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Hematite (o —Fe;03) is a promising photoanode for solar water splitting, whose efficiency is limited

DOI: 00.0000/XXXXXXXXXX

by rapid charge recombination, sluggish hole transport and slow oxygen evolution reaction kinetics.

Understanding which of these factors actually leads to inefficiency, i.e. non-unitary photon conversion,

is challenging. Here we show, for a model hematite photoanode, that analysis of wavelength-
dependent (405-645 nm) photocurrent kinetics as a function of bias (0.9-1.65 V vs. RHE) reveals
two surface states. The observed bias dependence and relative size of the charge transfer resistances
and capacitances associated with each state are most easily rationalized if our a-Fe,O5(0001)
anode is characterized by a mixed Fe/O termination that results in populations of monodentate and
bidentate coordinated surface oxygens. Bidentate coordinated surface O(H) are the active site for
the photoinduced OER but populations of monodentate surface OH change in response to applied
bias/illumination in a manner that controls surface charge. At potentials where OER occurs in the
dark, both sites are catalytically active.

1 Introduction

Hematite (o —Fe,03) is a promising photoanode for solar wa-
ter splitting due to its bandgap (= 2.1 €V), valence band energy
alignment, stability in alkaline solution and natural abundance ™4,
However, its solar-to-hydrogen (STH) efficiency is limited by rapid
bulk charge recombination®, short hole diffusion length (2-4
nm)B97 and sluggish surface oxygen evolution reaction (OER)
kinetics®. While n-doping and nanostructuring have partly over-
come these challenges, current state-of-the-art hematite anodes
yield photocurrent densities of 4-5 mA /cm? at 1.23 V vs. RHE, far
below the theoretical maximum of 12.6 mA /cm? at AM 1.5G illu-
mination.”®13 From a microscopic perspective such inefficiency
suggests that for some fraction of absorbed photons electron/hole
recombination outcompetes the use of holes to catalyze the oxy-
gen evolution reaction (OER) and extraction of electrons from the
device. Recent work by Graves and coworkers has highlighted that
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hematite’s incident photon-to-current efficiency (IPCE) drops off
sharply at wavelengths longer than 500 nm#13]

At ~ 420 nm hematite absorption reaches a maximum and is
dominated by a ligand-to-metal charge transition (LMCT) result-
ing in an O centered hole. At both longer and shorter wavelengths,
particularly at wavelengths longer than 500 nm, absorption is in-
creasingly dominated by ligand field (d-d) spin flip transitions that
produce an Fe centered hole™17 As jllustrated by Hayes et al.
computing the absorption spectrum accounting only for LMCT tran-
sitions appears to quantitatively reproduce the IPCE spectrum.
While suggestive, this correlation does not offer mechanistic in-
sight. Prior studies have concluded that the microscopic origin
of this “non-unitary photon conversion” in hematite is ultrafast
trapping, i.e. small polaron formation™®, electron/hole recombina-
tion® or both. It is, however, not clear how these, or other possible
elementary processes, produce the observed difference between
absorption and IPCE spectra.

Since photocurrent is the fundamental metric of interest we fol-
low prior workers by partitioning the signal into components 41519

Jphoto = Jabs " épg *Tes * Net €Y

in which Jppoo is the measured photocurrent density, Jyp is the
maximum photocurrent density under AM 1.5G illumination as-
suming unitary photon conversion, &g the photogeneration effi-
ciency, 1¢s is charge separation efficiency and n¢ charge transfer
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efficiency.
Equation 1] clarifies that photocurrent density in hematite is
influenced by three factors:

(1) Effective photogeneration yield (Jups - Epg): the fraction of
absorbed photons generating mobile carriers, limited by
wavelength-dependent absorption and ultrafast trapping.
Both J ;s and &y are wavelength-dependent but potential-
independent: both depend on the photophysics of bulk
hematite.

(2) Charge separation efficiency (nes): Determined by carrier
mobility, recombination, external bias and illumination in-
tensity (i.e. photovoltage). s is expected to depend on
both wavelength and bias.

(3) Charge transfer efficiency (n¢): the competition between
catalytic turnover (e.g. population of Fe—~OOH intermediates)
and surface-state recombination. 7., is expected to depend
both on wavelength and applied bias.

Resolving the relative contributions of these factors to hematite
photocurrent is important because individual modification strate-
gies do not improve all simultaneously?Y. To gain this insight we
proceed here by examining the wavelength dependence of these
three contributors to the measured IPCE.

Prior experimental efforts to disentangle the contributions
to equation [1| largely consider either steady-state macroscopic
(e.g. how measured currents or photovoltages depend on applied
bias or illumination) or steady-state microscopic observables (e.g.
optical/X-ray spectroscopies or scanning probe microscopies).2221
Connecting these two observable types, e.g. understanding the
microscopic mechanism underlying a particular charge transfer
resistance identified in electrochemical impedance spectroscopy
(EIS) under illumination, is challenging.

