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ABSTRACT: High specific surface area transparent and conducting
frameworks, fabricated by atomic layer deposition (ALD), were used as
scaffolds for fabrication of equally high area, ALD-formed hematite
structures for photo-oxidation of water to dioxygen. The frameworks offer
high transparency to visible light and robust conductivity under harsh
annealing and oxidizing conditions. Furthermore, they also make possible
the spatially distributed collection of photocurrent from ultrathin coatings
of hematite layers, enabling the formation of photoanodes featuring both
large optical extinction and a hematite layer thickness nearly commensurate
with the hole-collection distance. The distributed-current-collection
approach increases the efficiency of water oxidation with hematite (by
about a factor of 3 compared with an optimized flat electrode), is highly
adaptable to future advances in thin film technology, and is further
applicable to a multitude of nanostructures and optoelectronic applications that require ultrathin films without sacrificing optical
thickness.

KEYWORDS: atomic layer deposition, Fe2O3, inverse opal, iron oxide, water splitting, distributed current collector

1. INTRODUCTION

The sun irradiates the earth’s surface with more than enough
power to sustainably meet the rapidly growing energy demand,
but large scale solar energy utilization is constrained by two key
challenges: supplying energy while the sun is not shining (i.e.,
energy storage) and efficiently converting solar radiation using
more affordable materials.1 One promising approach to
surmounting both is the direct photoelectrochemical gen-
eration of fuels from sunlight (e.g., solar water splitting) using
earth-abundant materials.1−6 One such earth-abundant materi-
al, hematite (α-Fe2O3), has received renewed interest as a viable
photoanode for water oxidation, half of the overall water-
splitting reaction.5,7−18 Hematite has a band gap of 2.1 eV,
which allows for light absorption out to approximately 600 nm,
and a valence band edge suitably positioned for water oxidation.
The nontoxic, n-type semiconductor is a form of iron oxide,
with Fe being in the fully oxidized (III) state, that is remarkably
stable under the often alkaline and oxidizing conditions used
when splitting water. Despite its promise, the careful study of
hematite photoanodes has revealed two significant limitations
that have impeded widespread application. First, polycrystalline
hematite surfaces show only modest activity for the oxygen
evolution reaction (OER) at the semiconductor−liquid
junction14,17 and second, the observed hole-collection distance
is typically less than 20 nm.10,11,19−22

The incongruity between hole collection distances and
optical absorption length for hematite is illustrated in Figure
1. Photogenerated holes are swept to the semiconductor-liquid
junction under the influence of a space-charge layer, which has
been reported to have a width similar to the distance of hole
collection.10,22 Holes produced outside this drift-assisted region
are generally lost to rapid recombination, making films thicker
than the depletion width no more productive than thinner films
and worse, acting as optical filters to the active region under
glass-side illumination. Therefore, while a relatively thick film
(hundreds of nanometers) is needed to achieve light harvesting
efficiencies (LHE) approaching unity, in practice thick films
show external quantum efficiencies equal to or less than thin
film (∼20 nm) planar photoanodes.9,10 Nanostructuring of
photoelectrodes could provide a means of decoupling the small
feature sizes required for effective collection of photogenerated
holes from the relatively large optical thickness needed for
efficient light-harvesting.
Two approaches for nanostructuring hematite are consid-

ered: the first entails changing the morphology of hematite
monolith, while the second entails scaffolding hematite thin
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films on conductive nanostructured supports. Efforts to
nanostructure hematite through morphological control
including the formation of nanoparticles,23 nanorods,24 nano-
wire arrays,25−27 and cauliflower-like structures made with
atmospheric pressure chemical vapor deposition28have
resulted in improved device performance. Each of these
structuring strategies improves light collection at longer
wavelengths by making an optically thicker, porous hematite
layer while minimizing the distance photogenerated holes must
travel to the solid−liquid junction. Nanostructuring the
semiconductor circumvents hematite’s conflicting demands
for relatively long optical thickness and short hole-collection
distance. However, in the aforementioned nanostructures the
potential gradient associated with the space-charge layer sweeps
electrons not into the electrode directly but first into the
interior of the hematite nanostructure. If the space-charge layer
does not extend fully into the interior it may contribute to
(parasitic) absorption without contributing to photocurrent. An
example of this point was clearly demonstrated by Klahr, et al.
with hematite films grown by atomic layer deposition (ALD).
They found that films thicker than ∼20 showed higher
absorbance values but did not correlate with increased
photocurrent.10 Compared to electrons traversing ultrathin
films, these charges must also travel a longer and more tortuous
path to the collecting electrode, thereby increasing their
interaction time with nearby holes.
A more experimentally challenging but conceptually simpler

