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S
olar radiation is a renewable energy
source that has the capacity to meet
global energy demands in a carbon-

neutral fashion. As such, many devices
have been developed and optimized to
capture and convert solar energy into
electricity.1,2 However, because solar en-
ergy is diffuse and intermittent, an effi-
cient and economically viable method to
concentrate and store energy harvested
from the sun must be realized. One me-
thod is to store solar energy in the form
of chemical bonds;much like in photo-
synthesis;through photoelectrochemical
(PEC) water splitting.3�6 Since Fujishima
and Honda's seminal report,7 extensive re-
search has been devoted toward identi-
fying a material capable of meeting the

strict requirements necessary for large-scale
implementation.1,4,8�13

Hematite (R-Fe2O3) is one promising ma-
terial that meets many of the requirements
for the water oxidation half reaction: (i) it
has a suitable band gap of 2.0�2.1 eV; (ii) it
is stable under water oxidation conditions,
often in alkaline electrolytes; and (iii) it is
composed of earth-abundant and nontoxic
elements, making it environmentally be-
nign and inexpensive.8�10,14 Despite such
promising attributes, the overall water split-
ting efficiency of hematite photoanodes
falls well short of the theoretical maximum
efficiency.4,15 A short hole collection dis-
tance, coupled with comparatively long
light penetration depths, is one factor limit-
ing the efficiency of hematite photoanodes.
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ABSTRACT Hematite photoanodes were coated with an ultrathin cobalt

oxide layer by atomic layer deposition (ALD). The optimal coating;1 ALD

cycle, which amounts to <1 monolayer of Co(OH)2/Co3O4;resulted in

significantly enhanced photoelectrochemical water oxidation performance.

A stable, 100�200 mV cathodic shift in the photocurrent onset potential was

observed that is correlated to an order of magnitude reduction in the

resistance to charge transfer at the Fe2O3/H2O interface. Furthermore, the

optical transparency of the ultrathin Co(OH)2/Co3O4 coating establishes it as a

particularly advantageous treatment for nanostructured water oxidation

photoanodes. The photocurrent of catalyst-coated nanostructured inverse opal scaffold hematite photoanodes reached 0.81 and 2.1 mA/cm2 at 1.23 and 1.53 V,

respectively.
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Nanostructured photoelectrode architectures have
begun to address current materials limitations by
decoupling light absorption and charge carrier extrac-
tion. There have been several reports detailing the
nanostructuring of hematite with improved PEC per-
formance that fall into two categories: (i) morphology
control, including nanoparticles,16 nanowires,17�19

nanorods,20 and nanocauliflower;21 and (ii) scaffolding,
whereby a film with thickness on the order of the hole
collection distance is folded over a high surface area
architecture.9,22�25 The general consensus is that, for
hematite to be useful for solar energy conversion and
storage, nanostructuring is imperative.
Another characteristic limiting efficiency is sluggish

oxygen evolution reaction (OER) kinetics at the surface
of hematite photoanodes, thus requiring a large ap-
plied potential to drive water oxidation. Tilley et al.

demonstrated that IrO2 nanoparticles coupled to the
surface of hematite reduced the photocurrent onset
potential by 0.2 V, although the catalyst is not stable
over time.26 Adding nickel oxide or cobalt-based cat-
alysts (cobalt ions, Co2þ, the cobalt phosphate catalyst,
“Co-Pi”, or Co3O4) is equally interesting as they offer
low-cost alternatives to the rare and expensive Ir-
and Ru-based catalysts yet provide a similar reduction
in the overpotential and improvement in photo-
current.21,27�36 For instance, the addition of Co-Pi to
the surface of hematite has recently received much
attention. Electrodeposited films show on average a
respectable 200 mV cathodic shift in the photocurrent
onset potential, as well as stability due to a “self-
healing” mechanism in the presence of phosphate
buffer.28,29,31�34

The requirement for nanostructuring hematite pres-
ents a potential challenge for coupling many well-
known water oxidation catalysts to the surface. For
example, the few hundred nanometers of porous Co-Pi
necessary to see the full onset shift would be difficult to
achieve on all surfaces of state-of-the-art nanocauli-
flower hematite since the pore size is on the order of
several nanometers.29,37 Second, the competitive light
absorption of many catalysts poses an even greater
obstacle within nanostructured architectures.30,32