Describing electron transfer across the hematite/water inter-
face requires describing the journey of the electron/hole pair from
their creation within bulk hematite, loss due to ultrafast bulk re-
combination, transport within bulk hematite (for the electron to
the back contact, for the hole to the hematite/water interface)
and any surface-mediated recombination or catalytic chemistry.
Much prior work has shown that these elementary processes differ
both in their characteristic timescales and in their dependence
on charge carrier energy. Non-steady-state photoelectrochemical
device level characterization, e.g. intensity modulated photocur-
rent or photovoltage spectroscopies?2"2%, offers the possibility of
separating charge relaxation processes that occur on timescales
from milliseconds to seconds and thus offers a partial way to over-
come this problem. However, virtually all work along these lines to
this point has either employed chopped simulated solar or single
wavelength monochromatic illumination. While important, such
approaches make it difficult to understand the dependence of the
elementary processes they sample on charge carrier energy.

In this study, we perform transient photocurrent analysis, i.e.
photochronoamperometry, following narrow-band monochromatic
excitation covering 405-645 nm. The resulting deconvoluted J,y; -
Epgs> Mes and 1c; are most simply understood if our a-Fe,04 surface
is characterized by a mixed Fe/O termination resulting in both
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monodentate and bidentate coordinated surface hydroxyls. The
relative size and bias dependence of resistances and capacitances
associated with each population suggest bidentate surface OH
are the active site for the OER, but monodentate surface OH
population changes as a function of applied bias and illumination
as it compensates changes in surface polarization.

2 Experiments

2.1 Preparation of hematite sample
Following prior workers we fabricated hematite photoanodes, un-
derlain by thin platinum (Pt) film on a c-cut sapphire substrate
using pulsed laser deposition (PLD). 10/ The substrates (Alineason
Materials Technology GmbH; dimensions: 10 X 10 X 0.5 mm?3)
were ultrasonicated in acetone, ethanol, and Milli-Q water for
15 minutes each prior to deposition. PLD was conducted in a
high-vacuum chamber (base pressure: 10~8 mbar). A 60 nm Pt in-
terlayer was first deposited using a KrF excimer laser (COMPexPro
102, Coherent LaserSystems GmbH & Co. KG; wavelength A =
248 nm, pulse energy = 200 mJ, repetition rate = 10 Hz) ablating
a 99.99% pure Pt target (Alineason Materials Technology GmbH).
Pt deposition was conducted with the sapphire substrate at 500 °C
under dynamic pressure (107 — 10~% mbar). A 30 nm hematite
(ot —Fey03) layer was subsequently deposited under identical laser
conditions using a 99.99% pure «-Fe, O, target (Alineason Mate-
rials Technology GmbH) with the Pt covered sapphire at 700 °C.
The deposition rate was calibrated in situ using a quartz crystal
microbalance positioned at the substrate location.
Post-deposition annealing was performed in a tube furnace
(Carbolite CTF 12/75/700) in ambient air by (1) ramping from
room temperature to 550 °C (~2 °C/s heating rate), (2) holding
the sample at 550 °C for two hours, (3) ramping to 800 °C with
the same rate and holding for 20 minutes and (4) cooling in the
furnace to 520 °C followed by air cooling.

2.2 Anode Characterization

Post-annealing Raman spectra show only peaks characteristic of
hematite: features characteristic of other Fe-oxides or Pt-oxides
are absent (see Figure S17). The crystal structure of the annealed
sample was analyzed by X-ray diffraction (XRD). Reflections char-
acteristic of Pt, «-Al,05 and «-Fe, 04 are clearly observed along
with trace contributions from Pt-oxides (see Figure S27). The
crystallographic structure and surface morphology of the post-
annealing sample were further characterized by scanning electron
microscopy. As shown in Figure S3' these micrographs show
our sample creation procedure produces hexagonal crystallized
hematite grains with the (0001) facet predominantly exposed.

2.3 (Photo)electrochemistry

Cyclic voltammetry (CV) and chronoamperometry (CA) were per-
formed in a custom PTFE (Teflon) three-electrode cell (see Figure
S4 for cell details) using a BioLogic SP200 potentiostat. A Pt
wire and a Ag/AgCl electrode (BioLogic, RE-1BP) served as the
counter and reference electrodes, respectively. The electrolyte con-
sisted of 0.1 M NaOH (= 99.0% purity, Acros Organics) dissolved
in ultrapure deionized water (18.18 MQ - cm, Stakpure OmniaPure
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UV), yielding a pH of 12.8. A peristaltic pump (Ismatec ISM596D)
continuously circulated the electrolyte through the cell at a flow
rate of 10 ul/s.

