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ABSTRACT: Photoelectrochemical (PEC) water oxidation is considered to be the rate-limiting step of the two half-reactions
in light-driven water splitting. Consequently, considerable effort has focused on improving the performance of photoanodes
for water oxidation. While these efforts have met with some success, the mechanisms responsible for improvements result-
ing from photoanode modifications are often difficult to determine. This is mainly caused by the entanglement of numerous
properties that influence the PEC performance, particularly processes that occur at the photoanode/electrolyte interface.
In this study, we set out to elucidate the effects on the surface carrier dynamics of hematite photoanodes of introducing
manganese (Mn) into hematite nanorods and of creating a core-shell structure. Intensity-modulated photocurrent spec-
troscopy (IMPS) measurements reveal that the introduction of Mn into hematite not only increases the rate constant for
hole transfer but also reduces the rate constant for surface recombination. In contrast, the core-shell architecture evidently
passivates the surface states where recombination occurs; no change is observed for the charge transfer rate constant,
whereas the surface recombination rate constant is suppressed by ~1 order of magnitude.




Introduction

Photoelectrochemical (PEC) water splitting is an attrac-
tive way to overcome the intermittency of sunlight by stor-
ing solar energy in the form of chemical fuels."> However,
progress in obtaining highly-efficient PEC performance has
been limited by the availability of suitable photoanode ma-
terials for the water oxidation half reaction.® In the last
decade, TiO,,°" BiVO,,>3 WO;* and Fe,0;5" have been
used extensively as photoanodes for PEC water oxidation.
However, the water splitting efficiency obtained with these
oxides is still far below the theoretical maximum efficiency.
The efficiency losses have been attributed to factors such as
poor electronic transport and low hole transfer efficiency
due to competition from surface recombination.?°» These
losses are particularly evident in the case of hematite
(Fe,O;). Despite being an economically viable, corrosion-re-
sistant semiconductor with a suitable bandgap energy for
carrying out the visible-light induced oxygen evolution re-
action,®® 3 the short hole diffusion lengths and sluggish
kinetics of hole transfer limit the performance of hematite.
In particular, the short hole diffusion length, combined with
the fact that hematite’s optical penetration depth is larger
than the depletion layer width,?**” means that a significant
fraction of the photogenerated charge carriers does not
reach the surface and instead recombines in the bulk. De-
spite the valence band energy of hematite being thermody-
namically favorable (i.e., ~1.2 eV below the redox Fermi level
for the O,/H,O couple), photogenerated holes that arrive at
the hematite/electrolyte interface are transferred with a
very low efficiency unless high positive potentials are ap-
plied.?® This indicates that the kinetics of hole transfer for
oxygen evolution in hematite is so slow that holes are lost
through surface recombination unless high bias potentials
are used to lower the electron concentration in the surface
region.

The problems mentioned above have been overcome to a
certain extent by means of various strategies. The mismatch
of optical penetration and carrier transport has been ad-
dressed by nanostructuring on a scale comparable with or
smaller than the width of the space charge region, thereby
increasing the probability of holes reaching the elec-
trode/electrolyte interface before recombining in the bulk.
At the same time, nanostructuring greatly improves the
light-harvesting efficiency of electrodes because it removes
the geometric restriction on the direction of illumination
relative to the orientation of the space charge region, which
is orthogonal for plane electrodes.?® Significant improve-
ments in the performance of hematite photoanodes have
also been achieved through doping (e.g., with Mn, Sn, Ti,
Si),3°32 although the mechanisms responsible are generally
unclear. Finally, attempts have been made to address ki-
netic limitations by depositing a so-called ‘co-catalyst’ layer
onto the surface of hematite (e.g., CoOy, SnO,, TiOy, CoPi
and IrO,)." 24 3336 These approaches have often been com-
bined in order to obtain improved performance in hematite
photoanodes. For example, in our previous work, we syn-
thesized Mn-doped, core-shell, and nanorod-structured

hematite layers in order to overcome the poor carrier
transport, the sluggish kinetics, and the short hole diffusion
length, respectively.373® As a result, we obtained a factor of
three improvement as compared to a bare hematite film
with much lower degree of porosity. However, the exact
mechanisms giving rise to the observed improvement aris-
ing from the above-mentioned modifications were not
clear. Understanding the enhancement mechanisms will ar-
guably bring us closer to achieving the theoretically pre-
dicted maximum solar-to-hydrogen conversion efficiency of
15%, assuming that all photons in the AM 1.5G solar spec-
trum that have energy larger than the energy bandgap of
hematite can be collected and converted to photocurrent
without additional external bias.'* 2539

