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ABSTRACT: Oxygen-deficient iron oxide thin films, which have
recently been shown to be highly active for photoelectrochemical
water oxidation, were surface-functionalized with a monolayer of a
molecular iridium water oxidation cocatalyst. The iridium catalyst
was found to dramatically improve the kinetics of the water
oxidation reaction at both stoichiometric and nonstoichiometric α-
Fe2O3‑x surfaces. This was found to be the case in both the dark
and in the light as evidenced by cyclic voltammetry, Tafel analysis,
and electrochemical impedance spectroscopy (EIS). Oxygen
evolution measurements under working conditions confirmed high Faradaic efficiencies of 69−100% and good stability over
22 h of operation for the functionalized electrodes. The resulting ∼200−300 mV shift in onset potential for the iridium-
functionalized sample was attributed to improved interfacial charge transfer and oxygen evolution kinetics. Mott−Schottky plots
revealed that there was no shift in flat-band potential or change in donor density following functionalization with the catalyst.
The effect of the catalyst on thermodynamics and Fermi level pinning was also found to be negligible, as evidenced by open-
circuit potential measurements. Finally, transient photocurrent measurements revealed that the tethered molecular catalyst did
improve charge separation and increase charge density at the surface of the photoanodes, but only at high applied biases and only
for the nonstoichiometric oxygen-deficient iron oxide films. These results demonstrate how molecular catalysts can be integrated
with semiconductors to yield cooperative effects for photoelectrochemical water oxidation.

■ INTRODUCTION

The renewable production of clean, nonfossil-derived hydrogen
is a critical part of a sustainable future economy, due to the
importance of hydrogen in a variety of industrial applications
including the Haber−Bosch process,1 the Fischer−Tropsch
process,2,3 hydrogenation reactions, and organic transforma-
tions4−6 and as transportation fuel in hydrogen fuel cells.1,7 In
principle, photoelectrochemical water splitting provides a facile
route to clean hydrogen from water and enables simple
monitoring of photoelectrode kinetics and activity.8−14

Hematite (α-Fe2O3) is a primary photoanode candidate due
to its many beneficial features including stability in aqueous
alkaline media, Earth abundance, low toxicity, low cost, and its
ability to theoretically absorb a large portion of the solar
spectrum (∼18% of photons for AM1.5).15 However,
hematite’s absorption coefficient is moderate at best (∼105
cm−1, λ = 400−600 nm),16−18 resulting in the need for
nanostructured photoanodes in order to achieve high photo-
currents.19 In addition, defects and trap states as well as rapid
recombination of photogenerated charge pairs have also limited
hematite’s photoactivity and resulted in high positive onset
potentials for oxygen evolution from water.20−23

Recently it was shown that controlled thermal treatment of
ultrathin films of hematite with hydrogen resulted in activation

of the films toward the photoelectrochemical oxidation of
water.24 Using a variety of characterization techniques, it was
determined that oxygen vacancies were present following the
hydrogen treatment, resulting in a nonstoichiometric α-Fe2O3‑x

structure. The photoactivity was suggested to be a result of a
change in Fermi level pinning or a decrease in electron−hole
pair recombination following the H2 treatment as a result of the
n-type doping resulting from the presence of the intrinsic
oxygen vacancies. A recent study by Forster et al. confirmed
this latter effect for oxygen-deficient hematite photoanodes
prepared in an oxygen-deficient atmosphere.25 Transient
absorption spectroscopy (TAS) and transient photocurrent
(TPC) measurements performed in situ confirmed the buildup
of photogenerated holes at the surface and a decrease in back
electron−hole recombination due to a change in band bending
close to the semiconductor−liquid junction (SCLJ). The results
of these studies, along with other recent reports,22,26,27

highlight the importance of charge separation in hematite
photoanodes for efficient photoelectrochemical water oxida-
tion.
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While oxygen vacancies28−30 and extrinsic dopants31−34 are
common methods of increasing charge carrier density and
hence improving charge separation due to surface band
bending,35 cocatalysts,36 and other surface modifiers37 can
also be used to improve photoactivity by increasing turnover,
alleviating the effects of Fermi level pinning, or improving
charge separation.26,38−43 However, discerning unambiguously
between one effect and another is not trivial,16,44 and multiple
effects may coexist or even be cooperative.
Most cocatalysts used in the oxygen evolution reaction

(OER) are amorphous,45−49 crystalline,50−56 or pseudocrystal-
line41,57−62 metal oxides or hydroxides. However, few examples
exist to date of molecular cocatalysts in conjunction with
heterogeneous photoanodes.39,63−65 While there are many
examples of homogeneous water oxidation catalysts
(WOCs),66−68 very few exhibit sufficient stability for sustained
(photo)electrochemical water oxidation.69−71 One exception to
this is a recently reported iridium catalyst with the proposed
structure [IrIV(pyalk)(H2O)2(μ-O)]2

2+ (see Scheme 1).72,73

The iridium(IV) oxy-dimer, formed by the chemical74,75 or
electrochemical76 oxidation of an organometallic precursor such
as [Cp*Ir(pyalk)OH], is extremely stable and highly active in
oxygen evolution even under acidic conditions. In addition, it
was most recently shown to bind strongly to metal oxide
surfaces such as ITO in a spontaneous, self-limiting and
irreversible process.77 By virtue of a direct iridium−support
bond, the so-obtained molecular monolayer is highly stable but
itself not photoelectrochemically active.
Since this catalyst offers a unique opportunity to introduce a

minimally thin layer of a stable water oxidation cocatalyst to the
semiconductor-electrolyte interface, we wished to explore the
interaction of this iridium WOC with our air-treated (photo-
electrochemically inactive) α-Fe2O3 and our H2-treated
(photoelectrochemically active) oxygen-deficient α-Fe2O3‑x
thin films. A recent report78 by Li et al. demonstrated the
use of this molecular iridium catalyst and thin films of
amorphous IrOx for photoelectrochemical water oxidation
using hydrothermally grown hematite photoanodes in acidic

solution. However, more detailed electrochemical measure-
ments, such as transient photocurrent measurements, were not
undertaken at the time. [A more detailed study comparing the
molecular iridium catalyst and IrOx on hydrothermally grown
hematite photoanodes appeared while this work was under
review.93] In this work, testing of both our air-treated and H2-
treated films provided insight into the individual contributions
of improved O2 evolution kinetics, improved charge separation,
and improved photovoltage when the iridium cocatalyst was
present. This helped to elucidate the effect of the cocatalyst on
photoanodes that exhibit decreased electron−hole pair
recombination and increased charge separation under operating
conditions (H2-treated) as compared to those that do not (air-
treated). Electrochemical impedance spectroscopy (EIS) and
transient photocurrent (TPC) measurements were used to
probe interfacial charge transfer resistances and charge
recombination losses, respectively. Mott−Schottky analysis
was used to evaluate changes to the flat-band potential of the
photoanodes following hydrogen treatment and functionaliza-
tion with the iridium catalyst. Finally, open circuit potential
measurements were used to probe the effects of the catalyst on
the overall photovoltage and Fermi level pinning.