Optical excitation was provided by a supercontinuum laser
source (Leukos Rock 400 4, repetition rate: 60 MHz) with a
spectral range of 400-2400 nm. A tunable filter (Leukos Bebop)
was employed to narrow the output to a Gaussian spectrum with a
full width at half maximum of 10 nm. The resulting narrow band
output was scanned in 20 nm increments from 405 to 645 nm.
Each illumination condition is hereafter referred to by its center
wavelength. The collimated output of the laser was spatially
filtered to ensure the diameter remained smaller than the exposed
hematite working electrode. Pulsed illumination was generated
by blocking the laser with an optical shutter (5-second on/off
cycles), synchronized to initiate approximately 80 seconds after
the start of CA measurements. CA measurements were performed
at potentials ranging from 0.9 V to 1.6 V (vs. RHE) in 0.1 V
increments. The sampling interval for all measurements was 20
ms. To maintain consistent sample conditions, a five-cycle CV
scan (0.57-1.62 V vs. RHE, scan rate: 200 mV/s) was conducted
between successive CA steps. To enable direct comparison of
photocurrents across all wavelengths, the incident photon flux
density was set to 9.4 x 10!9cm~2s~! for all CA measurements.
In addition, CA measurements were repeated in 0.1 M NaOH
containing 1 mM H, O, under otherwise identical conditions.

All photocurrent decay profiles were processed by averaging
three consecutive light pulses and applying dark-current correction
via linear baseline fitting. The resulting data were then analyzed
using the nonlinear least-squares regression algorithm nlinfit
(Statistics and Machine Learning Toolbox, MATLAB R2023b). A
detailed description of the data-processing workflow, including all
intermediate steps and a flow chart, is provided in the Supplemen-
tary Information (Figure s5h).

3 Results and Discussion

High performance hematite photoanodes are nanostructured on
5-10 nm length scales®2>"27, Such nanostructuring improves per-
formance but makes understanding surface physical chemistry
more complicated. Because our focus in this work is on under-
standing the mechanism of the OER on hematite, we here wish to
create a sample that is relatively more crystalline than the bench-
mark nanostructured (thus likely with a lower photocurrent) but
with a similar OER onset potential. Figure [1| shows the anodic
cyclic voltammetry (CV) sweep of hematite in 0.1 M NaOH un-
der 405 nm illumination. A distinct photocurrent onset occurs at
~1.3 V vs. RHE, consistent with prior work1228, The measured
photocurrent density is ~ 100x lower than the state of the art
under AM 1.5G illumination’?, While our hematite photoanode
is 30 nm thick, SEM images (Figure S3' in the Supplementary
Information®) clearly indicate that our PLD + annealing procedure
produces well-crystallized domains with characteristic sizes larger
than 100 nm. Photoelectrochemical impedance spectroscopy re-
sults (see Supplementary Information for data, Figures S6 and S7,
and methodological details™) suggest that the dopant density (ex-
pected to be dominated by oxygen vacancies) is Np ~ 10! cm 3
and that the interfacial capacitance increases smoothly with anod-
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ically increasing bias: consistent with an electrode with minimal
Fermi level pinning and a space charge layer that fully decays
within the hematite layer over the potential range of the experi-
ment2230,

N
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Fig. 1 Positive CV sweep performed in the dark and under 405 nm
supercontinuum laser illumination in 0.1 M NaOH solution. The laser
power density was maintained at 46.1 mW /cm?, with photon density
consistent with all chronoamperometry (CA) measurements.

Given a sample appropriate to gain the mechanistic insight
we seek, we next characterize the photocurrent kinetics. Figure
shows representative pulsed photocurrent data as a function of
laser wavelength and applied bias. At biases above the photocur-
rent onset the same qualitative response is observed at all wave-
lengths: a current overshoot on opening the shutter that relaxes to
the, bias-dependent, steady-state photocurrent and an undershoot
on closing the shutter before the current relaxes to zero. This
response has been observed previously by multiple groups and
rationalized by the following scenario“1"2> Turning on illumina-
tion results in an instantaneous hole current towards the interface.
These holes are captured in surface states inducing an electron
current towards the interface driving surface recombination and
relaxation of the photocurrent towards the steady-state (electron
current extracted from the device decreases). On turn-off of illumi-
nation the hole current is shut-off quasi-instantaneously and the
remaining surface holes are consumed by a flow of electrons to the
interface, i.e. a current that opposes the steady-state photocurrent.
Physically the hematite surface and space charge region can be
understood as a capacitor discharged by photo-generated surface
holes trapped by formation of surface intermediates (e.g. Fe-OH)
and recharged as electrons flow to the surface.

Comparison of Figures a) and (b) clarifies that the pho-
togenerated current exhibits a distinct wavelength dependence,
reaching its maximum value at 425-445 nm, and increases with
increasing bias (at least from 1.3 to 1.5 V vs. RHE). Control exper-
iments suggest that with the illumination intensity we employed
photocurrent kinetics do not depend on incident fluence (Figure
$8" and S9T in the Supplementary Information®). Preliminary
studies on our photoanode suggest that, following illumination,
the current relaxes to its steady state on two distinct time scales,
~ 50 ms and ~ 2 s. Similar measurements in the presence of H,O,
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Fig. 2 Photocurrent characteristics under CA conditions as a function of illumination wavelength and applied bias voltage. (a) Photocurrent measured
at 1.3 V bias in a 0.1 M NaOH solution; (b) Photocurrent measured at 1.5 V bias in a 0.1 M NaOH solution; (c) Temporal decay profile of photocurrent
during continuous laser illumination, the time zero of x-axis is calibrated to the current spike in (a) and (b). The addition of H,O, strongly modifies
the amplitudes, time constants (and sometimes the sign) of both exponential components suggesting both charge relaxation processes are interfacially

mediated.