Here, we attempt to shed light on the improvement
mechanisms by performing systematic intensity-modulated
photocurrent spectroscopy (IMPS) measurements. IMPS al-
lows de-convolution of charge carrier dynamics at the elec-
trode/electrolyte interface into contributions from charge
transfer and surface recombination. It is an increasingly at-
tractive technique for understanding surface carrier dynam-
ics at the semiconductor/electrolyte interface.4*#3 In the
present study, we investigated the effect of Mn doping and
of a thin shell layer of highly crystalline Fe,O; on hydrother-
mally grown hematite nanorods. Our data reveal that alt-
hough the photocurrent enhancements achieved by each
type of modifications are similar, the causes are inherently
different. In particular, the photocurrent enhancement ob-
served in Mn-doped hematite can be explained by the in-
crease in surface charge transfer efficiency, which is typi-
cally not expected for a bulk modification such as doping.
Overall, our results provide further insights of the role of
doping and surface modification in hematite, and may form
the basis of future improvement strategies.

Experimental Section
Nanorod synthesis

Pristine, Mn-doped and core-shell hematite nanorod
samples were grown on a fluorine-doped tin oxide (FTO)
substrate (Pilkington TEC-15, Q < 14 ohm/square). The
Fe,O; nanorods were synthesized hydrothermally as re-
ported in our previous reports,33® with one modification:
the hydrothermal synthesis was carried out only for 6 hours,
instead of the reported 10 hours. In short, after 6 h of hydro-
thermal synthesis at 100 °C, a uniform layer of FeOOH na-
norods film was formed on the FTO substrate. The FeOOH
samples were carefully rinsed with distilled water and sub-
sequently annealed at 550 °C for 2 hours to form hematite.
The Mn-doped hematite nanorods were prepared using a
similar method as the pristine hematite with the addition of
5 mol % of MnCl,-4H,O (= 98%, Sigma-Aldrich) to the pre-
cursor solutions. In the case of core-shell hematite samples,
0.1 M iron acetylacetonate (97%, Sigma-Aldrich) precursor
in ethanol was sprayed onto the hydrothermal synthesized
FeOOH nanorods placed on a hot plate at 525 °C, using a
home-built spray pyrolysis setup. The spray step was done
for 4 cycles with each cycle consisting of 20 seconds of
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spraying time, which is followed by an annealing treatment
at 550 °C in air. The distance between the spray head and
the hematite sample was kept at 20 cm. Finally, all samples
(pristine, Mn-doped and core-shell hematite) were heated
at 750 °C in air for 20 min.

Characterization methods

X-ray diffraction patterns of pristine, Mn-doped and core-
shell hematite samples collected over a two-theta value
range from 20 to 60 degrees were carried out with Shimadzu
instrument (Lab X, XRD-6000) in a Bragg-Brentano config-
uration at an accelerating voltage of 40 kV, a current of 30
mA and a scan speed of 2 degree/minute. The surface mor-
phology of the samples was characterized by field-emission
scanning electron microscopy (FESEM JEOL, JSM-7600F,
5kV). Secondary ions mass spectrometry (SIMS) depth pro-
files were attained using a TOFSIMS IV instrument from
IONTOF (GmbH). An Ar* ion beam of 3 keV was used for
sputtering and a pulsed Bi* ion beam of 25 keV was utilized
for analysis with detection of positive secondary ions. An
electron flood gun was employed for charge compensation.
The ultraviolet-visible (UV-Vis) absorption spectra of the
pristine, Mn-doped and core-shell hematite samples were
obtained using a Perkin-Elmer Lambda 750S UV-Vis-NIR
spectrophotometer equipped with an integrated sphere
with a diameter of 60 mm. PEC measurements were per-
formed using CHI 660D working station potentiostat (CH
Instruments, Inc.) in a three-electrode electrochemical cell
filled with 1 M NaOH (pH=13.6) electrolyte. A platinum coil
and a Ag/AgCl electrode (Chi 111, saturated in 3M KCl) were
employed as counter and reference electrodes, respectively.
The working surface area was o0.12 cm?. The light source was
a 150 W xenon lamp (67005, Newport Corp.) equipped with
a solar filter (KG 3). The measured illumination intensity is
adjusted to standard AM 1.5G sunlight (100 mWcm™) on the
sample surface.

