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Atomic layer deposition (ALD) was utilized to deposit uniform thin films of hematite (a-Fe2O3) on

transparent conductive substrates for photocatalytic water oxidation studies. Comparison of the

oxidation of water to the oxidation of a fast redox shuttle allowed for new insight in determining the

rate limiting processes of water oxidation at hematite electrodes. It was found that an additional

overpotential is needed to initiate water oxidation compared to the fast redox shuttle. A combination of

electrochemical impedance spectroscopy, photoelectrochemical and electrochemical measurements

were employed to determine the cause of the additional overpotential. It was found that

photogenerated holes initially oxidize the electrode surface under water oxidation conditions, which is

attributed to the first step in water oxidation. A critical number of these surface intermediates need to

be generated in order for the subsequent hole-transfer steps to proceed. At higher applied potentials,

the behavior of the electrode is virtually identical while oxidizing either water or the fast redox shuttle;

the slight discrepancy is attributed to a shift in potential associated with Fermi level pinning by the

surface states in the absence of a redox shuttle. A water oxidation mechanism is proposed to interpret

these results.
Introduction

Sunlight striking the earth comprises the largest energy resource

base currently available.1 Solar energy is well-distributed across

the most populous areas of the globe, making the resource

accessible where it is needed most. Further, since it is carbon
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Broader context

Solar hydrogen production through photoelectrochemical water s

energy demand with a renewable and transportable fuel. Hematite (

solar water splitting because of a favorable valence band edge positi

hematite has a short charge collection length, this issue is being a

maximizing light absorption while minimizing the distance mino

overpotential is still required to oxidize water, however, and little is k

electrodes. This mechanism must be well understood in order to ove

for solar hydrogen production. Thin film hematite electrodes were

oxidation reaction. A suite of photoelectrochemical methods were e

one-electron redox shuttle. These results allowed for an improved

electrode surface and the origin of the required overpotential.

This journal is ª The Royal Society of Chemistry 2012
neutral and environmentally benign, solar energy conversion

represents an ideal method of powering the planet. One current

drawback of solar energy, however, is that it is diurnal and

intermittent, while our energy demands are not. Thus, if the vast

solar energy resource is ever to be used to supply a significant

fraction of the world’s ever-increasing energy demand, efficient

methods of storage need to be developed.

Analogous to photosynthesis, storing solar energy in chemical

bonds (i.e. solar fuels) would be an ideal method. A particularly

attractive example of this approach is using solar energy to split

water into H2 and O2, where the H2 could subsequently be used

in a fuel cell or other energy conversion scheme. Forty years ago,
plitting has the opportunity to supply the world’s increasing

a-Fe2O3) has long been considered as a potential candidate for

on, reasonably low band gap, high stability and low cost. While

ddressed with advances in nanostructuring, which allows for

rity carriers must travel before being collected. A significant

nown about the overall water oxidation mechanism at hematite

rcome the overpotential and make hematite a practical material

made by atomic layer deposition (ALD) to examine the water

mployed to compare water oxidation to the oxidation of a fast

understanding of the water oxidation reaction at the hematite
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the breakthrough report by Fujishima and Honda demonstrated

the feasibility of this approach with photo-assisted water split-

ting on TiO2 photoelectrodes.2 Since then, there has been

significant effort to develop unassisted water splitting systems.

There are several requirements which need to be fulfilled in order

to achieve this including good electrode stability in contact with

aqueous solutions under harsh conditions and appropriate

energetics of the system: the energy of the bottom of the

conduction band must be higher than the H+/H2 potential and

the top of the valence band must be lower in energy than the

O2/OH� potential.3 To achieve high efficiency, the additional

requirements of good visible light absorption and efficient charge

carrier collection must be realized. To date, no single material

has fulfilled all the required conditions.4,5

Hematite (a-Fe2O3) is one promising material for photo-

electrochemical (PEC) water splitting which has received a lot

of attention due to its combination of sufficiently broad visible

light absorption, up to 590 nm, excellent stability under caustic

operating conditions and a valence band positioned sufficiently

low to oxidize water.6–8 While hematite’s conduction band is

too low to reduce water, application of an external bias

through a photovoltaic device, or integration of a small

bandgap water reduction system in a tandem configuration,

would overcome this drawback.9–11 Despite these favorable

characteristics, the water oxidation efficiency at hematite elec-

trodes has been too poor to be commercially viable. One

problem is the relatively long visible light absorption depth

combined with a very short minority carrier lifetime and

mobility, which hinders efficient separation and collection.12–15

For example, hematite needs to be approximately 375 nm to

absorb 95% of incident 550 nm light (3/a), whereas the

minority carrier collection length is approximately 20 nm.16–18

This shortcoming has been partially addressed by advances in

nanotechnology, where photoelectrodes are able to minimize

the charge collection distance while maintaining good light

absorption.19–22

Thin films serve as excellent model systems for such nano-

structured systems since the charge collection dimension can be

readily controlled by the film thickness.16 Further, the unifor-

mity and simple geometry of thin films facilitate the elucidation

of the relevant physical properties of hematite photoelectrodes

under water splitting conditions. For example, we have recently

utilized impedance spectroscopy (IS) to investigate water

splitting with hematite thin films.23 IS is a common tool used in

electrochemistry for the analysis of electrical properties of

materials and interfaces24 where a small amplitude AC poten-

tial perturbation, ~V , is applied around a constant bias poten-

tial. The resulting oscillating current, ~ı, is measured from which

an impedance can be calculated by Z(u) ¼ ~V /~ı. Except for

materials behaving as a simple resistor, Z includes a real (Z0)
and imaginary (Z0 0) component which is represented as a single