■ EXPERIMENTAL METHODS
All reagents and solvents were used as received without further
purification. Iron(III) nitrate nonahydrate (100.1% purity by
ACS specifications) was purchased from J. T. Baker. Hydrogen
peroxide solution (30 w/w%), ammonium hydroxide solution
(28 v/v%), hydrochloric acid (37.5 w/w%), and sodium
hydroxide pellets were purchased from Caledon. Fluorine-
doped tin oxide (FTO) glass slides were purchased from
Hartford Glass Inc.; these substrates were pretreated overnight
in a 3:1 mixture of NH4OH:H2O2, rinsed with 18.2 MΩ cm
deionized (DI) water and stored in ethanol. Before the α-Fe2O3
precursor solution was spin-coated onto the FTO substrates, a
small part of each glass electrode was covered by 3M
transparent tape to allow for connection to the electrochemical
equipment.
The precursor α-Fe2O3 solution was prepared according to

previous reports.24,79,80 Briefly, Fe(NO3)3·9H2O (1.35 g) was
added to a mixture of ethanol (12 mL) and DI water (3 mL) in
a 20 mL scintillation vial and allowed to stir overnight at room
temperature. Prior to spin-coating, the solution was filtered
through a 0.45 μm syringe filter and diluted using a 4:1 solution
of ethanol:water until the appropriate film thickness was
acquired. Two 1″ × 1″ α-Fe2O3 films were created by spin-
coating the filtered and diluted solution onto the FTO
substrates using a Laurell Technologies spin-coater (model
WS-400B-6NPP/LITE). Films were spun for 30 s at 3000 rpm
at an acceleration of 4080 rpm/s. The samples were then
annealed in air for 2 h using a Thermolyne 48000 muffle
furnace. One sample was cut in half, with one-half being left
bare (sample A) and the other half left to be functionalized with
the iridium dimer (sample A−Ir, described below). The other
large sample was treated in 5% H2 (balance Ar, Praxair, flow
rate of 15.9 sccm, maintained using a Matheson model 7632-
600 flow meter) using a tube furnace (Thermo Scientific
Lindberg/Blue M) at a ramp rate of 10 °C/min followed by
thermal treatment at 600 °C for 2 h. This sample was then cut
in half, with one-half being left bare (sample H) and the other
half left to be functionalized with the iridium dimer (sample
H−Ir, described below). The iridium precursor [IrCp*(pyalk)-
OH] shown in Scheme 1 was synthesized according to previous

Scheme 1. Oxidative Activation of the Cp*Ir(III) Precursor
to the Electrochemically Active Ir(IV) Catalyst and
Functionalization of the Dimer to the Iron Oxide Surfacea

aNote that various coordination isomers of the activated iridium
catalyst and numerous surface states on the α-Fe2O3‑x will exist; thus,
the diagram is purely illustrative.
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literature reports.72 To generate the active iridium dimer, 14.5
mg (0.0302 mmol) of the precursor was added to 6.00 mL of
DI water in an open 20 mL scintillation vial and the clear
orange solution was stirred vigorously for 5 min. Under
constant stirring, 30 equiv (205.4 mg, 0.960 mmol) of NaIO4
was added to the vial and the dark blue solution was allowed to
stir for 2 h at room temperature. The pH was then adjusted to
between 6.4 and 7.2 using a solution of NaOH to avoid etching
of the α-Fe2O3 thin films. Each of the films retained for
functionalization (described above, samples A−Ir and H−Ir)
was then immersed in the solution overnight, and the next day
rinsed thoroughly with DI H2O and stored in air on the
benchtop. The reference FTO substrates used to measure the
background tests were prepared by treating them in 3:1
NH4OH:H2O2 solution overnight, in order to maximize surface
coverage of OH groups and remove surface contaminants. Both
substrates were washed thoroughly with DI water, and one of
the substrates was then immersed in the iridium dimer solution
overnight. The samples were immediately tested by cyclic
voltammetry, chronopotentiometry and EIS (no heat treat-
ment).
Hematite film thicknesses were estimated by measuring the

UV−vis absorption spectra27,81,82 of annealed films using a
PerkinElmer Lambda 25 UV/vis spectrometer. Reflectance and
transmittance were not taken into account; the thickness was
estimated using a simple exponential absorption decay:

= α−I I e l
0 (1)

where I is the transmitted intensity, I0 is the incident beam
intensity, l is the thickness in nm, and α is the absorption
coefficient and is equal to 0.023 nm−1 at λ = 400 nm (a blank
FTO slide was used for background correction).17 Attenuated
total reflectance Fourier-transform infrared (ATR-FTIR)
spectra were acquired using a Thermo iS50 FTIR spectrometer.
Raman spectra were acquired using a Bruker SENTERRA
dispersive Raman microscope equipped with a 532 nm laser
source and CCD detector (calibration is performed internally
and automatically). Energy-dispersive X-ray (EDX) spectra
were acquired using a QUANTA FEG 250 environmental
scanning electron microscope (ESEM) equipped with an
EDAX TEAM detector operating at 10 kV. X-ray photoelectron
spectroscopy (XPS) was performed using a Thermo Scientific
K-Alpha spectrometer. The spectra were acquired using an Al
Kα X-ray source at a 90° incident angle to the sample with a
400 μm spot size. Deconvolution of the high resolution spectra
was performed using Avantage software.
All electrochemical tests were performed in pH 7.3−7.4

solution (created by mixing solutions of 1.0 M HCl and 1.0 M
NaOH) using a Ag/AgCl reference electrode and a Pt wire
counter electrode. All potentials were adjusted to the reversible
hydrogen electrode (RHE)23,39,83 using the following equation:

