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ABSTRACT: Achieving efficient solar water splitting using hematite (α-Fe2O3), one of the most promising candidates for pho-
toanodes, requires photogenerated holes to be efficiently used for water oxidation. However, this goal is obstructed by mul-
tiple undesirable recombination processes, as well as insufficient fundamental mechanistic understandings of water oxida-
tion kinetics, particularly as to the nature of reaction pathways and possible reaction intermediates. Here we spectroelectro-
chemically identify some of the most critical interfacial processes which determine the photoelectrocatalytic efficiencies of 
water oxidation, for hematite films with varied surface properties by tailoring the doping level of titanium. The spectroscopic 
signals of the processes inactive for water oxidation, including oxidation of intra-gap Fe2+ states and Fermi level pinning, are 
successfully distinguished from that of the active reaction intermediate, Fe(IV)=O. In addition, our kinetic analyses reveal two 
water oxidation pathways, of which the direct hole transfer mechanism becomes dominant over the surface states-mediated 
mechanism when the hematite surface is reconstructed by high levels of titanium dopants. 

Introduction 

Water oxidation reaction on the photoanode of a photoelec-
trochemical (PEC) cell limits the overall solar water split-
ting efficiency due to its poor reaction kinetics.1 Exploring 
the behavior of photogenerated electron-hole pairs, both 
near and on the electrode-electrolyte interface is key to 
tackling this problem. In the field of PEC water oxidation, 
mechanistic studies at hematite photoanodes are undoubt-
edly under the spotlight that attracts the attention of re-
searchers specialized at diversified characterization meth-
ods,2 not only because of its candidature as one of the most 
promising photoanode materials with a small band gap 
(2.2 eV) and outstanding stability, but also because of its 
complex multi-electron charge transfer processes that can 
involve a number of possible reaction routes. 

Over the years, significant advances have been made to 
understand the kinetics of OER at hematite and other tran-
sition metal oxide materials, using techniques such as pho-
toelectrochemical impedance spectroscopy (PEIS), inten-
sity modulated photocurrent spectroscopy (IMPS), and 
transient photocurrent spectroscopy (TPS).3–6 While these 
time/frequency-resolved methods excel at probing the dy-
namics of charge carriers, they offer limited insights on the 
chemical nature of the reaction intermediate species. Tran-
sient absorption spectroscopy (TAS) and operando X-ray 
photoelectron/absorption spectroscopy (XPS/XAS) are 
powerful tools to acquire physical and chemical infor-
mation of photoelectrodes, but they are instrumentally 
complicated and less available to basic electrochemical la-
boratories.7–9 To fill this gap, operando spectroelectrochem-
ical (SEC) techniques coupled with ultraviolet-visible-near 
infrared (UV-vis-NIR) or IR spectrometers have shown 

great promises.10–16 Compared with operando IR spectros-
copy that is relatively chemically specific but can only ob-
tain extremely weak signals that belong to the surface spe-
cies,10,12 UV-vis-NIR-based SEC measurements, sometimes 
referred to as photo-induced absorption spectroscopy, can 
collect signals usually with better quality.13,17,18 The tech-
nique also allows relatively simple cell designs compared 
with IR spectroscopy.10,12,19 Furthermore, using transmis-
sion detection mode, this technique should be particularly 
beneficial for studying highly porous electrodes because 
signals from a significantly larger surface area can be col-
lected. For these reasons, UV-vis-NIR SEC has been gaining 
popularity.  