(a hole scavenger 19 also show two relaxation processes at similar
timescales but with different amplitudes or signs (see Figure c)).
Such H,0,-sensitive changes are consistent with a scenario in
which both relaxation processes in the alkaline, H,0,-free solu-
tion, are mediated by surface processes, rather than by purely bulk
transport or double-layer charging.

Given that both charge relaxation processes are a consequence
of surface processes we next quantify relaxation of both processes
to the steady-state photocurrent, i.e. turn-on dynamics, using a
dual-exponential decay model:

—t —t
I=A-exp (—) +B-exp (—) + Igs
Tfast Tslow

where A and B are the amplitudes [ A], Tg,s and g, are the two
time constants [s] and I is the steady-state photocurrent [ A].
Note that formulated as in equation [2] both decay processes reflect
characteristic timescales for the charging of surface states
Fitting the photocurrent decay under illumination in this man-

2

ner allows the extraction of Iss and thus calculation of the wavelength-

dependent incident photon-to-current efficiency,

L 3)

- Nphoton

IPCE =

where e is the elementary charge and Npyoron is the incident pho-
ton flux. As shown in Figure 3| we find IPCE low near 405 nm,
increasing to a maximum between 425 and 445 nm, decreasing
more slowly with increasing wavelength to 600 nm and increasing
with bias. The photocurrent onset near 600 nm corresponds to
an optical bandgap of ~ 2.0 eV for this sample, consistent with

«This view of our data is equivalent to taking hole consumption to lead to a charg-
ing of an interfacial capacitor. From a mathematical perspective we could equiv-
alently describe our signal as a loss from surface states via recombination: i.e.

) +B- (l —exp | 7 ]) Because in the surface state charging
formulation makes the interpretation of A and B more straightforward (as discussed
in the text) we here adapt this model.

—t

I:A»(l —exp {i;t

4] Journal Name, [year], [vol.],
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Fig. 3 IPCE of hematite photoanodes under varying applied bias (1.2 to
1.6 V) in 0.1M electrolyte (pH=12.8).

literature values (1.9-2.2 eV)21533 prior IPCE measurements in
hematite photoanode devices have observed a similar response
but with a smaller decrease near 405 nm21734538 To rationalize
the relatively pronounced attenuation of the IPCE at 405 nm, we
performed a thin-film optical calculation for the actual electrode
architecture (electrolyte/hematite(30 nm)/Pt) using a coherent
transfer-matrix method (see Figure S127 and detailed descrip-
tion in the Supplementary Information’). The model yields the
hematite-layer absorptance Apem,(A): the fraction of incident op-
tical power dissipated within the 30 nm hematite film after ac-
counting for multiple reflections and interference enabled by the
Pt back contact. The results clarify that the IPCE attenuation at
405 nm can be understood as the combined consequence of (i) an
intrinsically weaker optical transition strength of hematite around
~400-420 nm'Z, which lowers the number of photogenerated car-
riers available to contribute to I and (ii) destructive interference
with reflection from the Pt/hematite back contact, i.e. reduced
Ahema (405nm) in the air/hematite/Pt stack relative to the hematite
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layer under otherwise identical photon flux. Under our constant-
photon-flux protocol, these two effects act in the same direction,
directly suppressing Iy (405 nm) and thus attenuating the IPCE at
405 nm. Prior IPCE reports were measured on devices that do
not have a Pt back contact and generally are not performed with
wavelength-independent photon flux.?

Given an overpotential for the OER and an IPCE consistent
with prior reports, we move on to the kinetics of photocurrent
decay following illumination turn-off. In the capacitor ansatz de-
scribed above the transient current after illumination turn-off is a
consequence of recombination of holes stored in surface states un-
der steady-state illumination. The two time scales apparent in the
data and the H, O, experiment suggest that the flow of electrons to
the interface can be described as the charging of two, distinct, ca-
pacitors. Rewriting equation[2]allows us to quantitatively describe
such a situation,

t t
I(t) = lo,fexp{ R.C } +1056Xp{ R.C ]+Idark
Vot t Vo,s
— > _ > 1
R, exp{ 7Rfo:| + R exp R C Flgak @D

in which Iy ¢ and /o s are the currents flowing to the fast and slow
relaxing surface states at time zero (i.e. under steady-state illu-
mination conditions); Vo ¢ and Vo s are the biases across the two
capacitors at time zero; R; and C; are the resistances and capaci-
tances associated with the it capacitor (either that associated with
the fast or slow process) and I, is the dark current. Comparison
of equations[2]and [4|makes clear that ¢, = R¢C¢ and gy, = RsCs.
Because our two interfacial capacitors are in parallel, the bias
across each fully charged is the externally applied bias minus the
flat band potential (V,p — Vgp,). The total charge stored in the ith
capacitor, i.e. Q;, is thus the integrated charge transferred to the
capacitor associated with either the fast(f) or slow(s) relaxing
process):