design can be envisioned whereby a transparent current
collector, which covers an inert and transparent framework, is
directly adjacent to all points of electron generation, as is the
case for flat thin films. This approach eliminates competitive
absorption (from unproductive Fe2O3), minimizes the electron
collection distance (and therefore interaction time), and
ameliorates concerns about potential-draining series resistance.
However, the requirements for this scaffoldessentially, a
spatially distributed current collectorare not trivial.29−32

Clearly, the framework needs to be conductive to minimize the
resistance to electron flow. Second, this scaffold must be
sufficiently porous to allow reactants and products access to the
deepest pores of the photoanode. Next, the material must be
compatible with the deposition and postprocessing of
subsequent layers (hematite) as well as resistant to a water
oxidation environment, assuming a few pinholes may always be
present in the ultrathin films. Finally, and perhaps most

challenging, is the requirement for the high optical transparency
over the range of near-UV and visible-light wavelengths
absorbed by hematite (350−600 nm). Frameworks that meet
some, but not all, of these requirements have been fabricated
from anodized aluminum oxide templates,33 TiSi2 nanonets,
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and Al:ZnO nanorods.11,32 Subsequent coating of the
conductive scaffolds with ALD thin films of hematite resulted
in photoanodes with improved photocurrent density but less
than optimal electrical, optical, and/or materials properties.
During the preparation of this manuscript, a report describing
an ALD-grown Nb:SnO2 thin film over TiO2 nanoparticles was
published by Stefik, et al.32 This distributed electrode was
subsequently coated with hematite, but not by ALD, resulting
in a nonuniform Fe2O3 coating on a framework of modest
porosity. Nevertheless, the large improvement in water splitting
performance they observe further reinforces the promise of this
approach.
Herein, we report a materials-general approach to the

deployment of transparent and conductive scaffolds con-
structed by conformally coating silica-based inverse opal
frameworks with indium tin oxide (ITO) via ALD. Subsequent
deposition of Fe2O3, also by ALD, results in an efficient
photoanode for water oxidation with the flexibility to
accommodate future improvements in both the transparent-
conducting and absorbing-semiconducting components. The
inverse-opal design offers a high degree of tunability, with the
ability to easily vary pore size and total thickness. Additionally,
the ITO and hematite layer thicknesses (and thus conductance
and light harvesting efficiency, respectively) can be varied
independently and with atomic layer precision contrary to
hematite films grown by other methods. In principle, these
layers could be similarly grown on other transparent, porous
frameworks. When employed as water oxidation photoanodes
we observe a more favorable photocurrent-onset potential, as
well as enhancements of light harvesting efficiencycorrelated
directly to increases in external quantum efficiency (EQE)
relative to equivalent flat photoanodes.

2. EXPERIMENTAL SECTION
Conductive fluorine-doped tin oxide (FTO) coated glass (15 Ω cm−2)
was purchased from Hartford Glass Co. Substrates were cleaned by
sonicating in deionized (DI) water and detergent for 20 min, rinsing
with DI water, sonicating in acetone, rinsing with acetone, sonicating
in isopropanol, and finally blowing dry with N2. Porous inverse opal
thick films were fabricated according to modified literature procedure
that will be reported in detail elsewhere.34,35 The procedure uses a
2.6% stock solution of 0.350 μm polystyrene particles.