For hematite, spectra with a peak centered around its 
band gap (570 nm) have been frequently reported with this 
method, but whether this type of signal is active toward OER 
has been a heavily debated topic. On the one hand, this spec-
troscopic feature has been associated with the oxidized 
form of intra-gap states associated with oxygen vacancies 
by Durrant’s group.7,20 The same observation has also been 
reported for BiVO4 and their theory is corroborated by di-
rectly modulating the filling population of these states.21 On 
the other hand, many have attributed such finding to the 
Fe(IV)=O group, which is the intermediate for the rate lim-
iting step of OER.11,13 This assignment has been confirmed 
by the appearance of a peak at 898 cm-1 from operando at-
tenuated total reflectance infrared spectroscopy.10  

It is not only the origins of SEC signals but also the OER 
mechanism that causes dispute. The more widely known 
pathway is via a four-step, first-order reaction, where the 
bottleneck product is Fe(IV)=O.16,22 Nevertheless, reaction 



 

 

Fig. 1 (a) Current density curves for Fe2O3 (red), Ti1-Fe2O3 (blue) and Ti5-Fe2O3 (yellow) under chopped illumination (365 nm 
LED, 70.6 mW cm-2) in 1 M KOH electrolyte solution. Inset shows magnified view at low potentials. 0 VHg/HgO = 0.95 VRHE. Color 
scheme applies to all following figures. (b) Angle-resolved (10o, 30o, 60o, and 90o) and depth profiling XPS measurements of 
Ti doped samples. Each sputtering step corresponds to 1 nm equivalent of SiO2. (c-e) (Not to scale) Bulk-surface band align-
ment of Fe2O3 (c), Ti1-Fe2O3 (d) and Ti5-Fe2O3 (e), where intra-gap states are induced by oxygen vacancies for Fe2O3, but by 
Ti4+ for doped samples. Hole transfer is favorable at the Fe2O3/Fe2TiO5 heterojunction. 

pathways with orders of two and three can also be found in 
the literature.12,23,24 Moreover, evidences supporting direct 
valence band hole transfer to the electrolyte without the in-
volvement of surface states also exist as a counter argu-
ment.8 These opposing views therefore underscore the ne-
cessity to pursue deeper mechanistic insights at hematite 
photoanodes.  

Herein, a fiber spectrometer is, for the first time to our 
knowledge, used to obtain in-situ UV-vis-NIR spectra. Com-
pared with other reports that adopt a conventional spec-
trometer, it offers rapid data acquisition capabilities (poten-
tially down to milliseconds) without compromising signal 
quality (ΔO.D. sensitivity < 0.1%), while eliminating the ne-
cessity for specially designed test cells (e.g., homemade SEC 
cells or modifications to cuvettes).11,13,18,19,21  

Using this setup, we systematically study several hema-
tite photoanodes with controlled levels of Ti doping, and 
distinguish various types of SEC signals with seemingly con-
tradictory roles, although all of which peak near the band-
gap wavelength, by carefully changing illumination condi-
tions and applied potential/current. We find that the main 
type of OER-inactive signal is featured by a sharp peak that 
centers at the band-gap wavelength, whereas the OER-

active type has a broader band-gap peak as well as non-triv-
ial features on the longer wavelength side. We combine the 
spectroscopic findings with kinetic analyses to elaborate 
two pathways of OER, where the transformation from sur-
face states-mediated route to the direct charge transfer 
route is highlighted.  

Results 

PEC responses of Ti-doped hematite photoanodes. Tita-
nium is arguably the most investigated dopant to improve 
the PEC performance of hematite photoanodes.25–29 As an n-
type dopant, it enhances the concentration of electrons, and 
conceivably the photocurrent density at sufficiently high 
bias potentials. Nevertheless, the performance at lower po-
tentials seems to differ across the literature: the photocur-
rent onset potential (Eon) can be either delayed or improved 
according to works by others.25–29 Here we discover that 
both scenarios are possible by tailoring the doping concen-
tration of Ti to nominally 1% and 5% in the same type of 
hematite photoanode (denoted as Ti1-Fe2O3 and Ti5-Fe2O3, 
respectively; undoped sample denoted as Fe2O3). Our 
α-Fe2O3 films are prepared from a facile solution-based 
method (see Methods for detailed preparation procedures), 



 

 