Xi et al. showed that even nanoparticles of Co3O4 on
the surface of hematite nanorods significantly alter the
absorption of the photoanode.30 Finally, the catalyst
coating must be deposited uniformly on the surface of
hematite at the top, as well as deep within the nano-
structured architecture, without variation in coating
thickness or clogging of the porous structure. For
example, Co-Pi films are typically deposited by electro-
deposition, which requires consistent conductivity
across the entire semiconductor photoanode to pro-
duce a uniform film. If the semiconductor is nano-
structured and the FTO substrate is exposed, the Co-Pi
will preferentially grow on the FTO substrate because
of its higher conductivity.31 This can be alleviated using

photoelectrodeposition, such that the film can deposit
onto all areas that have photogenerated holes;29,33,38

however, the process is not self-limiting and can result
in clogged pores of a nanostructured architecture.
Dip-coating or wet impregnation methods have also
been utilized as an alternative to electrodeposition to
deposit onemonolayer of Co2þ catalyst,21,28,33,39,40 but
this approach suffers in terms of catalyst longevity on
the surface.28

Herein, we demonstrate the potential of using atom-
ic layer deposition (ALD) to deposit a Co-based catalyst
on the surface of hematite photoanodes with both flat
and nanostructured geometries. ALD is uniquely suited
to the deposition of conformal catalytic overlayers on
nanostructures, due to its self-limiting, vapor-phase
surface chemistry and angstrom-level thickness con-
trol.41�45 The self-limiting surface chemistry further
enables an identical catalyst overlayer to be deposited
on various architectures;flat or nanostructured;
with excellent reproducibility. In addition, ALD is a
desirable fabrication method due to low deposition
temperatures (<250 �C) and mild vacuum conditions,
coupled with the inexpensive precursors used for
the processes discussed below. We observe that the
catalyst overlayer does not compete with hematite
for light absorption and demonstrates remarkable
stability under PEC water oxidation conditions. Further-
more, the role of the ALD catalyst overlayer was
analyzed by photoelectrochemical impedance spec-
troscopy, given that the role of Co-based overlayers on
hematite has been a subject of much debate.46 Our
results demonstrate that less than onemonolayer (ML)
of the Co-based catalyst deposited by ALD exhibits a
significant reduction in the resistance to charge trans-
fer (catalysis), resulting in performance comparable
to a similar hematite photoanode with 1000� thicker
Co-Pi coating.

RESULTS AND DISCUSSION

Evaluation of Catalyst Overlayers. Photoanodes were
prepared by coating flat fluorine-doped tin oxide
(FTO)-coated glass substrates and inverse opal scaf-
folds on FTO-coated glass (herein simply referred to as
inverse opal scaffolds) with tin-doped indium oxide
(ITO) via ALD in order to produce a uniform and
consistent conductive surface. The two types of sub-
strates were subsequently coated with hematite via

ALD. The thickness of the ITO andhematite layers in the
nanolaminate was verified by ellipsometry on witness
Si substrates and were 9 and 13 nm, respectively.
Following postdeposition annealing at 500 �C in O2, the
hematite nanolaminate photoanodes were subjected
to the ALD of either 1, 3, or 12 cycles of CoCp2/O3.
Control electrodes were exposed to identical conditions
except without the CoCp2 pulse. Based on a growth
rate per cycle of the Co layer of 0.06 nm (determined by
ellipsometric measurements of nanometer thick films),
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1 cycle corresponds to <1 ML of catalyst (Supporting
Information Figure S1).

Figure 1 shows the absorbance of bare hematite
photoanodes compared to those with 1 CoCp2/O3 ALD
cycle for both flat substrates and inverse opal scaffolds.
Even for nanostructured electrodes, it is clear that the
ultrathin overlayers do not alter the total absorption of
the photoanode. The fact that there is no competitive
absorption even on the high-area inverse opal scaf-
folds makes this an ideal catalyst for nanostructured
and porous photoanodes. Moreover, this transparency
is in stark contrast to the absorptivity of other known
overlayers (including Co-Pi,28 Co3O4,

30 IrOx
47) on

hematite.
Photoelectrochemical current density versus ap-

plied potential (J�E) measurements were performed
on bare hematite photoanodes, as well as those coated
with the Co-based overlayer, in 0.1 M KOH aqueous
electrolyte (pH 13.1). The light J�E curves are plotted
in Figure 2 (with dark currents in Figure S2a). Flat,
bare hematite photoanodes exhibit the typical re-
sponse of ALD-grown planar hematite electrodes in
pH 13 electrolyte,23,29,48 with a photocurrent onset
potential of þ1.25 V vs RHE. The photocurrent rises
until it reaches a plateau current of 0.65 mA/cm2

around 1.5 V vs RHE before the dark current starts to
onset at 1.8 V. The bare hematite inverse opal scaffold
shows a slightly earlier onset potential of 1.1 V vs RHE,
which is expected for a larger interfacial area for
oxygen evolution per projected (geometric) area. Due
to greater light-harvesting efficiency relative to the
flat photoanode, the photocurrent further increases
rapidly and reaches 1.5 mA/cm2 at 1.53 V vs RHE.

