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Abstract: Hematite (a-Fe2O3) is an extensively investigated
semiconductor for photoelectrochemical (PEC) water split-
ting. The nature and role of surface states on the oxygen
evolution reaction (OER) remain however elusive. First-
principles calculations were used to investigate surface states
on hematite under photoelectrochemical conditions. The
density of states for two relevant hematite terminations was
calculated, and in both cases the presence and the role of
surface states was rationalized. Calculations also predicted
a Nerstian dependence on the OER onset potential on pH,
which was to a very good extent confirmed by PEC measure-
ments on hematite model photoanodes. Impedance spectros-
copy characterization confirmed that the OER takes place via
the same surface states irrespective of pH. These results provide
a framework for a deeper understanding of the OER when it
takes place via surface states.

Sunlight-driven photoelectrochemical (PEC) water splitting
carries the promise of an efficient, sustainable method for
harvesting solar energy and storing it in chemical bonds in
form of fuels.[1–3] To make PEC water splitting economically
competitive, we need photoelectrodes that are inexpensive,
stable against corrosion, as well as efficient in converting solar
energy into chemical energy.[4] The latter requirement trans-
lates into: broad absorption of sunlight, high yield of charge
carriers delivered to the appropriate semiconductor/electro-
lyte interface, and high catalytic activity for both hydrogen
and oxygen evolution reactions (HER and OER, respec-
tively). Since no photoelectrode has been found so far to
satisfy all these requirements simultaneously,[5] research has
focused on identifying materials that efficiently address some
of the processes taking place in a PEC cell. In this context,
hematite (a-Fe2O3) has attracted great interest as photoanode
for the OER,[6–14] being an inexpensive semiconductor, stable
in electrolytic environment of pH higher than 3,[15] and
capable of absorbing a significant amount of visible light
thanks to its bandgap energy of around 2 eV.[16] The micro-
scopic mechanism of the OER on hematite is currently the
object of intense investigation. It is generally agreed that

surface states play an important role in determining the OER
efficiency.[9, 17] The latter is usually limited by recombination
at these surface states. However, the chemical identity and
role of the states are not fully understood.[18] In particular, it is
not clear whether they are intermediates in the OER, or
instead participate in parasitic reactions. Herein, we used
a unique combination of first-principles calculations and PEC
characterization to investigate the role of surface states on the
OER on hematite. Density functional theory (DFT) calcu-
lations were employed to resolve the density of states (DOS)
for OH-terminated and O-terminated hematite surfaces. The
OH-terminated surface is associated with occupied surface
states extending over a broad range of energies in the
bandgap, while the O-terminated surface is characterized by
occupied surface states close to the top of the valence band.
The electrochemical potential at which the O-terminated
surface becomes more stable corresponds to the predicted
onset potential of the OER, Vonset. The OER then takes place
via the surface states, the energy of which is just above the top
of the valence band. Moreover, Vonset is predicted to decrease
linearly with increasing pH, following the Nernst equation.
Such dependence of Vonset on pH is not expected if only the
position of the valence band edge in hematite and the OER
potential are considered, which both shift according to the
same Nerstian dependence[19] (although a somewhat benefi-
cial effect of increasing the pH from neutral to basic has been
reported in terms of cathodic shift of Vonset).[20] These
predictions are confirmed to a large extent by PEC character-
ization of model photoanodes based on hematite thin films.
Impedance spectroscopy confirmed the presence of surface
states that are discharged when the OER is initiated, and Vonset

shifted linearly towards more cathodic potentials with a slope
of 49 mV per pH unit.

