

7, and pH = 14 respectively. The photocurrent of BTO@TiO2

increased to 1.76, 1.53, and 1.71 mA cm−2 for the corresponding
pH electrolytes with growth rates of 39.5, 41.0, and 38.9%,
respectively. The photoelectrocatalytic current density J on
a photoanode is determined by:

J = Jabs × hsep × hoxi
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Characterization of the BTO@TiO2 photoanode. (a) Schematic of the synthesis of BTO@TiO2. (b) SEM images of BTO@TiO2with the top (c)
and side view, (d–g) EDX elemental distribution of a single BTO@TiO2 NW, (h) the HAADF-STEM image of BTO@TiO2, and (i) an annealed surface
layer of BTO.
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Jabs, hsep, and hoxi are described in the ESI.† Jabs is the
photocurrent density when completely converting the absorbed
photons into current. hsep is related to the hole transport
dynamics in the photoanode bulk, and hoxi is connected with
the surface reaction kinetics. We rst compared the UV-visible
absorption of BTO@TiO2 relative to TiO2, and the results
(Fig. S6†) showed that the light absorption ability for both
samples is almost no different, meaning that Jabs are the same.
Then, hsep and hoxi were determined based on sulte oxidation
(Fig. S7†). As shown in Fig. S6f,† the improvement in hsep for
BTO@TiO2 was only about 10%, which is signicantly lower
than that in hoxi (40–90%). This suggests that the increased
performance of BTO@TiO2 was attributable to the enhance-
ment of catalytic kinetics at the photoanode surface.

A transient photocurrent test was also conducted to investi-
gate hole recombination at the surface. As illustrated in
Fig. S8,† the bias voltage drives the photogenerated hole to the
photoanode surface, where it binds to the reaction substrate
and generates a total photocurrent (Jtotal). However, the inter-
mediates can be reduced by photogenerated electrons in an
inverse reaction, thus causing current decay. The area of the
corresponding decay peak represents the surface recombina-
tion current (Jrec) or the hole recombination degree.38,39

Following the measurement of transient photocurrent spectra
in three different pH electrolytes (Fig. S9–11†), the values of Jtotal
and Jrec were calculated at corresponding bias voltages, and the
difference in their variation with a bias voltage from 1.03 to
© 2025 The Author(s). Published by the Royal Society of Chemistry
1.23 V is plotted in Fig. 2d–f. It can be observed that there was
no notable disparity between the Jrec of TiO2 and BTO@TiO2

under the three different electrolytes tested. Thus, the increase
in Jtotal, which represents the number of holes involved in the
reaction is closely related to the acceleration of the OER kinetics
itself. The OER is a sluggish reaction involving four-hole/proton
transfer steps and multiple intermediates. Regulating the
energy barrier of intermediates can effectively enhance OER
kinetics.

Subsequently, light–dark electrochemical scanning was
conducted on TiO2 and BTO@TiO2, respectively, to obtain the
intermediate states formed during OER. It should be noted that
both AEM and OPM mechanisms coexist when OER occurs in
the whole pH range,32,40 while AEM is the dominant reaction in
acidic electrolytes and OPM reaction ascends in the basic elec-
trolyte. In a neutral environment, the competition between AEM
and OPM results in a decline in the photocurrent performance.
The different RDS in AEM and OPM allow the detection of
residual intermediates, oxo and hydroxyl species, under acidic
and basic conditions, respectively. As illustrated in Fig. 2g–i, as
compared with the reduction peaks from pristine TiO2 in
different electrolytes, the reduction peaks at 0.33 and 0.31 VSHE

