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Understanding the potential-dependent kinetics of photoelectro-
chemical (PEC) reactions is crucial for advancing the catalytic applica-
tions, particularly for water oxidation. This dependency arises because
the accumulation of photogenerated charges, directly influenced by
the applied potential, fundamentally dictates the intrinsic limitation of
slow charge transfer rates. In this study, we investigated the water
oxidation on hematite photoanodes with {012} facets exposed, ana-
lyzing the reaction kinetics under light and dark conditions. We found
a direct correlation between the applied potential and the reaction
mechanism, evidenced by a notable transition in the apparent reaction
order which shifted from the 2nd- to the 4th- and then to the quasi-
4th-order. This observed kinetic transition is specifically linked to the
potential-driven changes in the termination and coverage of the
surface oxyl intermediates.

Introduction

Photoelectrochemical (PEC) water oxidation, a crucial half
reaction for sustainable hydrogen production via water
splitting,™ faces persistent challenges similar to traditional
electrolysis,” notably the sluggish four-charge transfer process
and/or the requirement for high overpotential.” While applying
high photovoltage and external bias can enhance the photo-
generated charge transfer and suppress recombination, these
strategies may also compromise the thermodynamic favorabil-
ity of the oxygen evolution reaction (OER).® Recent work by
Chen et al” underscored that the photogenerated charge
transfer rate at a SrTiOs/electrolyte interface is proportional
to the surface potential change. Interestingly, Nong et al.®
found that the applied bias affected current on IrO,
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New concepts

This work presents a new conceptual framework for understanding photo-
electrochemical (PEC) oxygen evolution reaction (OER) on semiconductor
photoanodes, specifically based on the behavior of pseudo-cubic hematite’s
{012} facets. Unlike conventional approaches that focus solely on applied
potential or simplified “PV + EC” models, we demonstrate that OER kinetics
on these active facets are profoundly dictated by the accumulated surface
charge densities, rather than merely potential. This introduces the concept of
a “rate-law of charge carriers” and represents a paradigm shift from current-
voltage analyses. Our breakthrough lies in revealing an interesting potential-
driven transition in the reaction order (from 2nd- to 4th-order) as a direct
function of these surface intermediate coverage and charge densities, indicat-
ing dynamic shifts in multi-electron transfer mechanisms unique to these
sites. This unprecedented quantitative insight differentiates our work by
dissecting the intricate interplay between photogenerated charges, their
accumulation, and facet-specific surface reaction pathways. It brings critical
understanding to nanoscience by providing a direct link between surface
charge dynamics and catalytic activity, enabling the rational design of highly
efficient nanoscale photo/electrocatalysts beyond empirical optimization.

electrocatalysts likely through charge accumulation. Therefore,
the understanding of the elusive interplay between applied
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potential, surface charge and its transfer dynamics would be
significant for enhancing PEC water oxidation efficiencies.

The potential sensitivity of OER electrochemical kinetics has
been extensively investigated. Notably, Shinagawa et al. calcu-
lated that potential-dependent intermediate coverage and rate-
determining step (RDS) led to a range of Tafel slopes (e.g., 30,
40, 60 and 120 mV dec ') for OER electrocatalysts, extending
beyond simple extreme coverage scenarios.’ Similarly, Antipin’s
simulation of Tafel slopes and reaction orders (1-3), bridged
surface coverage, accumulated charges and RDS.'® Practically, it
is insufficient to identify the RDS with a single Tafel slope,
challenging the assumption of constant charge reactions in
electrolysis. In PEC systems, Durrant et al. reported a transition
in the reaction order (e.g:, 1st to 3rd) of photogenerated charges
with increasing charge densities, through different reaction
routes.">"? Prof. Patzke’s work further identified surface inter-
mediates with high oxidative energy as potential active sites on
hematite using rate-law analysis.* This complex internal voltage
differences on semiconductors or electrocatalysts can vary with
applied potentials even at the same surface charge densities.'®
Consequently, further investigation into charge transfer mechan-
isms on the photoelectrode under varied potentials is crucial for
uncovering the surface intermediate coverage, RDS and ultimately
improving water oxidation efficiency.'®