After just one ALD cycle of CoCp2/O3, the onset of
photocurrent of the planar photoanode significantly
shifts cathodically by ∼100 mV. The less desirable J�E

response upon additional ALD coating can be found in
Figure S2b. The current onset potential is even more
pronounced for the inverse opal scaffold geometry,
showing a 200 mV cathodic shift to onset at∼0.95 V vs

RHE. In addition, the photocurrent plateau increased
substantially for the Co-modified nanostructured
photoelectrode, from 1.4 to 2.1 mA/cm2 at 1.53 V vs

RHE. This value is comparable to some of the best
devices reported using Co-based catalysts.27,32,34 This
is a striking result in light of the submonolayer thick-
ness of the deposition that results from just 1 ALD
cycle. For comparison, a Co-Pi film of at least 8 nm is
required to see a similar J�E enhancement, which can
result in competitive light absorption and mass trans-
port issues.29

In order for the catalyst to be useful, it must also be
stable in the long term. The catalytic effect of Co2þ ions
deposited from solution has been shown to degrade
during prolonged measurements, requiring the Co2þ

wet impregnation treatment to be repeated.28 While
the performance enhancement is recovered, having to
reapply catalyst is not an ideal solution to the long-
term utilization of such devices. On the other hand,
Co-Pi exhibits long-term stability in the presence of
phosphate, as phosphate assists in a “self-healing”
mechanism of the Co-Pi catalyst.49 The stability of
1 CoCp2/O3 ALD cycle on hematite nanolaminate
photoanodes, as well as the stability of a bare hematite
nanolaminate photoanode, is shown in Figure 3.
The stability was monitored at two potentials, 1.23
and 1.53 V vs RHE, in 0.1 M KOH electrolyte under

Figure 1. Reflectance-corrected absorbance spectra of a
13 nm flat hematite nanolaminate photoanode (black),
13 nm flat hematite nanolaminated photoanoded coated
with 1 ALD cycle CoCp2/O3 (blue, dashed), 13 nm hematite
nanolaminate on an inverse opal scaffold (green), 13 nm
hematite nanolaminate on an inverse opal scaffold coated
with 1 ALD cycle (purple, dashed), and 1 ALD cycle on bare
FTO-coated glass (gray).

Figure 2. J�E curves for 13 nm hematite photoanodes on a
flat FTO�ITO substrate (black), on an ITO-coated inverse
opal scaffold (green), on an equivalent flat electrode further
coated with 1 CoCp2/O3 ALD cycle (blue, dashed), and on
an equivalent inverse opal scaffold further coated with
1 CoCp2/O3 ALD cycle (purple, dashed). Performance was
measured at pH 13.1 under ∼1 sun illumination.
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∼1 sun illumination. At 1.23 V vs RHE, the photocurrent
of the bare hematite photoanode decreased by 16%
during the first 3 h period, while the sample coated
with 1 ALD cycle decreased by 12%after a total of 6.5 h.
These changes are largely within the combined error
of the measurement that includes lamp intensity drift.
Regardless, the overlayer is clearly not an additional
source of performance loss over hours. At an applied
potential of 1.53 V vs RHE, the bare hematite sample
current density remains largely unchanged, while the
overlayer-modified photoanode exhibits only a 1.5%
decrease after 6.5 h. Again, the fluctuations observed
aremost easily attributed to light intensity variations of
the Xe lamp over the long constant potential measure-
ment. The stability of the Co-based overlayer is further
demonstrated in Figure S3, where the current onset
potential remains significantly more cathodic than the
bare photoelectrode control and the plateau currents
remain unchanged after impedance testing.