ITO and Fe2O3 deposition was performed in a Savannah 200 ALD
(Cambridge Nanotech Inc.). Ferrocene (Fe(Cp)2, 98%, Aldrich),
cyclopentadienylindium(I) (InCp, 99.99%, Strem), tetrakis-
(dimethylamido)tin(IV) (TDMASn, 99.9%, Aldrich) and ozone
(O3) were used as precursors. Ozone was generated by a DelOzone
ozone generator (5 wt % in 500 sccm ultrahigh purity oxygen). For the
ITO deposition, InCp was heated to 70 °C and the TDMASn to 55
°C, whereas substrates were heated to 210 °C. Sn-doping was achieved
using a cycle ratio of 9:1 for In2O3 and SnO2, respectively. For the
deposition of In2O3, the ALD pulse sequence was 30 s InCp static
exposure (no pumping) followed by a 35 s purge, 65 s O3 pulse, and
finally a 25 s purge. The SnO2 deposition followed a similar recipe: 15
s TDMASn exposure, 30 s purge, 65 s O3 pulse, and a 25 s purge. No
postannealing of the ITO-coated scaffold was necessary. The ferrocene
precursor was heated to 95 °C and the substrates cooled slightly to
200 °C for the deposition of Fe2O3. The pulse sequence (a
modification of a previously published procedure)36−39 consisted of
the following: two 30 s Fe(Cp)2 exposures separated by a 5 s purge

Figure 1. (a) Absorptance profile of 400 nm (blue) and 525 nm
(green) light in a dense hematite thin film based on 1−10(−αd). More
than 200 nm of hematite is required to absorb most green photons.
Less than 50% of any visible light is absorbed within the space-charge
layer, where an electric field assists the transport of photogenerated
holes to the semiconductor−liquid junction.
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and followed by a 35 s purge, then two 60 s ozone exposures separated
by a 5 s purge and followed by a 15 s purge. The nitrogen carrier gas
flow rate was 15 sccm during purge times and 5 sccm during quasi-
static exposures. A portion of the hematite-coated substrate that was
not coated with opal was masked by Kapton tape during deposition to
reduce the contact resistance of the potentiostat leads. All photo-
anodes were subsequently annealed at 500 °C for 30 min with 10 °C/
min ramp rates. ITO and hematite film thicknesses were estimated
from ellipsometry measurements of coatings formed on witness silicon
substrates using a J. A. Woolam Co. M2000 variable angle
spectroscopic ellipsometer (VASE). Scanning electron microscope
(SEM) images and energy-dispersive X-ray spectra (EDS) were
acquired on a Hitachi S4800−II or Hitachi S4700 scanning electron
microscope.
Photoelectrochemical measurements were performed with a

μAutolab Type III potentiostat with NOVA software, in 1 M NaOH
deionized water (pH 13.6) with a platinum wire counter-electrode and
Ag/AgCl/sat. KCl reference electrode. The reported potential was
converted to be in reference to the reversible hydrogen electrode
(RHE)as it is independent of the electrolyte pHusing the
relationship:

= + +E E E0.059pHRHE Ag/AgCl Ag/AgCl
0

Here, EAg/AgCl is the measured potential using the Ag/AgCl reference
electrode, and EAg/AgCl

0 is the standard potential of the Ag/AgCl
reference electrode vs NHE (0.197 V). The light source was a
Newport 300 W arc lamp equipped with an AM 1.5 and ultraviolet
(UV) filter interfaced with a Newport monochromator with switchable
grating or mirror (for white light illumination). The output power was
calibrated with a Newport silicon photodiode to roughly simulate AM
1.5 conditions (100 mW cm−2). Substrates masked with Surlyn, which
defines an active area of 0.38 cm2, were immersed in solution and
illuminated through a quartz window through the hematite side of the
photoanode.
Reflectance-corrected absorbance spectra were recorded with a Cary