Moreover, hematite (Fe,O;) is a strategic model photoanode
for studying potential effects on the reaction order due to its
controllable facets,"”'® suitable bandgap (1.9-2.2 eV), exceptional
stability,"® and bias-assisted photo-water oxidation.® Density
functional theory (DFT) calculations predicted energy barriers
on various hematite facets, including (001),*' (100), (210),>*
(104), (110) and (012).* A low Tafel slope of 58.5 mV dec " on
(012) surface suggested a two-electron transfer during the RDS
based on typical transfer coefficient.”> In PEC systems, hematite
exhibited a wide range of charge reaction orders (zero-, 1st-,">"*>*
2nd-,** 3rd-,">'** and 4th-orders®®) sensitive to the charge den-
sity, pH, and test conditions. Notably, recent work by Li’s group
demonstrated a potential-dependent transition in charge reaction
orders (0Oth to 4th, and back to 3rd) as the potential ranged from
0.6 V to 1.6 V vs. RHE,” indicating the reaction mechanism or
RDS was indeed potential dependent. Moreover, the potential-
driven modulation of surface oxy groups on hematite is supported
by ATR-FT-IR studies.>****° However, uncovering the surface
intermediate effect on the photoelectrochemical activities with
unique crystal facets is highly essential.

Herein, we synthesized cubic hematite nanocrystals with a
predominant (012) facet exposure and fabricated well-defined
photoanodes. By modulating the applied potentials, we exam-
ined the potential-dependent water oxidation kinetics, linking
them with surface charge densities and identifying the RDS and
key intermediates. Contact angle (CA) and X-ray photoelectron
spectroscopy (XPS) revealed evidence of transitions in surface
intermediates induced by anodic treatments. Light-modulated
transient photocurrent spectroscopy (LMTPC) and photoelec-
trochemical impedance spectroscopy (PEIS) were employed to
elucidate how OER intermediates and surface charge were
modulated by applied potential.
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Results and discussion

Hematite films with the (012) facet orientation could be well
assembled as a unique photoelectrode (Fig. 1a). Transmission
electron microscopy (TEM) revealed uniformly shaped pseudo-
cubic hematite nanocrystals with an average size of ~20 nm
(Fig. 1b). High-resolution TEM (HRTEM) imaging of a tilted
particle along the [221] zone axis (Fig. 1c) displayed characteristic
lattice fringes, exhibiting edge angles of 86° and 94°. In Fig. 1d,
fast Fourier transform (FFT) analysis of the HRTEM image yielded
a quasi-square diffraction pattern, where the (012) and (102)
diffractions were indexed with an inter-planar angle of approxi-
mately 86°, consistent with the [221] zone axis. The lattice spacing
of 3.69 A observed in Fig. 1e corresponded to the (012) and (102)
crystallographic planes. Based on the rhombohedral symmetry
(R3¢) of o-Fe,03, the identified facets belong to the {012} plane
groups or symmetrically equivalent facets. Notably, the particle
size could be increased by reducing the water content in the
synthesis solution. Moreover, XPS survey traces in Fig. S2 display
similar curves for the hematite films treated with 0.7 V, 0.9 V and
1.3 V vs. RHE, confirming the existence of Fe 2p, O 1s and C 1s
signals. Atomic force microscopy (AFM) image (Fig. 1f) demon-
strated the successful assembly of a hematite film with the
pseudo-cubic nanocrystals exhibiting preferential (012) facet expo-
sure. The film displayed a height variation within +15 nm,
indicating a relatively ordered arrangement of the nanocubes.
XRD in Fig. S3 revealed the possible (012) and (104) orientations
of the annealed hematite (JCPDS, no. 33-0664) films.

A photo/electrocatalytic oxygen evolution reaction is com-
monly understood to proceed on a single electrochemically
active site through a series of absorbed hydroxyl/oxyl inter-
mediates, such as *, *OH, *O and *OOH (* denotes the site on
the electrocatalyst). DFT calculations, as developed by Prof.
Norskov and colleagues, offer a powerful tool to depict the
energy barrier landscape of the OER by considering the total
energy, zero-point energy and entropy of each reaction

Fig. 1 Hematite nanoparticles for photoanode film preparation: (a) car-
toon scheme of assembled nanocubes, (b) TEM image of hematite
nanocubes, (c) HR-TEM image of hematite with (012) facet, (d) FFT pattern
of hematite with the [221] zone axis, (e) HR-TEM lattice image of hematite,
(f) AFM height image of the photoanode film from assembled hematite
nanocubes.
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intermediate (or transition state). Recognizing any of the inter-
mediate formation steps can serve as the RDS one, we consider
the *O as an initial form, analogous to the other intermediates.
Importantly, a constant total energy gain of 4.92 eV is fixed for
an O, molecular evolution within a catalytic loop.

