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Parallel water photo-oxidation reaction pathways
in hematite photoanodes: implications for solar

fuel productionfy
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Water photo-oxidation on stable metal-oxide photoanodes presents a critical challenge for solar fuel
production. This reaction is widely considered to proceed in a sequential pathway with four stepwise
hydroxide-coupled hole transfer steps, resulting in oxidized surface intermediates that trap holes while their
adsorbates change forms (e.g., from —OH to —O to —OOH and back to —OH) so as to maintain charge neu-
trality. Here we study the potentiodynamic discharge characteristics of hematite photoanodes following polari-
zation under water photo-oxidation conditions. Upon turning the light off, some of the oxidized intermediates
discharge spontaneously whereas others remain oxidized for a while. The metastable intermediates discharge
in a double-peak wave during cathodic potential sweep (in the dark). The relative peak heights were found to
reverse after long time delays since turning the light off. This unexpected observation indicates that the
discharge proceeds in parallel pathways, suggesting the same for the reverse reaction that leads to water
photo-oxidation. Complementary photoelectrochemical impedance spectroscopy measurements display
distinct charge transfer features, supporting the prevalence of parallel pathways in the water photo-oxidation
reaction. Through a micro-kinetic model, we derive a criterion that explains why peak reversal, as observed in our
measurements, can emerge only from parallel pathways. The prevalence of parallel pathways fundamentally
broadens the current paradigm of the water photo-oxidation reaction mechanism, and it may inspire new
strategies to reduce the high overpotential of this reaction so as to enhance the efficiency of solar fuel production.

Water photo-oxidation on metal-oxide photocatalysts presents a challenge for solar fuel production. This reaction involves four photo-generated holes that oxidize two
water molecules to produce an oxygen molecule and four protons. The multihole reaction gives rise to different oxidized intermediates at the surface of the
photocatalyst that may lead to electron-hole recombination which degrades the photoconversion efficiency. Understanding the reaction mechanism presents
experimental and theoretical challenges. This work addresses these challenges by studying the discharge characteristics of oxidized intermediates, formed under water
photo-oxidation conditions, as a function of time and potential following light turn-off and returning to equilibrium conditions. Double-peak cathodic discharge waves
are observed, indicating the presence of two metastable intermediates with different redox potentials. Surprisingly, the relative peak heights were found to reverse after
long time delays (>2 min) since light turn-off, suggesting that the respective intermediates represent different reaction pathways occurring in parallel rather than
sequential steps of the same reaction. This conclusion is confirmed by theoretical analysis of the potentiodynamic discharge kinetics for sequential and parallel
reactions. The prevalence of parallel reactions fundamentally broadens the paradigm of the water photo-oxidation reaction mechanism, suggesting that interactions
between coexisting pathways may lead to complex self-organized kinetic effects.
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The water photo-oxidation reaction on stable metal-oxide
photoanodes is one of the bottlenecks for high-efficiency
photoelectrochemical (PEC) devices for solar fuel production.’
Overcoming this bottleneck involves judicious selection and
optimization of the photoanode composition and microstructure,
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and requires comprehensive understanding of the reaction
mechanism to guide these efforts. The current understanding
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of the reaction mechanism? relies on a sequential pathway of
four proton-coupled electron transfer (PCET) steps proceeding
in a stepwise manner at the reaction site, following Rossmeisl
and Norskov’s celebrated model of the oxygen evolution reac-
tion (OER) on metal-oxide surfaces.>* In the case of alkaline
water photo-oxidation on n-type metal-oxide photoanodes, a
common scenario in PEC water splitting, the PCET steps are
replaced by hydroxide-coupled hole transfer steps,” where the
salient difference between the water photo-oxidation reaction
under light and the OER in dark emerges from the photo-
generation and recombination of holes and electrons with
excess free energy that give rise to a photovoltage. Each step
results in a surface intermediate that traps a hole while its
adsorbate changes form, e.g. from -OH to =—O to -OOH and
back to -OH, so as to maintain charge neutrality. This model
has been widely applied to study TiO,, WOs3, o-Fe,O3 (hematite)
and other photoanodes,>>° to the extent that it is taken for
granted by many researchers, whereas alternative pathways and
different reaction mechanisms are usually overlooked. This
work provides another angle into this paradigm, presenting
experimental results supported by theoretical analysis that
reveal the prevalence of parallel reaction pathways with distinct
metastable intermediates in the case of water photo-oxidation
on hematite photoanodes that serves here as a case study for
stable metal-oxide photoanodes.

Different models of the OER mechanism have been pro-
posed over the years since the pioneering studies of Bockris’
and Conway® in the 1950’s, see review articles on this topic.”"°
Some of these models involve O-O bond formation between
neighboring metal-oxo species, known as the bi-nuclear OER
mechanism.’* In contrast, the popular model mentioned in
the previous paragraph follows Kobussen’s OER pathway'?> and
assumes a sequence of four PCET steps on a single reaction
site, known as the mono-nuclear OER mechanism."* The main
argument in favor of the mono-nuclear mechanism is that
it excludes the high activation barrier for the recombination
of oxygen atoms from neighboring metal-oxo species.> The
counter argument is that this consideration relies on the equili-
brium free energies of the reaction intermediates, whereas non-
equilibrium thermodynamics are controlled by kinetics rather
than energetics (although the two are linked by the Sabattier
principle).”® Another argument that challenges the mono-
nuclear mechanism argues that it does not account for the
effect of the applied overpotential on the intermediates’ free
energies.'* Notably, there are strategies to reduce the barrier
for O-O bond formation between neighboring metal-oxo spe-
cies that facilitate the bi-nuclear mechanism in certain OER
catalysts."®> The bi-nuclear mechanism and its descendant
bi-functional mechanism that involves a hydrogen acceptor
species next to the reaction site'" are of much interest as they
provide promising routes to break the universal scaling rela-
tionships between different adsorbates that give rise to the high
(360 = 60 mV) thermodynamic overpotential in the mono-
nuclear mechanism'® by spreading the four-electron reaction
over two sites.'” In recent years, a growing number of studies
report theoretical and experimental evidences supporting these

2446 | Energy Environ. Sci., 2022, 15, 2445-2459

View Article Online

Energy & Environmental Science

mechanisms in champion OER catalysts such as MnO,, NiOOH
and FeOOH."®"° Inspired by our previous work on bi-functional
H,0, photo-oxidation on hematite photoanodes,*® we hypo-
thesize that a bi-nuclear mechanism may be at play in water
photo-oxidation (without sacrificial reagents) on metal-oxide
photoanodes, perhaps in addition to the mono-nuclear mecha-
nism. Should this be the case, where distinct reaction pathways
may occur in parallel to each other, this can lead to unexpected
consequences that emerge from mutual interactions between
different pathways. For example, the competition for photo-
generated holes and reaction sites between H,0, and water
photo-oxidation reactions leads to unusual features such as
photocurrent hysteresis and negative differential resistance
under certain conditions that facilitate critical competition.>®
Notably, mutual interactions between different pathways are
known in other electrochemical reactions where they give rise
to rich nonlinear behaviors such as spatiotemporal oscillations,
Turing and spiral patterns, and domain walls separating
different surface adsorbates.”'*