Fig. 2 (a) Difference spectra w.r.t. ground-state absorption of hematite films in the air upon thermal excitation (left axis) and 
irradiation of 365 nm, 70.6 mW cm-2 LED light (right axis). (b) Schematic illustration of electronic excitation and relaxation 
processes in hematite films with intra-gap states with heat and light excitation. Spectroscopic processes in the situation of 
Fermi level pinning is also shown. (c) Top: Magnified view of (a) under thermal stimulation; bottom: ground-state absorbance 
spectra. (d) Difference absorption spectra measured at 0.2 VHg/HgO w.r.t. - 0.2 VHg/HgO (left), 0.5 VHg/HgO w.r.t. - 0.2 VHg/HgO (cen-
ter), and 0.5 VHg/HgO w.r.t. 0.2 VHg/HgO (right) in the electrochemical cell. (e) Schematic illustration of near-surface electronic 
excitation and relaxation processes in hematite films at moderately anodic potentials, where some of the intra-gap states 
inside the space charge layer are ionized electrochemically.  

the phases of which are confirmed to be α-Fe2O3 by X-ray 
diffraction (Supplementary Fig. 1).  

Fig. 1a shows the J-V curve of our hematite films with 
chopped illumination. One of the causes for the delayed Eon 
for Ti1-Fe2O3 has been attributed to the positively shifted 
flat band potential (Efb),26 which agrees with our Mott-
Schottky analysis (Supplementary Note 1) when comparing 
the Efb of Fe2O3 (- 0.47 VHg/HgO) with Ti1-Fe2O3 
(- 0.33 VHg/HgO). Nevertheless, this explanation cannot ac-
count for the cathodically shifted Eon for Ti5-Fe2O3 relative 
to Ti1-Fe2O3, as they both have the same Efb. The lowered 
onset potential upon Ti doping has been noticed for long but 
the cause was revealed more recently by Monllor-Satoca et 
al., who suggested the formation of Fe2TiO5 near the sur-
face.27,28 New phase requires a high dopant concentration to 
form, as is the case for several publications that generally 
use over 5%.27–29 Fe2TiO5 can form a heterojunction with 
Fe2O3 that favors hole transport toward the electrode-elec-
trolyte interface due to its higher valence band edge posi-
tion.28,30,31 We will see later in detail how the advent of 
Fe2TiO5 restores Eon.  

In the higher potential region, the photocurrent densities 
(Jph) of Ti1-Fe2O3 and Ti5-Fe2O3 are both significantly en-
hanced due to the higher conductivity as a result of elevated 
majority charge carrier density (Nd). For Ti1-Fe2O3 and Ti5-
Fe2O3, Mott-Schottky analysis gives comparable Nd values of 
1.88 × 1021 and 2.15 × 1021 cm-3, respectively, as opposed 
to 1.13 × 1020 cm-3 for Fe2O3; nevertheless, their high-po-
tential Jph are 2.2 and 2.8 times higher than Fe2O3, 

respectively. This discrepancy of the increment of Nd (14%) 
versus increment of Jph (27%) comparing Ti1-Fe2O3 and Ti5-
Fe2O3 is again a hint of qualitatively altered surface chemis-
try for OER upon heavy doping at 5%.  

Indeed, our angle-resolved and depth-resolved X-ray 
photoelectron spectroscopy (XPS) measurements show 
strong gradients of Ti near the surface (Fig. 1b), in agree-
ment with previous findings using Ti and other n-type do-
pants.32–34 Normal un-sputtered surface XPS results give Ti 
concentrations of around three times of bulk level and even 
higher when measured at angles, e.g., 6.0% and 19.0% for 
Ti1-Fe2O3 and Ti5-Fe2O3 at 10o, respectively. These num-
bers imply a high probability of phase segregation for Ti5-
Fe2O3. An apparent shift of Ti 2p binding energy from 458.0 
(Ti1-Fe2O3) to 458.3 eV (Ti5-Fe2O3) further verifies the ex-
istence of Fe2TiO5 (Supplementary Fig. 2).30 No peaks, on the 
other hand, can be assigned to TiO2. It is also worth pointing 
out that the Ti gradients only arise within about a few na-
nometers from the surface. Therefore, the formation of 
Fe2TiO5 must be extremely limited close to the surface.  