Phase Identification of Co-Based Overlayer. The ALD-
grown cobalt-based overlayer shows several advan-
tages over other OER catalysts in the literature, includ-
ing virtually no competitive optical absorption, stability
over hours, and its ability to significantly enhance the
PEC performance of hematite photoanodes. Therefore,
understanding the nature of the submonolayer cata-
lyst is a worthy, if challenging, goal. Determining the
chemical makeup of the Co-based catalyst is a challeng-
ing task due to the very limited amount of Co present
on the surface. As such, structural characterization

techniques such as grazing-incidence X-ray diffraction
are not possible. More surface-sensitive techniques
such as X-ray photoelectron spectroscopy (XPS) and
X-ray absorption near-edge spectroscopy (XANES)
were therefore applied to identify the composition
and Co oxidation state of the catalyst layer.

XPS was used to analyze freshly prepared Co-ALD
layers to determine if the initial composition contains a
mixture of Co(II) and Co(III) oxides and hydroxides.
Figures 4a and S4 reveal detailed spectra over the
Co 2p region showing the spin�orbit splitting into
Co 2p3/2 and Co 2p1/2 components for a Co3O4 stan-
dard, 1 ALD cycle, 3 ALD cycles, and 12 ALD cycles of
Co-based catalyst. CoO and Co(OH)2 standards were
also investigated; however, it was found that the sur-
face of these standards was significantly oxidized.
While the main Co 2p3/2 peak for the ALD-grown Co
catalyst is at 780.7 and 779.5 eV for the Co3O4 standard,
the binding energies of the most intense peaks alone
cannot be used to distinguish between the different
oxides, as the binding energy of various oxide and
hydroxide forms overlap.50�56 However, there is a
more apparent difference in the XPS spectra for pure
Co(II) and Co(III). In 3d transition metals that have
unpaired electrons (such as Co(II)), additional spectral
lines, known as satellite line structure, result. In
Figure 4a, a broad satellite peak centered at 786.3 eV
was observed for all of the Co-based overlayers de-
posited by ALD. In contrast, this feature is clearly
missing in the Co3O4 high-resolution spectrum. This
suggests that a freshly deposited ultrathin Co-based
ALD coating does not contain a significant fraction
of Co3O4, rather it consists mostly of Co(II). To further
quantify the composition of the Co-ALD layer, themost
intense Co 2p3/2 peak and the associated satellite lines
were fit using parameters from literature.56 The fitting
results suggest that a freshly deposited Co-ALD layer
consists of 90% Co(II), in the form of either Co(OH)2
or CoO, and ∼10% Co3O4. This result is in contrast
to that determined for thick cobalt oxide films depos-
ited by the same ALD process, as well as literature
precedence,57 which exhibit the characteristic reflec-
tions of Co3O4 and not Co(II) species.

XANES has been successfully utilized to determine
chemical composition and monitor changes occurring
during reaction processes for subnanometer to nano-
meter particles previously.58�61 XANES spectrum col-
lected from a 12 ALD cycle cobalt sample (post-PEC
analysis) is presented in Figure 4b, together with the
spectra of the relevant cobalt standards. Additional
cobalt oxide and hydroxide standards are found in
Figure S5. Because of the overlap with the Fe and Co
edge, XANES data were collected only from a hematite
nanolaminate photoanode with 12 ALD cycles of
CoCp2/O3 to ensure that the Co signal was above the
noise. A linear combination fitting was used to deter-
mine the composition of the sample. All combinations

Figure 3. Stability of the photocurrent density as a function
of time in 0.1 M KOH under 1 sun illumination. The photo-
current density was monitored at 1.23 and 1.53 V vs RHE for
bare (dark green triangles = 1.23 V, light green squares =
1.53 V) and 1 CoCp2/O3 ALD cycle on (dark blue diamonds =
1.23 V, and light blue circles = 1.53 V) hematite nanolami-
nate photoanodes. The open symbols denotedata collected
from J�E scans (Supporting Information Figure S3) taken at
various times during photoelectrochemical characteriza-
tion, while closed symbols represent data collected at a
constant potential of 1.53 V vs RHE.
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of possible compositions were attempted using the
following bulk standards: Co3O4, Co2O3, CoO, Co(OH)2,
Fe2CoO4, and metallic cobalt. The best fit results were
obtained for a composition with a ratio of 2:1 for Co3O4

to Co(OH)2, respectively, for the 12 ALD cycle sample
following PEC analysis. These data, coupled with
XPS data, suggest that the initial composition of the
Co-ALD layer consisted mainly of Co(II). After electro-
chemical testing in alkaline media, the Co-ALD layer is
identified as the same species but in different proportion.