To explore this intriguing hypothesis, we use hematite
(o-Fe,03) photoanodes as a model system to investigate the
fate of oxidized intermediates following applying high potential
under illumination, conditions that lead to water photo-
oxidation and oxygen evolution. Water photo-oxidation on
hematite photoanodes (usually doped ones) has been the
subject of intense investigation, with many studies addressing
the role of surface states (aka intermediates) in this reaction.
While some studies highlight the deleterious effect of surface
states that induce ‘back electron-hole recombination’ that
shifts the photocurrent onset potential to high potentials,*®
and propose ways to eradicate it by using suitable co-catalysts
and overlayers,® other studies highlight the beneficial role they
play as a vessel for the elementary hole transfer steps in the
water photo-oxidation reaction.?” The difference between con-
tributing and non-contributing surface states was discussed by
Bieberle-Hiitter et al.”® Bisquert et al. discussed the difference
between direct and indirect hole transfer from the valence band
or through surface states, respectively,” and, together with
Hamann et al., argued that water photo-oxidation on hematite
occurs by the latter process whereby the surface states are
oxidized by trapping photogenerated holes.”” Using terminology
from earlier studies on TiO, photoanodes,*® Durrant et al. coined
the term ‘long-lived holes’ to describe holes that manage to
survive long enough (sub-seconds to seconds) to participate in
the water photo-oxidation reaction on hematite photoanodes
(as well as other metal-oxides).*" Peter et al used the term
‘surface trapped holes’ to describe these species,** and postu-
lated that they might correspond to metastable oxidized inter-
mediates in the form of Fe(v)=0.% The density of the long-lived
surface trapped holes was reported by Durrant et al. to reach up
to 4 x 10" cm™ > under sunlight-equivalent illumination, which
is much higher than typical densities of extrinsic surface states
that do not contribute to water photo-oxidation.**?*

The long-lived surface trapped holes have distinct optical
signatures that enable to monitor their photogeneration
and fate when the light turns on and off, respectively, using

This journal is © The Royal Society of Chemistry 2022
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spectro-electrochemistry and transient optical measurements.
Durrant et al. observed a narrow absorption band at 580 nm
that was found to increase with increasing bias above the
photocurrent onset potential where water photo-oxidation
begins, and to decay slowly after turning the light off, suggesting
that it corresponds to a metastable oxidized intermediate of the
water photo-oxidation reaction.>® Using in silico density func-
tional theory (DFT) calculations based on the mono-nuclear OER
model, Caspary Toroker et al. assigned this 580 nm absorption
band to Fe(iv)—O intermediates of the water photo-oxidation
reaction,®” providing theoretical support to earlier experimental
studies regarding the chemical identity of the long-lived surface
trapped holes. Using operando infrared spectroscopy measure-
ments combined with isotopically labeled water, Hamann et al.
provided direct evidence for an oxygen-containing surface species
generated during water photo-oxidation on hematite in alkaline
electrolyte, and assigned it to Fe(iv)=0 intermediates,® reconcil-
ing previous discussions on the nature of the long-lived surface
trapped holes in hematite photoanodes. However, the identifi-
cation of Fe(v)—O intermediates does not exclude alternative
reaction pathways that may occur in parallel. Indeed, alternative
reaction pathways were proposed occasionally. Based on rate law
analysis, Durrant et al. suggested mono- and bi-nuclear reaction
pathways to account for the transition from a first order reaction
at low light intensities to a third order reaction at high light
intensities, respectively.*® This analysis was applied also to other
metal-oxides (TiO,, BiVO,), and supported by DFT calculations.**
Li et al. proposed an interplay between two distinct surface
intermediates taking part in the reaction mechanism.*® Another
optional bi-molecular reaction pathway was proposed by Hamann
et al. based on surface state population measurements.*

In addition to spectro-electrochemical and transient optical
measurements, the surface trapped holes can also be investi-
gated by analyzing capacitive features in electrochemical impe-
dance spectroscopy (EIS), photoelectrochemical impedance
spectroscopy (PEIS), chopped-light voltammetry (CLV)***! and
cathodic discharge measurements (CDM) following polariza-
tion under potential and illumination conditions that give rise
to water photo-oxidation.*>*® In CDM, the sample is first pre-
oxidized by applying sufficient anodic bias under illumination
S0 as to give rise to oxygen evolution. Then, the light is turned
off to stop the photogeneration of electrons and holes. Some of
the oxidized intermediates that were formed during the pre-
oxidation step decay spontaneously when the light is turned off,
resulting in a cathodic spike that resembles the cathodic spikes
in CLV measurements,*? whereas others remain oxidized for a
while. These metastable oxidized intermediates are then forced
to discharge (reduce) by sweeping the potential to lower values,
giving rise to a cathodic discharge wave that is associated with the
charge of the photoholes stored in them. CDM provides a power-
ful tool to measure the charge that was stored in the metastable
oxidized intermediates and their potentiodynamic discharge charac-
teristics such as the dependence on the initial bias potential, the
discharge rate and the effect of surface treatments.****

In this study, we address the puzzling questions regarding
the role of metastable oxidized intermediates in the water
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photo-oxidation reaction mechanism on doped hematite photo-
anodes. Through time-dependent CDM, we monitor their poten-
tiodynamic discharge characteristics and show the existence
of parallel pathways that involve metastable intermediates with
different decay rates that give rise to distinct peaks in the
cathodic discharge wave. Surprisingly, the relative heights of
these peaks were found to reverse at long time delays (before
sweeping the potential to lower values), an observation that
cannot be reasoned by a sequential pathway where the charge
transfers in a stepwise manner from one intermediate state to
another. This was observed for hematite films of different thick-
nesses (ca. 20, 80 and 120 nm), doped with different dopants (Zn,
Ti and Sn), deposited on different substrates (sapphire, silicon
and glass) coated with different current collectors (NTO, FTO,
ITO and Pt), and deposited at different temperatures (300, 500
and 700 °C), suggesting a general phenomenon rather than
sample specific characteristics. Using a micro-kinetic model,
we show why peak reversal, as observed in our measurements,
indicates parallel pathways rather than a sequential pathway.
Our results shed new light on the controversy regarding the
nature of the oxidized intermediates and their role in the photo-
oxidation reaction mechanism, revealing the prevalence of dis-
tinct metastable intermediates and parallel reaction pathways.
We speculate that the coexisting pathways may interact with
each other to provide complex reaction mechanisms that are yet
to be explored.