et t
= I ——\|d 5
Oi /0 0,i €Xp |: Rici:| t (5)

which we extract from numerically integrating the fit to the current

transients. From the stored charge we compute the capacitances
. _ O

for the fast and slow processes: C¢ = T and Cs = ﬂ

Inspection of Figure [4h and [4b shows that R¢ and Rg below
the OER onset (at 1.0 V vs. RHE) depend similarly on wavelength
— somewhat higher at 405 nm, relatively low and constant be-
tween 445 and 525 nm and increasing at longer wavelengths. In
principle the resistances we extract from fitting our data using
equation [4 may be a result of both transport through bulk and
charge transfer at the interface. While the H, O, data (see Figure
) clearly show both the slow and fast processes are surface-
mediated, the similarity in the wavelength dependence of R; and
Rs at potentials cathodic of OER onset, suggests the wavelength
dependence of the resistances is the result of bulk hematite pho-
tophysics. Prior work has established that significant populations
of excited electrons relax on < 100 fs timescales to form electron
polarons in hematitel832:40, 1 eone and coworkers have shown
that the character of the polaron changes depending on photon
energy: at photon energies near the band gap the polaron is rel-
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atively localized and transport inefficient, near the absorption
peak at =~ 440 nm polarons are relatively delocalized and their
mean free path longer®?. Our results appear to offer a similar
perspective (R o< m). Stated in the language of equation |1
Nes is a function of the physics of polarons in hematite. While the
wavelength-dependence of Ry and Rg is similar, at all wavelengths
Rs ~ 3 x R;. This trend can be rationalized by accounting for
the chemical nature of each surface state and the charge transfer
required as it relaxes.

As noted above, imaging of our photoanode suggests it largely
exposes the basal plane of hematite. Much prior work, both experi-
mental and theoretical, on the hematite aqueous solution interface
suggests that for the hematite basal plane the so-called 1-Fe and
Oxygen terminated surfaces (there are three possible termina-
tions for the a-Fe,04(0001) surfacel) are equally stable424.
As a consequence mixed surface terminations are often observed.
For the oxygen terminated surface water adsorption results in
bidentate coordinated surface oxygens, for the 1-Fe terminated,
monodentate2. Under practically relevant conditions the mono
and bidentate oxygens are Lewis acids: the monodentate with a
pKa between 7-9, the bidentate > 124346, Computational stud-
ies have clarified that illumination at potentials anodic of open
circuit conditions results in the increased adsorption of OH™ on
surface Fe atoms, i.e. for the 1-Fe terminated surface the number
of monovalent coordinated OH increases, and the deprotonation of
bivalent coordinated surface hydroxyl groups found on the oxygen
terminated®”. Monodentate surface OH is expected to relax, on
turning off illumination, by the desorption of OH™, bidentate O by
the adsorption of H*4%, Because proton adsorption (from alkaline
solution) is expected to be slow relative to OH~ desorption, a
larger charge transfer resistance should be associated with the
bidentate surface OH. We therefore conclude that our data are
most simply understood if the fast relaxation process is assigned to
charging of surface monodentate oxygens and the slow to charging
of surface bidentate oxygens: Rf = Rpono and Rs = Ry;. In the
language of equation |1| the difference in size of Rpono and Ry;
suggests that n¢ contributes to both through differences in surface
chemical speciation but that this contribution depends only weakly
on the photon energy used to excite charge carriers between 450
and 550 nm (data at longer wavelength excitation are discussed
further below).

In this scenario the charge relaxation processes we observe
are present in the defect-free (0001) surface of a-Fe,0,. While
we did not intentionally dope our hematite photoanode, much
prior work suggests it should be n-type due to oxygen vacancies.“®
Bulk oxygen vacancies increase electron concentration, modify
the space-charge region and band bending, and thereby influence
Jabs> Epg, Nes and the overall magnitude of the photocurrent, but
they do not control the time constants extracted from equation [4]
(recall that H, O, experiments suggest these processes are surface-
mediated).48 In contrast, oxygen vacancies near, but not at, the
surface directly perturb the first few Fe-O layers and leave under-
coordinated Fe sites at the interface.? Prior theoretical studies
offer a mixed view as to whether such structures lead to enhanced
or decreased OER activity (based in part on model chemistry
employed or OER mechanism assumed)2%2L, Our measured pho-
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(i.e. the fast relaxing surface state); (b) Resistance associated with the charging of bidentate coordinated surface O (i.e. the slow relaxing surface
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obtained from Monte-Carlo analysis of the transient fits.

tocurrent kinetics do not allow us to separate any possible effect of
near surface oxygen vacancies on our observables. However, prior
work strongly suggests that two different types of surface OH, i.e.
two different types of surface electronic states, are likely present
on the pristine hematite/aqueous solution interface™”, and that we
therefore need not invoke defects to rationalize our observations.