IMPS measurements of pristine, Mn-doped and core-shell
hematite photoanodes were conducted using a potentiostat
(EG&G 283, Princeton Applied Research) in a three-elec-
trode configuration with a Ag/AgCl reference electrode
(XR300, saturated KCl and AgCl solution, Radiometer Ana-
lytical), and a platinum wire counter electrode. The electro-
lyte was 1 M NaOH. Modulated illumination was provided
by a light-emitting diode (LED, A: 455 nm, Thorlabs) con-
trolled by an LED driver (Thorlabs DC 2100) that allowed
superimposition of sinusoidal modulation (0.6 mW/cm?) on
a dc illumination level (4 mW/cm?). A frequency response
analyzer (Solartron 1250) was used to supply both the dc and
ac signals to the LED driver. The LED illumination is then
directed towards a beam-splitter, which splits the light into
two paths: a high-speed silicon pin photodiode (Thorlabs
PDA10A-EC) to measure the light intensity, and the hema-
tite sample in a photoelectrochemical cell. The modulated
photocurrent and the reading of the pin photodiode were
then fed back to the channel 1 and 2 of the frequency re-
sponse analyzer, respectively. The measured complex data
(channel 1/channel 2) is then post-processed according to

the procedures described in the next section to obtain a nor-
malized complex photocurrent current plot.

IMPS Theory

[llumination of a semiconductor-electrolyte junction gen-
erates photo-excited carriers (electrons in the conduction
band and holes in the valence band). If the generation oc-
curs within the depletion layer, these electrons and holes
will be separated efficiently due to the gradients of the re-
spective quasi-Fermi levels. For an n-type semiconductor,
such as hematite, electrons will move to the back contact,
and holes will move to the semiconductor/electrolyte inter-
face. In addition, there is a diffusion flux associated with
holes that are generated within a diffusion length of the
edge of the space charge region. Together with the flux of
holes generated in the space charge region, this constitutes
the hole current (jhoe), i.€., the rate at which holes arrive at
the semiconductor/electrolyte interface (here we assume
that the assumptions of the Gartner model# assumption are
valid, i.e., we neglect space charge recombination). The pro-
cesses at the semiconductor/electrolyte interface are illus-
trated in Figure 1a, based on the model proposed by Peter
and co-workers.#547 The photo-generated holes reaching
the interface can either transfer to the electrolyte to oxidize
water (in a 4-electron oxidation process) or recombine with
the electrons from the conduction band via surface states.
Note that, in Fig. 1, we show hole transfer to the electrolyte
as occurring via the surface states. This is not necessarily the
case; hole transfer directly from the valence band is also
possible, but this does not change the kinetic analysis sig-
nificantly.

A commonly used dynamic photoelectrochemical
method used to probe the dynamics of photoelectrochemi-
cal processes is transient photocurrent measurement. The
sample is subjected to chopped illumination at a constant
potential, and the resulting photocurrent is monitored. A
typical transient photocurrent response is shown in Figure
1b. The instantaneous photocurrent in the transient corre-
sponds to the displacement current caused by holes charg-
ing the space charge capacitance. This current defines the
rate at which holes arrive at the surface (jnole), but not the
rate at which they transfer across the interface. At longer
times, interfacial charge transfer and surface recombination
occur, and the photocurrent decays to the steady-state pho-
tocurrent (jss), which is equal to the hole current into the
surface minus the recombination current. The resulting
hole transfer efficiency at the semiconductor/electrolyte in-
terface is therefore the ratio of the steady state photocurrent
(jss) to the instantaneous photocurrent (jhole). If we assume
that hole transfer and surface recombination reactions are
first order (or more precisely pseudo-first order for a con-
stant potential - where the concentration of electrons at the
surface is constant - and for constant concentration of oxi-
dation species), the hole transfer efficiency can be expressed
in terms of the hole transfer (k) and surface recombination
(krec) rate constants:
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Here, k¢ is expected to be independent of potential in the
absence of changes in the potential drop across the Helm-
holtz layer, whereas k.. is potential-dependent because it
depends linearly on the concentration of majority carriers
(electrons) at the surface (see below).