Based on the discussions above, the ex-situ bulk-surface 
band alignment for our hematite samples can be depicted 
(Fig. 1c-e). For Fe2O3, intra-gap Fe2+ states might exist as a 
result of oxygen vacancies.7 Introduction of n-type dopants 
such as Ti and Sn is known to elevate the Fermi level of hem-
atite and remove oxygen vacancies, while introducing the 
Fe2+ states too.32,35 The gradient doping near the surface, 
and the concomitant upshifted local Fermi levels would 
therefore cause a downward band bending. As such, a more 



 

 

Fig. 3 (a) Potential (red dotted curves) and current density (solid black curve) profiles of Fe2O3 recorded during a typical stage 
(0.2 VHg/HgO) for SEC measurements. Grey diamonds and red diamonds indicate points when SEC spectra under reference and 
OER conditions are taken, respectively. (b) Direct comparison of SEC signals for OER under light (top row) and in the dark 
(bottom row, with corresponding equivalent OER currents applied as described in the main text) at reference potentials 
from - 0.2 VHg/HgO (red) to 0.6 VHg/HgO (blue) at a step of 0.1 V for Fe2O3 (left column), Ti1-Fe2O3 (center column) and Ti5-Fe2O3 
(right column). (c) Spectra of the main OER intermediate species under illumination calculated by subtracting the - 0.2 VHg/HgO 
spectrum from all higher potential spectra in (b, i) for Fe2O3. For comparison, dashed black curve shows the calculated 
Fe(IV)=O spectrum relative to Fe(III)-OH by Snir et al.36  

anodic applied potential is needed to flatten the bands, 
causing shifts in Efb. The negative effect of this downward 
bending is substantially eliminated when an 
α-Fe2O3/Fe2TiO5 heterojunction is formed. To further sup-
port our speculation and make it meaningful to compare the 
three samples, we have ruled out other possible differences 
in bulk film properties among the three samples by confirm-
ing that different PEC performances do not arise from dif-
ferences in morphology, thickness, and light absorption 
(Supplementary Fig. 3 and 4). The distinct bulk and surface 
properties of these three samples of different doping levels 
will prove to be essential for our SEC studies.  

Ex-situ spectroscopic responses. The spectroscopic re-
sponses of the samples are first examined in the air with ex-
ternal stimuli of heat and light to see changes in light ab-
sorption. Difference spectra are obtained with respect to 
their ground-state absorption spectra (Fig. 2a). First, the 
samples are heated by a hot air gun in the dark. As temper-
ature increases (up to roughly 80 oC), a peak located at 
about 570 nm that matches the band gap grows rapidly. Mi-
nor shoulders extending to around 800 nm can also be seen. 
In a similar study recently reported on BiVO4, the localized 
band gap absorption was also observed upon thermal exci-
tation, IR excitation and applied potential.21 There this fea-
ture was correlated to the ionization of intra-gap V4+ states 
but not explicitly explained spectrally. Here, we propose 
that it represents suppressed radiative bulk recombination 
as opposed to the common perception of extra absorption.  

When electrons in these intra-gap states, i.e., Fe2+, in-
duced by oxygen vacancies, polarons, or dopants are ther-
mally excited into the conduction band, these states become 

empty (Fig. 2b). The photo-generated electrons injected 
into the conduction band by the light source for the spec-
trometer (a.k.a. probe) subsequently have the additional 
option of filling in these states instead of recombination, 
thereby creating a peak in the difference spectrum. This 
rapid trapping process is competitive against the picosec-
ond bulk recombination process.7 The only difference 
among the three samples is the minor sub-gap absorption 
shoulders between 570 and 800 nm. As the constant ther-
mal excitation generates an equilibrized concentration of 
empty states, more electrons can be excited into them by 
the probe. This minor absorption should in principle trace 
the density of intra-gap states when heating heavily de-
pletes the electrons in them. Since these intra-gap states are 
also mapped by ground-state absorption spectra, it be-
comes readily understandable that there is a high resem-
blance of sub-gap spectral shapes measured under stimu-
lated and unstimulated conditions (Fig. 2c).  