Experimental procedures
Sample preparation and material characterizations

Thin film (~ 100 nm) hematite photoanodes were deposited by
pulsed laser deposition (PLD) using a turn-key PLD workstation
(PLD/MBE 2100, PVD Products, USA) equipped with a KrF
pulsed excimer laser beam (4 = 248 nm, COMPex PRO 102
Excimer Laser, Lambda Physik/Coherent). The main photo-
anode reported in the article was deposited at a set-point
temperature of 700 °C from a Zn-doped (1 cat%) Fe,O; target
on a lattice-matched Nb-doped (1 cat%) SnO, (abbreviated
NTO) coated (0001) sapphire substrate to obtain heteroepitaxial
growth. The sample preparation method is described in details
in ref. 44, and material characterizations including XRD, TEM,
SEM and AFM of a nearly identical sample to this photoanode
(the two samples were deposited in the same batch) are
reported in ref. 45, demonstrating a heteroepitaxial hematite
film with atomically smooth flat surface. Another photoanodes
include polycrystalline hematite layers of different thicknesses
(ranging from ca. 20 to 120 nm) that were deposited at 300 °C
(and subsequently annealed at 500 °C) from a Sn-doped
(1 cat%) Fe,O; target on tin-doped indium oxide (abbreviated
ITO) coated eagle glass substrate (EAGLE XG, Corning) as
reported in ref. 46; or at 500 °C from the same Sn-doped
Fe,0; target on a platinum coated Si substrate; or at 500 °C
from a Ti-doped (1 cat%) Fe,O; target on a commercial
fluorine-doped tin oxide (abbreviated FTO) coated glass sub-
strate (TEC 15). Photoelectrochemical and electrochemical
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measurements of these specimens are reported in Section S4
(ESIt), displaying qualitatively similar results to the main photo-
anode (Zn-doped hematite) reported in the article, indicating that
the behavior discussed herein is generic to hematite photoanodes
with different dopants, impurities and microstructures. It is noted
that interdiffusion from the transparent current collector to the
hematite layer is expected to be effective at temperatures above
600 °C."” The photoanodes examined in this work include sam-
ples processed below and above this critical temperature.

Photoelectrochemical measurements

Photoelectrochemical measurements were performed in a
standard three-electrode setup using the previously reported
“cappuccino cell”,*® with a round aperture of 0.11 cm? The
measurements were carried out in 1 M NaOH in deionized (DI)
water. An Hg/HgO electrode (RE-61AP, ALS-Japan) filled with
1 M NaOH aqueous solution was used as a reference electrode,
and a platinum wire coil as a counter electrode. The potential
values are reported in the reversible hydrogen electrode (RHE)
scale. The measurements were carried out using a CompactStat
potentiostat (Ivium). Linear sweep voltammetry (LSV) measure-
ments were carried out in a sweep rate of 10 mV s~ '. A broad-
band white LED (Mightex GCS-6500-15-A0510, glacier white
6500 K) was used as a light source. The illumination source
was calibrated to 100 mW cm ™ using a calibrated Si photo-
diode (AK-300 dye-sensitized reference PV cell, Konica Minolta,
Singapore). Typical LSV voltammograms of the main photo-
anode (comprising a heteroepitaxial Zn-doped hematite film)
measured under dark and light conditions are presented in
Fig. 1a. In addition to LSV, chopped-light voltammetry (CLV)
measurements were carried out under similar conditions while
chopping the light on and off every 1 s, see Fig. 1a.

Cathodic discharge measurements

Cathodic discharge measurements (CDM) after anodic polari-
zation under potential and illumination conditions sufficient to
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drive water photo-oxidation and oxygen evolution were carried
out to measure the amount of charge stored as surface trapped
holes in oxidized intermediates, and their potentiodynamic
discharge characteristics upon turning the light off and subse-
quently sweeping the potential cathodically after various time
delays ranging from seconds to minutes. CDM were introduced
by Wilson to measure the population of surface states in TiO,
photoanodes,*® and were later applied to study the potentio-
dynamic discharge characteristics of oxidized intermediates in
hematite photoanodes.*>** The classical CDM sequence com-
prises three stages: (1) anodic polarization at a specified high
potential (Up;gn) within the water photo-oxidation range until
stabilization of the photocurrent; (2) turning the light off while
holding the potential at the same level (Unjgn) as in the first
stage for a short duration (f,014); and (3) fast cathodic sweep (at
a rate of 200 mV s~ ') to a specified low potential (Uje,), followed
by cyclic voltammetry between Uy, and Uy;gn, for several cycles.*
This sequence is illustrated in the Section S3 (ESI). In this work
we introduce a modified sequence with another stage between
the second and third stages of the classical sequence, in
which the potential is reduced to an intermediate value (Uj,)
between the low and high potentials (Ujow < Uint < Uhign) for a
set delay time (At) before the potential sweep (from Uy, to Ujow)
commences. This allows discharging the oxidized intermediates
from different starting potentials, Ui, without altering the
initial conditions in the first stage in which they were created
by capturing photogenerated holes at a high potential, Uyjgn,
sufficient to oxidize the intermediates and derive water photo-
oxidation. Furthermore, it also allows monitoring the sponta-
neous decay of the metastable oxidized intermediates in the
absence of photo-generation of holes (and electrons) as a func-
tion of the delay time (A¢) and applied potential (U;,,) before they
are forced to discharge by the cathodic potential sweep that
follows this stage. The modified CDM sequence and the current
response to the changes in illumination and potential conditions
are shown in Fig. 1b top and bottom panels, respectively.
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Fig. 1 Photocurrent voltammetry and cathodic discharge measurements of a heteroepitaxial Zn-doped hematite photoanode. (a) Linear sweep
voltammetry (LSV) measurements under dark (purple), light (black) and chopped-light (grey) conditions. The cathodic discharge wave obtained for Ui 3 =
1.33 Vrye (Fig. 1b) is overlaid in blue. (b) Cathodic discharge measurements (CDM) for three intermediate potentials (U;) in the third stage, as indicated in
the top panel. The respective potentials are also marked in (a). The top panel shows the potential applied during different stages of the measurement, and
the bottom panel shows the current response to changes in the illumination and applied potential.
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Results and discussion

Linear sweep voltammograms for a heteroepitaxial Zn-doped
hematite photoanode measured in dark, light and chopped-
light conditions are shown in Fig. 1a (purple, black and grey
curves, respectively). The chopped-light voltammogram traces
the dark and light voltammograms and the steady-state dark
current is zero throughout the measurement (see Fig. S1, ESIT),
except for anodic and cathodic capacitive spikes at the
moments when the light was turned on and off, respectively.
The spikes disappear at potentials larger than 1.05 Vgyg, where
the photocurrent “plateau’”” region begins (the plateau region is
where the photocurrent rises modestly with increasing poten-
tials, with a nearly constant slope). Similarly to previous
reports,>>*! the largest spikes appear at the photocurrent onset
potential, Usnset = 0.9 Vruge. These spikes arise from charging
(oxidizing) of surface intermediates by trapping photogener-
ated holes upon turning the light on, and discharging (redu-
cing) them through electron-hole recombination upon turning
it off. When the light is turned on, the photogenerated holes are
captured in acceptor surface states occupied by electrons that
correspond to the ground state of the water photo-oxidation
reaction intermediates (often marked as Fe-OH),>%***° giving rise
to a positive (anodic) current spike. When the light is turned off, a
negative (cathodic) current spike is observed due to discharging
(reducing) the oxidized (charged) intermediates by recombination
of the surface trapped holes with electrons. In other words,
electrons re-occupy the oxidized intermediates in the absence of
photogenerated holes. The discharge process proceeds until the
electron occupation reaches steady state in dark conditions, as
dictated by the Fermi level that is controlled by the applied
potential.