point for a single frequency. The frequency of the AC signal is

typically swept from MHz to mHz to build the impedance

spectra Z0 0 vs. Z0 (often termed ‘‘Nyquist plots’’). The different

characteristic times (frequencies) of the processes occurring in

the samples (transport, recombination, etc.) can be analyzed

independently by using the appropriate electrical model and

equivalent circuit. By monitoring the evolution of the relevant

resistances and capacitances with the onset of photocurrent we
Energy Environ. Sci.
were able to demonstrate the key role of surface states to water

oxidation.23 Accurate determination of the surface state

capacitance, however, requires separation of this capacitance

from the bulk capacitance; similar analyses would be prob-

lematic with more complicated nanostructures with a non-

uniform bulk capacitance. Further, measurements of the bulk

capacitance vs. applied potential allowed for determination of

the flat-band potential via Mott–Schottky analysis to enable

characterization of the system energetics. It is important to

note that the Mott–Schottky equation was derived for a planar

electrode (e.g. thin film) and is only valid for such electrodes.25

Since the PEC behavior of hematite electrodes depends strongly

on the voltage drop across the depletion region, knowledge of

the band edge positions is crucial in interpreting differences in

electrode behavior.

While nanostructuring can, in principle, overcome the short

minority charge carrier drift-diffusion length, holes that reach

the electrode–electrolyte interface must be collected efficiently.

We demonstrated on thin films that when fast one-electron

redox couples are employed, such as [Fe(CN)6]
3�/4�, the hole

collection can be quantitative.17 Similar conclusions were

reached by others using a H2O2 hole scavenger, although this is

a sacrificial agent that also photolytically decomposes during

measurements; this drawback prevents stable and reproducible

measurements that are time-intensive such as IS.26 The water

oxidation (oxygen evolution) reaction at the hematite electrode

surface is generally reported to be sluggish, however, which

allows for increased recombination and a concomitant loss in

efficiency.27–32 A detailed understanding of the water oxidation

reaction at the hematite electrode surface is therefore very

important in devising strategies to overcome this kinetic

barrier. There have been several recent studies, employing

a variety of techniques, to understand the nature of the slow

water splitting reaction with hematite photoelectrodes. For

example, Durrant and co-workers used transient absorption

(TA) spectroscopy to monitor the evolution of surface-trapped

holes and correlated a long trapped hole lifetime with the onset

of photocurrent.29–31,33 One limitation of TA, however, is the

difficulty with assigning the energetics of the system, e.g. the

position of the relevant surface states. Peter and co-workers

recently used IS and intensity modulated photocurrent spec-

troscopy (IMPS) to study the kinetics of water oxidation at

hematite electrodes which also pointed out the crucial role of

surface-trapped holes.27,28,34 We also recently employed IS at

different conditions of voltage, light intensity and electrolyte

pH to investigate the main steps involved in water oxidation.23

Importantly, a general physical model, which includes the

existence of a surface state at the semiconductor–liquid inter-

face where holes accumulate, was established.

In this work we use atomic layer deposition, ALD, to

synthesize thin film hematite photoelectrodes since the unique

self-limiting property of ALD results in uniform films with

controllable thickness.35–37 Also, because ALD is not a line-of-

sight technique, it can be used to make nanostructured ‘thin

films’ which are prepared in an identical fashion to the model

thin films, but have increased light absorption.38–41 Thus lessons

learned with our thin filmmodel system can be directly applied to

nanostructured architectures with precisely controlled dimen-

sions fabricated via ALD.42 We compare the PEC behavior of
This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2ee21414h


D
ow

nl
oa

de
d 

by
 M

ic
hi

ga
n 

St
at

e 
U

ni
ve

rs
ity

 o
n 

14
 M

ay
 2

01
2

Pu
bl

is
he

d 
on

 2
4 

A
pr

il 
20

12
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2E

E
21

41
4H

View Online
hematite with ideally behaving hole collector, [Fe(CN)6]
3�/4�,

with the behavior under water oxidation conditions. This

comparison allows for isolation of the water oxidation steps from

the behavior of the bulk hematite electrode. We employed IS and

photoelectrochemical measurements to determine the main steps

involved in water oxidation. From these combined results we

propose a mechanism of water oxidation on hematite electrode

surfaces.
Fig. 1 J–V curve of a hematite electrode in contact with a H2O (red

curve) and [Fe(CN)6]
3�/4� (orange curve) electrolyte.
Experimental

Thin films of iron oxide were deposited on fluorine-doped tin

oxide (FTO) coated glass substrates (Hartford Glass, 12 U cm�2)