5000 UV−vis−NIR fitted with an integrating sphere accessory (DRA-
2500). For both the attenuance and reflectance measurements, dry
samples were illuminated through the glass side of the substrate using
an optical mask to prevent light leaking. The FTO substrate
transmittance and reflectance were subtracted from the spectra to
yield the transmittance and reflectance of only the ITO/Fe2O3 layer.
Using the relationship Abs = −log(T + R), the absorbance of the ITO/
Fe2O3 active layer was then determined. Absorptance was derived
using the equation 1−10−Abs or otherwise put, absorptance = 1 − T −
R.
A detailed analysis of the photon flow through flat and scaffolded

hematite photoanodes was calculated for 400 and 525 nm. We took
measurements of attenuance and % reflectance for each of the samples
with the UV−vis−NIR spectrometer, before and after deposition of
ITO and Fe2O3, in addition to EQE measurements. The % reflected by
the substrate was found simply from the % reflectance measurements.
Transmitted photons were calculated from (1 − reflectance −
attenuation from the substrate). Active layer absorbtance for flat
samples was calculated by subtracting predeposition (base)
absorbtance from postdeposition (base+active) absorbtance. The %
absorbed by FTO on flat substrates was calculated by multiplying the
total absorbtance of the FTO substrate (measured predeposition) by
the % of incident light not reflected by the substrate or absorbed by
Fe2O3. Finally, the % collected was a known quantity from EQE
measurements taken at 1.53 V vs RHE. These data were found by
subtracting dark current from photocurrent at the wavelength of
interest, then dividing the result by incident power from the lamp. In
the figure, % recombined was then calculated by subtracting %
collected from % absorbed by Fe2O3.

3. RESULTS AND DISCUSSION
Given the strict requirements for an effectual scaffold, and the
chemically aggressive environment to which it will be exposed,
we sought to establish its properties alone under these

experimental conditions. Previous studies of ALD-grown
hematite thin films indicate that firing at 500 °C under flowing
O2 optimizes photoanode performance.9−13,18,40 Our studies
with various firing times suggested that 30 min was optimal for
hematite thin films. However, commercial ITO films and many
other transparent conducting oxides (TCOs) are known to lose
conductivity under these conditions.11 High-temperature treat-
ments may increase grain size in weakly crystalline or
amorphous films, and therefore allow for higher charge
mobility. However, the conductivities of TCOs are highly
sensitive to O2 partial pressure at elevated temperatures, which
dramatically changes the concentration of O-vacancies that
account for n-type doping. When thin films of pure In2O3
grown by ALD were subjected to the annealing conditions used
throughout this work they became highly resistive due to a
reduction in the carrier concentration that likely corresponds to
a lower O-vacancy concentration. Sn-doping of In2O3 is also
known to create n-type carriers, and thus diminishes (but does
not eliminate) the sensitivity of film conductivity to thermal
elimination of O-vacancies. Nevertheless, retaining substantial
conductivity is a near-universal challenge for TCOs at 500 °C
in oxygen (perhaps only FTO being excluded) that is even
more pronounced in Al:ZnO films.41

To observe how the electrical conductance of the ITO
scaffold changed throughout photoanode construction, we
fabricated a special substrate (Figure 2). A ∼5 mm gap was

chemically etched down the center of commercial ITO-coated
(cITO) glass substrate, leaving only two electrically isolated
strips of ITO. An inverse opal was then assembled across the
full width of the substrate, followed by ALD growth of ITO
(aITO) and Fe2O3. Resistances were measured at each stage of
fabrication to monitor how the scaffold conductance changed.
Assurance that the conductance was retained cannot be
provided in the traditional device geometry (no cITO etching)
because of the high contact resistance of the Fe2O3-coating and
the risk of probe breakthrough onto the underlying TCO.
Table 1 shows the resistance to lateral electrical conduction
across the inverse opal framework (R1) at various stages of
fabrication.
As expected, the uncoated silica inverse opal framework was

highly insulating. After conformal deposition of 8 nm of aITO,
the porous framework became conductive, exhibiting a lateral
resistance of 150 Ω. We note that the relevant resistance (for
electron collection to the typically underlying electrode,
through the few micrometer thickness of the porous inverse
opal scaffold) will be orders of magnitude lower according to
the geometric relationship of resistance. Remarkably, following
annealing under the same conditions used for annealing Fe2O3,
conductivity across the array was unaltered. Deposition of