To demonstrate the correlation between the chopped-light
and cathodic discharge measurements, Fig. 1b presents the
results of CDM with different intermediate potentials Uiy,
which are also marked in the chopped-light voltammogram
presented in Fig. 1a. In the first stage, the photoanode was held
under illumination and a potential of 1.83 Vrug (Uhpign), dis-
playing a steady photocurrent density of 0.41 mA cm ?,
as shown in Fig. 1b (bottom panel). Then, in the next stage,
the light was turned off at ¢ = —0.5 s without changing the
applied potential, leading to immediate current drop to zero
value (see Fig. 1b, bottom panel), in agreement with the dark
current voltammogram presented in Fig. la (purple curve).
No spike is observed at the transition between the first and
second stages, in agreement with the lack of capacitive cathodic
spikes at high potentials in the chopped-light voltammogram
presented in Fig. 1a (grey curve). In the next stage, at ¢ = 0 s the
potential was dropped to an intermediate value (Uj,) of 1.33,
1.01 or 0.8 Vgug (blue, orange, and green curves, respectively).
For the highest value, Ujn,3 = 1.33 Vg (blue curve), the abrupt
potential drop resulted in nothing but a tiny capacitive spike.
The cathodic spike grew for Ui, = 1.01 Vyye (orange curve),
and extended throughout the 1 s duration of this stage. For the
lowest value, Uine1 = 0.8 Vryg (green curve), it grew even further
into a very prominent spike that discharged the oxidized
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intermediates nearly completely. These results are in agree-
ment with the cathodic spikes observed in the chopped-light
voltammograms at the respective potentials (Fig. 1a, grey curve).

The cathodic spikes are attributed to recombination between
electrons (majority charge carriers) and surface-trapped holes in
metastable oxidized intermediates that were formed in the first
stage of the CDM. The lower the intermediate potential (Ujy,) that
was applied in the third stage, the lower was the energy band
bending towards the surface (a.ka. surface band bending),
thereby enhancing the recombination between electrons and
surface-trapped holes, as explained below. Finally, in the last
stage, the potential was swept down to 0.63 Vryg, forcing the
remaining surface-trapped holes to recombine with electrons,
giving rise to the cathodic discharge waves observed in the second
and third measurements (orange and blue curves, respectively).
Note the salient difference between the cathodic discharge spike
and wave observed in the third and fourth stages, respective. The
spike results from a sudden drop in the applied potential from
Uhigh tO Uiy, Whereas the wave results from a linear sweep from
Uint t0 Upow. As shown in Fig. 1b (bottom panel), the cathodic
discharge wave is delayed for CDM starting from higher Ui,
values. This delay results from the fact that it takes longer
time to reach the potentials were recombination prevails, while
starting from higher Uy, values and keeping the same sweep rate
(200 mV s~ ") for all measurements. The cathodic discharge wave
is also smaller for measurements from lower Uj,; values because
more oxidized intermediates (surface-trapped holes) were reduced
(discharged) in the previous stage. But otherwise the cathodic
discharge waves observed for the CDM with Uy, = 1.33 and 1.01
Vrue (blue and orange curves, respectively) have similar shapes,
with a peak at 0.87 Vgug, which is commensurate with the
photocurrent onset potential (Fig. 1a), in agreement with previous
studies.*>*"** The CDM with = 0.8 Vgyg (green curve) had a
prominent cathodic discharge spike in the third stage, in which
the potential dropped to 0.8 Viyr where the oxidized intermedi-
ates are no longer (meta)stable, with a tail extending into the
fourth stage. No cathodic discharge wave is observed for this
measurement because the intermediates had already been dis-
charged (for the most part) by the time the cathodic potential
sweep began. The cathodic discharge wave for the CDM with Uy 3
= 1.33 Vgrugg is overlaid, after converting the time scale to a
potential scale (according to the top panel of Fig. 1b), on the
photocurrent voltammograms presented in Fig. 1a (blue curve).
The observation that it traces the envelope of the cathodic current
spikes in the CLV (grey curve) corroborates that both measure-
ments probe the same physico-chemical process, ie., charge
carrier recombination between electrons and surface-trapped
holes.*!

The total charge obtained by integrating the cathodic dis-
charge current over the second, third and fourth stages yields
the amount of surface-trapped holes that were captured in
surface intermediates in the first stage. The integrated charge
depends on the illumination and potential conditions in the
first stage and is independent on the potential Uj,, from which
the potential sweep begins (see Fig. S2, ESI). Here our modi-
fied CDM with the additional intermediate stage differs from
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the classical DCM where the potential sweep begins from the
highest potential (Uy;gn,) applied in the entire measurement (see
Fig. S3, ESIt), which affects the integrated charge in a certain
range of potential values (Fig. S2, ESIf). For Uy, above 1.2
Vrue the integrated charge reaches ca. one hole per Fe site
at the surface. Such a high surface charge density cannot
be reasoned by defect surface states whose concentration is
typically much lower than that, indicating that it originates
from oxidized intermediates of the water photo-oxidation
reaction.>**> We note that although the cathodic discharge
currents are measured in dark, where no photogeneration of
holes and electrons takes place, they hold valuable information
on the preexisting oxidized intermediates that gave rise to the
water photo-oxidation reaction in the first stage. To confirm
that this is the case, subsequent cyclic voltammetry measure-
ments between Upign and Uy, performed in dark display
negligible cathodic discharge currents (see Section S4, ESIT).
In the absence of light the (thermal) generation of holes is
negligible (for n-type hematite), therefore no significant con-
certation of oxidized intermediates can be formed, except for
high anodic bias beyond the range examined in our measur-
ments.*>*° This proves that the cathodic discharge current
observed in the first potential sweep corresponds to the reduction
of preexisting oxidized intermediates that had been formed
previously in the first stage where water photo-oxidation prevailed.

To put these observations into the broader context of
semiconductor surface states®" and provide deeper insight into
the underlying physics, Fig. 2 depicts schematic energy band
diagrams representing the four stages in our CDM. In these
illustrations, the reaction intermediates are represented by a
Gaussian distribution of mid-gap surface states. The upwards
band bending from the bulk (left) to the surface (right) implies
that the surface states are negatively charged, which corre-
spond to acceptor surface states occupied by electrons in the
jargon of semiconductor surfaces.”® In terms of the reaction
coordinate, the occupied surface states correspond to the
ground state of the reaction intermediates, Fe~OH. In thermal
equilibrium, i.e., without illumination and when the steady-
state net current is zero, the surface state occupation prob-
ability is determined, according to Fermi-Dirac statistics, by
their energy position with respect to the Fermi energy (Eg), such

hole trapping

O|
Ey—5—<7575%
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that states below Eg are mostly occupied by electrons whereas
those above Ey are mostly empty. Thus, the occupation prob-
ability increases with decreasing bias potentials, as shown in
Fig. 2b-d by the increasing ratio between occupied and empty
states, presented by black and white shading, respectively. This
general description is in agreement with the specific charac-
teristics of our system. Considering the point of zero charge
(PZC) of hematite is much lower (~8.5)°> than the high pH
(13.6) of the alkaline electrolyte in our measurements, the surface
is negatively-charged at rest (i.e., in open circuit conditions). The
negative surface charge arises, presumably, from chemisorbed
OH" ions on Fe surface sites (marked Fe-OH), which are widely
considered as forming the ground state of the intermediates of
the water (photo)oxidation reaction in alkaline electrolyte.®*
Under anodic polarization, the applied bias draws the Fermi level
below the flat-band potential (Up,, reported to be 0.3 Vgyg for
1% Zn-doped hematite),”® resulting in higher chemisorption of
OH" ions and deeper band bending than in rest (open circuit)
conditions. At sufficiently high potentials the surface states are
aligned with the conduction band such that direct injection of
electrons from the surface states to the conduction band becomes
possible. This gives rise to an anodic current and oxygen evolu-
tion, i.e., water oxidation (without illumination). Our voltammetry
and CDM measurements have not reached such conditions, as
can be seen by the zero steady-state dark current in Fig. 1a and b,
respectively.