It should also be mentioned that while Fe2O3 is not inten-
tionally doped, it also shows pre-edge absorption. This is 
likely caused predominantly by Fe2+ states induced by unin-
tentional Sn diffusion from the fluorine-doped tin oxide 
(FTO) substrate (Supplementary Fig. 5) instead of those 
generated by oxygen vacancies. Interestingly, the location of 
the peak maximum gradually shifts from 564 nm at low in-
tensities (<10mΔO.D.) to 569 nm at high intensities 
(>100mΔO.D., see Supplementary Fig. N2). Unfortunately, 
the cause of this shift is not entirely clear but we provide 
some speculations in Supplementary Note 2.  

Also shown in Fig. 2a are the difference spectra of sam-
ples upon irradiation (365 nm, 70.6 mW cm-2, denoted 



 

 
Table 1 Summary of three main types of SEC signals for Fe2O3 photoanodes in this work 

 Type I Type II Type III 

Assignment  Oxidation of intra-gap Fe2+ 
states 

Charging of surface states 
(Fermi level pinning) 

Major OER intermediate, 
Fe(IV)=O 

Representative 
spectrum 

   

as Type I), which highly resemble the responses of thermal 
excitation but are more than one order of magnitude 
weaker. 

In this case, a large proportion of the photons are used for 
supra-gap excitation, thus making the ionization process 
much less efficient. Consistent with thermal excitation, the 
peaks observed here are centered around 564 nm instead 
of 570 nm at such low intensities.  

SEC measurements. The samples are then moved into the 
electrochemical cell to investigate their SEC responses at 
varied bias potentials in the dark. External bias could ma-
nipulate the filling population of intra-gap states inside the 
space charge layer, as well as the surface states, if any, 
through the changes in band bending. The potential is first 
set to - 0.2 VHg/HgO as the referential point and increased 
stepwise until 0.5 VHg/HgO (a point sufficiently ahead of the 
dark water oxidation onsets for all three samples, linear 
sweep voltammetric plots shown in Supplementary Fig. 6), 
during which a difference spectrum is collected at each po-
tential stage w.r.t. the - 0.2 VHg/HgO spectrum (Difference 
spectra for all steps are given in Supplementary Fig. 7). Be-
low 0.2 VHg/HgO, Fe2O3 and Ti5-Fe2O3 show a small absorp-
tion peak at 570 nm but interestingly also negative signals 
(bleach) between 570 and 800 nm. The bleach has previ-
ously been recorded in other reports but left undis-
cussed.7,20,21 Comparatively, these characteristics are more 
visible for Ti1-Fe2O3 (Spectra with such overall shape are 
denoted as Type II). Their main peaks both have a full width 
at half maximum of ca. 50 nm, equal to those generated ex-
situ by heat or light. By contrast, their intensities consider-
ably lower because these processes are surface sensitive. It 
should be mentioned that while the three samples have 
comparable magnitudes of Fe2+ signal outside the cell (Fig. 
2a), the low intensity for Fe2O3 under bias indicates that Sn 
diffusion cannot reach the surface due to the short anneal-
ing duration of 5 min (inset of Supplementary Fig. 5). The 
fact that changing potential can only probe the vicinity of 
the surface also explains the optical signal of Ti5-Fe2O3 be-
ing lower than that of Ti1-Fe2O3 in spite of a higher dopant 
density - many Ti atoms participate in forming Fe2TiO5. 
Above 0.2 VHg/HgO, Type II signals only grow slightly for 
Fe2O3 and Ti5-Fe2O3 (Fig. 2c, center). In contrast, back-
ground starts to build up for Ti1-Fe2O3. Differentiating the 
spectra recorded at 0.5 and 0.2 VHg/HgO gives a shape that 

matches Type I signal generated ex-situ, although the peak 
is positioned at 570 nm (Fig. 2c, right).  