for BTO@TiO2 correspond to the oxo groups when pH = 0 and
7. The reduction peak at −0.45 VSHE is related to the hydroxyl
group on BTO@TiO2 in pH = 14. The reduction peak potential,
Ep, of both the oxo and hydroxyl groups are positively shied for
BTO@TiO2 in both acidic and alkaline conditions in
Chem. Sci., 2025, 16, 3296–3306 | 3299
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Fig. 2 The recognition of intermediates on TiO2 and BTO@TiO2 photoanodes. The photocurrent curves of TiO2 and BTO@TiO2 in (a) pH= 0, (b)
pH= 7, and (c) pH= 14. The Jtotal and Jrec of TiO2 and BTO@TiO2 at different bias voltages in (d) pH= 0, (e) pH= 7, and (f) pH = 14. The negative
scan curves of TiO2 and BTO@TiO2 photoanodes in the dark at (g) pH = 0, (h) pH = 7, and (i) pH = 14.
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comparison to pristine TiO2; this shi is accompanied by the
signicantly enhanced photocurrent of BTO@TiO2. Even in the
neutral case, where dual-mechanism coexistence is seen, the
photocurrent of BTO@TiO2 is signicantly enhanced with
a positive shi in the Ep of oxo species, as shown in Fig. 2h. As
the potential of the reduction peak is related to the free energy
of the intermediates, in the acidic condition, the positive shi
in the reduction peak indicates that the free energy of the oxo is
elevated, which effectively shrinks the RDS energy barrier
between the oxo and hydroperoxo in the AEM pathway, thus
improving the OER kinetics and enhancing the catalytic reac-
tion rate, as shown in Fig. 3a. Similarly, in the alkaline envi-
ronment, the elevated hydroxyl energy reduces the difference in
free energy between the hydroxyl and oxo groups in the OPM
pathway, as shown in Fig. 3b. It seems that the positive shi in
the Ep of the oxo and hydroxyl groups is associated with
enhanced OER performance. The question is whether it can be
deduced that the positive shi Ep of the two intermediates is
a descriptor of the acceleration of OER kinetics, regardless of
the oxygen evolution mechanism being AEM or OPM?

To further verify this deduction, we reconstructed an amor-
phous TiO2 thin layer on the TiO2 NWs surface by the electro-
chemical reductionmethod (Fig. S12†) without changing its UV-
visible absorption ability (Fig. S13†). In addition, we obtained
electrochemical ngerprints of the two intermediates in
different pH electrolytes (Fig. S14†). The comparison between
3300 | Chem. Sci., 2025, 16, 3296–3306
the photocurrent J and the intermediate potential Ep vs. elec-
trochemical reduction voltage through light–dark electro-
chemical scanning tests is shown in Fig. 3d and e. Fig. 3d shows
that under different reduction voltage treatments, the trend in
OER performance change is consistent with the oxo Ep change
in an acidic environment. This further conrms that increased
oxo energy reduces the RDS potential during AEM; the Ep of oxo
species can be used as a descriptor of the kinetic rate in
AEM.16,41 The larger the value of Ep, the faster the catalytic
kinetics of the AEM. However, in an alkaline environment, the
tendency for performance change and the hydroxyl Ep change
are not entirely consistent, as shown in Fig. 3e. In particular, the
photocurrent of TiO2 NWs that had been treated by a reduction
voltage larger than −0.5 VRHE decreases, but the energy of the
hydroxyl group continues to increase. For the OPM pathway, the
O–O coupling that occurs at two active sites needs more strin-
gent requirements for the geometric conguration of metal
active sites.15 It has been reported that both the O* interaction
strength and O* binding energetics control the kinetics of water
oxidation.16 Therefore, the kinetics of the OPM reaction depend
not only on the hydroxyl energy but also on the interatomic
resistance of the oxo groups. Excessive amorphization (Fig. 3f
and g) will enlarge the distance between the active sites and
increase the interatomic resistance for O–O coupling, leading to
the conversion of OPM into AEM as shown in Fig. 3c.28,42

Although the free energy of hydroxyl enhanced, the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Influence of intermediate states on the catalytic mechanism. (a) Effect of the oxo group energy change on the AEM. (b) The effect of
hydroxyl energy change on OPM. (The grey arrows represent the mechanism that occurred on TiO2, and the yellow arrows represent the
mechanism that occurred on BTO@TiO2) (c) mechanism transformation between AEM and OPM induced by excessive amorphization. The
variation in the photocurrent at 1.23 VRHE and Ep of intermediates with reduction potential at (d) pH = 0 and (e) pH = 14. The TEM image of (f)
pristine TiO2 and (g) TiO2 after electrochemical reduction treatment.
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performance of TiO2 reduced at more negative voltage and
decreased in pH= 14. Briey, the oxo energy can be regarded as
a descriptor for the modulation of the OER kinetics in AEM as
the reaction proceeds on a single active site. However, in OPM,
the modulation of the OER kinetics must be considered for the
hydroxyl energy, as well as the interatomic resistance effect.