Unfortunately, transient photocurrent measurements
may be influenced by the processes other than hole transfer
and surface recombination. The large difference between
dark and illuminated conditions may cause changes in band
bending and/or significant population or depopulation of
surface states. The corresponding light-induced changes in
the potential distribution across the junction may affect the
rate constants, and complicate the analysis of the data. This
is much less of a problem in intensity modulated photocur-
rent spectroscopy (IMPS) because a small amplitude (~10%)
sinusoidal modulation of light intensity is applied on top of
a constant dc value. This modulation results in a change in
phase and amplitude (i.e., real and imaginary component)
of the photocurrent. This photocurrent response to inten-
sity-modulated illumination as a function of frequency re-
sults in semicircles in the complex plane, as shown in Figure
1c. The complex normalized photocurrent (jphoto/jhote) iS Ob-
tained by normalizing our frequency response analyzer
reading so that the crossing point on the real-axis is equal
to unity. This is done because in the absence of significant
RC attenuation, the crossing point represents the total
number of holes that arrives at the semiconductor/electro-
lyte interface (i.e., hole current).4® The assumption is valid
if the space charge capacitance (Csc) is much lower than the
Helmholtz capacitance (Cn), which is true for the case of
our hematite samples (Csc is ~1-2 orders of magnitude
smaller than Cy).

The lower quadrant semicircle represents the attenuation
by the total series resistance of the photoelectrochemical
cell and the capacitances of the sample, typically referred to
as the RC time constant of the cell.4® Of more particular in-
terest to us, is the upper quadrant semicircle, also referred

to as the recombination semicircle. The first order rate con-
stants ki and keec can be obtained by analyzing this semicir-
cle. The high and low frequency intercepts in the complex
plane correspond in the time domain to the steady state and
instantaneous photocurrents in the transient photocurrent
measurement. The ratio of the low and high frequency in-
tercepts therefore corresponds to the hole transfer effi-
ciency (see eq. 1). The maximum of the semicircle occurs at
a radial frequency that is equal to the sum ki and ki, i.e.,
the characteristic relaxation constant of the system. Based
on these values, both ki and k... can be calculated. The first-
order rate constants ke can be further expressed in terms
of the thermal velocity (v) and capture cross-section (o) of
the surface majority carrier concentration (ngur):

krec =VXoX nsurf (2‘)
_9Ag¢
Nyt = Np® 7 ()

Npulk is the bulk majority carrier concentration, q is ele-
mentary charge, A¢ is the potential drop within the space
charge layer, k is Boltzmann constant, and T is temperature
in Kelvin. Further detailed explanations of the model and
interpretation of IMPS measurements can be found in the
literature. - 49-5°

We finally note that caution should be exercised when in-
terpreting the value of the rate constants described above.
For a simple one-electron charge transfer reaction, these
rate constants are true rate constants (s?). This is however
not the case for multi-step charge transfer reactions such as
the 4-electron oxidation of water. The same expressions to
analyze the IMPS response and distinguish the hole transfer
and surface recombination processes can still be used, but
ke and krec are now to be interpreted as phenomenological
rate parameters that are functions of the rate constants of
the elementary steps.55 In principle, these functional ex-
pressions can be derived if the reaction mechanism is
known,5 but so far this has not been attempted for the
photo-oxidation of water. In this work, we therefore con-
sider ky and k. as phenomenological pseudo first-order
rate constants.
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Figure 1. (a) Schematic of competition between charge transfer and recombination. ki and ki are the pseudo first order rate
constants for charge transfer and surface recombination, respectively. (b) A typical photocurrent transient of an n-type semicon-
ductor immersed in an electrolyte, under chopped illumination. (c) A typical example of complex photocurrent or IMPS spectrum.
The semicircle in upper quadrant corresponds to the competition between charge transfer and recombination, and the semicircle

in the lower quadrant is due to the RC attenuation of the system.

