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ABSTRACT: Highly ordered, and conductive inverse opal arrays were
made with silica and subsequently coated with tin-doped indium oxide
(ITO) via atomic layer deposition (ALD). We demonstrate the utility of
the resulting mesostructured electrodes by further coating them with
nickel oxide via ALD. The NiO-coated arrays are capable of efficiently
electrochemically evolving oxygen from water. These modular, crack-free,
transparent, high surface area, and conducting structures show promise for
many applications including electrocatalysis, photocatalysis, and dye-

sensitized solar cells.

B INTRODUCTION

Previous work has demonstrated that high-surface-area
architectures are well-positioned to address several key
challenges in photoelectrochemical solar-energy
conversion.' ™ For example, high-surface-area silica-based
aerogels can be used as scaffolds for constructing quasi-one-
dimensional photoelectrodes that, when deployed in dye-
sensitized solar cells (DSCs), disglay both good light-harvesting
and good charge collection.”™"'® Since SiO, aerogels are
insulating, electrode fabrication was accomplished by con-
formally coating the SiO, with ZnO, TiO,, or both, via atomic-
layer deposition (ALD); the advantage of this protocol is that it
is not necessary to devise ways of making high-surface-area
electrodes (e.g, aerogels) directly from conducting materials
(e.g, fluorine-doped tin oxide, or tin-doped indium oxide
(ITO)). This approach converts convenient but electrochemi-
cally inert scaffolds into functional structures using a two-step
procedure—namely, making the high-surface-area architecture,
which can constitute any of a broad range of materials, and then
coating it with the desired metal oxide.'"'* Consequently, this
approach has been applied to various high-surface-area
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ticles,’®'” and anodic aluminum oxide.

Among the several types of high-surface-area materials,
inverse opals (IOs) are attractive because they are easily
fabricated, stable, and because they offer large void
fractions.”>72%1¢ A scanning electron microscopy (SEM)
image of an IO prepared in our laboratories is shown in Figure
1 (top). Since IOs can be fabricated from readily available,
monodispersed polystyrene (PS) spheres in a variety of sizes,
the apertures shown in the figure can be easily tuned to adjust
the porosity for a desired application. Furthermore, by changing
the concentration of polystyrene spheres, the number of layers
(i.e., thickness) of the IO can be easily tuned. Depending on
the application, it is sometimes desirable that IOs and IO-
derived assemblies be crack-free. Most methods of IO
fabrication produce structures containing significant numbers
of cracks and other inhomogeneities—consequences of the
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Figure 1. (Top) SEM image of a SiO, inverse opal. (Bottom)
Observed and simulated powder X-ray diffraction (XRD) diffracto-
grams of the systems presented herein.®' >

infiltration technique utilized. However, Hatton et al. have
nicely solved this problem by co-depositing the precursor of the
IO material with the templating PS spheres.”* Herein, we
employ this strategy, together with ALD, to obtain ordered,
crack-free, transparent, and conductive 10 electrodes.”” To
illustrate the utility of this architecture, we further coat the
conducting electrodes with nickel oxide and explore their
behavior as electrocatalysts for oxygen evolution in alkaline
water.

B RESULTS AND DISCUSSION

10s were fabricated on planar, fluorine-doped tin oxide (FTO)-
coated glass platforms (Figure 1 (top)).** As illustrated by
Hatton et al,** our films were crack-free over the entirety of the
film (Figure S1 in the Supporting Information (SI) confirms
the crack-free nature of the film over a ca. 40 um wide section).
X-ray diffraction (XRD) diffractograms of the bare FTO-coated
glass and one coated with a silica IO (Figure 1 (bottom))
suggest that the IOs are not crystalline. Utilizing ALD, the
insulating IO scaffold was conformally coated with tin-doped
indium oxide (ITO).**7*° Figure 1 (bottom) shows XRD
diffractograms of both ITO-coated inverse opals (ITO-IO) and
ITO-coated glass; the diffraction peaks of ITO can be observed

in both XRD diffractograms,31 confirming the successful
coating of the IO framework. Figure S4 in the SI illustrates
the conformal distribution of both tin and indium of the ITO-
coated 10 framework.