Given this assignment, we return to the data plotted in Figure
note that the Rimono does not vary as the bias is increased from
potentials cathodic to those at the OER onset, i.e. at 1.0 and 1.3 V
vs. RHE. In contrast, while the wavelength-dependence is similar,
Ry; increases by ~ 20% going from 1.0 to 1.3 V vs. RHE. This
increase suggests an additional charge transfer resistance has been
added to bidentate surface oxygens near the OER onset that does
not depend on photon energy. Prior workers have argued from
computational results that bidentate surface oxygens are likely the
most active site for the light induced OER®>2, These results are
consistent with our observations if, as assigned above, the slow
process is a consequence of (dis)charging of bidentate surface
oxygen sites. At 1.5 V both Ryono and Ry,; increase further, albeit
with decrease in Ry; at long wavelength. As reference to Figure
makes clear, at 1.5 V vs. RHE the OER has begun in the absence of
6| Journal Name, [year], [vol.],

1

illumination. Our measured Rmono and Ry; suggest that at these
elevated potentials the OER mechanism is potential-dependent:
monodentate coordinated surface sites are activated and/or a
multihole OER mechanism on hematite may be possible/12:25153|

In the surface capacitor ansatz Cmpoeno and Cy,; are proportional
to charge storage capacity. The wavelength-dependent Cpono and
Cp; are shown at 1.0, 1.3 and 1.5 V vs. RHE in Figures [4{(c) and
[(d). At 1V vs. RHE clearly both sites show a peak in capacitance
at 420-450 nm that decreases towards 580 nm with Cy; showing
a shoulder at ~ 500 nm. At 1.3 V vs. RHE Cpono is similar to its
value at 1.0 V vs. RHE with a possible decrease in capacitance
between 450 and 550 nm. Over the same change in bias Cy;
increases by = 50% at all photon energies. These observations
are consistent with a scenario in which, at 1.3 V vs. RHE, the
OER begins on bidentate coordinated surface oxygens and steady-
state populations of more oxidized oxygen species are present
at the interface. At 1.5 V vs. RHE the wavelength-dependent
response of both Cpono and Cy; are similar with the shoulder
centered at 500 nm continuing to grow in for both species. This
correlated change in capacitance is consistent with a scenario in
which OER mechanism is potential-dependent and at these anodic
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biases involves both mono and bidentate coordinated surface OH.

Because we expect to see a maximum in R, i.e. a maximum in
charge transfer resistance, just before current starts to flow, we
next examine the bias dependence of Ryono and Ry; with higher
bias resolution (see Figure[5). Employing excitations of 425 and
505 nm, Rpono has a small maximum at 1.1 V and at potentials
greater than 1.4 V vs. RHE increases dramatically. In contrast Ry;
has a somewhat larger maximum at 1.0 V vs. RHE and increases
significantly above 1.4 V. The maximum in Ry, cathodic of and
larger than that in Ryonoe Suggests that bidentate surface coordi-
nated OH are the active site for photoinduced OER. Given the
band edge pinning suggested by the impedance measurements dis-
cussed above, the increase in Rpyono following the onset of the OER
is most straightforwardly understood as either surface protonation
or OH™~ adsorption required to ensure bias-independent surface
charge density. Large increases in Ryono and Ry, at higher biases
suggest as OER in the dark becomes possible monodentate OH
may participate in the OER and/or additional OER mechanisms
become possible.

The corresponding capacitances provide complementary in-
formation on how the interfacial hole population is distributed
between the two surface site types (Figures c) and (d)). For 425
and 505 nm excitation, Cmono and Cp; both show a non-monotonic
bias dependence: starting from low bias they first decrease, then
increase, and finally drop again at the highest potentials. Impor-
tantly, however, the positions of the extrema differ for the two
surface state populations. In particular, the minimum in Cy; occurs
at a slightly more cathodic bias than the minimum in Cpono, and
Cp; starts to rise while Cpono is still decreasing. This behavior
mirrors the trend observed in the resistances, where the maximum
in Ry,; appears cathodic of that in Rmono-

On the atomic level the initial decrease of Cmono and Cy,; can be
understood as the protonation of existing surface oxygens as the
space-charge region develops. The subsequent increase in capaci-
tance around the minima reflects the build-up of hole charge in
the respective surface site manifolds: for Cpono this corresponds to
a growing reservoir of monodentate Fe—~OH groups that buffers the
interfacial charge, whereas the rise in Cy,; marks the accumulation
of OER intermediates on bidentate Fe—~O(H) species. The fact that
Cp; begins to grow at more cathodic potentials, in parallel with
the cathodic maximum in Ry;, is most simply explained if biden-
tate surface oxygens accumulate catalytically relevant holes, and
experience a reduction in charge-transfer resistance cathodically
of the potential-dependent monodentate oxygen response. The
final decrease of both capacitances at the highest biases, together
with the large values of Rmono and Ry,; in this regime, suggests that
monodentate OH may participate in the OER and/or additional
OER mechanisms become possible.