According to the above analysis, the intrinsic correlation
between the energy change of the intermediates and the reac-
tion kinetics, with the aid of ferroelectric polarization, can be
further studied. Fig. 4a and b demonstrate that the tetragonal
BaTiO3 layer on TiO2 is a ferroelectric phase with reversible
polarization; in addition, the amplitude-biased curves in
buttery shape were obtained by a piezoelectric force micros-
copy, and 180° phase transitions were observed. Then,
BTO@TiO2 was polarized by applying an external bias voltage in
a two-electrode system as shown in Fig. S16.† In this system, the
positive electrode of the power source was connected to the
photoanode to perform positive polarization (marked as
BTO@TiO2_P). Conversely, the negative pole is connected to the
photoanode for negative polarization (labelled as BTO@TiO2_-
N). Following the completion of the polarization process,
a series of light–dark electrochemical scans were conducted.
The reduction peaks of oxo exhibited a negative shi in both
BTO@TiO2_P and BTO@TiO2_N in pH = 0 as shown in Fig. 4e.
The negative shi in the reduction peak indicates a decrease in
the oxo energy, which undoubtedly results in an increased in
the energy difference between the oxo and hydroperoxo inter-
mediates that consequently leads to an elevated AEM barrier
© 2025 The Author(s). Published by the Royal Society of Chemistry
and the inhibition of the OER kinetics. The slower reaction
kinetics results in a more challenging hole capture on the
photoanode surface, which in turn, leads to a notable reduction
in photocurrent, as illustrated in Fig. 4c. Furthermore, in
alkaline environments, the reduction peak of the hydroxyl
group is almost unchanged on the BTO@TiO2_P, while the
photocurrent curves essentially overlap before and aer positive
polarization, as shown in Fig. 4d and f. Meanwhile, the increase
in the hydroxyl Ep on BTO@TiO2_N resulted in a further
decrease in photocurrent. It is shown that negative polarization
triggers a decrease in the performance at pH = 14.

In acidic or neutral electrolytes, the polarization eld merely
affects the adsorption of H+, Na+, or SO4

2− groups, which do not
take part in the OER process (Fig. 5a, b, d and e). In an alkaline
electrolyte (pH = 14), the dominant groups are OH− anions and
Na+ cations, therefore, the OER mechanism mainly follows the
OPM pathway. Aer negative polarization, the negatively
charged BTO@TiO2_N attracts Na+ cations and reduces the
coverage of OH− on the surface, as shown in Fig. 5c.43

The reduced OH− coverage results in lower surface hydroxyl
density, which aggravates the interatomic resistance of the O–O
coupling, failing to sustain the OPM, and thus, the OER
mechanism shis to the AEM and the photocurrent declines, as
shown in Fig. 4d. Recently, it has been reported that oxygen
species formed at the OER exhibit repulsive adsorbate–adsor-
bate interactions, and increasing their coverage weakens their
binding, thereby promoting O–O bond formation.16 Here we
demonstrated that the reduced OH− coverage on BTO@TiO2_N,
Chem. Sci., 2025, 16, 3296–3306 | 3301
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Fig. 5 The effect of the polarization on interfacial ion adsorption.
Diagrams of ion adsorption at the BTO@TiO2-electrolyte interface in (a
and d) acidic, (b and e) neutral, and (c and f) basic electrolytes after
negative and positive polarization.

Fig. 4 The effect of ferroelectric polarization on photocurrent, as well as intermediate states. The piezoelectric force response of BTO@TiO2

with (a) butterfly loop of the amplitude and (b) hysteresis loop of the phase. The photocurrent and electrochemical fingerprints scan of
BTO@TiO2 in (c and e) pH = 0 and (d and f) pH = 14 after positive and negative polarization.
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when combined with the increase in the energy of the hydroxyl
group, as shown in Fig. 4f, which is in accordance with the
above literature.