Results and Discussion

As mentioned above, we are interested in the mecha-
nisms responsible for the photocurrent increase in hematite
photoanodes. Specifically, Mn doping and the deposition of
a highly crystalline shell layer, which we have shown to sig-
nificantly improve the photocurrent of our hematite nano-
rods,3° are investigated. Figure 2 illustrates these improve-
ments in the AM1.5 photocurrent-voltage characteristics.
While the pristine hematite shows an AM1.5 photocurrent
density of ~0.5 mA cm™2at 1.23 V vs RHE and an onset po-
tential of ~1.0 V vs RHE—typical for an undoped hematite—
both Mn doping and core-shell modification results in a
twofold enhancement of the photocurrent as well as a ca-
thodic shift of onset potential by ~200 mV. The XRD pat-
terns of the hydrothermally grown pristine, Mn-doped and
core-shell hematite photoanodes could be seen in our pre-
vious reports, which clearly show that there is no significant
difference in the XRD pattern after Mn doping and core-
shell modification.3738 Top and cross section view SEM im-
ages of all samples (Supporting Figure S1) show that the na-
norod geometry is maintained, and the radii of the core-
shell hematite nanorods are slightly larger, as expected.

Supporting Figure S2 shows the UV-vis absorption spectra
of pristine, Mn-doped and core-shell hematite pho-
toanodes, indicating that no distinct differences in features
can be observed between these different samples. The opti-
cal indirect band gaps of all samples, extracted from Tauc
analyses (Supporting Figure S3), show a consistent value of
2.05 * 0.02 eV. Overall, we observed no significant differ-
ence in structural and optical properties between the pris-
tine, Mn-doped and core-shell hematite photoanodes—
consistent with our previous reports3 3738—thereby ruling
out structural or optical effects as the cause of the observed
photocurrent improvement.

Photocurrent transient measurements were performed in
order to provide preliminary characterization of the surface
carrier dynamics at the pristine, Mn-doped and core-shell
hematite-electrolyte interface under AM1.5G illumination
(Supporting Figure S4). The decay and overshoot in the
photocurrent transients is less for the Mn-doped and core-
shell hematite photoanodes compared to the pristine sam-
ple, which indicates better charge transfer efficiency to the
electrolyte. However, based on this data, it is not possible to



identify whether the observed enhancement is due to re-
duction of surface recombination or to improvement of
charge transfer, or to both.
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Figure 2. Photocurrent-potential curve of pristine, Mn-doped
and core-shell hematite photoanodes measure under AM 1.5G
(100 mWem2) in 1M NaOH electrolyte solution.

To understand the interplay between charge transfer and
surface recombination processes in these hematite nanorod
samples, we measured their IMPS responses over a potential
range of 0.6 V to 1.3 V vs. RHE. Figure 3 contrasts the com-
plex IMPS responses of pristine (black) and core-shell (red)
hematite nanorods, measured at 1.0 V vs RHE. As explained
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in the theory section, the low-frequency semicircle (upper
quadrant) can be used to de-convolute the charge transfer
and surface recombination rate constants. The smaller radii
of the semicircles for the Mn-doped and core-shell hematite
samples (i.e., higher hole transfer efficiency) as compared to
the pristine one is consistent with the photocurrent im-
provement observed in the photocurrent-voltage curves
(Figure 2).
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Figure 3. IMPS spectra of pristine, Mn-doped and core-shell
hematite samples measured at 1.0 V vs. RHE under blue LED (A
= 455 nm) illumination in 1M NaOH electrolyte solution.
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Figure 4. (a) Charge transfer rate constant ke and (b) surface recombination rate constant ke of pristine, Mn-doped and core-
shell hematite samples as a function of potential. Dashed lines are meant as guide to the eye, and not linear fit of the data.



The charge transfer (ki) and surface recombination (kyec)
rate constants calculated for the pristine and core-shell
hematite at different potentials are shown in Figure 4a and
b (black and red curves, respectively). Two potential re-
gimes can be distinguished for both hematite samples. For
potentials lower than 0.9 V vs. RHE, k increases with in-
creasing potentials, while k.. remains relatively constant.
This behavior indicates Fermi level pinning on the surface
of hematite; changes in applied potential do not modify the
band bending but instead increase the potential drop across
the Helmholtz layer and hence increase ki in the same way
as at a metal electrode. Above 0.9 V vs. RHE, the hematite
behaves more like a ‘normal’ semiconductor, i.e., ki remains
constant and k... decreases with increasing potential. This
indicates saturation of the surface state occupancy as ex-
pected for a surface state distribution centered on a discrete
energy.