To estimate the enhancement in solution-accessible surface
area for the opal structure relative to a flat electrode, we
exposed both types of electrodes to an ethanol solution of a
high-extinction dye (a tetraphenyl-carboxylated porphyrin; see
the SI), and then thoroughly rinsed the electrodes. We then
removed the adsorbed dye molecules from the electrodes by
immersion in basic ethanol. From subsequently electronic
absorption spectra of the solutions, we determined the amounts
adsorbed.’ From the ratio of amounts adsorbed, we obtained an
estimate of 50 for the enhancement in electrode surface area
due to the opal architecture (see Figure S3 in the SI). This
result is in good agreement with a value of 65 derived from a
simplified geometric model of a six-layer opal electrode (see the
SI).”S Furthermore, CO curves of flat ITO vs ITO-coated IO
frameworks (see Figure S2 in the SI) demonstrate a
significantly higher current for the Sn(II)/Sn(IV) redox wave
for the 10 electrode. This is indicative of the fact that more
than just the outermost portion of the IO framework is
electrochemically active.

To demonstrate the utility of the ITO-1O arrays, we further
deposited NiO via ALD atop the ITO-coated 10 array (Figure
S5 in the SI).>* NiO is a p-type semiconductor; it has been
widely applied for p-type dye-sensitized solar cells (DSSCs) due
to its reasonably favorable valence band position,35_37 electro-
chromic materials due to the color change associated with the
Ni(II)/Ni(III) redox couple,®*** and its role as an electro-
chemical catalyst for water oxidation, especially under highly
alkaline conditions.*>*' With the last application in mind, NiO
was deposited by ALD onto ITO-IO frameworks offering
surface areas ca. S0 times greater than the geometric area.
Elemental mapping of a representative NiO-coated ITO-IO
array via energy-dispersive X-ray (EDX) analysis showed that
Ni is uniformly distributed (see Figure SS in the SI). Figure 2
shows cyclic voltammograms for a NiO-coated ITO-IO
electrode and a flat NiO electrode in aqueous 1 M NaOH.
Compared to the flat NiO electrode, an enhancement in
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Figure 2. Cyclic voltammograms at 25 mV/s for 16-nm NiO-coated
ITO-IO (blue), 16-nm NiO flat (red), and flat ITO (green) in 1 M
NaOH; inset shows an expanded scale for flat NiO and for ITO. Note
the appearance, for the former, of a pair of surface redox peaks near 1.3
V.
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catalytic current density (vide infra) and a decreased onset
potential can be observed in the CV curve of the NiO-coated
ITO-IO electrode. Interestingly, on flat electrodes, the
thickness of the NiO film did not significantly affect the
water oxidation performance (Figure S6 in the SI). Similarly,
they did not significantly change the magnitude of the Ni(Il/
III) wave near 1.30 V. These results imply that only the
outermost portion of the NiO film is catalytically active. This
behavior differs from that for films prepared by methods such
as electrodeposition or electro-oxidation of metallic nickel,
where current due to oxygen evolution scales with the amount
of oxidized nickel present.*” The confinement of electro-
catalytic activity to the outermost part of the ALD-prepared
film is ascribed to an inability of OH™ to permeate NiO. In
contrast to ALD-derived NiO, the oxidized nickel-containing
films obtained via other methods are typically described as
hydroxides or oxyhydroxides.

To gain insight into the mechanism of water electro-
oxidation, the dependence of current density for water
oxidation on applied electrode potential was examined.*
After cycling the films several times between —0.5 V and 1.5
V vs Ag/AgCl, a Tafel slope (i.e., slope of a plot of electrode
potential against the log of the current density) of 60 mV/
decade was observed at pH 13 and pH 14. (Accurate
assessment required minimization of cell resistance and
correction for remaining cell resistance, ie., correction for iR
contributions to the measured potential. Needed resistance
values were collected via impedance measurements.) This slope
indicates that (i) one of the four required holes are transferred
before the rate-determining step, and (i) the rate-controlling
step is chemical rather than electrochemical.* Depending on
the details of oxide (hydroxide) preparation, other studies have
yielded Tafel slopes of ca. 60, 40, or 30 mV/decade.***~*

Assessment of the pH dependence of the rate of oxidation
(i.e, current density) at fixed potential versus a pH-
independent reference electrode yields a reaction order of —2
in HY, or, equivalently, +2 in OH".

Electrochemical conditioning of NiO films has been shown
to improve catalytic activity via in situ formation of Ni(OH),/
NiOOH species.***>** The layered structure of NiOOH,
which forms upon conditioning, allows for more of the Ni
atoms to be electrochemically accessible.** Galvanostatic
conditioning of an ALD-grown NiO-ITO electrode on an IO
support for 6 h at 10 mA/cm? yielded ca. 2-fold increase in
catalytic current at fixed overpotential (Figure S7 in the SI).
Accompanying the enhanced catalytic activity (diminished
reaction overpotential) was a ca. 1.5-fold increase in the current
observed for reversible oxidation of Ni(II) to Ni(IIl) in cyclic
voltammetry experiments (initial NiO coating thickness = 21
nm).