= + +E E 0.197 V (0.059 pH)RHE Ag AgCl/ (2)

Here 0.197 V is the reference potential for Ag/AgCl at 25 °C.
All films were treated using chronopotentiometry for 1 h at

∼50 μA/cm2 in pH 7.3−7.4 electrolyte in order to stabilize the
surface of the films and the tethered iridium catalyst. The films
were then washed thoroughly with DI H2O, and immersed in
fresh electrolyte. Cyclic voltammetry (CV) was then performed
from 0.42 to 1.62 V vs Ag/AgCl (∼1.05 to 2.25 V vs RHE)
using a Metrohm PGSTAT204 potentiostat at a scan rate of 20
mV/s. Five cycles were performed, with the first, third and fifth

cycles performed in the dark, and the second and fourth cycles
performed under 1 sun (100 mW/cm2, calibrated using a
Newport Oriel 91150V silicon reference cell) illumination using
a 150 W Oriel Xe arc lamp (Newport 96000, 150W Xe ozone-
free) equipped with an AM1.5G filter (Newport 81094). Tafel
plots were derived from the final scan of the cyclic voltammetry
measurements (performed in the dark). All CV and Tafel plots
were adjusted to account for the series (or uncompensated)
resistance through the system as measured using EIS.
Chronoamperometry measurements were performed at 1.120
V vs Ag/AgCl (∼1.75 V vs RHE); the samples were illuminated
after 60 s using the same 1 sun illumination as for the CV
measurements, and allowed to equilibrate for an additional 540
s. EIS measurements were performed using a Solartron SI 1260
impedance/gain-phase analyzer in conjunction with a Solartron
SI 1287 instrument using Zplot software. Each sample was
measured between 0.4 and 1.5 V vs Ag/AgCl (∼1.03 and 2.13
V vs RHE) at 20 mV increments. Data were acquired between
100 000 and 0.1 Hz at a given potential, with a sinusoidal
perturbation of ±10 mV. All of the Nyquist plots were modeled
using Zview software with a Randles’ equivalent circuit over the
frequency range from ∼0.1 to ∼3000 Hz. Mott−Schottky plots
were created by measuring the same samples using the same
EIS conditions and equivalent circuit as above, but measuring
between −0.230 and 0.490 V vs Ag/AgCl (∼0.404 to 1.124 V
vs RHE). The resulting capacitance C (Fcm−2, samples
referenced to their geometric surface area), derived from the
constant phase element (CPE) of the equivalent circuit, was
used to find the donor density Nd (cm−3) and flat-band
potential Efb (V vs RHE) according to the following
equation:13,84

εε
= − −

⎡
⎣⎢

⎤
⎦⎥
⎡
⎣
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⎛
⎝⎜

⎞
⎠⎟
⎤
⎦
⎥⎥C q N

E E
kT
q

1 2

d
fb2

0 (3)

Here q is the charge on an electron, ε is the relative dielectric
constant for hematite (32),84,85 ε0 is the permittivity of free
space, E is the applied bias, k is Boltzmann’s constant, and T is
the temperature (298 K).
Transient photocurrent (TPC) measurements were per-

formed using the Metrohm PGSTAT204 potentiostat and 150
W Oriel Xe arc lamp with AM1.5G filter described above.
Samples were cycled three times in the dark from 0.42 to 1.62
V vs Ag/AgCl (∼1.05 to 2.25 V vs RHE) immediately before
starting the TPC measurements. All four samples were tested
from 0.4 to 1.3 V vs Ag/AgCl (∼1.03 to 1.93 V vs RHE) in 50
mV increments at a sampling rate of 200 points per second.
Each sample was held at each potential for 30 s, with the
broadband light source being turned on after 10 s and turned
off after 20 s, before the next potential was applied. The
exponential decay (following the light source being switched off
after 20 s) was modeled using Origin 2015 (OriginLab)
plotting and data analysis software. The biphasic exponential
decay function used to model the current decay is as follows:

= + +τ τ− −i i A Be et t
0

/ /1 2 (4)

where i0 is the plateau current at t ≫ 0, A and B are constants,
and τ1 and τ2 are the decay time constants of interest. τ1 was
found to be shorter than τ2 in all cases. The cathodic charge
passed was also analyzed using Origin 2015 software by
integrating the area under each curve following the cathodic
transient spike after ∼20 s (labeled as “Q”).
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Oxygen evolution was measured using a custom-designed
airtight photoelectrochemical cell placed inside of a N2
glovebox (MBRAUN). Sample H−Ir was used as the working
electrode along with a platinum wire counter electrode and a
Ag/AgCl reference electrode. The film was tested in pH 7.4
solution which was thoroughly purged with N2 before being
brought into the glovebox. The sample was held at a potential
of 1.12 V vs Ag/AgCl (or 1.75 V vs RHE) in the sealed cell, and
was tested in the dark and under AM1.5G 1 sun illumination
(100 mW/cm2) for 24 and 22.4 h, respectively. Headspace
measurements were performed at the beginning and at the end
of each electrolysis run, and were analyzed using a gas
chromatograph (Agilent 7820A) equipped with a TCD
detector.

■ RESULTS AND DISCUSSION
The [Cp*Ir(pyalk)OH] precursor was synthesized according to
previous reports.72 The precursor was then activated by
oxidation with 30 equiv of NaIO4 in aqueous solution at
room temperature for 2 h, as shown in Scheme 1 and as
described in the Experimental Section.77 Figure S1 (see
Supporting Information) shows the UV−vis spectra of the
iridium complex in solution before and after activation. The
resulting dimer shows a characteristic blue color with a strong
absorption feature at ∼620 nm, characteristic of the activated
di-iridium(IV) bis-μ-oxo species.74

Hematite thin films were then synthesized for functionaliza-
tion with the iridium dimer. Both air-treated α-Fe2O3
(photoelectrochemically inactive) and H2-treated α-Fe2O3‑x
(photoelectrochemically active) thin films were prepared on
FTO conductive glass substrates using a slightly modified
version of our previous procedure.24 Each film was then cut
into two pieces: one piece of each film was functionalized with
the iridium catalyst, according to the second part of Scheme 1,
and the other piece was left bare. The result was four films for
photoelectrochemical testing (see Scheme S1 in the Supporting
Information): one air-treated α-Fe2O3 film (sample A), one air-
treated α-Fe2O3 film functionalized with the iridium dimer
(sample A−Ir), one H2-treated α-Fe2O3‑x film (sample H), and
one H2-treated α-Fe2O3‑x film functionalized with the iridium
dimer (sample H−Ir).
Films were characterized using UV−vis (Figure S2),

attenuated total reflectance Fourier-transform infrared (ATR-
FTIR, Figure S3), Raman (Figure S4), Energy Dispersive X-ray
(EDX, Figure S5) and X-ray photoelectron (XPS, Figures S6
and S7) spectroscopic techniques. Film thicknesses were
estimated from the UV−vis measurements to be ∼20 nm for
samples A and A−Ir, and ∼25 nm for samples H and H−Ir
(before H2 treatment).