The situation is different under illumination, ie., in the first
stage of the CDM, where the electron occupation probability is
not dictated by a single Fermi level which is controlled by the
applied potential. Under illumination there are two distinct

quasi-Fermi levels, one for the electrons (E;.n) and another

one for the holes <E;p>, and the surface state occupation is

governed by kinetics, such that preferential capture of photo-
generated holes, aka surface trapped holes, reduces the elec-
tron population in the surface states with respect to the
dark state (at the same bias potential), as depicted in Fig. 2a
(compared with Fig. 2b). Consequently, the surface band bend-
ing decreases (compare Fig. 2a with Fig. 2b). This photo-
induced change in the surface potential gives rise to surface
photovoltage,>* which adds up to the external potential applied

d
recombination ° e
o0 0®

- Upy

[ Utow
Une

= Unyolo.

—Uhizh‘ 2

Veue

Fig. 2 Energy band diagrams for the CDM stages. Schematic energy band diagrams illustrating the reaction intermediates population by electrons and
holes (presented by black and white shading of the Gaussian-shaped surface states, respectively) in each stage of the CDM: (a) light (Unign); (b) dark (Unign);

(c) hold at intermediate potential (U;n); and (d) cathodic discharge (Uiow).
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by the power source to drive the water photo-oxidation reaction
and generate an anodic photocurrent. In the second stage, the
light is turned off, thereby turning off the photocurrent and the
photovoltage. As a result, the steady-state current drops to zero,
in accordance with the dark voltammogram presented in
Fig. 1a (purple dashed line curve). In addition, no transient
capacitive current is observed upon turning the light off, as can
be seen in the CDM results presented in Fig. 1b (bottom panel),
and also in agreement with the chopped-light voltammogram
that shows no current spikes at high potentials (Fig. 1a, grey
curve). This is due to the high potential (Upigh = 1.83 Vryg) that
gives rise to low electron occupation probability in the surface
states, and the high energy barrier (due to the large surface
band bending, see Fig. 2b) for bulk electrons to cross the
electron-depleted space charge region in order to reach the
surface states. In the third stage, the potential drops abruptly
from Upjen to, thereby increasing the electron occupation
probability in the surface states and decreasing the energy
barrier for electron transport from the bulk to the surface.
As a result, more electrons populate the surface states than in
the previous stage, as illustrated in Fig. 2c¢ (compared with
Fig. 2b). This leads to temporary (capacitive) electron flow to
the surface until the surface states reach the new occupation
probability imposed by the applied potential (Uyy,), resulting in
the transient cathodic discharge spikes observed in this stage
(see Fig. 1b, bottom panel). The lower the intermediate
potential (Ui,,) is, the larger the cathodic discharge spike is.
In the fourth stage, the potential is swept to even lower
potentials (down to Uy, further decreasing the surface band
bending and increasing the electron population in the surface
states (Fig. 2d), giving rise to the cathodic discharge wave
observed in Fig. 1b (bottom panel). The filling of the surface
states by electron in stages 2 to 4 of the CDM sequence is often
called electron back-injection in the photoelectrochemical
water splitting jargon.>® Herein, we refer to this process as
discharging (reducing) of the pre-oxidized (charged) intermedi-
ates that were formed in the first stage under illumination and
high anodic bias, conditions in which water photo-oxidation
prevailed. In accordance with the mono-nuclear model of
the water photo-oxidation reaction pathway,® the ground state
(reduced) and metastable (oxidized) intermediates may be
referred to as Fe-OH and Fe=—O, respectively, as depicted in
Fig. 2b. We note that this study does not pretend to make any
claims about the chemical identity of the intermediates, where
we rely on previous studies that were discussed in the intro-
duction. Therefore, this assignment is not binding.

Turning back to the CDM results, we note that the cathodic
discharge waves in Fig. 1c are asymmetric in shape, indicating
they comprise of more than one peak. To examine their
characteristics more closely, Fig. 3 presents the cathodic dis-
charge waves alone, for CDM with different delay times in the
third stage. In these measurements, the photoanode was biased
under illumination at Upgn = 1.53 Vgyg in the first stage, then
the light was turned off in the second stage, and after 0.5 s the
potential was dropped abruptly to Ui, = 1.13 Vgge and held
constant for different delay times At, until finally it was swept

This journal is © The Royal Society of Chemistry 2022
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to Ujpw = 0.63 Vgyg in the fourth stage (at a sweep rate of
200 mV s™"). Unlike previous CDM studies of hematite photo-
anodes in which the cathodic discharge sweep was performed
shortly after the light was turned off,*>*>** this work deliber-
ately introduces a variable time delay (Af) before the cathodic
discharge sweep in order to examine the (meta)stability of the
oxidized intermediates. The A¢-dependent cathodic discharge
plots presented in Fig. 3 show that the cathodic discharge
waves change drastically in both amplitude and shape as a
function of At, indicating that the oxidized intermediates are
not stable at Uy, =1.13 Vryg, Where they spontaneously decay in
minutes. With increasing delay times the cathodic discharge
wave becomes more asymmetric and eventually splits into
two distinct peaks after At = 50 s. The potential values that
correspond to the crusts (current minima) of the first and
second peaks are 0.89 and 0.73 Vgye (marked U} and Uj,
respectively), as can be seen in the bottom panel of Fig. 3b. The
ratio between the peak heights decreases as At increases,
reaching a unity value at A¢ = 140 s, as shown in Fig. 3c. In
another measurements peak height reversal was observed after
long At, such that the second peak turned higher than the first
peak, see Fig. S8 (ESIt). The two peaks in the cathodic dis-
charge waves reflects the reduction of two different intermedi-
ate states to which we refer as A and B with peak crusts at Uj
and Uj, respectively (see Fig. 3b). The At-dependent decay of
the discharge current at the respective peak crusts is presented
in Fig. 3d. Both peaks decay exponentially with A¢, but the
decay rate of state A is higher than that of state B. This
observation implies that the kinetic rate constants associated
with the charge transfer reactions by the respective intermedi-
ates obey kx > kg.