by atomic layer deposition (Savannah 100, Cambridge Nanotech

Inc.) using a procedure described previously.23 Films were

prepared by 1200 ALD cycles and measured to be �60 nm by

absorption measurements (Perkin Elmer, Lambda 35 with

a Labsphere integrating sphere) corrected for reflection as

described previously, as well as ellipsometry measurements

(Horiba Jobin Yvon, Smart-SE).43 Films were determined to be

hematite by Raman Spectroscopy and XRD measurements in

a previous publication.16

Hematite electrodes were masked with a 60 mm Surlyn film

(Solaronix) with a 0.25 cm2 hole to define the active area and to

prevent scratching of the thin films. Surlyn films were adhered

to the electrodes by heating to 120 �C. The hematite electrodes

were examined in contact with aqueous solutions buffered to

pH 6.9 using a 0.1 M phosphate buffer, with 200 mM KCl as

a supporting electrolyte. The pH was determined with Fisher

Scientific Accumet pH meter. Electrolytes containing the

[Fe(CN)6]
3�/4� redox couple consisted of 200 mM K4Fe(CN)6

and 20 mM K3Fe(CN)6. The protected hematite electrodes

were clamped to a custom made glass electrochemical cell. A

homemade saturated Ag/AgCl electrode was used as a reference

electrode and high surface area platinum mesh was used as the

counter electrode. All potentials were converted to the revers-

ible hydrogen electrode (RHE) scale by the equation VRHE ¼
VAg/AgCl + 0.197 + pH(0.059). Impedance spectroscopy and

photoelectrochemical measurements were made with an Eco

Chemie Autolab potentiostat coupled with Nova electro-

chemical software. Impedance data were gathered using

a 10 mV amplitude perturbation of between 10 000 and

0.01 Hz. Data were fit using Zview software (Scribner Associ-

ates). The light source was a 450 W Xe arc lamp (Horiba Jobin

Yvon). An AM 1.5 solar filter was used to simulate sunlight at

100 mW cm�2 (1 sun). Neutral density filters were used to

adjust the intensity to 33 mW cm�2 (0.33 sun) and 10 mW cm�2

(0.1 sun). All photoelectrochemical measurements were per-

formed by shining light on the hematite electrode through the

FTO substrate such that there was no competitive light

absorption from the electrolyte. Light chopped J–V curves were

measured at a rate of 75 mV s�1. The light was chopped using

a computer controlled ThorLabs solenoid shutter which was set

to activate every 266 ms such that the light was turned on or

off every 20 mV. J–V curves were measured at a scan rate of

20 mV s�1. Cyclic voltammogram surface state measurements

were performed by applying a potential of 2.0 V vs. RHE under

1 sun illumination for 60 seconds, and then scanning over

a potential range in the dark.
This journal is ª The Royal Society of Chemistry 2012
Results

J–V curves of a typical thin film hematite electrode immersed in

an aqueous electrolyte (H2O) and an aqueous electrolyte con-

taining the [Fe(CN)6]
3�/4� redox couple can be seen in Fig. 1. We

have recently shown that the J–V response of hematite thin film

electrodes in contact with the [Fe(CN)6]
3�/4� redox couple is

limited by the fraction of holes that reach the semiconductor–

liquid interface which is determined by the potential drop across

the electrode.15–17 In other words, the surface–hole collection

efficiency by [Fe(CN)6]
4� is essentially unity.15 Since the same film

is used in the J–V measurements shown in Fig. 1, in aqueous

electrolytes buffered to the same pH under the same illumination

conditions, the discrepancy in photocurrent density and onset

potential can be attributed to differences in the surface–hole

collection efficiency under H2O oxidation conditions (in the

absence of a fast hole collector such as [Fe(CN)6]
4�). The details

underlying this discrepancy are discussed below.

IS measurements were also performed for nominally identical

hematite electrodes under the same conditions as the J–V

measurements with varying illumination intensities. Nyquist

plots resulting from measurements in each electrolyte under 1

sun illumination at 1.3 V vs. RHE and at 1.6 V vs. RHE are

displayed in Fig. 2a and b, respectively. At 1.3 V vs. RHE, two

clear semicircles are visible for the H2O electrolyte. A full

equivalent circuit representing the hematite–liquid junction is

shown in Fig. 3a. The equivalent circuit elements include a space-

charge capacitance of the bulk hematite, Cbulk, surface state

capacitance, Css; the resistances consist of a series resistance, RS,

a resistance which represents the trapping of holes in the surface

states, Rtrap, a charge transfer resistance from the surface states

to solution, Rct,ss, and a charge transfer resistance from the

valence band to solution, Rct,bulk. To allow unambiguous fitting

of the impedance data to the equivalent circuit in Fig. 3a, Rct,bulk

was removed for the case of water oxidation, which yielded the

simplified equivalent circuit in Fig. 3b, for reasons that have been

discussed elsewhere.23 At potentials positive of�1.45 V vs.RHE,

the impedance spectra for water oxidation loses the low

frequency semicircle and becomes a single semicircle; in this case

the simple Randle’s circuit, shown in Fig. 3c, is used to fit these

impedance spectra. Only one semicircle is visible at all potentials

and light conditions measured with the [Fe(CN)6]
3�/4� electrolyte,
Energy Environ. Sci.
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Fig. 2 Nyquist plots for IS data measured under 1 sun illumination for

H2O (red circles) and [Fe(CN)6]
3�/4� (orange triangles) electrolytes at (a)

1.3 V vs. RHE and (b) 1.6 V vs. RHE.

Fig. 3 (a) Full equivalent circuit used to conceptualize hematite–liquid

junctions. (b) Simplified model used to fit IS data for Nyquist plots that

show 2 semicircles. (c) Simplified model used to fit IS data for Nyquist

plots that show 1 semicircle.