The origins of these signals are best exemplified by Ti1-
Fe2O3. Below 0.2 VHg/HgO, the development of Type II signal 
is a result of heavy (or complete) Fermi level pinning. The 
electrons generated near the surface can be strongly 
trapped by the high density of surface states (Fig. 2b). This 
process not only suppresses edge-to-edge recombination as 
before but also yields the bleach signal due to intra-gap re-
combination in the absence of any effective stimulation. At 
higher potentials, Fermi level pinning is subdued when sur-
face states are largely depleted, so band bending is recov-
ered. The bending creates empty Fe2+ inside the space 
charge region (Fig. 2e). Thanks to the newly formed internal 
electric field that serves as the stimulation here that con-
stantly de-trap these electrons in Fe2+ states, Type I-like sig-
nal is observed. Understanding the responses of these elec-
trochemical processes would prepare us to better identify 
the SEC characteristics under OER conditions.  

A direct comparison of SEC signals of electrodes operat-
ing at OER conditions under light and in the dark is helpful 
to elucidate the identities of spectral characteristics and to 
mechanistically understand OER on hematite. To achieve 
this, we measure a spectrum at a selected potential in the 
dark as the reference point. After switching on the LED lamp 
(365 nm, 70.6 mW cm-2) and the photocurrent stabilizes, 
another spectrum is collected, using which we obtain the 
difference spectrum under light. The net steady-state pho-
tocurrent is also taken. Subsequently, the same current is 
applied in the dark and another difference spectrum is 
taken w.r.t. the same referential condition. This procedure 
is repeated for nine potentials from - 0.2 to 0.6 VHg/HgO at a 
step of 0.1 V. Fig. 3a shows an example of this procedure at 
0.2 VHg/HgO, and full J-t and E-t profiles are given in Supple-
mentary Fig. 8. The most interesting discovery here is the 
transformation of spectral shapes under light (Fig. 3b, i-iii). 
At - 0.2 VHg/HgO, there is a peak located at 564 nm with a long 
falling tail toward higher wavelengths. This shape again 
matches Type I signal and can be associated with oxidized 
Fe2+ states by photogenerated holes near the surface, with 
the possibility of weak contributions from OER intermedi-
ates since the photocurrent densities are still extremely low 
(<0.01 mA cm-2). 

 



 

 

Fig. 4 (a) IMPS results for Fe2O3 (red), Ti1-Fe2O3 (blue) and Ti5-Fe2O3 (yellow) measured at 0.6 VHg/HgO under 50 mW cm-2 
365 nm LED light. (b) Charge transfer efficiencies (ηct) calculated from IMPS data at 0.3 VHg/HgO (circles) and 0.6 VHg/HgO (trian-
gles) as a function of light intensity for the three samples. (c) Rate law analysis for Fe2O3, Ti1-Fe2O3 and Ti5-Fe2O3. Linear 
fittings at low and high surface charge density regions for Fe2O3 are shown in solid lines. r is reaction rate and psurf is surface 
accumulated charge. (d) Panel (a) plotted in linear scales, with the addition of data for TiO2 (empty black squares, right Y axis) 
tested under the same conditions.  

As soon as potential increases, the growing spectral fea-
tures begin to deviate from it on top of the original shape. 
The rise of the intensity of the main peak is accompanied by 
a broad bump located at 800 nm. Such deviations of charac-
teristics recorded at higher potentials compared to that rec-
orded at - 0.2 VHg/HgO are also observed for Ti1-Fe2O3 and 
Ti5-Fe2O3. Subtracting the Type I-like spectrum 
(- 0.2 VHg/HgO, light on) from all higher potential spectraun-
der illumination should give the true optical response of the 
main OER intermediate (Fig. 3c). As expected, the calculated 
signals only show changes in magnitude without variations 
in their characteristics. For Fe2O3, the signals (denoted as 
Type III) are similar to those collected under dark OER con-
ditions (Fig. 3b, iv) except a flattened peak apex. The Type 
III signal with a signature flattened peak highly resonates 
with the recent computationally obtained spectrum of the 
Fe(IV)=O group relative to the neutral Fe(III)-OH by Snir et 
al (dashed lines in Fig. 3c).36 The optical signals of OER in-
termediate for Ti1-Fe2O3 is identical to Fe2O3 but those of 
Ti5-Fe2O3 are slightly different due to the different surface 
chemical composition (Supplementary Fig. 9). A brief 

summary of the three main types of SEC signals is included 
in Table 1. 