DFT calculations were performed as implemented in
VASP,[21–23] and the computational electrochemical frame-
work of Rossmeisl et al. was adapted[24, 25] (see Experimental
Section for details). Figure 1 shows the calculated DOS for
bulk hematite, OH-terminated and O-terminated hematite
(top, middle, and bottom panel, respectively). To facilitate the
comparison between the three cases, the edges of the
conduction band in each case are aligned. With the present
theoretical approach the band gap in bulk hematite is 1.8 eV,
which is in good agreement with the optical bandgap values of
1.9–2.2 eV reported in various studies, depending on the
utilized fabrication route. The atom-resolved DOS indicates
that the valence band is formed by p-band contribution from
O atoms, whereas the conduction band has mostly a Fe d-
band character, in excellent agreement with previous
results.[26] The OH-terminated surface is of particular interest
in the context of (photo)electrochemistry, since both calcu-
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lations and experiments indicate that hematite undergoes
spontaneous surface hydroxylation when exposed to aqueous
electrolytes.[9, 27] It is clear that the OH termination introduces
occupied mid-gap surface states in a broad energy range
extending about 1.5 eV from the bottom of the conduction
band. Surface states are also present in the O-terminated
surface (corresponding to the regime in which the OER takes
place), although the DOS is considerably different. In
particular, only the DOS peak closest to the top of the
valence band is occupied. Combining the information from
calculated DOS with the energetics of the hematite/electro-
lyte junction, the role of surface states on the OER can be
rationalized in the following way. In the case of OH-
terminated surface, any beneficial effect on the OER of the
photon induced additional driving force is negated by the
presence of the filled surface states extending over most of the
bandgap, which causes a pinning of the quasi-Fermi energy
for holes EF,p. This results in surface recombination without
OER. For potentials more anodic than the threshold potential
corresponding to the transition to the O-terminated surface,
the surface states are empty until an energy of approximately
0.4 eV higher than the top of the valence band. As a con-
sequence, EF,p is no longer pinned, and holes have enough
energy to contribute to the OER by transferring from the
states just above the top of the valence band. Increasing the
potential even further empties the surface states completely,
thus allowing holes from the valence band to take part in the
OER by direct transfer. The presence of these two pathways
is expected to manifest itself in a difference in the response of
the system to impedance spectroscopy performed under
appropriate potentials. Figure 2 shows the electrochemical

potential threshold at which the OH-terminated surface
becomes less stable as compared to the O-terminated one,
which leads to the start of the OER, as function of pH. We
stress that the electrochemical potential scale used here is the
reversible hydrogen electrode (RHE), against which both the
OER potential and the top of the valence band in hematite
have a fixed value. The calculated threshold potential follows
a linear behavior according to the Nernst equation (that is,
a slope of 59 mV per pH unit), as it reflects the decrease in
free energy of the OH-terminated surface. To test the
predictions of the calculations presented above, detailed
PEC characterization, namely cyclic voltammetry, open
circuit measurements, and electrochemical impedance spec-
troscopy (EIS), was performed on model photoanodes
consisting of hematite films deposited on top of indium tin
oxide (ITO), in a standard three-electrode configuration (see
Experimental Section and Supporting Information for more
details). These films are polycrystalline[28] and with a relatively
flat surface (Supporting Information, Figure S2 and S3),
which makes the interpretation of EIS results less compli-
cated than in the case of nanostructured electrodes. For the
sake of clarity, we show here results from measurements
performed on a single photoanode. However, several photo-
anodes were characterized showing the same quantitative
trends in PEC properties. Figure 3a shows current–voltage
(or J–V) plots for a hematite photoanode in contact with
electrolytes of pH varying from 6.9 to 13.6, under AM 1.5
solar simulated illumination. Indeed, a clear cathodic shift of
Vonset is observed for increasing pH, with the most negative
Vonset found for the most basic electrolyte (consisting of 0.5m
Na2SO4 + 1m KOH). We also note that the maximum photo-
current measured before the onset of the OER in the dark is
very similar (around 0.2 mAcm�2) for all the electrolytes
used.

The PEC properties of the samples were further inves-
tigated by EIS, which is an excellent method to obtain
information about processes taking place at the surface of and
in the photoanode material, provided an appropriate equiv-
alent circuit (EC) is employed to fit the impedance spectra
acquired.[29] Thanks to EIS, among other techniques, the role

Figure 1. The calculated density of states for bulk hematite (top
panel), OH- covered hematite (middle panel), and O- covered hematite
(bottom panel). The area under the occupied states is shaded. The
insets in the middle and bottom panel show the OH-terminated and
O-terminated hematite surface, respectively. H white, O red, Fe brown.

Figure 2. The calculated electrochemical threshold potential between
the regions of stability for the OH- and O-terminated hematite
surfaces as function of pH. H white, O red, Fe brown.
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of surface states in photon-driven OER on hematite has been
thoroughly investigated.[20,30, 31] Representative Nyquist plots
from EIS characterization under illumination for one of the
electrolytes used here are shown in the Supporting Informa-
tion, Figure S5. The presence of two semicircles in the plots
can be seen, one having an almost constant radius for
increasing DC bias, and one whose radius decreases consid-
erably until it basically disappears for the highest bias shown.
The EC employed to fit the Nyquist plots is described in the
Supporting Information, Figure S6, and has been discussed in
detail.[27] In brief, its components are: the series resistance RS

between ITO and hematite, the space-charge layer capaci-
tance Cbulk, the bulk charge trapping resistance Rtrap, the
capacitance associated with surface states CSS, and the charge
transfer resistance across the hematite/electrolyte junction,