Fig. 4 Equivalent circuit parameters obtained from fitting IS data for

a hematite electrode in contact with H2O (a and b) and [Fe(CN)6]
3�/4� (c)

electrolytes under 0.1 sun (orange triangles), 0.33 sun (yellow squares)

and 1 sun (green diamonds) illumination. (d) Mott–Schottky plots

calculated from Cbulk values determined from fitting the impedance

spectra for H2O (circles) and [Fe(CN)6]
3�/4� (triangles) electrolytes in the

dark (grey) and under 1 sun illumination (colored).
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therefore a simple Randle’s circuit is also used to fit these

impedance spectra.

Results from fitting the impedance spectra to the appropriate

equivalent circuits described above can be seen in Fig. 4 (addi-

tional fitting results are provided in ESI†). Fig. 4a shows

a Gaussian distribution of Css in the H2O electrolyte, which shifts

to more negative potentials with increasing light intensity; this
Energy Environ. Sci. This journal is ª The Royal Society of Chemistry 2012
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behavior was described previously.23 The Css peak corresponds

to a dip in Rct,ss (Fig. 4b), which indicates that interfacial charge

transfer (water oxidation) is related to charging of these surface

states.23 With [Fe(CN)6]
3�/4� in solution, however, the charge

transfer resistance is essentially constant over the measured

potential range for a given light intensity as shown in Fig. 4c. The

absence of a measurable surface state capacitance and absence of

a dip in the charge transfer resistance suggests that photo-

oxidaiton of [Fe(CN)6]
4� does not involve surface states and can

be described as a simple outersphere valence band hole collection

process. In both electrolytes, there is an obvious decrease of the

charge transfer resistance with increasing light intensity which is

attributed to a concomitant increase in the number of photo-

generated valence band holes with light intensity.

Mott–Schottky plots were created from the derived Cbulk

values from both H2O and [Fe(CN)6]
3�/4� electrolytes in the dark

and under 1 sun illumination conditions, which are shown in

Fig. 4d. The Mott–Schottky plots measured under illumination

for water oxidation conditions show a significant horizontal shift

compared to the dark, which is an example of Fermi level

pinning.23,44 The Mott–Schottky plots with the [Fe(CN)6]
3�/4�

electrolyte are identical in the dark and under illumination,

however, further indicating that the surface states do not play

a role in [Fe(CN)6]
4� oxidation. In addition, the impedance

spectra and Mott–Schottky plots are essentially identical for the

H2O and [Fe(CN)6]
3�/4� electrolytes in the dark, which indicates

the surface states are only active under illumination. The details

of the surface states are described further below.

The total resistance, Rtot was calculated from the IS fittings

(Rtot ¼ RS + Rtrap + Rct,ss for H2O oxidation and Rtot ¼ RS +

Rct,bulk for [Fe(CN)6]
4� oxidation) and was compared to the

resistance calculated from the J–V curves where Rtot ¼ dV/dJ.23

A plot of Rtot calculated from both methods for both H2O and

[Fe(CN)6]
3�/4� electrolytes can be seen in Fig. 5 under 1 sun

illumination. The agreement between the calculatedRtot from the

IS and J–V curves helps to confirm the validity of the equivalent

circuit models employed. At potentials negative of the photo-

current onset potential for H2O oxidation, Rtot is found to be

approximately two orders of magnitude higher compared to Rtot

for the oxidation of [Fe(CN)6]
4�. This large resistance is consis-

tent with the lack of photocurrent density at these potentials. At

around 1.2 V, the Rtot due to water oxidation drops coincidently

with the initiation of photocurrent. Interestingly, Rtot for both
Fig. 5 Rtot calculated from dV/dJ of the J–V curves (lines) and from IS

data (symbols) for H2O and [Fe(CN)6]
3�/4� electrolytes under 1 sun

illumination.

This journal is ª The Royal Society of Chemistry 2012
H2O and [Fe(CN)6]
3�/4� electrolytes become equal at about 1.6 V

vs.RHE, suggesting that this hole transfer reaction is not the rate

limiting step in water oxidation at positive potentials.

In order to gain further insight into the differences in behavior

of hematite electrodes in contact with H2O and [Fe(CN)6]
3�/4�

electrolytes, J–V curves were also measured under light chopping

conditions and compared with J–V curves with constant illumi-

nation. Fig. 6a shows the superimposed chopped and constant

light J–V curves when [Fe(CN)6]
3�/4� is present in the solution.

The instantaneous photocurrent density with chopped light

reaches the constant light photocurrent density and remains

constant until the light is turned off, where the current immedi-

ately decays to J0.
17 This ideal behavior is consistent with the

expectations of a fast hole collector efficiently scavenging valence

band holes at the surface of a hematite photo-electrode.15,26,45 In

the case of water oxidation, however, the behavior is quite

different: see Fig. 6b. At potentials from 0.8–1.2 V vs.RHE, there

is a significant instantaneous photocurrent density when the

chopped light is turned on, which quickly decays to the near zero

steady state photocurrent density under constant illumination.

Interestingly, the peak of the H2O anodic transient photocurrent

density closely matches the steady state photocurrent density

measured with the [Fe(CN)6]
3�/4� electrolyte (also shown). This is

attributed to the identical flux of photogenerated holes which

initially reach the surface. When the holes that reach the surface

are efficiently collected, as in the case of [Fe(CN)6]
4� oxidation,

this flux determines the steady state photocurrent density. Under

water oxidation conditions, however, the photocurrent density
Fig. 6 (a) Chopped light (grey line) and J–V measured under 1 sun

illumination (orange line) for a hematite electrode in contact with

a Fe(CN)6
3�/4� electrolyte. (b) Chopped light (grey line) and J–V

measured under 1 sun illumination (red line) for a hematite electrode in

contact with a H2O electrolyte (the J–V curve measured in a Fe(CN)6
3�/4�

electrolyte (orange line) is also shown for comparison).