Role of Co(II)/Co3O4 Catalyst on Hematite Nanolaminate
Photoanodes. The role that overlayers play on the sur-
face of hematite has been ofmuch debate in the recent
literature28,29,32,33,35,46,62 given that similar effects have
been observed with noncatalytic overlayers used for
surface passivation,27,63 as well as the formation of
p�n junctions at the surface.36,48,64 There is limited
evidence for a true catalytic effect of the overlayer;29

passivation of surface states and increased band
bending are more often deduced as effects of over-
layers.27,28,39,40,63 Therefore, electrochemical impe-
dance spectroscopy was performed on the flat electro-
des to further understand the improvement that the
submonolayer Co(II)/Co3O4 endows upon hematite
photoanodes. Nyquist plots measured under illumina-
tion at an applied potential of 1.27 V vs RHE are shown
in Figure 5 for both a bare and Co(II)/Co3O4-modified
photoanodes. At this potential, both electrodes show two
clear semicircles, but the resistance of the low-frequency

semicircle is greatly reduced for the photoanodewith the
Co-overlayer. The equivalent circuit shown in Figure 6 is
considered for fitting the IS data.29,65 This equivalent
circuit consists of the capacitance of the bulk hematite
thin film, Cbulk, a resistance to electrons recombining with
holes in surface states, Rrec, a capacitance of the surface
states, Css, and a charge transfer resistance from the
surface states, Rct,ss. This equivalent circuit was selected
by making the assumption that charge transfer occurs
through surface states, an assumption which has been
tested and discussed previously.66 At themost positive
potentials, a distinct low-frequency semicircle can no
longer be resolved and the single semicircle may be fit
with a Randles circuit (Figure S6) which omits Css and
Rct,ss. The disappearance of this low-frequency semicircle

Figure 5. Nyquist plot measured at an applied potential of
1.27 V vs RHE under 1 sun illumination for a bare hematite
nanolaminate photoanode (black circles) and a hematite nano-
laminate coated with 1 ALD cycle Co(II)/Co3O4 (blue squares).

Figure 4. (a) XPS spectra of Co3O4 standard (black), freshly prepared hematite nanolaminate coatedwith 1 (blue), 3 (orange),
and 12 (dark blue) ALD cycles of Co-based catalyst. The data in the XPS spectra for the Co3O4 standard and the 12 ALD cycle
sample were fit using the fitting constants presented in Table S1. (b) XANES spectra of Co foil (black), Co(OH)2 standard (green),
Co3O4 standard (blue), and hematite nanolaminate coated with 12 ALD cycles of Co-based (magenta) catalyst post-PEC analysis.
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has been previously attributed to the rapid charge
transfer from oxidized surface states which prevents
significant charge buildup and an immeasurably small
Css and Rct,ss.

70 Since both bare and Co(II)/Co3O4-mod-
ified hematite nanolaminate photoanodes show similar
Nyquist plots and J�E curves, the same equivalent
circuits were used for interpreting both electrodes.

Fitting the IS data yields the equivalent circuit
parameters shown in Figures 7 and S7 for bare and
Co(II)-modified hematite nanolaminate photoanodes.
After addition of Co(II)/Co3O4, the Cbulk values remain
largely unchanged as expected (Figure S7a). Cbulk
values decrease with increasing positive applied po-
tential, which is consistent with Mott�Schottky (MS)
behavior of an n-type semiconductor. MS plots were
prepared from Cbulk values measured under both dark
and illuminated conditions (Figure 7a). Derived flat
band potentials, EFB, in the dark of 0.744 and 0.735 vs

RHE were essentially identical for bare and coated
hematite electrodes, respectively. The dopant density,
ND, was derived from the slope of the MS plots,
producing values of 1.1 � 1019 and 1.6 � 1019 cm�3 for
bare andCo(II)/Co3O4-coated electrodes respectively. This
suggests that the enhanced performance of the coated
hematite electrodes is not due to a shift in the flat band
potential. The MS data flatten at potentials greater than

approximately 1.4 V vs RHE. This is likely due to the thin
film becoming fully depleted at these positive potentials,
such that applying further positive potentials does not
decrease the bulk capacitance. This can be confirmed by
calculating the maximum depletion width (Wmax) with
the equation