Due to the synthetic accessibility and documented high OER
activity of the hematite (012) facet, we strategically selected the
(012) facet for the mechanistic study. Fig. 2a illustrates the
calculated free energy barriers for a proposed serial OER routes
on the hematite (012) facet under applied potentials of 0 V and
1.23 V vs. NHE, with data re-plotted from previous DFT calcula-
tions by Wu et al.>® For consistency, the *O intermediate is
selected as the initial step (energy reference), as all intermedi-
ates can be considered equivalent under steady-state catalytic
conditions. Here, the most kinetically challenging step is
identified as the formations of adsorbed *O from *OH (AG+o-
AG+op = 1.8 €V) on the hematite (012) facet, corresponding to a
theoretical overpotential of 0.57 V of the RDS. At an applied
potential of 1.23 V vs. RHE, the formation of * intermediate is
thermodynamically favorable, showing a downward energy
change. In contrast, the formation of *OH, *OOH and *O are
thermodynamically uphill (bottom in Fig. 2a), leading to a
potential-dependent shift in the rate, equilibrium constants
or the intermediate coverage under steady conditions.

The four elemental reactions are detailed in Table 1, where
their respective activation energies are presented. Utilizing the
Erying equation (k = (k,T)e"2%%D) for the transient state of
each elemental OER step,”® the microkinetics of the four
reaction steps were calculated under various applied potentials
and oxygen pressure. This approach allowed us to determine
the quasi-equilibrated intermediate coverages. For example, at
an applied potential of 1.8 V, the calculated forward reaction
constants significantly exceed the backward reaction constants,
consistent with *O formation as the RDS. Under the constraint
that the total coverage of all intermediate sum as unity (26 = 1),
the microkinetics calculation predicts that *O and *OH
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Fig. 2 OER energy diagrams of the hematite (012) facet: (a) DFT energy
barriers calculated by Wu et al.,?® (b) 3D map showing intermediate (*,
*OOH and *O) coverage vs. applied potential and O, partial pressure, (c)
intermediate coverage as a function of applied potential under ambient
condition, (d) schematic uphill accumulation of charges to overcome RDS
(e.g., *O).
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dominate the surface with a coverage of 0.995 and 0.0048,
respectively. It is noted that the microkinetic estimations of
reaction order and rates were performed using DFT-derived
energy barriers and an assumed energy barrier of 0.3 eV for
transition states. While the exact potential thresholds for inter-
mediate transitions should not be over-interpreted, this approach
effectively elucidates potential-dependent trends. Further funda-
mental research is needed to refine these predictions.

Moreover, the strong dependence of intermediate coverage
on both potential and oxygen partial pressure is illustrated with
the simulated data presented in Fig. 2b, obtained by varying the
potential from 0 to 2.0 V and the O, pressure ranging from
10°° to 10°° bar. Since the local pressure of O, near the anode
surface varies with the bubble size during the OER, a 1 atm
partial pressure was selected for simulation which simplified the
analysis. Therefore, Fig. 2c demonstrates that at 1 atm oxygen
pressure (In(P) = 0), the (012) surface is predominantly covered
by *, *OOH and *O under low, intermediate and high potentials,
respectively. Based on our previous microkinetics study,*! an nth
order reaction can be observed when the nth charge transfer step
is RDS, which involves a corresponding transfer of ‘n’ charges.
This dynamic governs the steady-state transitions of the OER
intermediates. The 3D plot effectively visualizes these complex
interactions, and offers clearer insight compared to a 2D repre-
sentation. As depicted in Fig. 2d, the shift in predominant
surface intermediates establishes different pre-equilibriums
with corresponding charge numbers (e.g:, 2h", 3h" and 4h"
for * & *OH < *O, *OOH < * < *OH < *O and *O «
*OOH < * < *OH < *O). Therefore, the microkinetic model
predicts the trend of 2nd-, 3rd- and 4th-order charge transfer
reactions under increasing potentials, respectively.