Therefore, we veried that polarization not only alters the
energy of the intermediates of AEM and OPM but also controls
the mechanism transformation between AEM and OPM when
pH > 7. Negative polarization results in the conversion of OPM
to AEM, and positive polarization promotes the conversion of
AEM to OPM as shown in Fig. 6a. Thus, we can speculate that in
a weakly alkaline environment, where the OH− coverage on the
photoanode does not reach saturation, the positive polarization
may promote OH− coverage and facilitate the OPM kinetics. As
shown in Fig. 6b, the photocurrent of TiO2/BTO_P increased by
0.52 mA cm−2 at 1.23 VRHE in the electrolyte with pH = 11,
which is a notable enhancement compared to the reported
works (Fig. 6d). The OER was able to progress more
3302 | Chem. Sci., 2025, 16, 3296–3306
expeditiously through the OPM in this case, thereby enhancing
catalytic kinetics and performance, while the energy of the
hydroxyl group decreased. Overall, ferroelectric polarization
alters the catalytic kinetics by transforming the catalytic
mechanism via controlled OH− coverage and the free energy of
the intermediate state, which leads to asymmetric changes in
performance.

First-principles calculations were performed to explore how
polarization affects the energetics of the OER intermediates.
Based on the AC-TEM results (Fig. 1i), we constructed a hetero-
junction structure that consisted of one TiO2 (001) and two BTO
layers (Fig. S17†) to model the intrinsic (w/o) and polarized
(±Pz) BTO@TiO2 layer. Two layers of the Pt (001) plane were
constructed under the BTO to screen the dipole moment,
according to the previous study. The free energy changes from
OH* to O*, which can be detected with light–dark electro-
chemical scanning, were calculated for non-polarized, positively
(+Pz) and negatively polarized (−Pz) BTO@TiO2, as shown in
Fig. 7a. The free energies of O* decreased under both +Pz and
−Pz, while the free energy of OH* increased under −Pz and
decreased under +Pz. This trend is consistent with the results
based on the experimental tests (Fig. 4e and f). As a result, the
decrease in free energy of OH* in the case of +Pz, relative to that
without polarization, can be partially attributed to the concor-
dant dipole direction of the OH* group and BTO, resulting in
a Coulomb attraction, and thus, stronger adsorption. In
contrast, for −Pz, the dipole direction of OH* and BTO was
opposite, leading to Coulomb repulsion, and thus, an increase
in free energy. Although both positive and negative polarization
leads to a decrease in the energy of O*, the causes of the
decrease are different. As illustrated in Fig. 7b, the electron
localization function reveals that the O* is bonded to the
surface titanium atoms exclusively, establishing a distinct
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The validation of the catalyticmechanisms transformation induced by polarization when pH > 7. (a) Mechanism transformation induced by
positive polarization. (b) The photocurrent and (c) electrochemical fingerprints curve of BTO@TiO2 at pH = 11 after positive polarization. (d)
Comparison of the enhancement of J at 1.23 VRHE for BTO@TiO2 after polarization in this work with other ferroelectric-based photoanodes (full
data are listed in Table S1†).
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covalent bond. +Pz only results in a reduction in the bond length
from 1.73 to 1.65 Å, which is corroborated by Fig. 7c. However,
−Pz signicantly alters the O* adsorption conguration. Fig. 7b
and c show that the O* forms a bond with not only the Ti atom
but also with the O atoms on the surface. Furthermore, to
understand the different adsorption behaviour of O* on the −Pz
polarized TiO2-BTO, the conguration, where O* was adsorbed
on only one Ti site was also investigated, as shown in Fig. S19.†
It turns out that this adsorption conguration is energetically
less favourable by 1.65 eV. The Crystal Orbital Hamilton Pop-
ulations (COHP) analysis (Fig. S20†) reveals a much stronger
bonding in the O–O* than that in the Ti–O* bond, indicating
that O–O* bonding plays a dominant role in the adsorption of
O* on the −Pz polarized BTO@TiO2.