Double-peak cathodic discharge waves were reported in
previous studies,’>** where the lower potential peak that was
observed below the photocurrent onset potential was attributed
by Zandi and Hamann to defect states that do not contribute
to the water photo-oxidation reaction.*® In our case, the lower
potential peak appears close to the photocurrent onset
potential, suggesting it is linked to oxidized intermediates of
the water photo-oxidation reaction. We note that double-peak
cathodic discharge waves were also observed in our earlier
study** for Sn-doped hematite photoanodes that were depos-
ited at 800 °C, conditions that are reported to remove the
aforementioned defect states,’® further supporting that the
additional peak is related to water photo-oxidation rather than
spurious defects. The results presented in Fig. 3 and Section S4
(ESIt) show that double-peak cathodic discharge waves are
prevalent in hematite photoanodes with different dopants,
impurities and microstructures. They were observed in photo-
anodes deposited at 500 °C (see Fig. S5 and S6, ESIT), below the
critical temperature (600 °C) for interdiffusion from the trans-
parent current collector,”” as well as photoanodes deposited at
700 °C (Fig. 3) and 800 °C (Ref. 44), well above the critical
temperature for interdiffusion. Therefore, the observed beha-
vior seems to be intrinsic for hematite doped with different
dopants (Zn and Sn), regardless of unintentional impurities.
In some cases, however, double-peak waves were difficult to
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Fig. 3 Cathodic discharge waves at different delay times. (a) Cathodic discharge waves recorded in the fourth stage of CDM with different delay times
(At) of 0 to 110 s in the third stage. (b) Same as (a), but for At between 110 and 140 s. Also shown is the potential sweep profile on the top panel. Inset:
Discharge waves recorded after At of 120, 130 and 140 s (black, red, light blue and blue, respectively), normalized relative to the minimum values of the

first peaks. (c) The delay time evolution of the peak height ratio between the fi

rst and second peaks. (d) The delay time evolution of the absolute values of

the current density at the crusts of the first and second peaks. The dashed lines represent fitted exponential decay curves.

resolve (see Fig. S7, ESIt for example), particularly in the
presence of a steady-state dark current that intermingles with
the capacitive current of the cathodic discharge wave.

The observation of distinct cathodic discharge peaks
with different decay rates indicates the presence of distinct

2452 | Energy Environ. Sci., 2022, 15, 2445-2459

metastable oxidized intermediates that were produced under
water photo-oxidation conditions in the first stage of the CDM.
The specific characteristics of these peaks, i.e., their magni-
tude, the potentials at which they appear and the fact that they
did not regenerate upon anodic potential sweep without light

This journal is © The Royal Society of Chemistry 2022
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(see the cyclic voltammograms that follow the fourth stage,
presented in Section S4, ESIt), suggest that both peaks are
linked to the water photo-oxidation reaction. The observation
that the peak height ratio changes as a function of the delay
time and, at some point, flips over (see Fig. S8, ESIt) suggests
that they arise from different reaction pathways that proceed in
parallel to each other, rather than two stepwise charge transfer
steps of a multi-step sequential pathway (with state A being the
first one to discharge during the cathodic potential sweep since
Ui > U}, see Fig. 3b). We note that in the sequential reaction
pathway, the charge that is discharged first from state A must
transfer through state B before reaching the ground state. Peak
reversal as observed in Fig. 3b and Fig. S8 (ESIt) cannot be
reasoned by this scenario, as detailed in the theoretical section
(below), suggesting that the two discharge peaks represent
distinct metastable intermediates that discharge in different
pathways, i.e., two coexisting reaction pathways rather than a
single one.

Seeking further support for this disruptive conclusion, photo-
electrochemical impedance spectroscopy (PEIS) and intensity
modulated photovoltage spectroscopy (IMVS) measurements
were carried out to shed more light on the water photo-
oxidation reaction mechanism. PEIS measurements near the
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Paper

photocurrent onset potential, Uynset, Support the coexistence of
parallel charge transfer processes represented by two low-
frequency semicircles (in addition to the high-frequency semi-
circle that corresponds to the hole current from the bulk to the
surface) in the Nyquist plots presented in Fig. 4a and b for two
light intensities of 50 and 100 mW cm >, respectively. Charge
transport gives rise to a high-frequency semicircle, typically in
the 100-1000 Hz range, whereas charge transfer processes give
rise to low-frequency semicircles, typically in the 1-10 Hz
range.*® It is noted that the low-frequency semicircles are
well-separated when the applied potential is close to Ugnsget,
which changes at different light intensities (Fig. 4a and b) due
to the light intensity dependent photovoltage, as reported
elsewhere.>® The PEIS results were combined with IMVS mea-
surements (presented in Section S6, esi) to extract the forward
current of photogenerated holes arriving at the surface, and the
backward current due to surface recombination of electrons
and holes, using the analysis method reported by Klotz et al.>®
The results are presented in Fig. 4c, overlaid with the dark and
light voltammograms from Fig. 1a. The surface recombination
current (open triangles) diminishes above 1.2 Viyg, explaining
the lack of a cathodic discharge spike in case of an abrupt
potential drop in the third stage of the CDM for Ui, > 1.2 Vryg,
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Fig. 4 Photoelectrochemical impedance spectroscopy measurements. (a and b) Nyquist plots of PEIS measurements taken under white LED intensities
of 50 and 100 mW cm™2, respectively. The applied potentials are marked in the legends. The peak frequencies of the observed semicircles are marked by
arrows and labeled (in Hz). (c) The hole current (red triangles) and surface recombination current (empty triangles), where the difference between them is
the photocurrent (filled triangles), obtained from PEIS and IMVS measurements. The dark and light voltammograms, the latter obtained with white LED
illumination (100 MW cm™2), are overlaid in dashed and solid black lines, respectively.
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as demonstrated by the blue curve (Ui, = 1.33 Vgyg) in Fig. 1b.
The PEIS and IMVS results corroborate that the cathodic
discharge spike and wave observed in the third and fourth
stages of our CDM (Fig. 1b) arise from recombination of
electrons with surface-trapped holes stored in oxidized inter-
mediates of the water photo-oxidation reaction, and that there
are two distinct intermediates with different relaxation times.
They also explain the lack of prominent spikes in the third
stage for Ui, above 1.2 Vpgg. The absence of prominent
recombination at these potentials results in metastability of
the surface-trapped holes that last up to several minutes in the
absence of light.

In contrast to previous CDM measurements in which the
cathodic potential sweep commenced shortly after light turn
off,>>** here we introduce an intermediate stage with a time
delay before the potential sweep that enables investigating the
metastability of the oxidized intermediates and provides new
insight into their potentiodynamic discharge characteristics,
leading to the observation of two discharge peaks that show up
clearly only after long delay times. In the following, we employ a
micro-kinetic approach to examine the inherent difference
between a multi-step sequential reaction and parallel reaction
pathways. We show that the potentiodynamic characteristics of our
system, as observed in Fig. 3, can occur only when parallel path-
ways are in play. Our theoretical analysis supports the empirical
observations and provides deeper insight into the effect of parallel
pathways on the water photo-oxidation mechanism.

Theoretical analysis
Model equations for sequential and parallel pathways

To elucidate the experimental results and shed light on their
implication, we construct a micro-kinetic model for the catho-
dic discharge current, assuming that the latter results from the
reduction of metastable oxidized intermediates to their ground
state through recombination of electron with surface-trapped
holes. In light of the double peak features observed in the CDM
and PEIS measurements (Fig. 3 and 4, respectively), we consider
two distinct intermediate states, such that the time-dependent
cathodic discharge current density J(¢), comprises the sum of
their partial contributions J;-4 5(¢) at the same moment:

—ZJ,-(t) = —O'ns(t)Zk,-G,-(t), (1)

. R
. T

Fig. 5 Schematic description of the charge transfer pathways. Micro-kinetic models for (a) sequential and (
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where ¢ is the elementary charge per site divided by the average
area of the reaction site at the surface, 0; are the (time varying)
surface coverages of the respective intermediates, k; are their
reaction rate constants that together with the surface density of
electrons, n;, determine the rate of the respective charge
transfer reactions. The surface density of electrons depends
exponentially on the surface potential,”"*” which changes with
time in accordance with the changes in the surface band
bending (see Fig. 2) and the applied potential.”®**>® To account
for these effects we use n4(t) oc yexp[—pU(¢)] in our model,
where y and f are constants. We note that the qualitative
behavior does not alter for different y and f values. For
simplicity, the partial J;_, 5 contributions are expressed in
absolute values, where the minus sign in eqn (1) signifies that
the total current is cathodic, in accordance with the CDM
results.