24 The ultrathin nature of the films was
necessary as our previous results found that the photoactivity of
the hydrogen-treated films decreased with increasing thickness
beyond this regime,24 likely due to the penetration depth of the
hydrogen treatment. While we note that the photocurrents
resulting from such ultrathin films are far from state-of-the-art,
the samples provide an interesting case study for examining the
difference between stoichiometric and nonstoichiometric
photoanodes prepared from the same precursor.
Of the four spectroscopic measurements used, only XPS was

sensitive enough to observe the molecular monolayer of iridium
cocatalyst on the hematite surface (Figures S6 and S7). The
deconvoluted high resolution spectra shown in Figure S7 show
C−N, C−C, and C−O chemical environments, consistent with
the presence of the pyalk ligand, as reported previously.77,78 In

addition, the ratio of N 1s:Ir 4f7/2:Ir 4f5/2 was found to be
2.2:1.0:1.0, consistent with a 1:1 ratio of N:Ir for the active
[IrIV(pyalk)(H2O)2(μ-O)]2

2+ dimer.
Figure 1a shows the cyclic voltammetry results for the air-

treated films. The films were tested at neutral pH (7.3−7.4)

due to desorption of the iridium catalyst at high pH (∼13)77
and dissolution of iron oxide at low pH. We reproducibly
observed a substantial increase in dark current density for the
iridium-functionalized samples at potentials >1.7 V vs RHE
compared to the bare hematite films. Specifically, the
overpotential for oxygen evolution at 0.5 mA/cm2 was reduced
from 870 to 760 mV (∼+2.10 to +1.99 V vs RHE), and from
950 to 830 mV (∼+2.18 to +2.06 V vs RHE) at 1.0 mA/cm2.
This is unlikely to be caused by a change in surface area, due to
the reported stability of the iridium complex to particle
formation,72 the self-limiting nature of the surface functional-
ization, and the EIS results discussed further on. Instead, the
iridium catalyst improves the kinetics of O2 evolution at the
surface in the dark as evidenced by the Tafel plots displayed in
Figure 1b. The Tafel slopes are significantly reduced following
iridium surface functionalization, yielding ∼147 mV/dec for
sample A and 108 mV/dec for sample A−Ir, suggesting
improved oxygen evolution kinetics for the iridium-function-
alized films.

Figure 1. (a) Cyclic voltammograms of the air-treated α-Fe2O3 thin
films before (sample A) and after (sample A−Ir) functionalization with
the iridium cocatalyst. The light and dark cycles are the fourth and fifth
scans, respectively, completed for each sample. The inset shows a
close-up of the potential axis, where the reduction wave for the IrV/IV

couple can be seen on the reverse scan for sample A−Ir in the dark
(the light scans are omitted in the inset for clarity). (b) Tafel plots
derived from the cyclic voltammograms displayed in part a for samples
A and A−Ir in the dark.
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Following these promising data, we wished to explore the
effect of the iridium cocatalyst on photocurrent and charge
recombination in the air-treated films. While neither of the air-
treated samples exhibited any large-scale photocurrent response
(overlapping solid and dashed lines in Figure 1a), the peak
current of the IrV/IrIV reduction wave77,86 for sample A−Ir
(inset of Figure 1a) was observed to decrease when the sample
was illuminated during the reverse scan. On the next cycle,
when the film was scanned in the dark again, the peak current
would increase back to its original value. This reversible process
was reproducible over multiple alternating dark and light cycles,
as shown in Figure 2, parts a and b, indicating that
photogenerated holes in the iron oxide film can be transferred
to the iridium catalyst when under illumination, decreasing the

number of electrochemically reducible iridium sites in the
reverse scan (see Figure S8 for more details). This cooperative
effect is confirmed by chronoamperometry measurements
performed at 1.75 V vs RHE as shown in Figure 2c. The
increase in current density exhibited by the iridium-function-
alized films under biased illumination (inset of Figure 2c)
shows that the cocatalyst facilitates the water oxidation reaction
using photogenerated holes from the hematite film. However,
the overall photocurrent is still extremely low, and is limited by
recombination within the iron oxide film. Only a small fraction
of the photogenerated holes are being transferred to the
cocatalyst, likely due to the higher rate of recombination of
electron−hole pairs in the hematite film close to the
surface.22,24,25 This is consistent with the TPC results described
later on, which indicate there is no difference in the amount of
charge available at the surface for the air-treated films before
and after treatment with the cocatalyst. The rate of
recombination within the hematite structure is therefore the
limiting factor in these functionalized films.
Figure 3 shows the cyclic voltammetry results for the H2-

treated samples before (sample H) and after (sample H−Ir)

functionalization with the iridium catalyst. In this case, both
samples display strong and sustained photocurrents, due to a
decrease in electron−hole pair recombination within the
semiconductor following hydrogen treatment. However, the
sample with the iridium catalyst shows a substantial increase in
overall dark current (dashed line) despite identical geometric
surface area. Specifically, the overpotential in the presence of
the iridium catalyst is reduced from 914 to 684 mV (∼+2.14 to
+1.91 V vs RHE) at a current density of 0.4 mA/cm2. This
more substantial shift in overpotential when compared to the
shift observed between samples A and A−Ir may stem from the
increased loading of iridium catalyst on sample H−Ir compared
to sample A−Ir. A comparison of peak currents (insets of
Figures 1a and 3) shows about four times the peak current for
the reduction wave of sample H−Ir compared to sample A−Ir.
This increased loading may be a result of the hydrogen
treatment, whereby a greater number of surface hydroxyl
groups exist on the hematite surface following hydrogena-
tion,24,87 allowing for a greater loading of the iridium WOC as
per Scheme 1. Sample H−Ir also shows a significantly greater
photocurrent response than sample H (chronoamperometry

Figure 2. (a) Five cyclic voltammogram scans performed with sample
A−Ir (the fourth and fifth scans are shown in Figure 1a, with the fifth
scan shown in the inset). Only the reverse scans are shown for clarity.
(b) Peak current at ∼1.6 V as a function of cycle (scan) number
derived from part a. (c) Chronoamperometry at 1.75 V vs RHE for
samples A and A−Ir. Because 1.75 V vs RHE is close to the onset of
dark electrolysis, background current is evident for both samples,
plateauing after 200 s. The inset shows a zoom-in of the photocurrent
response when the samples are illuminated after ∼60 s.