Furthermore, the local density of states of the surface TiO2

layer was analysed to explore the origin of the polarization effect
on the adsorption behaviour of O* (Fig. 7d). Clearly, +Pz leads to
the electron occupation in the conduction band minimum
© 2025 The Author(s). Published by the Royal Society of Chemistry
(CBM) of TiO2, while −Pz results in unoccupied states in the
valence band maximum (VBM) of TiO2. These features should
originate from the polarization-modulated electron transfer
direction between TiO2 and BTO. According to the planar
average charge differences (Fig. S21†), the electron transfer
directions in the two polarized heterojunctions are schemati-
cally illustrated in Fig. 7e. Clearly, +Pz results in electron
transfer from BTO to TiO2, while the transfer direction is
opposite in the −Pz BTO@TiO2. It is well-known that CBM and
VBM of TiO2 are dominated by Ti and O, respectively.44 Thus,
electron accumulation is around Ti sites (mainly in the dxy
orbital) in the +Pz BTO@TiO2, as presented in Fig. S22b,† which
renders the Ti sites partially reduced. In the case of −Pz, elec-
trons are depleted around the O sites, leading to several unoc-
cupied states, mainly in the O py orbital (Fig. S22f†). As a result,
more electrons were donated from Ti to O* on the +Pz
BTO@TiO2, which is the origin of the stronger bonding than
that on the non-polarized system. In comparison, the
Chem. Sci., 2025, 16, 3296–3306 | 3303
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Fig. 7 Theoretical analyses of the influence of polarization on the intermediates. (a) Free energy change from OH* to O* on BTO@TiO2 without
(w/o) and with positive (+Pz) and negative polarization (−Pz). (b) Electron localization function (ELF) and (c) charge density difference of O*

among the three heterojunctions. (d) Local density of states of the TiO2 surface layer at the three heterojunctions. The Fermi level (vertical dashed
lines) is set to zero. (e) Schematic diagram of polarization-modulated electron transfer direction (denoted by arrows) between TiO2 and BTO.
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unoccupied states can activate surface O sites in the −Pz-
polarized BTO@TiO2, which enables the formation of a strong
covalent bond to O*. Therefore, it becomes responsible for the
dual-site adsorption conguration of O*. Consequently, these
calculated results demonstrate that opposite polarizations in
BTO result in opposite electron transfer directions between
TiO2 and BTO, which subsequently affect the chemical states of
the surface Ti and O sites and ultimately give rise to sharply
contrasted energetics in the OER intermediates.

Conclusions

In conclusion, our work combines experimental and theoretical
techniques to re-evaluate the pH-dependent mechanism of
ferroelectric polarization during the AEM and OPM pathways of
3304 | Chem. Sci., 2025, 16, 3296–3306
the OER by unravelling the energy shi in the hydroxyl and oxo
intermediates. In detail, based on the core–shell structure of the
BTO@TiO2 photoanode, we identied the shi in the reduction
peak of the hydroxyl and oxo intermediates, which is correlated
with the free energy shi, on BTO@TiO2 under polarization
through light–dark state electrochemical scanning. We note
that the AEM pathway predominantly occurs in acidic envi-
ronments, and the energy shi of the oxo intermediates is
a descriptor for the acceleration of the OER kinetics. The OPM
occurred mainly in the basic electrolyte, and thus, the modu-
lation of the OER kinetics must consider the hydroxyl energy
shi, as well as the spatial site resistance effect of the O–O
coupling. We claried that both +Pz and −Pz polarization
reduces the free energy of the oxo group, thereby inhibiting the
reaction kinetics of the AEM in acidic conditions. By contrast, in
© 2025 The Author(s). Published by the Royal Society of Chemistry
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the OPM, ferroelectric polarization demonstrates a repulsive
adsorbate–adsorbate interaction for OH− coverage and energy
shi of OH*, increasing OH− coverage under +Pz weakens the
free energy of OH* and improves O–O coupling, which is a key
factor affecting the OPM kinetics. Thus, the optimal operation
environment for ferroelectric polarization is a weakly alkaline
electrolyte, where +Pz promotes OH− coverage and facilitates
the transformation of the OER pathway from the AEM to OPM.
We obtained a 47.7% improvement in the OER performance for
BTO@TiO2 at 1.23 VRHE under this condition. We also used DFT
to provide a molecular-level interpretation of the free energy
shi of the two intermediates. Our work highlights the pH-
dependent effects of ferroelectric polarization on the free
energy of intermediates and the transformation of the catalytic
mechanism. Our work leads to a more accurate description of
the ferroelectric polarization mechanism during the OER than
conventional models that are based solely on regulating band
bending.
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