Our goal is to provide fundamental insight on the potentio-
dynamic behavior of our system, as reflected in the CDM results
presented in Fig. 3, and specifically into the mechanism under-
lying the peak reversal observed in Fig. 3b and Fig. S8 (ESIY),
rather than prescribe a quantitative description of the results
(data fitting). Therefore, to keep fidelity to the measurements
and preserve analytical simplicity, we seek a clear distinction
between the most basic possibilities that are schematically
illustrated in Fig. 5: (I) A sequential pathway that follows
stepwise charge transfer steps between two metastable oxidized
intermediates (A and B) before reaching the fully reduced
ground state (G), A - B — G, as illustrated in Fig. 5a; or (II)
Two parallel pathways, where each one of the metastable
oxidized states decays directly to its ground state, A — g and
B — g/, where g and g’ are the fully reduced ground states of
the respective intermediates, as illustrated in Fig. 5b. Although
the two scenarios may appear as simplifications, in the follow-
ing we show that they actually provide a fundamental insight
into the observation of peak reversal, as demonstrated in
Fig. S8 (ESIf). Moreover, their general validity holds upon
extension to more complicated scenarios, although in such
cases the analysis is typically not amenable to analytical solu-
tions as in the simplified model presented here.

Mathematically, both the sequential and parallel pathways
are modeled by systems of three first order ordinary differential
equations (ODE) that account for the basic properties of
the CDM: (I) a linear time-dependent sweep of the applied

ky
‘T A
e

b) parallel cathodic discharge (reduction)

D
o
-

reactions, where A, B are metastable states, G is the ground state, and ka and kg are the respective rate constants.
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potential, U(¢); (II) coexistence of two charge transfer reactions
occurring sequentially or in parallel to each other (as presented
in Fig. 5a and b, respectively); and (III) conservation of surface
sites such that the total surface coverage of different inter-
mediate states remains constant, 0, = 0, + 0g + 0, where for
the parallel pathway 0g = 0, + 0. The model equations for the
sequential pathway (A - B — G) read:

do
G = kaOA (e, (22
de
Wn o atr(0) — Kty D)0, (2D)
do e
TZG = kg0 (r)e U1, (2¢)
whereas for the parallel pathway (A - g and B — g’) they are:
do ,
T = —phala()e 0, (5a)
de )
= T (e 0, (3b)
do
Do hatr ) + sty (39

where k,, kg are the rate constants that determine the velocity of
respective reactions, and f8, y > 0.

Both systems can be analytically solved for applied potential
of the form U(¢) = U, — v(t — ¢t,), where v is a constant sweep rate
of the potential, and U, is the potential value at the initial time
t,- For eqn (2a) and (3a) the charge transfer from species A is
decoupled from the rest of the processes and as such can be
thought as the driving term, yielding

0u(0) = 0% 470, @

where 0% = 04(t,) is the initial surface coverage of state A and
®(t) = (y/vp)ePU[ef ") — 1]. For the case where v = 0 the limit is
well defined: lim @(¢) = (y/B)e’Y (t — t). Solutions for 0g(t),
however, are different for each pathway. For the sequential
pathway (eqn (2b)), we obtain

OB seq (1) = O%eFB20)
1

+ 0 e Fat®) (71 — kB/kA) [e’kﬂ"’(’) - e*k’“”(’)], (5)

whereas for the parallel pathway (eqn (3b)) the solution is
O parlt) = O3 %0, (6)

where 03 = 0g(t,) is the initial surface coverage of state B.
Finally, the solution for the ground states in each pathway is
obtained through the conservation O = 0g(t) + 04(¢t) + 60p(t),
where 07 is a constant that depends on the initial values 63, 0}
and 03. 04(¢) and Og,par(t) describe a monotonic decrease with
time, whereas 0p seq(f) may increase when 63 > 0 due to the
creation of B by charge transfer from A.
From eqn (1) we obtain the total current density:

J@) = —Jalt) — J(®) = _U}’eiﬁw)(kAeA(t) +kg0s(?)).  (7)
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where 0,(¢) is expressed in eqn (4) for both models whereas 05(t)
is expressed by eqn (5) or (6) for the sequential or parallel
models, respectively.

Comparison with the CDM results

Comparison of the micro-kinetic model with the CDM results
(Fig. 3) is conducted via J(t) according to eqn (7), while keeping
fidelity to the experimental results for which state A is the first
to discharge since Ujx > Uy and therefore #(U}) < t(Uy),
ka > kg and 03 > 09. The ks > kg condition is not only
qualitatively consistent with the current decays observed in
Fig. 3d, but it also agrees with the absence of any observation of
oscillatory kinetics or a persistent single peak dominance at all
times, which would be a signature for k, < kg in the sequential
reaction. Generally speaking, sequential reactions with kx < kg
may give rise to a dominant second peak via the second charge
transfer reaction (B — G), provided that 6% < 03. However,
under such conditions, peak reversal would occur in the reverse
order such that the second peak (at Uj) dominates first (i.e., at
short delay times), and the first peak (at U}) dominates later
(at long delay times), in contrast to the results in Fig. 3b and
Fig. S8 (ESIY).

Through the time-dependent solutions obtained for the
evolution of 64(¢), 0s(t) and 6s(f), we reconstruct J,(¢) and Jg(t)
via the potential sweep U(t) (for details see Section S7, ESIt).
Solutions for both pathways indicate that for a wide range of
examined parameters and initial conditions (including their
partition), see typical cathodic discharge waves presented in
Sections S7 and S8 (ESIT), only the parallel pathway demon-
strates peak reversal that qualitatively agrees with our CDM.
While for parallel reactions A, B are interchangeable, we note
for mathematical completeness that sequential reactions with
ka < kg may demonstrate peak reversal if 0% > 6%, but since
these conditions are inconsistent with the CDM results we rule
them out. In the following we focus on the parallel pathway
model with k, > kg and 03 > 0%.