Figure 2. Highly idealized schematic of the special substrate for
measuring resistance across the ALD-ITO-coated inverse opal
framework. The schematic is not to scale. Actual inverse opal
thickness is of order 5 μm, whereas the gap between ITO pads is on
the order of 5 mm.
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Fe2O3 onto an cITO/IO/aITO substrate produces a relatively
small increase in resistance. After annealing in O2 the final
photoanode showed a sheet resistance on the order of 200 Ω.
Therefore, we conclude that none of the processing conditions
to which real photoelectrodes will be subjected, seriously
erodes the conductivity of these high surface area scaffolds. The
resistance to vertical electrical conduction, which is most
relevant to device operation (electron collection), is difficult to
reliably measure because of the risk of probe breakthrough and
“sealing” of all exposed surfaces by Fe2O3. Instead, to the extent
that conduction is symmetric in the largely symmetric inverse-
opal, we expect the resistance to be much less than 1 Ω through
the scaffold,42 even after postdeposition processing. This
resistance is negligible compared to the sheet resistance of
the substrate (nominally 15 ohms).
After verification of the conductive scaffold properties we

optimized the hematite thickness in planar FTO devices. Very
thin, flat hematite films (<10 nm) yielded negligible photo-
currents even after high temperature firing in air. The
absorption spectra of these films tended to show comparatively
poorly defined peaks, suggesting a lack of crystallinity, even
after firing. This highlights the need for a precise and conformal
iron oxide film throughout the framework in order to avoid
formation of “dead zones”, i.e. regions where the film might
absorb light but be unable to generate photocurrent, thus
lowering the overall efficiency. Likewise, deposition that results
in areas that are overly thick could result in closed pores,
making portions of the semiconductor film inaccessible to
water and therefore inactive. Thus, the structural precision and
conformality of ALD-grown films is uniquely suited to this
device design and application. Cross-sectional scanning
electron microscopy (SEM) was undertaken to probe the
precision of deposition throughout the challenging structure.
The SEM images (Figure 3 and Figure S2 in the Supporting

Information) show conformal nanolaminates of uniform
thickness deposited throughout the eight-layer inverse opal
structure. A film of approximately 20 nm is clearly visible
around the inside of each cavity, with the thinner ITO layer
distinguishable beneath. Although 15-nm-thick films were
found to be optimal for photoelectrochemical water oxidation,
intentionally thicker hematite films were grown over the ITO in
this study to allow better imaging and test the limits of
conformal growth. Figure 3c suggests that adequate contact is
made between the aITO/hematite film and the underlying
FTO substrate.
The apertures between cavities, visible in Figure 3a,b are

approximately 30−40 nm in diameter at their widest and
appear to be unbarred by the film deposition. If pore closing by
the ALD growth were to occur, it would render those cavities
inactive due to the inability of the electrolyte to penetrate the
pores. Additionally, deposition would be inhibited deep within

the framework, yielding thicker ALD films near the surface and
little or no deposition near the substrate. Further evidence that
Fe2O3 deposition occurred even in the deepest pores of the
scaffold is supported by an EDS linescan of Fe, collected over a
cross-section of the scaffold, Figure 3d. Combined, the SEM
and EDS analysis provide strong evidence for the final
deposition of Fe2O3 by ferrocene and ozone, resulting in a
uniform and conformal thin film.
Reflectance-corrected UV−vis spectra were collected for dry

photoanodes at each stage of fabrication and for several control
samples. A simple comparison of equivalent α-Fe2O3
thicknesses on nominally flat FTO and inverse opal (without
ITO) substrates is most illustrative, Figure 4. A three- to 6-fold

increase in absorbance is observed for the inverse opal sample
over the wavelength range between 350 and 550 nm (Figures 4
and 6). A much more detailed optical analysis that includes the
reflectivity of each photoanode as well as competitive
absorption by the ITO-coated inverse opal is required to
predict the performance enhancement of the scaffold over the
flat structure. This discussion is saved for the complete system
analysis at the end of this section. We further note the presence
of similar spectral features in the absorption spectra of Fe2O3
when deposited on the inverse opal scaffold, which we often
correlate to crystallinity. This, coupled with the conformality