RSS. The presence of two capacitances in the system is behind
the two semicircles in the Nyquist plots. Figure 3b and c
illustrate the behavior of CSS and of RSS. Both show very
similar trends, with a maximum and a dip respectively, for all
electrolytes. The potential for which CSS shows a maximum
shows excellent agreement with the OER Vonset, after which it
decreases until it is back to negligible values for highly anodic
potentials, that is, 0.3-0-4 V higher than Vonset. This is an
experimental confirmation that that the OER proceeds via
surface states and via direct transfer from the valence band
for moderately and highly anodic potentials, respectively.

Figure 4 shows the results from a more quantitative
analysis of the shift of Vonset described above. Several

approaches have been used to determine the values of Vonset

from a J–V plot.[32–34] Following the criterion described in
a previous work, we defined Vonset as the potential value at
which the photocurrent density exceeds 10�5 Acm�2. Vonset is
then found to shift of 320 mV, from the most anodic value of
1.51 V vs. RHE for a pH of 6.9, to the most cathodic value of
1.19 V vs. RHE for a pH of 13.6. Such a shift was found to be
robust against the use of different definitions of Vonset. We
used as control the method introduced by Butler,[35] in which
J 2 is plotted against V and the apparent flatband potential in
hematite is determined as the potential at which the
extrapolation of the linear relationship between J 2 and V
intercepts with J 2 = 0. Since this model only deals with the
properties of the semiconductor and not with those of the
semiconductor/electrolyte interface, a correspondence can be
established between Vonset and the sum of Vfb and all of the
overpotentials required to start the OER. Using this method,
we obtained values of Vonset of 1.6 and 1.28 vs. RHE for pH of
6.9 and 13.6 respectively, as shown in the Supporting
Information, Figure S7. Thus, the same shift of Vonset of
320 mV was obtained. The shift of Vonset with increasing pH
towards more cathodic potentials follows a linear trend, as
shown by the fit of the data resulting in a linear coefficient of
49 mV per pH unit. This is in good agreement with
calculations of the relative stability between the OH- and
O-terminated surfaces.

Further discussion is required to rule out that the
observed cathodic shift in Vonset is due to variation of other

Figure 3. PEC measurements on a hematite photoanode immersed in
electrolytes with varying pH, under AM 1.5 solar simulated illumina-
tion. a) J–V plots showing a cathodic shift of Vonset for increasing pH,
even when using a reference scale for the electrochemical potential,
the RHE, against which both the OER potential and the top of the
valence band in hematite have a fixed value. b) Surface-state capaci-
tance CSS extracted from fitting of Nyquist plots obtained from EIS
measurements. The peak in CSS (typically found in system where the
OER takes place via surface states) is found to shift cathodically with
increasing pH, just as Vonset. c) Hematite/electrolyte charge-transfer
resistance RSS, also from fitting of the Nyquist plots. Like CSS, RSS is
found to have very similar behavior for varying pH, showing a mini-
mum that shifts towards more cathodic potentials with increasing pH.

Figure 4. The onset potential Vonset for the OER under solar simulated
illumination, as a function of the pH of the electrolyte. A linear
cathodic shift of Vonset is observed upon increasing the pH from 6.9 to
13.6, with a linear coefficient of 49 mV per pH unit.
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properties in the system when increasing the pH. First, the
flatband potential Vfb was obtained by extrapolation of the
linear part of Mott–Schottky (MS) plots, which were recorded
with electrolytes of pH equal to 6.9, 11 and 13.6. As shown in
the Supporting Information, Figure S8b, Vfb is found to be
0.65 V versus RHE irrespective of the pH. Second, open
circuit measurements were performed in dark and under
illumination, and the difference between open circuit poten-
tial in the former and the latter case was taken in order to
determine the photovoltage Vph of the hematite film. Vph was
found to be about 0.23 V for all electrolytes tested. Such
a photovoltage is in very good agreement with previous
reports on bare hematite films.[36] Finally, it is also possible to
rule out the possibility that the shift of Vonset is caused by an
increase in the conductivity of the electrolyte, owing to the
following argument. The uncompensated resistance of the
electrolyte, Ru, was measured for all electrolytes prior to the
cyclic voltammetry experiments and found to be between
130 W and 135 W, with the two extremes for pH 6.9 and
pH 13.6 respectively. The highest difference in the uncom-
pensated potential drop owing to the resistance of the
electrolyte can then be estimated to be 0.375 mV, which is
negligible.