Wmax ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kε0Vmax

qND

s

where k is the dielectric constant of the semiconductor
(taken to be 32), ε0 is the permittivity of a vacuum
(8.854 � 10�12 C V�1 m�1), q is the charge of an
electron, ND is the dopant density, and Vmax is the
voltage dropped across the entire hematite film.67�69

The Vmax was calculated as the voltage difference
between the EFB and the potential at which the MS
plot plateaus (∼1.4 V). The maximum depletion width
or thicknesses of the electrodes were calculated to be
12 and 14 nm for the bare and Co(II)/Co3O4-coated
electrodes, respectively. This is in excellent agreement
with the thickness of these films as measured by
ellipsometry and absorption spectroscopy (13 nm).
This expected space-charge capacitance behavior of
the measured Cbulk further validates our equivalent
circuit and the use of MS analysis.

The Css for both photoanodes (Figure 7b) shows a
peak which corresponds with the current inflection
potential (Figure 2) and similarly shifts ∼100 mV
with the Co(II)/Co3O4 modification. The magnitude of
the peak is also decreased for the coated photoanode
compared to the bare hematite nanolaminate. This is
consistent with charge transfer from the surface states
of Co(II)/Co3O4-modifiedphotoanodes being faster than
charge transfer from the surface states of bare electro-
des since fast hole transfer will yield a lower steady-state
hole concentration in the surface states and thus a lower
capacitance. This suggests that the role of the Co(II)/
Co3O4 layer is to accelerate charge transfer kinetics, that
is, act as a true water oxidation catalyst. This same trend
was also observed by measuring the charge passed
through cathodic current transients29,70 measured in
response to turning off 1 sun illumination (Figure S8).

Figure 6. Equivalent circuit used for water oxidation at
hematite electrodes.

Figure 7. Respresentative (a) Cbulk measured in the dark (closed symbols) and under 1 sun illumination (open symbols), (b) Css
and (c) Rrec (open symbols) and Rct,ss (closed symbols) for a bare hematite photoanode (black symbols) and a nominally
identical hematitewith 1ALD cycle Co(II)/Co3O4 (blue symbols).Css, Rrec, andRct,ss datawere collected under 1 sun illumination.

A
RTIC

LE



RIHA ET AL. VOL. 7 ’ NO. 3 ’ 2396–2405 ’ 2013

www.acsnano.org

2402

It could be argued that the reduction in Css ob-
served may be attributed to a passivation of some
surface states, similar to the effect seen with group 13
overlayers.27,63 By examining Css at potentials less than
the photocurrent onset, the effects of water oxidation
kinetics can be eliminated. From 0.8 to 1.0 V, the Css
(and integrated cathodic current transient) is equal to
or slightly larger than that for the Co-modified photo-
electrode, which suggests that surface states are
not passivated by the overlayer. More direct evidence
that the overlayer is acting to catalyze the OER reaction
can be uncovered by comparing the resistance to
charge transfer across the electrochemical interface
(Figure 7c). For both photoanodes, Rct,ss decreases with
more positive applied potentials until Rct,ss becomes
consistently low. At these potentials, the photocurrent,
now controlled primarily by the flux of holes reaching
the hematite surface, plateaus. For both photoelec-
trodes, the photocurrent onset potential is the same
potential at which Rct,ss is first within 2 orders of
magnitude of Rrec. Intuitively, this is the point at which
the water oxidation pathway becomes competitive
with recombination;the competing pathway for oxi-
dizing equivalents on the surface. A rigorous treatment
of the kinetic parameter for charge transfer (kct water
oxidation) reveals it to be proportional to the ratio
Rrec/Rct,ss.

65 Therefore, the order of magnitude lower
Rct,ss measured for the Co(II)/Co3O4-modified photo-
anode, with all else being equal, directly results in
faster water oxidation kinetics on the Co(II)/Co3O4

surface compared to the surface of hematite. This
strong correlation between Rrec/Rct,ss and photocurrent
onset (Figure S9) further supports the conclusion that
an acceleration of the rate of water oxidation alone can
account for the cathodic shift observed. A similar Rct,ss
versus potential was observed upon coating a compar-
able hematite photoanode with∼15 nm of the porous
Co-Pi catalyst.29 It should be noted, however, that the
decrease in Rct of Co-Pi-coated hematite films is largely
a result of the greater surface area available for charge
transfer to the electrolyte, due to the porous nature of
the Co-Pi. The surface roughness of the <0.1 nm thick
Co(II)/Co3O4 layer is not expected to alter the surface
area of the photoanode, thus we can attribute the
lower Rct,ss to faster specific charge transfer kinetics
(per area). The decrease in Rct,ss with the addition of
Co(II)/Co3O4 is also evidence against a surface-state
passivation mechansim since Rct,ss would be expected
to increase with the passivation of reactive surface
states.65 This reproducible reduction in both Css and
Rct,ss upon Co(II)/Co3O4 modification was observed for