Figures 4a and b show that both the pristine and core-
shell hematite have relatively similar k. values. However,
the core-shell hematite has ~1 order of magnitude lower kyec
as compared to the pristine sample for the entire potential
range. This observation indicates that the core-shell archi-
tecture is effective in improving the photocurrent by sup-
pressing surface recombination, rather than by increasing
charge transfer. The surface of the pristine hematite evi-
dently has a large number of surface states,> which may act
as recombination centers. Deposition of a highly-crystalline
shell layer (see SAED pattern and TEM images, Supporting
Figure Ss, as well as our previous report3’) appears to—at
least partially—passivate these surface states, possibly by
decreasing their capture cross section (cf. eq. 2 in the theory
section), which in turn reduces surface recombination. The
photocurrent enhancement for the core-shell hematite (Fig.
2) is therefore mainly caused by this suppression of recom-
bination.

We now turn our attention to the Mn-doped hematite
sample. The IMPS spectrum obtained at 1.0 V vs. RHE for
the Mn-doped hematite is shown in Figure 3 (blue). Similar
to the core-shell hematite, the radius of the low-frequency
semicircle (upper quadrant) of the Mn-doped hematite is
also decreased as compared to the pristine hematite. Based
on the IMPS responses, the potential dependent rate con-
stants, ki and ke, for the Mn-doped hematite were calcu-
lated (Figure 4a & b, blue). At high potentials (> 0.9 V vs.
RHE), the Mn-doped hematite shows ~2-fold improvement
of ki as compared to the pristine hematite (Fig. 4a), while
Krec is relatively unchanged (Fig. 4b). This means that intro-
ducing Mn into hematite improves surface hole transfer ki-
netics. While this is rather unexpected, a similar observa-
tion has also been reported in the case of Sn-doped hema-
tite by Dunn et al.,*° who demonstrated that Sn-enrichment
at the surface improved the catalytic properties at the sur-
face. To establish whether this is also the case in our Mn-
doped hematite, we performed Mn-depth profile measure-
ment using secondary ion mass spectroscopy (SIMS), as
shown in Figure 5. While the enrichment is not as high as
the report on Sn-doped hematite, it is clear that the amount
of Mn is higher at the surface as compared to the bulk. We

believe that this is the main reason behind the enhance-
ment of hole transfer rate constant. The multivalent oxida-
tion states of manganese possibly leads to a low (O-Mn-O)
energy barrier for hole transfer, and improves the OER ac-
tivity of hematite photoanode.5* Indeed, we have shown re-
cently that the decoration of the surface of hematite with
MnO nanocrystals resulted in increased hole transfer rate
constant.>
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Figure 5. Depth intensity (counts) profile of Mn in the Mn-
doped hematite measured with Secondary lon Mass Spectros-
copy (SIMS). Shorter time corresponds to the surface of the
sample, while the bulk of the sample is probed at longer time.

The effect of Mn doping on k¢ and ki, is different at lower
applied potentials (< 0.9 V vs RHE). While the k. values are
similar for Mn-doped and pristine hematite, the k. values
decrease by a factor of ~2-3 (Fig. 4a and b). This is in con-
trast to the Sn-doped hematite, where the krec values were
instead reported to increase upon Sn-doping.*° We note
that Mn#* has an ionic radius of 53 pm, which is very close
to that of Fe3* (55 pm). This is not the case for Sn#* (69 pm),
which may introduces higher degree of defects.

According to eq. 2 and 3 in the Theory section, ke is pro-
portional to the surface majority concentration (nsuy),
which is proportional at any given band bending to the do-
nor density (npux). We have previously reported ~2 orders of
magnitude increase of donor density for the Mn-doped
hematite as compared to the pristine.3* While the observed
trend of increasing carrier concentration may be true, using
a typical flat electrodes Mott-Schottky analysis for nanorod
geometries can result in a significant error. Here, a more ac-
curate cylindrical model was used to fit the Mott-Schottky
curves of both pristine and Mn-doped hematite (Figure 6a
and b, see Supplementary information for full details of the
model). It can be seen that application of the standard Mott-
Schottky approach to the nanorod geometry results in a
gross underestimation of the donor density, particularly in
the case of the undoped hematite. Nevertheless, the analysis
confirms that Mn doping results in a much higher npu,
which would be expected to increase kie.. Since this increase
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is not observed experimentally, we speculate that the pres-
ence of Mn on the surface of our hematite results in the pas-
sivation of surface states, possibly by the formation of a thin
MnOx layer on the surface. We have attempted to detect
this by performing x-ray photoelectron spectroscopy (XPS),
but the small amount of Mn is below the resolution of our
measurement. Further experiments beyond the scope of
this paper are needed in order to confirm this suggestion.