Rationalizing both the bias-dependent Rymono and Ry,; following
585 nm excitation is more challenging. Much prior work has noted
that the absorption spectrum of hematite is the result of two ligand
to metal charge transfer (LMCT) transitions (a stronger O 2p —
e, in-plane transition centered at ~ 250 nm and a weaker O 2p
— 1, transition at ~ 400 nm) and a series of d-d transitions that
dominate the absorption between the LMCT transitions, at = 350
nm, and at long wavelengths (where the LMCT excitation results
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in an O centered hole and the d-d an Fe) 10175455 Quantitative
modeling of the IPCE suggests that excitations of d-d transitions
are substantially less catalytically active than those of LMCT!Z,
Rmono and Ry; resulting from 585 nm excitation have a qualita-
tively similar bias dependence that is shifted anodically and much
larger < 1.5 V vs. RHE than with excitation at smaller wavelengths.
Similarly Cmono and Cy,; are substantially smaller than at 425 and
505 nm over the entire bias range, indicating that when excitation
proceeds predominantly via d-d transitions far fewer holes reach
and are stored in either surface-state manifold.

The increase in both Rpono and Ry,; employing 585 nm excita-
tion relative to lower wavelengths suggests that, in addition to the
trend in electron polaron mobility observed by Leone and cowork-
ers discussed above=2, the different hole types likely have different
mobilities in bulk hematite and that, as observed by Braun and
coworkers®# in operando x-ray absorption measurements, both
populations are affected by OER onset. As discussed above many
structural studies have clarified that mono- and bidentate surface
hydroxyls may be present on the a-Fe,04(0001) surface in contact
with liquid H,O in the absence of illumination or applied bias. As
shown in Figure[5} 585 nm illumination results in an added series
resistance to both Ryoeno and Ry;. The fact that, when pumping
with 585 nm, a maximum in Ry; appears cathodic of a maximum
in Rmono but that both are shifted with respect to Ry; and Rmoeno
at shorter wavelengths, suggests, consistent with the argument of
Braun et al, that d-d type hole populations are bias-dependent:
they appear to induce deprotonation of bidentate OH and adsorp-
tion of monodentate OH similarly to LMCT excitations. The anodic
shift in bias, however, suggests that an additional elementary pro-
cess follows illumination at these wavelengths: like a conversion
of hole type. Operando X-Ray absorption measurements conducted
as a function of bias and wavelength (using monochromatic illu-
mination) would be extremely useful in understanding this point.

The OER mechanism on hematite has been studied by multiple
groups both experimentally and theoretically. At the illumination
powers employed in this experiment[f]a four step proton coupled
electron transfer (PCET) mechanism is generally thought to oc-
cur in alkaline solution (generally stated without regard for the

coordination of the surface O atom),2257,
Fe* +OH +h* <— Fe—OH (6)
Fe—OH+OH +h' +— Fe=0+H,0 @)
Fe=0+OH™ +h' <— Fe—OOH 8
Fe—OOH+OH™ +h' < Fe---0,(ad) +H,0 9

Fe—0,(ad) — O, + Fe* (10)

Whether a surface O vacancy exists on o-Fe, 05 under operando

+The incident photon flux density is ~ 9.4 x 10'® cm~2s~!, while for the AM 1.5G
spectrum integrated over 405-645 nm it is 9.3 x 10! em~2s~!. Note, though, that the
AM 1.5G spectrum spans a much broader wavelength range, extending from roughly
300 nm to the mid-infrared region.>®.
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obtained from Monte-Carlo analysis of the transient fits.

conditions is unclear: in general most results suggest that adsorp-
tion of H,O or OH™ is thermodynamically favored and rapid at
bidentate sites but not monodentate. Regardless of this point,
however, most computational studies suggest that either reaction
[7/252 o1 [8°8159 are rate limiting while experiment suggests reac-
tion 86961, Our observations here are consistent with a scenario
in which photoinduced OER proceeds through bidentate surface
OH but suggest that, as the Faradaic current associated with the
OER begins, additional holes are stored at the interface through
adsorption of OH~ and formation of monodentate coordinated
surface hydroxyls (i.e. reaction[6).

Noh et al. recently found in a computational study, that ther-
modynamically plausible OER mechanisms exist on both the 1-Fe
and O terminated a-Fe,04(0001) surfaces4Z. In the case of the
monodentate coordinated oxygen the initial step in OER is ad-
sorption of an OH™, in the case of the bidentate the desorption
of a surface proton. While important this study does not consider
the surface protonation state (monodentate surface OH are ex-
pected to be significantly deprotonated under alkaline open-circuit

8| Journal Name, [year], [vol.],

1

conditions, bidentate not), its bias-dependent change, and the
manner in which surface protonation might be expected to influ-
ence OER kinetics. The additional protonation step required for
this mechanism to apply for monodentate coordinated surface oxy-
gens rationalizes our suggestion that under operando conditions
OER proceeds through bidentate coordinated surface hydroxyls on
the hematite basal plane.