Energy Environ. Sci.
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decay indicates that a faradaic current cannot be sustained and

the hole transfer efficiency is therefore minimal. In this case, the

flux of holes that reach the surface must either be trapped in

surface states or recombine with conduction band electrons.

When the light is switched off at potentials where transient

anodic peaks are observed, transient cathodic peaks are also

visible. The cathodic transients are thus attributed to reducing

the surface-trapped holes. This behavior is consistent with

previous reports where current transients were also attributed to

the charging and discharging of surface states of a-Fe2O3,
32,45,46

CdTe,47 and TiO2.
48 Indeed, measuring transient peaks through

light chopping has become a prevalent method of qualitatively

probing the surface states of hematite.26,49–53 All additional

photogenerated holes, which are not stored in surface states,

therefore undergo recombination.

In order to deconvolute the change in potential with change in

current over time as in the data shown in Fig. 6, current tran-

sients at a constant potential were also measured. These

measurements were performed by measuring the current as

a function of time at a fixed potential in response to turning on

(anodic) and off (cathodic) 1 sun illumination. Plots of the

anodic and cathodic current transients measured at various

constant potentials can be seen in Fig. 7a and b, respectively.

Clearly, there is a dependence in the magnitude of the current

transient with potential as well as the rate of decay. In order to

determine the amount of charge stored in the surface state at

a given potential, the current vs. time plots in Fig. 7 were inte-

grated. A plot of the anodic and cathodic charge stored as
Fig. 7 J measured for a constant V vs. RHE plotted vs. time when 1 sun

illumination is turned on (a) and off (b). Time is corrected so that the all

of the peaks occur at 10 ms. Measurements are shown for 0.8 V (red solid

line), 1.0 V (orange dotted line), 1.2 V (yellow small dashed line), 1.4 V

(green dashed dotted line), and 1.6 V (blue large dashed line) vs. RHE.

Energy Environ. Sci.
a function of potential is shown in Fig. 8a. The anodic charge was

not calculated for potentials above 1.2 V vs. RHE because the

faradaic and charging current could not be separated accurately.

The cathodic and anodic charge is approximately equal, at least

for potentials up to 1.2 V vs. RHE, suggesting that the charge

measured is related to the amount of charge trapped in surface

states on the hematite electrode. There is a clear peak in the

stored charge at approximately 1.3 V vs.RHE. Interestingly, this

is near the potential which yields the peak Css from IS

measurements. The same experiments were also performed in

response to varying illumination intensities; the results are dis-

played in Fig. 8b which were calculated from cathodic current
Fig. 8 (a) Transient anodic (red circles) and cathodic (orange triangles)

charge passed as a function of potential. (b) Transient cathodic charge vs.

potential under 0.1 sun (orange triangles), 0.33 sun (yellow squares) and 1

sun (green diamonds) illumination. (c) Css determined from IS (open

shapes), and Css determined from current transients (filled in shapes)

under 0.1 sun (orange triangles), 0.33 sun (yellow squares) and 1 sun

(green diamonds) illumination.

This journal is ª The Royal Society of Chemistry 2012
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transients. The magnitude of the peak clearly increases with light

intensity and the peak shifts to more negative potentials with

increasing light intensity. This is the same trend found with the

peak of Css as a function of light intensity measured by IS. The

charge measured by the current transients can be related toCss by

the equation Css ¼ DQ/DV where DV is the change in the quasi-

Fermi level as a result of turning the light off at a constant

potential. Assuming the surface states probed by IS and current

transients are the same, DV can be calculated by plotting Css

obtained from IS vs. DQ measured from current transients (see

ESI†). From the slope of these plots, DV was found to be 0.08,

0.13 and 0.17 V for 0.1, 0.33 and 1 sun respectively. This corre-

sponds to an increase of 92 mV per 10 fold increase in light

intensity, in good agreement with ideal behavior. The Css

calculated from the current transients and IS and can be seen in

Fig. 8c. Taken together, these results confirm that the Css

measured with IS is the same entity probed by measuring the

stored charge of the current transients.

The potential dependence of the transient photocurrent

decay was also examined. Abrantes and Peter examined the

decay of current transients of passive iron oxide electrodes in

an H2O electrolyte and were able to gain kinetic insight on the

back reaction of electrons reducing surface states (i.e. filling

surface trapped holes) by fitting the decays to a single expo-

nential function.45 We found, however, that a double expo-

nential decay is necessary to achieve good fits for the decays

measured (see ESI†). Fitting the decays to a double exponential

decay function (FeðIIIÞ �OH%
hþ

e�
FeðIVÞ ¼ OþHþ where

J(0) is the maximum current for the decay process at time ¼ 0,

s is the lifetime of the process and J(N) is the steady state

current reached after both processes have fully decayed)

produced two lifetimes that differ by approximately an order of

magnitude, which are displayed in Fig. 9. Two lifetimes were

also calculated from current transients for both doped and

undoped hematite electrodes in water oxidation conditions by

Glasscock et al.54 This result is also in reasonable agreement

with a recent report by Pendlebury et al. of transient absorp-

tion spectroscopic measurements on hematite electrodes under

water oxidation conditions.29 Both lifetimes are dependent on

potential where the lifetimes increase by approximately an
Fig. 9 A plot of the 2 different lifetimes (black and grey circles) fit from

a double exponential of the cathodic decays shown in Fig. 7(b). The

lifetime of the surface state charging–discharging process at 1 sun (green

squares) and at 0.1 sun (orange squares) are also shown.