Table 1. Electrical Resistance at Difference Stages of Device
Fabrication for the Geometry Shown in Figure 2a

sample R1

cITO/IO ∞
cITO/IO/aITO 150 Ω
cITO/IO/aITO + 500 °C O2 150 Ω
cITO/IO/aITO/Fe2O3 195 Ω
cITO/IO/aITO/Fe2O3 + 500 °C O2 218 Ω

acITO = commercial ITO substrate, aITO = ALD-grown ITO on the
inverse opals (IO).

Figure 3. (a−c) SEM cross-section of inverse opal scaffolds coated
with ITO and 20 nm Fe2O3. The black bar represents 100 nm in each
image. (d) Overlayed EDS linescan showing iron deposited
throughout the film thickness.

Figure 4. Absorbance of 15 nm Fe2O3 on an inverse opal (blue) and
on a flat FTO substrate (black) after firing at 500 °C.
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observed in SEM and EDS analysis, further suggests that the α-
Fe2O3 coated framework may be suitable for application as a
comparatively efficient water oxidation photoanode.
The photoelectrochemical performance of a complete inverse

opal photoanode is compared to an analogous flat FTO
substrate (lacking inverse-opal scaffold) with identical ITO and
Fe2O3 layers, Figure 5. A photocurrent density of 0.55 mA cm−2

at 1.53 V vs RHE under simulated AM1.5 illumination is
comparable to similar flat devices reported previously.9,13,43

Our champion nanolaminated scaffoldan inverse opal coated
with 8 nm of ITO and 15 nm of α-Fe2O3showed a
photocurrent density of 1.60 mA cm−2 at 1.53 V vs RHE under
the same photoelectrochemical conditions. This represents a 3-
fold enhancement over the flat electrode, and clearly
demonstrates the value of the scaffold approach. At 1.23 V vs
RHE (the thermodynamic water oxidation potential) the
nanolaminate scaffold produced 0.2 mA cm−2, a vast improve-
ment over the control flat electrode. The exceptionally large
enhancement (more than 100-fold) at this less anodic potential
highlights a second benefit of the photoanode designhigh
surface area, which provides a larger specific surface area (per
photocurrent density) through which photogenerated holes
may oxidize water. This large improvement in onset potential
has not been observed for related structures in the literature.
The effect may derive from a hematite surface with exception-
ally poor oxygen evolution kinetics under these process
conditions that benefits more profoundly from a larger surface
area. Alternatively, the improvement may reflect the particular
effectiveness of this conductive scaffold in performing its
intended role, i.e., to increase the useful light-harvesting
efficiency and specific surface area of hematite without
accelerating charge recombination. In the limit of equivalent
recombination kinetics (and therefore similar quasi-Fermi level
in the photoanode), a dramatically enhanced surface area is
expected to result in a lower overpotentiala result we observe
here experimentally.
The inverse opal scaffolds with α-Fe2O3 that lack a conformal

ITO underlayer produce no photocurrent on this scale. The
lack of significant photocurrent in these control samples is
somewhat surprising but not wholly unexpected given the long,
narrow, and tortuous path that electrons must travel through
the micrometer-scale thickness of this electrode. A longer
nucleation delay for ALD of Fe2O3 on the silica surface may
also produce a film of <10 nm thickness from which we observe
negligible photocurrent, as previously discussed. The samples
do, however, show a dark current onset around 1.6 V vs RHE
that is similar to other high surface area electrodes. The ITO-

coated inverse opals showed no photocurrent (as expected) but
produced a significantly greater dark current density than flat
ITO or FTO electrodes, albeit on a significantly reduced scale
relative to the hematite-coated electrode (flat ITO/FTO
electrode data not shown). This result again demonstrates
the accelerated rate of the water oxidation reaction (per unit of
projected surface area) obtainable on high specific-surface-area
substrates.
The flat photoanode exhibits a maximum EQE of 11% near