The electrochemical treatments on the hematite photoanodes
were carried out using a three-electrode configuration as shown
in Fig. S1. For this process, specific potentials within the range of
0.7-1.4 Vvs. RHE were applied for 40 min under dark conditions.
Interestingly, this anodic activation of the hematite photoanode
consistently showed increased photocurrent density-potential
(J-V) curves over four consecutive linear sweeping voltammetry
cycles measured in the same 1 M NaOH electrolyte. For instance,
the photocurrent steadily increases from 1.17 mA cm™ > to 1.46
mA em™ at 1.23 V vs. RHE in Fig. S4a. Furthermore, the IPCE
curves, measured under white LED light at 1.23 V vs. RHE,
revealed three distinct peaks at 320, 372 nm and 398 nm in
Fig. S4b. The IPCE values at 372 nm significantly improved from
27.6% to 41.0%, demonstrating a conspicuous enhancement.
Additionally, Fig. S5 depicts the stability of the anodic treated
iron oxide in 1 M NaOH alkaline electrolyte, with a photocurrent
retention of 97% over a 3 hours test at 1.23 V vs. RHE.
Importantly, Fig. S6a and b displayed identical UV-vis absorption
spectra of hematite with/without anodic treatment. No alterna-
tion of the semiconducting nature was observed. Therefore, we
are confident that the observed improvement of hematite’s
photoelectrochemical performance is indeed potential-sensitive
anodic activation.

To unravel the potential dependence of charge transfer
kinetics, we investigated the effect of anodic potentials on

Nanoscale Horiz., 2025, 10, 2569-2577 | 2571
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Table 1 Reaction rate constants, activation energy and intermediate coverage of hematite {012} facets
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Reaction ke kp K (kelky) AG (eV) Eq (eV) Site Coverage
*+HO™ +h" < *OH 8.86 x 10™ 5.27 x 10’ 1.68 x 10* —0.24 0.06 *OH 0.0048
*+HO +h' & *O+ H,0 5.27 x 107 5.27 x 10’ 1 0 0.30 *O 0.995
*+HO +h' < *OOH 3.04 x 10™ 5.27 x 10’ 5.77 x 10° —0.4 —0.10 *OOH 9.6 x 10°°
*OOH + HO™ +h" < *+ 0, + H,0 2.78 x 10* 5.27 x 107 5.27 x 10*” —1.64 —1.34 * 1.4 x 1074

Note: under a potential of 1.8 V, 1 atm O, pressure, pH = 14 and water concentration of 55.5 M assuming that the transient state for activation
energy of the forward reaction (E, ) is 0.3 €V larger than those calculated through DFT calculations (AG,).

charge accumulation and transfer behaviors within hematite
photoanodes. Fig. 3a presents transient current curves under
UV illumination (30 mW cm™?), demonstrating a continuous
increase in photocurrent density (to 1.13 mA cm™?) with the
potential increased from 0.9 V to 1.5 V vs. RHE. Concomitantly,
clear negative spikes were observed upon switching light off.
Further details on PEC performance under period chopped UV
light are provided in Fig. S6. While cyclic voltammetry (CV)
profiles under dark conditions in Fig. S7a showed only a gentle
increase of capacitive charges, the CV sweeps in Fig. S7b
unequivocally demonstrated an enhancement in PEC reactivity
after the anodic treatment at increasing potentials. Given that
the steady dark current is negligible (~ 0) and the overpotential
for the OER on hematite is >0.3 V,? it is reasonable to assume
that the surface charge diminishing (due to leakage) was
minimal below 1.5 V under dark conditions. Thus, the surface
charges (stored in negative spikes, inset in Fig. 3a) are mainly
scavenged by the backflow of current from FTO side rather than

by bulk recombination in space charge layer. By integrating
these negative spikes over time, charge densities at each
applied potential were quantified (pink column in Fig. 3b).
The red curves indicate surface charge density increases from
0.51 nm~” to 1.94 nm > with a maximum at 1.0 V vs. RHE. On
the other hand, at each potential, the surface charges (Q) are
calculated according to the capacitor equation (Q = C-Vpp),
where C and V,, were obtained from the simulation of PEIS
and photovoltage measurements at the trapping sites (or sur-
face states). The brown columns in Fig. 3b show the surface
charge densities of 3.35, 3.88, 1.79, and 2.02 per nm? at
potentials of 0.70, 0.90, 1.2, and 1.4 V vs. RHE, respectively.
We observed that the charge densities obtained by integrating
of TPC profile (pink columns) showed a similar potential
dependence to those measured by PEIS, albeit with consistently
lower values. Roughly, both PEIS and TPC techniques demon-
strate maximum charge accumulation on hematite within the
0.9-1.0 V potential range, a behavior consistent with surface
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Fig. 3 The potential-sensitive PEC performance of hematite: (a) transient photocurrent spectra with chopped UV light illumination (365 nm,
30 mW cm?), (b) accumulated surface charge density through PEIS and TPC, (c) charge transfer efficiencies increment by anodic treatment at 0.9 V
and 1.3 V vs. RHE, (d) Tafel slopes of hematite at 0.9 V and 1.3 V vs. RHE under dark conditions.
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capacitance under variable potentials.>*** Their discrepancy
can be attributed to the minimal contribution from surface
capacitive charge in the TPC method, coupled with the possible
overestimation of surface states in the PEIS method. Despite
this charge density being higher than some recently reported
values,” the general potential dependence exhibited a
similar trend.