Exemplary results of the parallel pathway calculations are
presented in Fig. 6a and b, where the top panel shows the input
potential profiles for three delay times A¢; the middle panel shows
the output (calculated) cathodic discharge current (black solid
line) and its partial components JA(¢) and Jg(f) (red and green
dashed lines, respectively, expressed in absolute values); Fig. 6¢, d
and e show the time-dependent evolution of 04(¢), 0g(t) and 0g(t)
in response to the potential changes presented in Fig. 6a. We note
that all our calculations cover stages 2 to 4 of the CDM measure-
ments, whereas stage 1 is excluded. To account for the exclusion
of this stage, where water photo-oxidation prevails, the model
assumes that all the surface intermediates (both A and B) are
oxidized at the beginning of the timeline covered by the model
(i.e., at ¢t = —200 s in Fig. 6), which corresponds to the moment in
which the light was turned off. Note that after the abrupt step in
the applied potential at ¢ = 0 s, the oxidized intermediates decay
slowly to the ground state due to slow recombination, and the
decay is accelerated upon further sweep of the applied potential to
lower values that reinforces fast recombination.
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Fig. 6 Micro-kinetic calculations of the cathodic discharge evolution for the parallel pathway reaction. (a) Potential vs. time profile and (b) the current
density vs. time profile (black line) during cathodic discharge (in the dark) for three different delay times (At) as shown in (a). The dashed lines correspond
to partial current densities while the dotted lines are guide-to-the-eye for the evolution of the discharge peaks of the oxidized intermediates A and B.
(c—e) The partial surface coverages of intermediates A, B and G (blue, green and red, respectively) for the different time delays in (a). The results were
obtained for initial conditions of 6 = 0.7 and 03 = 0.3 at t < —200 and the following kinetic parameters: § = 10, y = 1, ka = 38, kg = 8, and v = 0.005.

The calculated discharge waves presented in Fig. 6b are
consistent with the CDM results presented in Fig. 3b and
Fig. S8 (ESIY) in all the salient qualitative observations: meta-
stable decay during the time delay stage, double-peak cathodic
discharge waves, and peak reversal at extended delay times.
We verified that the results are robust with respect to different
potential sweep rates and thus, in qualitative agreement with
our CDM as well as other reports.>® Next, we provide a rigor
analysis of the qualitative difference between the sequential
and parallel pathways.

Distinguishing between sequential and parallel pathways

Let py = [ Ja(r)dr and py = ["Jp(1)d be the electronic
charge densities transferred by the cathodic discharge reac-
tions to the metastable oxidized intermediates A and B, respec-
tively, where t, is moment when the light turns off and the
cathodic discharge begins. At ¢ — oo all the oxidized inter-
mediates decay to their ground state G, ie., 05, 05 — 0 and
0& — 1, as shown in Fig. 6¢-e. In the parallel pathways mecha-
nism, the charge transfer rates of intermediatesA and B depend on
their initial coverages, such that p, oc 63 and pg oc 65. In the
sequential pathway mechanism, pg, is proportional to 63 + 03 since
the A intermediates discharge first to the B intermediates before
reaching the ground state G (see Fig. 5). This fundamental
difference between the two mechanisms leads to different ratios
between p, and pg, as summarized in Table 1.

2456 | Energy Environ. Sci., 2022, 15, 2445-2459

Based on the relations in Table 1, we formulate a definitive
distinction between the sequential and parallel pathways and
explain why peak reversal can be expected only for the latter
mechanism. Consistent with the CDM results presented in
Fig. 3b, and for the sake of argument, let us assume that the
discharge peaks of the oxidized intermediates A and B are well
separated, and their widths are similar and constant, so that
their area (i.e., the integrated charge transferred from them to
their ground states) scales with the peak heights (for details see
Section S8, ESIt). Consequently, the peak height ratio approx-
imates the integrated charge ratio p,/pg, which indicates that
for the sequential pathway it cannot exceed 1. In contrast, in
the parallel pathway mechanism the peak height ratio scales
with the ratio between the initial coverages of the respective
intermediate states, which may be larger or smaller than 1:

0% 1

JZNPA_ _ <
1+05%/0%

Ty ps 0%+ 0%
Ji o Pa_ O
Js B 0(])3'

Consequently, the above analysis provides the required
insight into the origin why peak reversal can only occur under
parallel pathways.

Although in the above calculations, we assumed for the sake
of the analytical derivation of the sequential pathway limit that
the peaks are well separated, we have verified numerically that

the limit is indeed a generic property, independent of the

)

(i) Sequential pathway:

(ii) Parallel pathways:
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Table 1 Initial surface coverage dependence of the charge densities of
states A and B

Mechanism Yo OB OalpB
Sequential pathway 0% 0% + 0% 03/(03 + 6%)
Parallel pathways 0% 0% 0%/0%

similar and constant width assumption of adjacent peaks (see
Section S8, ESIt). Moreover, the qualitative applicability of the
results can be broadened, for example, to multiple short-lived
intermediate species whose reduction reactions are fast result-
ing in significant overlap of the two peaks. In this case, the
main differences between the two pathways will be deduced
(albeit again only numerically) from the differences in the total
density current: J(t) = —(n + 1)J5(¢) — (m + 1)/(¢), where n and m
are integers corresponding to extra intermediate steps (with
fast reactions) that may occur after each one of the slow
reduction reactions of species A or B, respectively. Under
the conventional assumption that the water (photo)oxidation
reaction involves four adsorbate species and four charge trans-
fer steps, as discussed in the introduction, the sequential
pathway is limited to three oxidized intermediates that can be
reduced, thus, (m + n) can be only 1 or 0. The resulting current
ratio limit changes to J} /J§ < 2. We avoid, however, showing
here all the details and/or speculating about other possible
charge transfer models while focusing on the qualitative dis-
tinction between the sequential and parallel pathways that can
be uncovered with a good agreement already from two charge
transfer reactions.

Conclusions and outlook

Studies on the mechanism of water photo-oxidation on metal
oxide photoanodes for photoelectrochemical water splitting
typically rely on one reaction pathway or another. The most
established pathway follows Kobussen’s mono-nuclear OER
mechanism,"” modified to account for the OH -coupled hole
transfer steps that take place in water photo-oxidation in alka-
line electrolytes,” as in the case of hematite photoanodes.®
Nevertheless, recent studies on electrolytic water oxidation
(without photogeneration of electrons and holes) propose
alternative pathways, such as bi-nuclear and bi-functional
pathways'" or lattice oxygen taking place as an active site in
the reaction (LOER),*® suggesting that alternative pathways may
exist, perhaps even co-exist, also in the case of water photo-
oxidation. This work presents strong evidence for the
co-existence of two distinct pathways proceeding in parallel to
each other, instead of a sequential pathway with multiple steps
occurring one after the other. We speculate that the two
co-existing pathways may interact with each other, leading to
spatiotemporal phenomena with unexpected complex dynamics
similarly to other electrochemical reactions® "% and catalytic
surface reactions.®’ For instance, competition for sites and
photogenerated holes between different pathways may lead to
unexpected features such as hysteresis and negative differential

This journal is © The Royal Society of Chemistry 2022
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resistance, as reported recently for water photo-oxidation in the
presence of low concentration of H,0,.° This implies that
realistic understanding of the reaction mechanism should con-
sider plural pathways and the possibility of interactions between
co-existing pathways which may lead to complex self-organized
kinetic effects, ranging from domain wall dynamics through
spiral- and standing-waves, and to spatiotemporal chaos. Collec-
tive effects such as these may influence performance parameters
such as overpotential and rate in ways that have never been
considered before. Further research in this direction may benefit
the design of photocatalytic materials and tuning their operation
conditions for optimal performance. For example, by tailoring the
interaction between different pathways so as to avoid the high
energy barriers that lead to high overpotentials, one may envision
new strategies to bypass the universal scaling law® that limits the
efficiency of most of the known water oxidation catalysts,'”
possibly leading the way to high-efficiency water splitting for
green hydrogen and solar fuel production.
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