multiple batches of hematite and Co(II)/Co3O4 deposi-
tions. In one rare case, the reduction in Rct,ss was even
greater, dipping as low as 3 � 103 Ω 3 cm, which is on
par with the most efficient Co-Pi catalyst coatings on
hematite to date;coatings that are less desirable due
to thickness (300þ nm) and competitive light absorp-
tion.29 The cathodic shift in the current onset potential,
a reduced and shifted peak Css, and lower Rct,ss for
Co-modified photoelectrodes are all consistent with in-
creased water oxidation kinetics. This conclusion is in
contrast to that made by Cummings et al. for a different
route toCodeposition,wherein themajor roleofCo2þ ions
coated on hematite electrodes is believed to be reduction
of surface-state recombination.39 This may not be surpris-
inggiven thedistinct surface chemistry of theFe2O3/Co(II)/
Co3O4 electrochemical interface created by ALD. Evidence
for less catalytic behavior in photoanodes with thicker
overlayers (Figure S2b) suggests the possibility of a syner-
gistic effect of Co and Fe sites that is simultaneously
electrochemically accessible. This behavior is in contrast
to an increasingly more cathodic (dark) current onset
when the same Co-based ALD process is applied to bare
conductive glass (no hematite) (Figure S10).

CONCLUSIONS

The coating of hematite nanolaminate photoanodes
with a Co-based submonolayer by ALD results in a
significant decrease in the applied potential required to
drive photo-assisted water oxidation. The photocurrent
onset potential shifted cathodically by 100�200mV, and
the photocurrent at 1.23 V increased for flat and inverse
opal scaffold photoanodes. The photocurrent for the
coated inverse opal scaffold reached over 2 mA/cm2 at
1.53 V vs RHE, representing one of the highest values
achieved with a Co-based catalyst. Furthermore, the
ALD-grown catalyst, which is shown to be Co(II)
(hydr)oxide and Co3O4, exhibits important advantages
over previous OER catalysts including no detectable
optical absorption and promising stability. An investi-
gation into the role of submonolayer Co(II)/Co3O4 on
hematite nanolaminate photoanodes was also per-
formed with EIS. The combination of a reduction in
the steady-state contrentration of oxidized surface
states, along with the reduction of charge transfer
resistance from those surface states, reveals that the
charge transfer kinetics from the surface of the photo-
anode to the electrolyte were accelerated with the
addition of just 1 ALD cycle. This combination of
catalytic activity, stability, optical transparency, and
conformal deposition makes this a promising ap-
proach to improving the OER kinetics of photoanodes.

EXPERIMENTAL SECTION
Conductive fluorine-doped tin oxide (FTO, 15 Ω cm�2,

Hartford Glass, Co.) coated glass substrates were cleaned by a

gentle scrub with detergent, rinsed with DI water, sonicated in

acetone for 10min, followed by a 10min sonication in isopropyl

alcohol, and finally blown dry with a stream of N2. Prior to
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deposition, the FTO was loaded into the ALD chamber and
ozone cleaned for 3 min. Silicon substrates for ellipsometric
measurements were also cleaned using the procedure above
less the detergent scrub. Inverse opal scaffolds were prepared
on FTO-coated glass using a 2.6% stock solution of 350 nm
polystyrene particles.71 The resulting inverse opal scaffolds
were 8 layers thick with a pore size of 300 nm. Prior to ALD,
the scaffolds were treated with ozone for 3 min.
Tin-doped indium oxide (ITO) and Fe2O3 depositions were