Figure 3. Cyclic voltammograms for the H2-treated iron oxide film
before (sample H) and after (sample H−Ir) functionalization with the
Ir−WOC. The inset shows a zoom-in close to the potential axis where
the IrV/IV reduction wave is apparent in the dark for the film
functionalized with the WOC.
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results shown in Figure S9), with a shift in photocurrent onset
potential of ∼200−300 mV across the entire potential window.
Oxygen evolution was confirmed for sample H−Ir using a

custom-designed airtight photoelectrochemical reactor. The
Faradaic efficiency was found to be 100% in the dark and 69%
when under illumination (see Figures S10 and S11). This
discrepancy may be due to slow corrosion of the copper tape
used to connect the sample internally, or leaking of the cell due
to increased internal pressure from formation of O2 and H2
when under illumination. The lower efficiency under
illumination is unlikely to stem from reoxidation of the
nonstoichiometric α-Fe2O3‑x film, as full oxidation of a 25 nm
film of α-Fe2O3‑x (assuming x = 1 and accounting for a
proportional decrease in density) at a current density of 0.2
mA/cm2 would result in complete reoxidation of the film in 79
s. Regardless of the origin of this effect, even with this
nonoptimized system we already observe significant formation
of O2 and H2 and a strong cooperative photoeffect under long-
term electrolytic conditions.
While the beneficial effect of the iridium catalyst on

improving the activity of the films is obvious, we wished to
verify the origin of the improved activity using more detailed
experimental measurements. Specifically, we wished to explore
in depth three possible routes by which the photoactivity could
have been improved, namely: kinetic enhancement of interfacial
charge transfer (oxygen evolution), decreased recombination
losses at the semiconductor−liquid junction (charge separa-
tion), and improved photovoltage due to changes in Fermi level
pinning.16

To begin, we used electrochemical impedance spectroscopy
(EIS) to evaluate the various charge transfer processes and
capacitive elements present at the semiconductor−liquid
interface. Complex equivalent circuit models involving surface
states that can store charge and/or mediate charge transfer have
been used extensively to model hematite photoanodes under
illumination.23,84,88 These models are suitable when two
semicircles are present in the Nyquist plots, each semicircle
representing a different RC component with the smaller
semicircle at higher frequencies generally representative of
surface state trapping.89 Previous work by Klahr et al. found
that these models were suitable for hematite photoanodes
prepared by atomic layer deposition (ALD) when under
illumination at low applied biases; however when the samples
were measured in the dark or at high applied biases only one
semicircle was present, resulting in the use of a simple Randles’

equivalent circuit.84 While we observe a shoulder at high
frequencies in the Nyquist plots for the samples treated with H2
(Figure S12), this shoulder is present irrespective of the applied
potential and regardless of whether the samples are illuminated
or not. This may suggest that this feature is unrelated to a
trapping process, and in fact more readily resembles anomalous
transport behavior.90,91 However, the exact reason for this
behavior following hydrogen treatment is presently unclear and
is beyond the scope of this study. Research into these effects is
ongoing in our laboratory. Since the air-treated samples (Figure
S12) and the FTO reference samples exhibited a single
semicircle at all applied potentials (both in the dark and under
illumination), all of the samples were therefore modeled using a
Randles’ equivalent circuit (shown in the inset of Figure 4a) at
frequencies between ∼0.1 and ∼3000 Hz.
Parts a and b of Figure 4 show the RCT values for all four

samples in the dark and in the light, respectively, as a function
of potential. For the samples functionalized with iridium, their
charge transfer resistances are significantly lower at all
measured potentials when compared to their nonfunctionalized
counterparts. The H2-treated films exhibited much lower RCT
values at low applied potentials when under illumination, as
expected for films that can sustain photocurrents at these
potentials. However, sample H−Ir showed substantially lower
charge transfer resistances compared to sample H in this region.
It therefore seems that the beneficial effect of the iridium
catalyst is strongly kinetic in nature, which is consistent with
the cyclic voltammetry results and the Tafel analysis. This is
also consistent with another recent report that looked at RCT
for a ruthenium catalyst tethered to hematite nanorods grown
on FTO,39 and with a recent report looking at an electro-
deposited IrOx catalyst layer on silicon-doped α-Fe2O3
cauliflower-like photoanodes.92

While the charge transfer resistance was strongly affected by
the presence of the cocatalyst, the capacitance did not change
appreciably after functionalization with the iridium WOC.
Figure S13 shows the capacitance derived from the constant
phase element (CPE) as a function of potential for all four
films. No appreciable difference was observed between the
capacitances derived for the bare samples and the iridium-
functionalized samples. This is not surprising given the
monolayer coverage of the iridium catalyst, which would be
unlikely to create a dielectric layer at the surface capable of
appreciably modifying the bulk capacitance. However, it is
possible that a redox capacitance could develop as a result of