For SEC signals of Fe2O3 during dark OER, the extra apex 
in Fig. 3b, iv is caused by convolution with Type I signal, 
which in turn results from a large potential gap straddled 
(effective photovoltage, Vph, c.f. annotation in Fig. 3a. See 
Supplementary Fig. 8 for full profiles). This phenomenon is 
much more pronounced for Ti1-Fe2O3 at intermediate po-
tentials (Fig. 3b, v) because of the large quantities of Fe2+ 
available to be oxidized within the corresponding potential 
windows. In addition, the clear transition from Type I-like 
signal to Type III-like signal from lower to higher referential 
potentials for Ti5-Fe2O3 in the dark (inset of Fig. 3b, vi) fur-
ther attests to this theory.  

Below 0.2 VHg/HgO, SEC signals under light build up quickly. 
But at increasingly higher potentials from around 0.2 up to 
0.6 VHg/HgO (Fig. 3b, i-iii), SEC signals level off whereas pho-
tocurrent density continues to grow rapidly. This phenom-
enon can be simply explained by the initial activation of sur-
face states and then the suppression of surface 



 

recombination by virtue of recovered band bending. Com-
paring the spectra across the three samples, the intensities 
of Type III signals obviously diminish with increasing Ti 
concentration (Fig. 3c and Supplementary Fig. 9). While it 
can be argued that it comes from differences in the extinc-
tion coefficients of these OER intermediates, it is also likely 
that OER preferentially proceed via a spectroscopically in-
active, intermediate-free pathway. In the following, we pro-
vide electrochemical evidences that this could be the direct 
charge transfer of valence band holes.  

Kinetic analysis. To better understand the changes in OER 
mechanism upon Ti doping, we perform IMPS as a function 
of light intensity at 0.3 and 0.6 VHg/HgO. The surface charge 
transfer efficiencies (ηct) are calculated using the ratio of in-
tercepts with the real photocurrent admittance axis as de-
scribed elsewhere (Fig. 4a).6,37 The comparison of the sam-
ples at 0.3 VHg/HgO shows that ηct are poorer for Ti1-Fe2O3 
than Fe2O3, but highest for Ti5-Fe2O3 (Fig. 4b). This proves 
the adverse effects of the partially offset band bending and 
the Fermi level pinning, as well as the benefit of charge sep-
aration by the Fe2O3/Fe2TiO5 heterojunction. As the surface 
states are more depleted by the applied potential at 
0.6 VHg/HgO, the performance of Ti1-Fe2O3 quickly catches up. 
Another important finding that cannot be neglected is the 
increasing trend of ηct with light intensity for all samples, 
which has been reported previously with PEIS results.5 
Likewise, the power conversion efficiency of hematite pho-
toanodes has also been found to improve with higher solar 
flux concentrations.38 This phenomenon has been associ-
ated with the extended lifetime of holes,39 but further reve-
lations are limited.  

From IMPS data, we also calculate the phenomenological 
charge transfer and surface recombination rate constants 
based on the pseudo-first order model (Supplementary Fig. 
10).37 Surprisingly, an anomalous inversion of both param-
eters occurs for Ti5-Fe2O3 at strong light intensities. 
Ti1-Fe2O3 also manifests an inclination for this inversion. 
Such results again mean the failure of the first-order as-
sumption on hematite photoanodes, and strongly imply a 
change in OER reaction mechanism.  

A population model frequently adopted by Durrant’s 
group, on the other hand, can avoid this assumption and 
better reveal the true reaction kinetics.16,24,40 This method 
plots reaction rate (r) from current density as a function of 
surface accumulated charge concentration (psurf) from ca-
thodic current transient: 

𝑟 = 𝑘OER × 𝑝surf
α 

The reaction order (α) and rate constant (kOER) can be ex-
tracted from the slope and the intercept of the double loga-
rithmic plot, respectively. To accurately describe the OER 
reaction mechanism, the influence of recombination must 
be eliminated.16 In Fig. 3b, we have already seen plateaued 
SEC signals while photocurrent density keeps increasing. 
However, our samples show ηct less than unity even at 
0.6 VHg/HgO, so it must be considered for psurf calculation (see 
Supplementary Fig. 11 for fitted functions of ηct and calcula-
tion of psurf). 