400 nm, Figure 5b, at 1.53 V vs RHE. The EQE for the
nanolaminate scaffold, however, was much higher, yielding
values approaching 18% at short wavelengths. Overall, a two- to
5-fold improvement in EQE compared to the flat electrode
geometry is observed over the range from 350 to 525 nm,
consistent with the improvement in white light photocurrent
performance. EQEs are the product of the absorptance (the
simple ratio of the radiation absorbed by the active layer to that
incident upon it, also called the light-harvesting efficiency) and
the internal quantum efficiency (IQE). Thus the IQE values
were calculated by dividing EQE values by the absorptance
measured at each wavelength. IQE values for the flat films reach
20% near 400 nm, and showing what has become the typical
wavelength dependence for Fe2O3dropping steadily as the
wavelength approaches the absorption onset.
By analyzing the ratio of performance parameters between

identical device stacks deposited on the high area framework vs
flat platforms, the precise source of improvementas well as
deleterious effects of the scaffoldmay be established. The
most obvious benefit of depositing on the scaffold is
significantly greater optical extinction, which is easily visible
to the naked eye and clearly realized when examining the ratio
of absorbance values attributable to Fe2O3, as shown in Figure
6. The enhancement of absorbance expected across the blue
and green spectral regions is largely realized, with nearly a 10-
fold improvement between 500 and 550 nm (see Figure S3 in
the Supporting Information). We note that the absorbance
enhancement was determined for FTO/IO/aITO/15 nmFe2O3
vs FTO/aITO/15 nmFe2O3, for which the absorbance is
plotted in Figure S3a in the Supporting Information. A
nominally similar enhancement is also observed for the
FTO/IO/15 nmFe2O3 sample in the region between 350 and
450 nm, indicating that competitive absorption from the aITO
layer is minimal. The ratio of absorptance values follows a
similar trend but is less pronounced because of the logarithmic
relationship between absorption and transmission. Most
strikingly, the enhancement in EQE almost exactly tracks the
enhancement in spectral absorptance. This constitutes

Figure 5. (a) Photocurrent density vs applied potential for FTO/aITO/hematite (blue), FTO/IO/aITO/hematite (red), FTO/IO/hematite (black)
and FTO/IO/aITO (green). (b) EQE (closed circles) and IQE (open circles) plots of the same samples at 1.53 V vs RHE.
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compelling evidence that the nanolaminate scaffold design
approach described herein is effective: an increase in photo-
current density is realized and is directly proportional to the
improvement in absorptance. Recall that this is clearly not the
case for enhancements to absorptance produced via increasing
the thicknesses of hematite films built on a unity roughness
(flat) substrate, for which the EQE quickly saturates. The ratio
of IQEs presented in Figure 6 is nearly uniform across the
range of wavelengths absorbed, and is an equivalent way of
demonstrating that the hematite coatings contributing to
optical absorption from deep within the conductive scaffold
are equally capable of photo-oxidizing water as identical
hematite films grown directly on a planar electrode.
A full accounting of photons incident on flat and nano-

laminate photoanodes, Figure 7, is instructive for identifying
those improvements most needed to reach near-unity EQE

across the visible spectrum. For all samples, reflection losses are
between 8 and 15%. These are acceptable losses at this stage of
development; they may be largely remedied with antireflective
coatings in the future. For flat photoanodes with a compact
hematite layer, much of the light passes through the sample
because of insufficient absorption from such a thin film. The
absorptance of flat hematite is only 51% at 400 nm, and less
than 30% at wavelengths greater than 525 nm despite a
nominal bandgap of 2.1 eVequivalent to photons with
wavelength 590 nm, Figure S4a in the Supporting Information.
Our EQE experiments reveal that only 10% of 400 nm photon
and 1% of 525 nm photons incident ultimately result in
photocurrent. The remaining 41 and 29% of the total incident
photons that have been absorbed, respectively, are lost to
recombination.
For the nanolaminate-coated inverse opal scaffolds inves-

tigated here, almost no light was transmitted through the
photoanodes (at λ = 525 nm or less). By modeling the
competitive absorption between the active layer and the
underlying ITO film on the inverse opal scaffold (by calculating
attenuation for alternating layers of each with their respective
absorption coefficients) we find that the active layer accounts
for 94% of the absorbed light at 400 nm and 99% of absorbed
light at 525 nm. Therefore, 84% of 400 nm light incident on the
sample is harvested by the active layer, as is 90% of incident 525
nm light. Overall, the fraction of incident light absorbed by the
ITO was approximately 5% at 400 nm and only 1% at 525
nm.44