Figure 4. Charge transfer resistance (RCT) vs potential for all four samples, modeled using a Randles’ equivalent circuit. (a) Measured in the dark.
The inset shows the circuit model and element in question. (b) Measured under AM1.5 1 sun illumination. The inset shows a zoom-in close to the
potential axis.
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the oxidized iridium centers around the point of the reduction
wave observed in the inset of Figure 1a (∼1.6 V vs RHE). To
elucidate this further, and to avoid any capacitive contributions
from the hematite layer, FTO substrates with and without the
iridium catalyst were tested by EIS. The results, which are
shown in Figure S14, parts a and b, reveal that there is a
decrease in RCT for the sample with iridium but again no
significant change in capacitance, specifically around 1.6 V vs
RHE. Furthermore, the cyclic voltammograms shown in Figure
S14c indicate that the iridium is still present on the surface of
the FTO after completion of the impedance measurements,
ruling out degradation or desorption of the catalyst during the
course of the measurements. These results are in excellent
agreement with a recent report by Li et al. published while this
study was under review.93 The authors found using intensity
modulated photocurrent spectroscopy (IMPS) and photo-
electrochemical impedance spectroscopy (PEIS) that a surface-
bound iridium cocatalyst improved the kinetics of the water
oxidation reaction but did not alter the capacitance of the
system. While the lack of a redox capacitance associated with
the iridium centers may initially seem puzzling, Li et al. also
suggested that the rate-limiting step for such a system was
transfer of holes from the semiconductor to the cocatalyst, after
which water oxidation is fast. If this is the case, no buildup of a
redox peak would be expected under constant applied bias
(such as during the EIS measurements). However, it is also
possible that the capacitance is dominated by the space charge
region in the semiconductor, and that the monolayer catalyst
(similar to the Helmholtz double layer) does not contribute
significantly to the total capacitance (in the case of capacitors in
series) due to the short length scale over which this positive
charge would be balanced by counteranions in solution.
Nevertheless, we note that these results suggest that increases
in activity due to surface area enhancement via IrOx particle
formation are unlikely, consistent with the reported stability of
the iridium dimer.
The EIS data point toward a strong kinetic enhancement due

to the tethered iridium catalyst, however the question remained
as to whether improved charge separation could also play a role
in enhancing the photoactivity of the films. To probe this, we
used transient photocurrent (TPC) measurements and
evaluated the decay of the photocurrent response (and the
integrated charge passed) in the absence and presence of the
iridium catalyst. Figure 5a shows a typical TPC chronoamper-
ometry experiment for sample H−Ir upon turning on and off
the broadband light source, along with the subsequent decay
signal shown in the inset (Q represents the charge passed, or
the area under the curve shaded in yellow). Previous reports
have used monophasic exponential functions to model transient
photocurrent decay signals for hematite photoanodes,23,42,94

however, we found two linear regions in a logarithmic
representation of our data (Figure S15) and obtained better
R2

fitting values using the biphasic function Equation 4 (see
Table S1). Transient absorption spectroscopy (TAS) measure-
ments on hematite photoanodes have generally been reported
and modeled using biphasic exponential decays,22,25,26 which
have revealed two decay processes at the hematite-electrolyte
interface: a bleach state (τ ≈ 0.01−0.1 s) associated with the
filling of a trap state, and an increase in optical density due to
long-lived valence band photoholes close to the surface (τ ≈ 1
s). Our results agree with the time scales of these measure-
ments (τ1 ≈ 0.01−0.1 s (Figure 5b) and τ2 ≈ 1−6 s (Figure
S16)). However, because TAS and TPC are very different

measurements, and TPC is a macroscopic technique, we cannot
unambiguously identify the nature of these two decay processes
at this time. As such, we attempt to make only a qualitative
assessment of the difference in the decay response of the
samples with and without the surface-bound iridium catalyst
within this study.
Figure 5b shows the decay constant τ1 as a function of

potential for all four samples. Figure S17a shows a zoom-in
close to the potential axis of Figure 5b, showing that there is
essentially no difference between the decay response of samples
A and A−Ir. It is well understood that the transient
photocurrent response will be a convolution of the current
associated with charge transfer of surface-bound holes (which
will manifest as valence band holes, oxidized trap states,
oxidized cocatalyst centers, or water oxidation intermediates) to

Figure 5. (a) Transient photocurrent (TPC) measurement for sample
H−Ir. The decay of the photocurrent after 20 s following removal of
the light source is shown in the inset, with the current decay profile
represented by the two decay time constants (τ1 and τ2) and the total
charge passed represented by the yellow shaded area (Q). (b) Decay
constant τ1 as a function of potential for all four samples (τ2 vs V is
shown in Figure S16). A zoom-in close to the potential axis is shown
in Figure S17a. (c) Cathodic charge (Q) passed as a function of
potential for all four films. A zoom-in close to the potential axis is
shown in Figure S17b.
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solution and the recombination of these surface-bound holes
with majority carriers in the semiconductor (back electron
recombination).94,94−97 Since there is no steady-state photo-
current for the air-treated samples when the light is on, the rate
of transfer of these surface-bound holes to solution must be
close to zero (see Figure 2c). As a result, the transient current
decay is solely a result of recombination of majority carriers
with photoholes close to the surface. In this case, the presence
of the iridium catalyst on the air-treated film does not change
the rate of this electron−hole recombination (Figures 5b and

S17a), nor does it change the density of photoholes at the
surface (Figures 5c and S17b). The iridium catalyst therefore
does not modify the charge recombination dynamics for air-
treated hematite films that lack sufficient band bending to drive
PEC water oxidation, and charge recombination out-competes
charge transfer under illumination regardless of the presence of
the cocatalyst or not. We again must note that the analysis is
qualitative, and that the transient dynamics cannot unambig-
uously identify the nature of the recombination processes
occurring at the surface of the films. Nevertheless, we can

Figure 6. Band diagrams for sample H−Ir describing the flow of charge during a standard TPC experiment. The direction of electron flow is
indicated in red. Solid black lines represent the conduction and valence bands of hematite, while the dotted lines represent the Fermi level within the
semiconductor. The vertical lines represent the semiconductor-liquid interface, while the filled, partially filled and empty semicircles represent the
degree of oxidation of the iridium catalyst molecules and the occupation of the Ir(IV) state. We note that surface states inherent to the hematite
photoanode will likely also exist at the SCLJ, however we cannot undeniably confirm their existence or assign their energy levels at this time. As such,
they have been omitted from the diagram. (a) At an applied potential of ∼1.3 V vs RHE. (b) At an applied potential of ∼1.6 V vs RHE. (c) At an
applied potential of 1.8 V or higher vs RHE.
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establish thus far that the iridium WOC can provide a kinetic
advantage for water oxidation in the dark for the air-treated
samples (EIS and CV analysis), however it does not
significantly alter the charge carrier dynamics of these air-
treated films under illumination (TPC results).
Samples H and H−Ir display very different photocurrent