Fig. 4c shows the rate law analysis for hematite pho-
toanodes at controlled light intensities from 0.2 to 70.6 mW 
cm-2 (365 nm) at a fixed potential of 0.6 VHg/HgO (Full sets of 

SEC spectra in Supplementary Fig. 12). Here the reaction or-
der of Fe2O3 transforms from 1.2 to 2.1, in good agreement 
with Zhang’s finding.41 Accordingly, OER should first in-
volve individual Fe(IV)=O groups (α=1) and bridged dual 
Fe(IV)=O sites (α=2) at low and high hole densities, respec-
tively. The OER kinetics of Ti1-Fe2O3 is close to that of Fe2O3, 
implying a similar surface chemistry. This is also consistent 
with their similarities in Type III SEC signal shapes (Supple-
mentary Fig. 9). In stark contrast, the high fluctuation of the 
low levels of surface charge densities for Ti5-Fe2O3 does not 
allow for a significant rate law fitting. When Fig. 4c is plotted 
linearly (Fig. 4d), its reaction rate shoots up. This situation 
more typically applies to a TiO2 photoanode, where photo-
current density increases as a function of light intensity 
with virtually no accumulation of surface charges. Since 
TiO2 has very low valence band edge, it is expected to be-
have more like an ideal semiconductor and undergo direct 
valence band hole transfer. Therefore, our electrochemical 
results once more point to the existence of a direct charge 
transfer regime that accounts for the contribution not ob-
served spectroscopically. Direct charge transfer has also 
been verified by ambient-pressure operando XPS results.8 
Shavorskiy et al. examined the relatively ideal undoped and 
Ti-doped hematite, which did not have light-induced Fermi 
level pinning effect during OER, meaning there was no sur-
face charge accumulation and photovoltage. Surface pas-
sivation of ultrathin Al2O3 has been demonstrated to 
strongly suppress SEC signals. Nevertheless, the photocur-
rent response is insignificantly affected, which further sug-
gests the effectiveness of direct charge transfer for OER.11  

We believe that such a significant mechanistic change oc-
curring toward high Ti doping levels originates from the in-
trinsic deficiency of surface states on Fe2TiO5 over a wide 
potential window. When it is spontaneously formed simply 
by introducing dopant source (without recalcination or 
chemical treatments) on the surface of hematite, especially 
with poor surface chemistry (Eon > 1.0 VRHE), the Eon can be 
effectively reduced by about 0.2 V.27,29 Such lack of surface 
states would therefore facilitate direct hole transfer, thus 
explaining the low SEC intensities of Ti5-Fe2O3 during light 
and dark OER. The absence of light-induced Fermi level pin-
ning also leads to the cathodically shifted photocurrent den-
sity curve (Fig. 1a). 

Conclusion 

In summary, we have used UV-vis-NIR spectroelectrochem-
istry to observe the optical responses of Ti-doped hematite 
photoanodes and identified different types of SEC signals 
that can be either OER inactive or active. We first assign SEC 
signals that reflect the oxidation of intra-gap Fe2+ states or 
surface states. Then we assign those for OER intermediates, 
e.g., Fe(IV)=O. The main spectral difference between the 
two is that the former has narrower and pointier peaks than 
the latter. We have also discovered that OER on hematite 
photoanode could take place via direct valence band charge 
transfer without being detected spectroscopically, by re-
constructing its surface with heavy Ti doping. These find-
ings are significant for understanding OER processes not 
only on hematite but also on other transition metal oxide 
photoanodes. Our ongoing research will emphasize on fur-
ther exploring the relationship between the two OER path-
ways for more efficient water splitting. 
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