This careful “photon accounting” reveals that while over-
coming the disparate light and charge-collection distance
requirements in hematite is challenging, a robust and flexible
solution is now tenable. In contrast, the efficient conversion of
absorbed photons to usefully extracted charge, even for those
photons absorbed in ultrathin films over which a potential
gradient is present to assist in charge collection, has significant
room for improvement. For 400 nm photons, the highest IQEs
reported to date are still less than 50%, while at 550 nm IQEs
are limited to less than 20%.13,18,45,46 The implications for this
study are that while an absorptance enhancement of >5 is
observed at wavelengths approaching 550 nm (see Figure 6),
the characteristically poor IQE values at these wavelengths
result in marginal contributions to the overall photocurrent
enhancement. As a consequence, the white light photocurrent
enhancement is limited to 3-fold, despite the great potential for
absorptance improvement at longer wavelengths (where the
absorptivity is weakest). Clearly, modest IQEs severely limit the
efficiency of hematite thin films for water oxidation
applications, more so than any other loss. One potential path
to IQE improvement would be the addition of an oxygen-
evolution catalysis to the hematite surface, whereby the
photoelectrochemical reaction might more effectively compete
with recombination. However, catalytic species with even
modest optical densities in the visible region are not amenable
to this design, as they too would compete for light needed for
photocurrent generation. A second route to improve IQE
includes tuning of the space-charge layer via intentional doping,
so as to produce greater potential gradients across which
photogenerated charges may be separated. These and related
studies of well-defined hematite structures are under inves-
tigation in our laboratories.

Figure 6. Ratio of the absorbance (black), absorptance (red), EQE
(blue), and IQE (green) for inverse opal scaffold vs flat substrates
coated with 8 nm ITO plus 15 nm Fe2O3.

Figure 7. Illustration of average 400 nm (top) and 525 nm (bottom)
photon absorption, transmission, and conversion for flat substrates
(left) with 15 nm Fe2O3 and inverse opal scaffolds (right) coated with
8 nm ITO plus 15 nm Fe2O3. The photoanode schematics are for
illustration purposes only and not drawn to scale.
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4. CONCLUSIONS
Porous and transparent inverse-opal frameworks coated with
ultrathin ITO films by ALD are attractive candidates as
conductive scaffolds (i.e., distributed current collectors) for
photocatalytic semiconductor coatings. The electrical and
optical properties of the scaffolds are surprisingly stable to
both harsh annealing conditions and the strongly oxidizing
conditions associated with water splitting. The highly trans-
parent scaffolds were employed as high surface area frameworks
on which to deposit Fe2O3 with thickness commensurate with
the expected hole collection distance. Compared to an identical
nanolaminate stack without scaffold, the onset of water
oxidation is shifted by −200 mV and the photocurrent at
1.53 V vs RHE is tripled. Improvements in light-harvesting
efficiency (relative to flat photoanodes) are correlated with
nearly identical increases in EQE over the wavelength range
from 350 to 550 nm. The materials flexibility of this approach is
an advantage over related, recently reported frameworks.
Combined with rapid advances in ALD-derived materials
quality, this approach should allow for additional improvements
to hematite and similar photoanodes relevant to solar fuel
production. A careful photon accounting of the optically dense
photoanodes reveals that although nanolaminating TCOs and
hematite over porous scaffolds results in significant improve-
ments in photoelectrochemical efficiency for water oxidation,
markedly better performance will be realized only once a route
to improved IQEs has been identified.
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