To analyze the efficiency of the OER, we assumed a charge
transfer efficiency of unity for photooxidation of H,0,. The
resulting OER charge transfer efficiencies were plotted in
Fig. 3c, revealing a trend which was calculated based on Joggr/
Ju,o, from J-V curves (Fig. S8). Compared with the sample
anodically treated at 0.9 V, transfer efficiencies significantly
increased from 8.2% at 0.9 V to 77.3% at 1.3 V. Similarly, for the
sample treated at 1.3 V, efficiencies rose from 11.0% to 85.9%
over the same potential range. It is clear that the relative
increment (open triangles) of transfer efficiency exceeds 35%
within 0.9-1.0 V window, indicating the anodic treatment’s
most pronounced effect region occurs near the onset potential.
In Fig. 3d, the Tafel slope of the hematite films under dark
conditions are measured at 52 mV dec™! and 56 mV dec™?,
treated under a potential of 0.9 V (blue curve) and 1.3 V (red
curve) vs. RHE, respectively. According to the Tafel equation
(TS = 2.303RT/(2nF)),*® and assuming a charge transfer coefficient
() of 0.5, these values corresponded an n = 2 electron transfer in
the rate-determining process. Following this, we investigated the
power-law relationship between accumulated charges and
potential, aiming to discover the underlying causes of lower
charge transfer efficiencies observed at lower applied biases.

To further evaluate the charge reaction kinetics, the PEIS
were measured on hematite, where the equivalent circuit was

View Article Online
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shown in Fig. 4a. As suggested before, the trapped surface states
(Retrap and Ceeyrap) can host photogenerated charge, as the
catalytic process. The capacitance of these active sites, measured
by PEIS, showed that the trend is potential sensitive in Fig. 4b:
mostly, the larger one exists near the onset potential, ranged from
7.23 pF em™ 2, to 12 uF em™ 2 and 5.58 uF cm™ 2 from 0.7 to 1.4 V,
suggesting a charge accumulation balanced between generation
and transfer/recombination. The photovoltage of the hematite is
also sensitive to the light illumination densities, which showed a
logarithm trend in Fig. 4c. By multiplying the capacitance and
voltage dropped on trap states, the accumulated surface charges
were obtained at each potential. In Fig. 4d, an interesting loga-
rithmic dependence of charge density on the potential is
expressed by the trend (e.g., log(Q) oc V) under different potentials.
For example, the 0.9 V-treated hematite exhibited the highest
charge accumulation (red squares), which strongly corroborates

11.35
photovoltaics. To discover the power order of charge reaction
kinetics, we analyzed the steady photocurrent densities and sur-
face charge densities. It is noted that the photocurrent represents
charge transfer rates, when we assume the surface charge recom-
bination is negligible across the wide potential window.'> Briefly,
the relationship between the charge transfer rate (Jphow) and
charge density Q is expressed by a power law:>”

1
the charge density results (Q:0.177-ln (—)) like the

d
7?? ~ Jphoto = ann (1)

where k, is the rate constant and n is the reaction order,
respectively. The reaction order n can be extrapolated from the
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Fig. 4 Charge reaction order of the OER on anodically treated hematite photoanodes: (a) schematic representation of the hematite photoanode with its
electrochemical equivalent circuit by PEIS, where R yap and Cciwap denote the resistance and capacitance of the trapped surface charge sites,

respectively, (b) Cctap Of the surface state measured at various potentials,

(c) photovoltage of hematite generated under various light illuminations, (d)

trend of surface charge density as a function of light intensity for hematite treated with different potentials, (e) charge reaction order for hematite treated
with different potentials, and (f) charge reaction kinetics/orders of hematite at various potentials.
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logarithm-logarithm (log-log) plots:

log (fi—?> = logk, +nlogQ 2)