carried out in a Cambridge Nanotech, Inc. Savannah 200 ALD
reactor. The ALD reaction timing follows the sequence
t1�t2�t3�t4, where t1 and t2 are the exposure and purge times
for precursor A (metal precursors) and t3 and t4 are the exposure
and purge times for ozone. Note that the times are in seconds.
Ferrocene (Fe(Cp)2, 98%, Aldrich), cyclopentadienylindium(I)
(InCp, 99.99%, Strem), tetrakis(dimethylamido)tin(IV) (TDMASn,
99.9%, Aldrich), and bis(cyclopentadienyl)cobalt(II) (Co(Cp)2,
98% Strem) were used without further purification. Ozone was
generated by a DelOzone generator (5 wt % in 500 sccm ultra-
high-purity oxygen). The ALD conditions for ITO were as follows:
InCp andTDMASnwere heated to 70 and55 �C, respectively, and
the reaction chamber was 210 �C. Using a quasi-static exposure
(no pumping) for the InCp, the sequence for the In2O3 cycles
was 30�35�65�25. Every 10th InCp cyclewas replaced by a 15 s
quasi-static exposure TDMASn cycle. The ALD ITO films were
used without postdeposition processing. Fe2O3 was deposited
on the ITO-coated FTO substrates using the sequence
60�35�90�20. We note that the 60 s Fe(Cp)2 exposure was
split into two consecutive 30 s static exposures separatedby a 5 s
purge, and the 90 s ozone exposure was two consecutive 45 s
pulses separated by a 1 s purge. Following deposition, the Fe2O3

thin films were annealed at 500 �C for 30 min in flowing ultra-
high-purity O2 (250 sccm). The ramp rate was 10 �C/min. Films
were coated with ALD Co(II)/Co3O4 using the pulsing sequence
30�35�90�25, where the 30 s Co(Cp)2 exposure was two
consecutive 15 s static exposures with a 5 s purge, and the
90 s ozone exposure was the same as that used for the ALD of
Fe2O3. ITO, Fe2O3, and thick cobalt-based film thicknesses were
estimated using a J.A. Woolam Co. M2000 variable-angle spec-
troscopic ellipsometer (VASE) from ellipsometric measurements
on witness silicon chips.
Current�voltage (20 mV/s scan rate) and stability measure-

ments were performed in 0.1 M KOH (Sigma, 99.99% semicon-
ductor grade), pH 13.1, with a μAutolab Type III potentiostat.
A three-electrode configuration was used, where the reference
electrode was Ag/AgCl, and the counter electrode was a Pt wire.
The Fe2O3 films were masked with 60 μm transparent Surlyn
(Solaronix) to define an active area of 0.38 cm2. A Newport
300W arc lamp equipped with an AM 1.5 and UV filter was used
as the light source, and the output power was calibrated with a
Newport silicon photodiode (model 71580) to simulate AM
1.5 conditions (100 mW/cm2). A monochromator attached to
the arc lamp was used for monochromatic light. Impedance
measurements were measured at different applied bias using a
perturbation amplitude of 10 mV. The frequency range was
10 kHz to 40 mHz. Data were fit using Zview software (Scribner
Associates). The light source for impedance measurements was
a 450 W Xe arc lamp (Horiba Jobin Yvon). Reflectance-corrected
UV�vis data were collected on a Cary5000 UV�vis�NIR with an
integrating sphere accessory.
X-ray photoelectron spectroscopy (XPS) was performed in a

custom instrument with a Mg KR (1253.6 eV) X-ray source and a
hemispherical electron energy analyzer in the fixed absolute
resolution mode. A pass energy of 44 eV was used for both the
survey spectra as well as for the detailed measurements of
specific regions. The energy step for the survey spectra and the
detailed measurements were 0.5 and 0.1 eV, respectively, with
the exception of the Co3O4 standard, where a 0.5 eV step was
used for the detailed spectrum. XPS data were processed using
CasaXPS (Copyright 2009 Casa Software, Ltd.). Gausian(70%)�
Lorentzian(30%), defined as GL(30) in CasaXPS, line shapeswere
used for each component. All spectra were shifted to account
for sample charging using adventitious carbon as a reference
to 284.5 eV. CoO, Co(OH)2, and Co3O4 standards were obtained
from Sigma Aldrich and used as received.

X-ray absorption near-edge spectroscopy (XANES) on the
ALD sample, as well as full complement of cobalt standards,
was performed at the 12-ID-C Beamline of theAdvanced Photon
Source at the Argonne National Laboratory at room tempera-
ture. The spectra were collected by a 4-element fluorescence
detector (Vortex 4 element SDD) mounted parallel to the
sample surface and perpendicular to the X-ray beam. A full
complement of cobalt standards was collected at the 12-ID-C
Beamline. The collected spectra were normalized, energy cali-
brated, and fitted using the Athena 0.8.056 package. A linear
combination fitting was used to determine the contribution of
standards which make up the analyzed sample.
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