We note that the positive shift of flatband potential upon
Mn-doping (Figure 6) is rather unexpected. Doping in-
creases carrier concentration, which in turn raises the Fermi
level closer to the conduction band. One would then expect
the flatband potential to shift negatively. However, the
same positive shift has been reported in many other systems
based on doped-hematite and doped-bismuth vanadate.56-5

a 7 b) 12 . °
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Figure 6. Mott Schottky plots for (a) pristine and (b) Mn-doped Fe,O; nanorod electrodes. Open circles - experimental. Curve -
fit for an array of cylindrical rods on an FTO substrate. Dashed straight line - Mott Schottky plot for flat electrode with same area
and doping density. Dash-dot line - linear fit of experimental data ignoring effect of cylindrical geometry. Note that the linear fit
grossly underestimates the doping density and gives an incorrect value of the flatband potential. Fit parameter: rod density 3.5 x
10*° cm?, rod length 350 nm, mean rod radius 25 nm, packing fraction 70%, and relative permittivity of Fe,O; = 33.%° For full details
of the model and fitting see Supporting Information. The obtained doping density and flatband potential for the pristine hematite
are 5.1 x 10" cm3and 0.3 V vs RHE, respectively. The values for the Mn-doped hematite are 1.15 x 10*° cm3and 0.5 V vs RHE,

respectively.
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Figure 7 shows the charge transfer efficiency (1, defined
as ku/ku+krec) as a function of potential for all the hematite
samples: pristine, core-shell and Mn-doped. Although the
improvement mechanisms (i.e., the k¢ and k. values) for
core-shell and Mn-doped hematite are different, the over-
all charge transfer efficiencies are similarly improved as
compared to the pristine hematite. The calculated en-
hancement in charge transfer efficiency is also consistent
with the photocurrent improvement and the cathodic shift
of onset potential shown in the photocurrent-voltage
curves (Figure 2), which further validates our IMPS meas-
urement and analysis. For the Mn-doped and core-shell
hematite, the photocurrent in Fig. 2 continues to increase
beyond 1.1 V vs RHE, although the charge transfer efficien-
cies are already close to one. This suggests that the space
charge region is smaller than the radius of the nanorods.
Based on the Mott-Schottky plot (Figure 6), we obtained a
carrier concentration of 5.1 x 10"® and 1.1 x 10 cm3 for the
pristine and Mn-doped hematite, respectively. These val-
ues result in respective space charge widths of 20 and 4.7
nm (at band bending of 1 eV). These values are indeed
smaller than the radius of the nanorods (~25 nm). The
much smaller space charge width for the Mn-doped hem-
atite does not seem to negatively influence the photocur-
rent, since the main limiting factor is surface charge trans-
fer.

Finally, we note that although the charge transfer effi-
ciencies shown in Figure 7 have reached a value of close to
unity at high applied potentials, the photocurrent is still
much lower than the theoretical maximum. Since only sur-
face processes were considered in our analysis, this means
that the performance of hematite for water oxidation is
limited by fast recombination of carriers either in the quasi

neutral region, the space charge layer, or both. Future ef-
forts on hematite, if one chooses to work on it, should
therefore focus on bulk modification and not only directed
to the surface modifications.

Conclusions

In conclusion, we have investigated the effect of Mn dop-
ing and core-shell architecture to the surface carrier dy-
namics of hematite. We have shown that despite the simi-
lar improvement of both modifications of hematite in the
AMz1.5 photocurrent, the actual mechanisms of the im-
provement are not the same. Surprisingly, doping with Mn
results in a 2-fold increase of the hole transfer rate con-
stant. Despite doping being normally considered as a bulk
modification, the higher concentration of Mn at the sur-
face of our hematite (as shown by SIMS measurement) also
increases the catalytic activity. This observation has also
been shown for Sn doping in hematite.4° In contrast, the
core-shell architecture does not affect the hole transfer
rate constant; instead it reduces the surface recombination
rate constant by ~one order of magnitude. These different
enhancements are the main reason for the observed in-
creased AM1.5 photocurrent. Finally, we have demon-
strated the capability of IMPS to analyze and provide in-
sights into the surface carrier dynamics of photoelectrode
materials for solar water oxidation.
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