Using the surface charge density and steady water oxidation
photocurrent measurements treated at various potentials (e.g.,
Fig. S9a and c), the rate-law of charge reaction kinetics was
derived. In Fig. 4e, the linear trend of log(—dQ/dt) versus log(Q)
of the hematite photoanodes activated at 0.9 V, 1.1 V, and 1.3 V
(vs. RHE) showed slopes of 4.16, 3.52, and 3.48, respectively.
These values (4 + 0.5) suggest that the water oxidation reac-
tions are likely to follow a 4th-order (or a combination of 4th-
order and 3rd-order) dependence of the charge density, coin-
cided with recent observations by Li et al.”” It was shown that
the rate constants for hematite increased from 10°°” to 10***,
under increased potentials and at unit charge densities (e.g.,
1 nm?). In Fig. 4f, the reaction order from PEIS charge density
analysis increased from an initial value of 2.0 when anodic
treated at 0.7 V, then to 3.8 at 0.8 V, showing a maximum
reaction order of 4.16 at 0.9 V. A similar reaction order trend
derived from different LMTPC results further elucidates the
kinetics, showing a 0.2 V higher potential required for anodic
treatment to achieve 4th order reactions. In Fig. S10c, the
reaction order was closer to 3.0-3.2 at potential ~0.9 V. This
rate-law analysis reveals that surface charge reaction rates and
reaction orders are strongly correlated with applied potentials
and the possible alternation of various intermediates (e.g., *,
*OOH, or *O combinations). Furthermore, using a double-layer
capacitance model, the electrochemical surface area (ECSA) of
hematite was found to decrease from 0.64 cm?® to 0.40 cm” as
the potential increased in Fig. S11, using a reference value of
28 UF cm™? for hematite. This phenomenon eliminated the
possibility of surface area enhancement to the reactivity, sug-
gesting that the observed kinetic behavior should be more due
to the catalytic activity. Combined with the microkinetics
calculations in Fig. 2 and previous calculations, the possible
reaction orders could range from 2nd-, 3rd-, and 4th-order in a
potential range wider than those in Fig. 4. Notwithstanding,
this high coincidence of the experimental results and predic-
tions have shown that the charge reaction order for the OER
can be modulated by the potentials’ variation. It is noted that at
potentials higher than 1.1 V, the obtained quasi-fourth orders
(e.g., 3.5th) were possibly due to the combination of lower
reaction portion, or relative lower charge densities, or some
charge recombination, which require more profound studies.
Here, we will focus on verify the possible surface intermediate
alternation indeed sensitive to the anodic treatment at various
potentials.

Because the planar (012) hematite facets do not possess high
surface area, applying ATR-FT-IR detection through operando
analysis faces great challenges. We aimed to use contact angle
and XPS techniques as ex situ methods to characterize inter-
mediate changes. Fig. 5a-d display that the contact angles on
the hematite surface increase from 57.9° to 83.2°, 110.5°, and
125.9° when subjected to anodic treatment potentials ranging
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Fig. 5 (a)-(d) Water contact angle plots on hematite treated under
various applied potentials. (e) Water contact angle trend in the
potential window (0.6 V to 1.4 V). (f)-(i) O 1s XPS binding energy spectra
of hematite films.

from 0.6 V to 1.3 V vs. RHE, respectively. The consistently
increasing contact angle indicated a decrease in surface hydro-
philicity and an increase in hydrophobicity. This change is
likely to alternate the polarity or hydrogen bonding of surface
functional terminations. Fig. 5e summarizes that the water
contact angles on hematite generally increase as the applied
potentials shifted positively from 0.6 V to 1.4 V vs. RHE, thereby
confirming the trend of decreasing hydrophilicity under higher
anodic potentials. This increase in the contact angle signifies
the transition of Fe,O; towards a more hydrophobic state after
prolonged anodic treatment, or due to the conversion from
*OH to *, *O, and *OOH intermediates. This phenomenon is
similar to the contact angle measurement of Fe;O, particles,*®
which increase from —1.0 V to 0.2 V (vs. Ag wire).