decay responses than the air-treated films. Figure 5b shows a
gradual increase in decay constant for sample H as a function of
potential, which is correlated with a general increase in the
cathodic charge passed (Figure 5c) and a general increase in
photocurrent (Figure 3). Figure S17b shows that at a potential
of +1.25 V vs RHE there is already twice the amount of charge
passed (or twice the charge available at the surface) for sample
H compared to sample A, and at +1.4 V vs RHE this value has
risen to three times the amount of charge available. While the
very presence of a cathodic transient suggests that there is still a
large degree of recombination between majority carrier
electrons and surface-bound photoholes (i.e., charge transfer
to solution is slow, consistent with an incident photon-to-
current efficiency (IPCE) of ∼2% reported previously),24,97,98

the greater density of holes is not unexpected given the greater
degree of band bending expected for an oxygen-deficient iron
oxide photoanode.25 This greater flux of holes to the surface is
likely responsible for the photocurrent in the case of the
hydrogen-treated films.99 However, there is still room for
improvement given the small difference in decay constants and
cathodic transients between samples A, A−Ir, and H.
More interesting were the TPC results for sample H−Ir. An

8-fold increase in the decay constant for sample H−Ir was
observed (Figure 5b) with a peak at ∼1.6 V (a similar trend was
observed for τ2, as shown in Figure S16). This was correlated
with a 12-fold increase in the cathodic charge passed for sample
H−Ir at the same peak position, as shown in Figure 5c. This
suggests that the iridium catalyst, in the case of the hydrogen-
treated films but not in the case of the air-treated films, can
increase the density of surface-bound charge and decrease the
rate at which majority carriers recombine with these surface-
bound holes, specifically at the point where the IrV/IrIV

reduction wave occurs.
The dynamics of this system can be illustrated using energy

level diagrams, which are shown in Figure 6. At low applied
potentials (∼1.3 V vs RHE, Figure 6a), there is no charge flow
in the dark (i.e., water oxidation cannot occur). Upon
illuminating the sample, a low water oxidation photocurrent
is produced. A small number of holes build up at the surface,
causing a hole quasi-Fermi level to induce some oxidation of
the iridium catalyst and subsequently water oxidation.
However, the number of oxidized iridium species is low due
to the low concentration of holes, and the rate of water
oxidation is also low as a result (high charge transfer
resistance). The low rate of charge separation (high rate of
recombination) means that, upon turning off the light,
electrons rapidly flow back through the system to fill the
holes at the surface. The low number of oxidized iridium
centers means that there is little difference in the cathodic
charge passed between samples H and H−Ir.
At moderate applied potentials (∼1.6 V vs RHE, Figure 6b),

some of the iridium centers can now be oxidized up to the
catalytically active state in the dark, and a small dark current can
begin to flow, although the rate is still very low. Upon
illumination, a larger number of the iridium centers are oxidized
up into the catalytic regime due to the increase in band bending
and surface-bound holes at these higher applied potentials. The

greater concentration of holes results in a greater rate of water
oxidation, and charge flow is considered “fast” at this point.
Upon turning off the light, charge can now flow back to the
surface from the bulk. However, because of the increased band
bending, the flow of charge is slower, so the decay time
constant is much higher. The reason the time constant is
significantly greater for sample H−Ir compared to sample H is
due to the tethered iridium catalyst. Charge is stored in the
iridium centers (presumably as Ir(V)) and spatially separated to
some extent from the majority charge carriers in the α-Fe2O3‑x.
This reduces the rate at which they recombine with the back-
flow of electrons. In addition, at 1.6 V, the reduction wave for
the iridium catalyst is observed in the cyclic voltammograms
(Figures 1a and 3), meaning that at this potential the rate of
reduction will be slowed based on simple electrochemical
kinetics. The increase in cathodic charge passed is due to the
buildup of charge stored in the iridium centers within the
tethered catalyst molecules. Holes can now build up in
significant numbers both in the iridium catalyst and in the
hematite valence band. Upon turning off the illumination
source, a greater number of electrons are required to fill these
surface-bound holes, and a substantial increase in cathodic
charge is observed. This charge buildup is not observed in the
EIS results (Figure S13), however this lends support to the idea
that the total capacitance of the system is dominated by the
space charge region of the semiconductor, and that the iridium
catalyst (similar to the Helmholtz double layer) has a negligible
effect on the total capacitance of the system.
At even higher applied potentials (≥1.8 V vs RHE, Figure

6c), water oxidation readily occurs in the dark (we assume for
simplicity that charge transfer occurs by tunneling through the
surface to the conduction band of α-Fe2O3‑x). Upon
illumination, a photocurrent readily flows and all rates of
electron transfer are “fast”. When the light is turned off, the
degree of band bending is too extreme for any back electron
flow to occur, and the decay constant (and cathodic charge
passed) rapidly falls off at higher and higher applied potentials
to the point where back electron−hole recombination is no
longer observed. However, the fact that this only occurs at very
high applied potentials indicates that there is still room for
improvement in terms of charge separation within the ultrathin
hematite films. A truly efficient system should be able to
separate charges at much lower applied potentials with much
greater efficiency.
To evaluate the effect of band bending on these charge

recombination processes, and to determine any change in the
flat-band potential and donor density following hydrogen
treatment and iridium functionalization, Mott−Schottky (MS)
plots were created using capacitance values derived from the
EIS measurements (Figure 7). From these data it is clear that
following hydrogen treatment, the donor densities of samples
H and H−Ir are significantly higher, by almost an order of
magnitude, than their air-treated counterparts. Moreover, the
flat-band potentials (Efb) of the H2-treated films are shifted to
more negative potentials by almost 300 mV when compared to
the Efb values for samples A and A−Ir. The hydrogen treatment
is therefore key to increasing the donor density within the film
as a result of the creation of oxygen vacancies.24,29,30 These
vacancies create Fe2+ donor states that help to push the Fermi
level of n-type α-Fe2O3‑x toward the conduction band, resulting
in a more negative flat-band potential and a greater degree of
band bending at lower applied potentials.25 This result is fully
consistent with the TPC results above and the presence of a
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photocurrent following hydrogen treatment. Importantly,
however, the iridium cocatalyst on the surface does not appear
to affect the flat-band potentials or donor densities of the
hematite films, consistent with a recent report by Badia-Bou et
al. on the effect of electrodeposited IrOx on hematite
photoanodes.92