Finally, it is worth commenting on the electrochemical
properties of the system without illumination, that is, on the
OER in the dark. Previous electrochemical studies have
shown that the required potential for the OER to become
thermodynamically favorable is about 1.7 V, independent of
the pH.[9, 10] The dark OER current was measured, and the
resulting J–V curves are plotted in the Supporting Informa-
tion, Figure S10. If the onset potential is defined in the same
way as previously done for the photocurrent, the total shift of
Vonset upon varying the pH from 6.9 to 13.6 is 46 mV, which is
considerably smaller than the 320 mV shift of Vonset under
illumination.

In conclusion, we investigated, both theoretically and
experimentally, the role of surface states on the OER on
hematite. DFT-based calculations revealed that the DOS of
both the OH-terminated and O-terminated hematite surfaces
contains surface states, however with a different spectral
distribution. At low applied potentials, the surface states act
as recombination center for holes on the OH-terminated
surface. At higher potentials, the O-terminated surface
becomes more stable and the OER takes place by surface
states with energy close to the top of the valence band. Finally,
for yet more anodic potentials, the OER proceeds via direct
transfer of holes from the valence band. The calculations also
predicted that the relative stability between the OH- and O-
terminated surfaces follows a Nernstian dependence on the
pH. We demonstrated a cathodic shift of Vonset for the OER
under illumination upon increasing the pH from 6.9 to 13.6,
while the maximum photocurrent showed no dependence on
the pH. The observed shift follows a linear trend with
a coefficient of 49 mV per pH unit, in good agreement with
the predicted Nernstian behavior. Detailed PEC character-
ization indicated that the energy levels of the surface states
through which the OER takes place at moderately high bias
shift in very good agreement with the magnitude of Vonset.
Moreover, open-circuit voltage measurements indicated that

the photovoltage of hematite is independent of the pH. These
findings are significant as they contribute to elucidate the role
played by surface states in the photon induced OER on
hematite, which had remained elusive thus far. More generi-
cally, the results presented lead to a deeper understanding of
the PEC properties of hematite, which is required to fully
exploit the potential of this earth-abundant, promising semi-
conductor for water splitting.

Experimental Section
DFT calculations were based on theory as implemented in VASP. The
Kohn–Sham orbitals were expanded using plane waves with a kinetic
energy cutoff of 450 eV. The projector augmented wave method was
used to describe the interaction between valence electrons and the
core.[37, 38] Six valence electrons for each O atom (2s22p4) and eight
valence electrons for each Fe atom (3d74s1) were taken into account.
The xc-functional was approximated by the spin-polarized Perdew–
Burke–Ernzerhof (PBE) formula.[39] Owing to the strong electron
correlation in 3d metal oxides, the + U method was used. Values for U
and J were fixed to 4.3 and 1, in accordance with Carter et al.[10] The
hematite was modeled in its hexagonal cell and the surface slabs used
four complete (Fe-O3-Fe) units. The structures were relaxed until the
forces were less than 0.01 eV��1. In the computational electro-
chemical framework used here, the energy of the H+ + e� pair is
related to that of 1/2H2 in the gas-phase by the relative hydrogen
electrode (RHE) at electrochemical potential V= 0, and the applied
electrochemical potential V shifts the stability of all deprotonation
steps by an amount equal to eV.

Hematite thin films were fabricated on top of indium tin oxide
(ITO) coated glass substrate according to a procedure described in
previous work.[28] All the PEC characterization (cyclic voltammetry,
open circuit potential measurements, EIS and MS characterization)
were performed in a standard three-electrode configuration with the
hematite film as working electrode, a Pt wire as counter-electrode,
and a Ag/AgCl electrode as reference. Electrolytes with pH ranging
from 6.9 to 13.6 were prepared from 0.5m Na2SO4 solutions in MilliQ
water by addition of an appropriate amount of KOH. Magnetic
stirring was applied to the PEC during all the cyclic voltammetry
measurements. The potential was converted from the Ag/AgCl scale
to the RHE scale using the Nernst equation. The surface of the
working electrode typically exposed to the electrolyte was around
0.3 cm2. EIS was performed under illumination by applying a super-
position of DC and AC voltage. The latter had amplitude of 10 mV
and frequency ranging between 105 and 0.1 Hz. MS analysis was
carried out in the dark at a frequency of 104 Hz. Further details on
fabrication and physical and PEC characterization can be found in the
Supporting Information.
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