Next, XPS spectra of the O 1s band (Fig. 5f and i) demon-
strate a transition of surface oxyl (hydroxyl) intermediates. In
Fig. 5f, the O 1s peak could be divided into three components,
with binding energies at 529.4 eV, 531.05 eV, and 532.58 €V,
corresponding to lattice oxygen, surface hydroxyl (*OH) termi-
nation, and oxyl (*O) and hydroperoxide (*OOH) termination,
respectively.®® For example, the *OH termination decreased
significantly from 40.7% to 24.9%, 19.2%, and 9.9%, as shown
in Table S1. Conversely, the *OOH (or *O) termination
increased from 5.5% to 11.9% and 20.2% at 0.7 V, 0.9 V, and
1.3 V, respectively. This intermediate conversion has been
discovered by ATR-FT-IR* and operando FT-IR*® analysis.
Additionally, Fig. S12 is the binding energy spectra of Fe 2p
for hematite, where Fe 2p,, is located at 724.2 eV for untreated
films. The Fe 2p;, peak is attributed to two components at
711.2 eV and 709.7 eV for Fe*" and Fe®, respectively. Anodic
treatment of hematite at 1.3 V induced a negative shift (0.2 eV)
of these binding energies. With the anodic potential increase,
the conversion of oxidation state and intermediate decrease the
hydrophilicity of the hematite surface.

This work investigated the impact of potential on surface
intermediates and their termination in photoelectrochemical
oxygen evolution reactions on hematite (012) facets, a factor
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often overlooked by the simplified “PV + EC” model.** While
thermodynamically reasonable regarding charge flow, this con-
cept often failed to accurately describe kinetic behaviors, as
charge transfer on a photoelectrode surface fundamentally
differs from that on common electrocatalysts.”’ Unlike dye-
sensitized solar cells, PEC water oxidation systems typically
involve higher-order, multiple-charge transfer reactions, rather
than simple first-order kinetics.** This study specifically reveals
a complex landscape of multiple-charge transfer reactions on
hematite, demonstrating a remarkable transition in the reac-
tion order from 2nd- to 4th- (potentially via 3rd-) under the
influence of varying potentials.

Next, we utilized DFT calculations to map energy barrier
heights, which not only revealed the RDS but also allowed us to
predict the trend of charge accumulation with varying
potential. Through this thermodynamically favorable process,
we simulated the trend of intermediate coverage domination
on the surface, assuming the RDS limits the overall reaction
kinetics. Under the pre-equilibrium assumption before the RDS
and a steady-state assumption after the RDS, the reaction order
can sometimes equal the number of charges required to over-
come the RDS.*" Thus, through this simple anodic treatment
across different potentials, we demonstrated the potential for
surface intermediate-controlled photocharge transfer kinetics
in PEC systems.

However, several pitfalls are inherent in these mechanistic
interpretations: first, the precise detection of surface intermedi-
ates remains challenging, particularly for the most active, tran-
sient species that serve as catalytic sites, whereas more dominant
(potentially inert) species may not exhibit significant changes.
Second, DFT calculations primarily provide thermodynamically
stable snapshots of intermediates rather than capturing the
transient states relevant to transition state theory (e.g., the Eyring
equation), suggesting that the pre-equilibrium assumption may
not always be strictly accurate. Third, the assumption of surface
charge densities derived from a capacitor model requires a deep
understanding of PEC systems and photovoltage measurements,
areas that are still under active investigation.

Conclusions

We investigated the intricate relationship between applied
potential, surface charge accumulation, and charge transfer
kinetics during photoelectrochemical oxygen evolution reactions
on hematite. Using PEIS and LMTPC techniques, we observed
that surface charge accumulation peaked between 0.9 and 1.0 V
vs. RHE before decreasing at higher potentials. This trend was
corroborated by contact angle changes, which suggested a shift
from hydrophilic hydroxyl-terminated species to more hydro-
phobic intermediates. Crucially, our analysis ruled out signifi-
cant contributions from band structure or Fermi level shifts. By
examining the relationship between hole transfer rate and sur-
face hole density, we discovered an interesting potential-
dependent shift in reaction order: it rose from the 2nd-order
to the 3rd, then to 4th-order near peak surface charge densities,
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stabilizing at 3.5rd-order around 1.3-1.4 V. This work fundamen-
tally underscores the profound impact of intermediate species
on OER mechanisms in PEC systems, offering new insights for
material design in energy applications.