This journal is ª The Royal Society of Chemistry 2012
order of magnitude from when there is no faradaic current

(1.0 V vs. RHE) to when there is significant faradaic current

(>1.4 V vs. RHE). This also agrees with a recent paper corre-

lating long lived holes and photocurrent on hematite

electrodes.29

Fig. 9 shows the two lifetimes fit from the double exponential

decay of the transients (Fig. 7(b)). The relaxation time of the

trapped electrons measured from IS data under 1 sun and 0.1 sun

illumination are also shown. It is observed that there is a good

match between the fast time constant of the transient discharge

time and the relaxation time measured under 1 sun illumination.

This suggests that the origin of the two lifetimes found actually

results from a single process: the discharging of the surface state.

Asmentioned above, under illumination, charge is accumulated in

the surface state. At short times after switching off the light, the

conditions of the surface state (amount of charge accumulated

and Rtrap) are similar as those under illumination. Therefore, the

short lifetimes obtained from the transients in Fig. 7b are very

close to the relaxation times of the surface state at 1 sun: s1 z
(RS +Rtrap)�Css. At longer times after switching off the light, the

amount of charge in the surface states decreases, mimicking

conditions at lower light intensities. Thus, the discharging time

rises providing the second, slower process, s2, which is consistent

with the relaxation time of the surface state obtained at 0.1 sun.

The increase in the time constant obtained is due to the increase in

Rtrap during the discharge of the surface state.

The anodic and cathodic current density transients measured

above are attributed to the reversible oxidation and reduction,

respectively, of surface species. In other words, surface trapping

of holes means the photooxidation of a chemical species on the

surface (discussed below), and surface recombination is the

reduction of that oxidized surface species. We therefore reasoned

that we should also be able to measure the surface trapped holes

using cyclic voltammetry in the dark. In this experiment, holes

accumulate on the surface by applying a positive potential fol-

lowed by measuring the cathodic current in the dark as the

potential is scanned negatively and the surface states are

reduced.55,56 We found, however, that application of a bias

required a long holding time at very positive potentials (�2 V vs.

RHE) to fully oxidize the surface states and obtain reproducible

results. We attribute this behavior to hole injection from the

substrate to the hematite, which may only occur at very high

potentials (when the hematite is fully depleted); thus potentios-

tatically generated ‘‘dark’’ holes are only present at the hematite

surface under these conditions. We therefore also illuminated the

electrode while holding it at a positive potential to facilitate the

surface state oxidation. A representative experiment measured at

200 mV s�1 is shown in Fig. 10a. On the first cycle, shown as a red

solid line, a peak in current appears at around 1.3 V and 0.8 V vs.

RHE. On the second cycle, both of these peaks are gone. The fact

that the peaks cannot be seen on the second cycle is consistent

with the idea that these peaks represent the reduction of surface

trapped holes as the potential is scanned negative on the first

cycle. These surface states are not re-oxidized by the application

of a positive potential on the relatively fast timescale of this

experiment. Thus there is no longer a significant concentration of

oxidized surface species to be reduced on the second cycle. The

peak at 1.3 V is very close to the peak of Css fit by the IS data,

shown in Fig. 4a, as well as the potential where the maximum
Energy Environ. Sci.
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Fig. 10 (a) Cyclic voltammetry of hematite in H2O scanned at 200 mV

s�1 after holding the electrode at a potential of 2 V vs.RHE for 60 seconds

under 1 sun illumination. The first cycle is a solid red line and the second

cycle is a dashed orange line. (b) CVs measured with the same conditions

as (a) at different scan rates: 20 mV s�1 (red, solid), 50 mV s�1 (orange,

long dash), 200 mV s�1 (yellow, medium dash), 500 mV s�1 (green, short

dash) and 1000 mV s�1 (blue, dots).
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transient charge is found, shown in Fig. 8. This suggests the peak

at 1.3 V is due to filling the surface states which are associated

with water oxidation. In order to probe the timescale of the

transient peaks, a scan rate dependence of the CV measurements

was performed. Capacitance plots were then calculated by

dividing the current density by the scan rate, which can be seen in

Fig. 10b for varying scan rates. It is apparent that the species

probed at 1.3 V vs. RHE decreases with scan rate which means

the states occupancy decays over time. The time constant(s) of

this decay process cannot be confirmed quantitatively because of

the constantly changing potential, however the timescale is in

general agreement with the transient lifetimes displayed in Fig. 9.

This further suggests that the state measured is the same

measured in the current transients. The charge passed from the

surface states corresponding to the peak at 1.3 V vs. RHE was

calculated to be 25 mC cm�2 when measured at a fast scan rate of

1 V s�1. The similar values between the charge measured through

the CV peak, the Css peak from IS and the charge passed through

current transients, as well as the lifetimes measured from the

decay of the CV peak and current transients, all suggest that the

species being measured around 1.3 V vs. RHE is the same for all

measurements. Similar CV measurements were also performed
Energy Environ. Sci.
with [Fe(CN)6]
3�/4� in solution (see ESI†) however no cathodic

current was measured until the reduction of the [Fe(CN)6]
3�

began, again suggesting that the surface states are associated

with water oxidation intermediates and not intrinsic to the

hematite electrode.