It is worth emphasizing that even if the OER is dominated by
bidentate surface hydroxyls, this does not imply that the monoden-
tate surface oxygen protonation state or population are indepen-
dent of applied cathodic bias or illumination. Textbook treatments
would suggest that at potentials cathodic of OER onset in the ab-
sence of Fermi level pinning increasing bias would lead to surface
protonation (as a means of charge compensation) while under
illumination one might expect additional adsorption of OH™ (as
a means of hole storage)4”. Unravelling the interaction between
surface termination, surface protonation state and OER activity
requires interface-specific, operando, long-wavelength vibrational
spectroscopy of the a-Fe,05/H,O0 interface 62l63 gych studies are
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Scheme 1 lllustration of OER mechanism on hematite. Gold spheres
denote Fe, red spheres O, and blue spheres H. The pathway A - B — C
— D corresponds to bidentate coordinated Fe—O(H) species (marked by
dashed ellipses) that host the catalytic OER intermediates: A: formation
of a hole-bearing Fe—OH unit (reaction (6)); B: further oxidation of
bidentate OH to Fe=O (reaction (7)); C: nucleophilic attack of OH~
to form Fe—OOH (reaction (8)); D: O, release and regeneration of Fe*
(reaction (9), followed by step (10), not explicitly shown). The bias-
dependence of resistances and capacitance is consistent with an (0001)
surface characterized by both monodentate and bidentate OH. Bias-
dependent measurements of current transients suggest, consistent with
theoretical prediction, that the bidentate OH is catalytically active and
that the monodentate population adjusts to compensate for surface hole
population as the catalytic cycle begins.

underway in our group.

Stated in the language of equation|[I] these measurements allow
us to separate the surface and bulk controls on the wavelength-
dependent Jphoro- The similar, and relatively bias-independent,
wavelength-dependence of both Rnono and Ry,; suggest that these
parameters are largely controlled by the bulk transport properties
of electrons and holes as well as the hematite optical transition ex-
cited: they directly characterize ncs. As described above, 1 is ex-
pected to be dominated by surface chemical transformations. The
bias dependence of Riono and Ry,; suggest that the OER proceeds
through bidentate coordinated surface oxygen but that monoden-
tate coordinated surface sites (re)adjust to compensate surface
polarization. Surprisingly, even above OER onset, the wavelength
dependence of Rmono and Ry; is similar. We take this observation
to suggest that, contrary to expectation, the OER is relatively in-
sensitive to the nature of the hole that reaches the surface: charge
transfer resistance, which accumulates as increasing numbers of
holes are stored on the surface and the OER begins, is independent
of photon energy below ~ 570 nm. At wavelengths above ~ 570
nm, where d-d excitations dominate over LMCT, an additional
resistance appears for both Rpono and Ry;: Fe centered holes can
be stored in both types of surface hydroxyls at additional energetic
cost. The scenario is sketched in Scheme |1} Taken as a whole,
these conclusions highlight the necessity in understanding surface
protonation state and OH population as a function of bias and in
the presence of illumination in understanding the OER mechanism
on hematite and other metal oxides.
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Conclusions

Understanding the elementary processes controlling surface hole
accumulation and loss is important if we are ever to build the best
possible semiconducting photoanodes in general and «-Fe,O4
photoanodes in particular. Steady-state photocurrent measure-
ments, so-called IPCE spectra, convolute the relevant elementary
processes making it challenging to understand, in the absence
of additional information, whether loss of absorbed photons re-
sults from recombination in bulk or surface-mediated processes.
Bias-dependent photocurrent kinetics measurements on millisec-
ond to second timescales in principle offer a means of separating
these effects. Here we show, by collecting current-off kinetics as
a function of applied bias and wavelength of illumination, that
our o-Fe,04(0001) surface has both monodentate and bidentate
coordinated surface hydroxyls where OER proceeds through the
latter but the former responds to regulate surface charge. Holes
produced in bulk a-Fe, O, populate both types of surface sites sim-
ilarly. This observation extends even to relatively unreactive long
wavelength d-d type excitations. Here, however, an additional
resistance suggests hole conversion may be required in order to
induce OER activity.

This relatively simple approach appears to offer access to the el-
ementary processes underlying observations of strong wavelength
dependence in Jypo0- Comparing similar measurements o-Fe, Oy
doped or with co-deposited catalysts would offer clear insights
into the mechanism by which hematite electrode modifications
affect OER activity and selectivity.
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The data supporting this article are provided in the Supplementary Information (Sl), including
Raman and XRD spectra, an SEM image, the electrochemical cell schematic, EIS data with
fitted capacitances, photocurrent characteristics under CA as a function of illumination power,
and bias-dependent resistances and capacitancesmeasured at different wavelengths in the
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