Finally, to investigate whether the cocatalyst may also modify
Fermi level pinning at the surface (a common issue for α-Fe2O3
photoanodes) by altering surface states and modifying band
bending at the semiconductor-liquid junction,12,13,16,38,42,100,101

we performed open-circuit potential (OCP) measurements,
both in the dark and in the light, and measured the
photovoltage of each film under AM1.5G 1 sun illumination.48

Figure 8 shows the OCP values in the dark and in the light for

all four samples performed in O2 saturated solution. It should
be noted that, since the potentials have been adjusted to the
reversible hydrogen electrode (RHE), samples with no Fermi
level pinning should exhibit an OCP in the dark close to +1.23
V.38 Since none of the samples exhibit such a dark equilibrium
potential, all four samples have some degree of Fermi level
pinning. However, both air-treated samples have more negative
dark OCP values than their hydrogen-treated counterparts.
This indicates that the hydrogen treatment removes some of

the Fermi level pinning and shifts the equilibrium potential
toward the O2/H2O standard reduction potential. There is
subsequently a greater degree of band bending at equilibrium
(and at high applied potentials) for the H2-treated samples.
While there is still a photovoltage in the air-treated samples,
their band bending must necessarily be insufficient under
operating conditions (or the rate of recombination of electron−
hole pairs must still be too high) for light-driven water
oxidation to occur. These results are also consistent with the
flat-band potentials measured in Figure 7: the air-treated films
exhibit more positive flat-band potentials, which could be due
to the presence of pinned states that prevent band bending
from occurring until higher potentials are applied, while the
hydrogen-treated films exhibit flat-band potentials closer to a
“true” unpinned state. However, we note the difficulty in
deconvoluting the effects of Fermi level pinning and increased
donor density on the position of the flat-band potential from a
Mott−Schottky analysis, as both effects would push the Efb to
more negative potentials.
Importantly, there is no effect on the photovoltage or

equilibrium open-circuit potentials for the air-treated samples
following functionalization with the iridium catalyst (sample A
vs sample A−Ir). As such, the WOC does not alter Fermi level
pinning at the surface of the hematite photoanode, and
enhanced activity is a result of purely kinetic effects. This is
consistent with the OCP results for the hydrogen-treated
samples. Samples H and H−Ir also show similar OCP values in
the dark, suggesting that the states on the hematite surface
associated with Fermi level pinning are not affected by the
iridium cocatalyst. However, one difference is observed in the
photovoltage for sample H−Ir, which is higher than the
photovoltage for the other three samples. This may again stem
from the ability of the oxygen-deficient α-Fe2O3‑x photoanode
to transfer holes to the iridium centers, decreasing recombina-
tion under open-circuit conditions and increasing the quasi-
Fermi level of holes, thus increasing the photovoltage.
However, the 70 mV increase in photovoltage cannot
completely account for the ∼200−300 mV shift in photo-
current toward negative potentials, and kinetic factors are again
the most important contribution toward the improved activity.

■ CONCLUSION
A stable molecular iridium water oxidation catalyst was
successfully tethered to ultrathin hematite photoanodes, as
confirmed using XPS and cyclic voltammetry. The iridium
catalyst was found to improve the kinetic activity of both the
air-treated α-Fe2O3 and H2-treated α-Fe2O3‑x films. In the case
of the air-treated films, the iridium catalyst increased the
electrocatalytic activity of the films in the dark, however transfer
of photoholes from the hematite photoanode to the iridium
catalyst was minimal due to insufficient band bending and high
rates of recombination in the iron oxide, resulting in limited
photoactivity. In the case of the H2-treated films, the iridium
catalyst not only improved the kinetics of the water oxidation
reaction in both the dark and in the light, but also increased the
density of photoholes at the surface and decreased the rate of
recombination of majority charge carriers with these surface-
bound charges at moderate to high applied potentials. This was
confirmed by TPC measurements, whereby spatial separation
of the hematite photoanode and the iridium cocatalyst resulted
in an increase in the exponential decay time constants and a
concomitant increase in positive charge present in the iridium
centers, suggesting that both kinetic enhancements and

Figure 7. Mott−Schottky (MS) plots for all four samples. The dotted
lines represent the linear extrapolation of the data to fit eq 3. The table
in the inset shows the flat-band potentials (Efb) and donor densities
(Nd) derived from these linear regions.

Figure 8. Open-circuit potential (OCP) measurements for all four
samples. Measurements performed in the dark are shown with open
symbols (more positive), while measurements performed under
AM1.5G 1 sun illumination are shown with closed or solid symbols
(more negative). The photovoltage measured for each sample is given
as ΔVph. Dotted lines added to guide the eye.
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increased charge separation can readily occur for oxygen-
deficient photoanodes that already exhibit sufficient band
bending. Mott−Schottky plots revealed a shift in flat-band
potential and increase in donor density following hydrogen
treatment, however no change was observed when the iridium
catalyst was present. OCP measurements also demonstrated
that while there was a change in Fermi level pinning following
hydrogen treatment, there was no change in Fermi level
pinning following modification of the electrodes with the
iridium cocatalyst monolayer. The effect of the catalyst was
therefore almost entirely kinetic, and the studies presented
herein will hopefully help to guide the future development of
PV-catalyst tandem photoelectrochemical systems for improved
light-driven water splitting.
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Graẗzel, M.; Durrant, J. R. Back Electron−Hole Recombination in
Hematite Photoanodes for Water Splitting. J. Am. Chem. Soc. 2014,
136, 2564−2574.
(24) Moir, J.; Soheilnia, N.; Liao, K.; O’Brien, P.; Tian, Y.; Burch, K.
S.; Ozin, G. A. Activation of Ultrathin Films of Hematite for
Photoelectrochemical Water Splitting via H2 Treatment. ChemSu-
sChem 2015, 8, 1557−1567.
(25) Forster, M.; Potter, R. J.; Ling, Y.; Yang, Y.; Klug, D. R.; Li, Y.;
Cowan, A. J. Oxygen Deficient α-Fe2O3 Photoelectrodes: A Balance
between Enhanced Electrical Properties and Trap-Mediated Losses.
Chem. Sci. 2015, 6, 4009−4016.
(26) Barroso, M.; Mesa, C. A.; Pendlebury, S. R.; Cowan, A. J.;
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