Discussion

The J–V curves of hematite electrodes immersed in an aqueous

electrolyte containing [Fe(CN)6]
3�/4� can be described by the

potential dependent fraction of photogenerated holes that reach

the electrode surface.17 These valence band holes at the surface

are efficiently collected by [Fe(CN)6]
4�, and this faradaic charge

transfer results in a steady-state photocurrent density.15 Under

H2O oxidation conditions the flux of holes to reach the surface

(which is just a property of the same bulk semiconductor) is the

same, however a steady-state photocurrent is not produced at

low applied potentials. Instead of the surface holes undergoing

interfacial charge transfer to solution, a fraction of the holes are

initially (at low potentials) trapped in surface states; the

remainder recombine. This charging of surface states was

observed through IS, transient photocurrent and cyclic voltam-

metric measurements. These results provoke questions regarding

the identity of these surface states and their role in the water

oxidation process. Instead of being what is generically termed

a surface state, we believe the surface states presented herein

actually consist of intermediates in the overall water oxidation

reaction. One piece of (albeit indirect) evidence of this is that the

surface state is only, and always, observed under water oxidation

conditions – not in the presence of a competitive hole scavenger.

In addition, the surface state at 1.3 V vs. RHE is at approxi-

mately the same energy as the water oxidation potential (1.23 V

vs. RHE), which we believe is not just a coincidence.57

We therefore propose that the charging of the surface state is

actually the first oxidative step in the overall water oxidation

reaction. The fully hydroxylated species, (OH)3–Fe–H3O3–R

where R represents the bulk hematite crystal, is the thermody-

namically most stable surface configuration of the (0001)

surface.58 Hellman and Pala recently suggested that the first step

of water oxidation on hematite electrodes is the proton coupled

oxidation of such surface hydroxide species.59 This is also in

agreement with one of the general mechanisms of water oxida-

tion at metal oxide electrodes previously reviewed by others.60–62

The initial step is thus given by:

JðtÞ ¼ Jð0Þ1e�t=s1 þ Jð0Þ2e�t=s2 þ JðNÞ (1)

We believe this reaction is what is referred to as ‘‘hole trap-

ping’’ or ‘‘surface state charging.’’ Hellman and Pala further

calculated that the most stable configuration during water

oxidation (at higher applied potentials) is the oxidized (OH)3–

Fe–O3–R surface, also consistent with this assignment.59 Since

the oxidized species on the surface, Fe]O, can be reduced, as

demonstrated by the cathodic current transients (Fig. 7) and the

CV measurements (Fig. 10), the reaction is written as reversible.

While it is very challenging to directly determine the identity of

surface states on a bulk electrode, there are molecular iron

catalysts which can serve as analogs. There are several examples

of Fe(IV)]O complex intermediates which are known to be

involved in catalytic cycles.63,64 For example, a Fe–TAML
This journal is ª The Royal Society of Chemistry 2012
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complex was recently shown to catalyze the oxidation of water to

dioxygen.65 Further, Collins and co-workers have shown that the

Fe(IV)–oxo species has a reduction potential of 0.9 V vs. NHE in

basic conditions, according to the reaction

[Fe(IV)L(]O)(OH2)]
2� + e� + H2O / [Fe(III)L(OH)(OH2)]

2�

+ OH� (2)

which is essentially the recombination reaction (reduction of the

surface intermediate species) proposed herein.64 This behavior of

the Fe(III)–OH/Fe(IV)]O molecular complexes is therefore in

good agreement with the proposed first water oxidation step on

hematite electrodes. In addition, it was shown that an interme-

diate Fe(IV)]O complex has a broad absorption spectrum

centered at 820 nm.63 This absorbance is also consistent with the

broad near IR absorption observed during water oxidation with

hematite electrodes.29,66

There are two important features of the surface state behavior

that provide further insight into the water oxidation mechanism.

The first is that at potentials where the surface oxidation begins,

the formation of the proposed intermediate Fe]O does not

result in subsequent water oxidation steps as indicated by the

lack of steady-state photocurrent; i.e. the transient photocurrent

at these potentials decays to zero. Attack of the surface Fe]O by

water molecules, leading to a surface bound peroxide followed by

decomposition to O2, should be thermodynamically downhill.59

In this case, it is expected that the steady-state concentration of

surface Fe]O should lead to photocurrent production. Since no

photocurrent is observed under these conditions, this is not the

predominant mechanism. The other feature is the fact that

steady-state concentration of surface Fe]O reaches a peak that

is coincident with a sharp drop in the charge transfer resistance

and an increase of photocurrent. This indicates that a critical

concentration of the surface intermediate species is necessary

before further water oxidation steps can proceed. The necessary

number of surface intermediates can be estimated by integrating

the capacitance as a function of potential. The Css peaks deter-

mined from IS data were fit to a Gaussian curve and integrated to

calculate the total charge of the surface states to be 24.3, 31.6 and

38.8 mC cm�2 for 0.1, 0.33, and 1 sun illumination respectively.