Experimental sections

All the chemical reagents are commercially obtained from
Sinopharm Chemical Reagent (Shanghai) and Titan-Tansoole
Lab shop (Shanghai Titan Technology Co. Ltd.), used without
further purification. The FTO substrate (F-SnO,, 7 Q per square,
South China Xiangcheng Technology Co.) was ultrasonically
cleaned prior to use.

Synthesis of hematite nanocubes (HNCs)

HNCs exposing the (012) facet were synthesized based on the
reaction of Fe(acetylacetonate); and NaOH in oleic acid, etha-
nol and water (v/v = 1/1/1), according to the previous methods.*?
In a Teflon-lined stainless-steel autoclave, the mixture of
0.353 g (or 1 mmol) Fe(acetylacetonate); and 3 mmol NaOH
in an oleic acid (5 mL), ethanol (5 mL) and water (5 mL)
solution, was heated in an oven at 200 °C for 24 h. The products
were classified via centrifugation at 500 rpm for 3 min three
times and dispersed in ethanol before use.

Synthesis of planar hematite films

The hematite films were hydrothermally deposited on a clean
FTO substrate in 0.5 mM ferric ammonium oxalate at 150 °C for
12 hours, and annealed at 800 °C for 4-6 min, according to a
previous report.** The hematite (012) nanocubes were loaded
on the planar hematite film by drop casting of ethanol disper-
sion using PEI as an assembling stabilizer, after which the films
were quickly annealed at 800 °C for 5-6 min. Due to the internal
built-in electric field requirement (avoiding a too fast response)
and diffusion effect (e.g., 2-4 nm) for hematite,”® a relative
thick layer (80-100 nm) of the films were applied, where the
surface holes either stored at the surface active sites or in space
charge layer (SCL) nearby displayed longer lifetime, facilitate
the further rate-law study.

Materials characterization

The size, morphology, crystalline facets, surface components
and photoelectric properties of hematite films are investigated
using various instruments that are shown in the SI. Briefly, the
hematite nanoparticles and films were characterized on trans-
mission electron microscopy (HR-TEM), X-ray diffractometry
(XRD, Cu Ka), UV-vis absorption, atomic force microscopy
(AFM, ScanAsyst tip), X-ray photoelectron spectroscopy (XPS,
Al Ka), and contact angle analyzer, respectively.

Photoelectrochemical measurements

Typically, the hematite on FTO was cut into a 5 mm X 5 mm
size, fabricated into devices with Cu wire connected to the FTO
layer with Ag paste, and all other test areas were insulated with
crosslinked silicon rubber. All the PEC measurements were
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carried out using a three-electrode configuration (hematite as
the working electrode, Pt wire as the counter electrode, and Hg/
HgO (1 M NaOH, 0.098 V vs. NHE) as the reference electrode) on
an electrochemical workstation (CH Instrument, 760E). To
evaluate the potential effect, a constant anodic potential ran-
ging from 0.7 V to 1.4 V (versus RHE) for 30-60 minutes was
applied on hematite photoanodes in NaOH under dark condi-
tions (shown in Fig. S1). The polarization current-potential (J-
V) curves were recorded under simulated sunlight illumination
(Perfectlight, AM 1.5G, 100 mW cm ). The incident photon-to-
current efficiency (IPCE) curves were measured with a CIMPS-
QE/IPCE, using the tunable light resource (TLS 03 and UV-
light).

The photogenerated charge densities at the hematite surface
were investigated using simple capacitor model as Zhang et al.
presented.”* Briefly, the surface charge densities were also
evaluated through the simplified capacitor assumption (Q =
C-Vpn), where the capacitance (C) and voltage drop (V) were
derived from an equivalent circuit (R(C(R(RC)))) for photoelec-
trochemical impedance spectroscopy (PEIS) and onset potential
gain from the J-V polarization curves (Vpn = Vaark — Viights
0.03 mA cm™” as the threshold) under the same varied LED
illuminations. Moreover, the surface charges were also calcu-
lated using cathodic transient integration, where a light-
modulated transient photocurrent (LMTPC)*® measurement
was carried out on a workstation (Zahner, CIMPS), using UV
LED light (1 = 365 nm, intensities varying from 40 to 400 W
m~?). Remarkably, the background dark current was main-
tained close to zero. The charge densities and photocurrent
densities were applied for extrapolate the rate-law of the OER.
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