Using the value for 1 sun illumination as an example, this

corresponds with a surface coverage of 2.4 � 1014 cm�2. The

surface coverage is then calculated to be �53%, by using the unit

cell parameters for the 0001 surface of hematite, and estimating 1

active site per unit cell.59,67–70 This behavior is consistent with the

surface intermediate decomposing bimolecularly, such as:

2Fe(IV)]O / 2Fe(III) + O2 (3)

We note that such an oxygen formation mechanism has been

proposed extensively before, although not applied to hematite

photoelectrodes.60–62 A water molecule, or hydroxide, could then

quickly coordinate to the open iron site to complete the photo-

catalytic cycle.

At positive potentials ($1.45 V vs.RHE) the current transients

become negligible, the low frequency semicircle disappears from

the IS spectra and high steady state photocurrent densities are

achieved. This behavior is essentially indistinguishable from

when the fast hole collector [Fe(CN)6]
4� is present in solution

(Fig. 6b). Further, these two systems have the same charge
This journal is ª The Royal Society of Chemistry 2012
transfer resistance at positive potentials. Therefore, the surface

hole collection efficiency must also be essentially unity under

water oxidation conditions at such positive potentials. Thus,

once a sufficient concentration of intermediates are built up,

allowing the subsequent steps of water oxidation to proceed,

water oxidation is not the rate limiting step in the photo-

electrochemical behavior of hematite electrodes; the flux of holes

to the electrode surface limits the photocurrent density at these

potentials.

We note that the J–V curves of the H2O and [Fe(CN)6]
3�/4�

electrolytes, as seen in Fig. 1, do not overlap exactly, even at

positive potentials; the H2O electrolyte always produces some-

what lower photocurrents at a given positive potential compared

to [Fe(CN)6]
3�/4�. Since we have demonstrated the surface hole

collection efficiency is essentially unity for both of these systems,

and the surface hole concentration is determined by the potential

drop of the electrode, the discrepancy can be attributed to the

extra potential needed to compensate for Fermi level pinning in

the H2O electrolyte. According to the Mott–Schottky plots, the

bands under water oxidation are shifted positive compared to

[Fe(CN)6]
3�/4�. Shifting the J–V curve in the H2O electrolyte by

200 mV produces excellent agreement with the [Fe(CN)6]
3�/4�

J–V curve at positive potentials. A 200 mV shift in band position

is also in reasonable agreement with the shift indicated by the

Mott–Schottky plot (see ESI†).

Finally, the above discussion of the intrinsic role of the surface

state seen at 1.3 V does not include the other state that we

observed around 0.8 V in the CVmeasurements. Since this state’s

energy is significantly higher than the water oxidation potential,

and it is not observed in the impedance spectra at photocurrent

onset, we do not think it plays an active role in water oxidation.

There are surface terminations of hematite, in addition to the

(OH)3–Fe–H3O3–R termination discussed above, that are stable.

According to Trainor et al., the other most relevant surface is the

(OH)3–R termination.58 This surface can also be oxidized, i.e.

trap a hole, but it is thermodynamically uphill for subsequent

water oxidation. Importantly, this termination’s oxidation

potential is approximately 0.5 V more negative than the (OH)3–

Fe–H3O3–R termination, which is in excellent agreement with

the differences in potential of the two surface states we observed.
Conclusion

The photoelectrochemical behavior of hematite electrodes in

contact with H2O and [Fe(CN)6]
3�/4� electrolytes were compared.

The photocurrent onset potential was approximately 0.6 V

higher in H2O compared to [Fe(CN)6]
3�/4�, which is in accord

with literature reports.15,26,71 The much more positive onset

potential represents a loss of energy which must be minimized for

any practical use of hematite in water splitting applications. A

combination of impedance spectroscopy, photocurrent transient

and cyclic voltammetry measurements were therefore employed

to determine the cause of the large overpotential for water

splitting. We found that at moderate potentials, prior to the

photocurrent onset potential, photogenerated holes became

trapped in surface states. We deduce that the physical meaning of

photogenerated holes being trapped at the surface is that this is

the first step in the water oxidation process, specifically the

reversible oxidation of surface hydroxide species. It is only after
Energy Environ. Sci.
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a buildup of these oxidized intermediates that water oxidation

proceeds. It is well known that water oxidation proceeds by an

innersphere mechanism, thus a proposed mechanisms should

account for this.62Describing this reaction exclusively as a charge

transfer from a valence band hole is misleading.72 In addition, the

negligible faradaic photocurrent densities at these potentials is

often attributed to slow hole transfer kinetics of water oxida-

tion.27,28,30–32 We suggest that this may be an intrinsic part of the

bimolecular mechanism of water oxidation on the hematite

surface. At high applied potentials, however, the photocurrent

density is essentially the same for the H2O and [Fe(CN)6]
3�/4�

systems; the minor difference is attributed to Fermi level pinning

in the H2O electrolyte. This ideal behavior at high potentials is

consistent with the idea that surface state recombination is the

process which primarily limits the efficiency of water oxidation at

low potentials. Once the surface electron concentration is

depleted (by application of a positive potential) a critical

concentration of surface intermediates can be formed which

leads to efficient subsequent water oxidation. While the addition

of catalysts to the electrode surface has been shown to improve

the performance, the cause of the improvement has not been

established.33,49,73–76 Insight into the mechanism of water oxida-

tion on hematite, and other surfaces, is critical for the design of

better catalysts or other systems aimed at improving the effi-

ciency of water splitting. Work is ongoing in our lab to clarify

these points.
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