Finally, to facilitate eventual comparisons to other electrodes
in water oxidation experiments, we determined the over-
potential necessary to generate 10 mA/cm? At pH 14, ca. 400
mV (uncorrected for cell resistance)/300 mV (corrected for 40
Q cell resistance) of overpotential (subsequent to galvanostatic
conditioning) was required; this value is similar to values
reported for other nickel-oxide (hydroxide)-based water
oxidation electrocatalysts in alkaline solution.*’

B CONCLUSIONS

In summary, we find that high-surface-area, crack-free electro-
des can be conveniently obtained by preparing silica inverse
opals (IOs) on conductive glass platforms and then conformally

overcoating the IO structures with a few tens of nanometers of
indium tin oxide (ITO) via atomic-layer deposition. Relative to
flat electrodes, the new electrodes display ca. 1.8 orders of
magnitude greater elecroactivity as indicated, for example, by
charging currents. The increase is consistent with expectations
based on full utilization of the additional surface area created by
adding an IO scaffold to the flat electrode. In principle,
enhancements larger or smaller than 1.8 orders of magnitude
can be obtainable by varying the thickness of the initial opal-
organized templating film of polystyrene spheres or by varying
the diameter of the spheres. As a representative potential
application, the utility of IO electrodes for water oxidation was
examined. To render the high-area electrodes catalytic for this
reaction, they were coated with nickel oxide, again via ALD.
The coated electrodes indeed exhibit electrocatalytic activity
and the current densities are consistent with the enhanced
surface area. Current efforts are focused on employing similar
structures as p-type electrodes and distributed current-
collectors in dye-sensitized solar cells.

B EXPERIMENTAL SECTION

Unless noted otherwise, chemicals were purchased from Sigma—
Aldrich and were used as received. Tin-doped indium oxide (ITO) was
deposited by ALD on cleaned 8 Q/cm?® fluorine-doped tin oxide
(FTO) supported on 1.5 cm X 1.5 cm glass squares (Hartford Glass)
according to a previously reported technique.”®* $i(001) witness
chips were used to record the deposited film thicknesses.

High-surface-area, crack-free inverse opal (IO) frameworks of silica
were constructed according to the method of Hatton et al.** In order
to efliciently coat the IO framework with ITO, exposure times of S s
were used for all precursors.”®*7>° The IO samples were coated with 21
nm of ITO, as determined by ellipsometry on a Si(001) witness
sample.

Nickel oxide was deposited using a proprietary nickel precursor
(Dow Electronic Materials AccuDep Nickel precursor) and deionized
water.>* The reactor temperature was 200 °C, and the temperature of
the Ni precursor was 130 °C. The Ni precursor was pulsed into the
chamber for 2 s and then allowed to react with the sample for 18 s
before evacuating the precursor for 60 s. Subsequently, H,O was
pulsed into the reactor for 0.03 s and then held in the chamber for S s,
before an evacuation of 40 s. Flat films prepared on commercial ITO
substrates (Delta Technologies, Ltd.) were also placed in the reaction
chamber during deposition. Ellipsometry measurements of NiO
growth on ALD-ITO coated silicon witness films indicated a growth
rate of 0.7 A per cycle.

Scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS) images were collected on a Hitachi S-4800-11
cFEG SEM. For SEM images, electrodes were sputtered with osmium
prior to image capture with an accelerating voltage of 10 kV (increased
to 20 kV when using EDS). XRD measurements were done using a
Rigaku XDS 2000 diffractometer featuring nickel-filtered Cu Ka
radiation (1 = 1.5418 A). Data were collected over a range of 20° < 26
< 85° in 0.05° steps with a 2 s counting time per step.

Electrochemical measurements were conducted with a platinum
mesh counter electrode and a Ag/AgCl (sat. KCI) reference electrode;
data were subsequently adjusted to the reversible hydrogen electrode
(RHE) scale. Water oxidation was carried out in a three-electrode cell,
using a Solartron Analytical potentiostat. Electrode surface areas
(geometric areas) were fixed at 0.25 cm® by using Surlyn to cover the
remainder of the electrode.

B ASSOCIATED CONTENT
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Synthesis of the tetraphenyl-carboxylated porphyrin used for
dye-desorption experiments, SEM and energy-dispersive X-ray
spectroscopy of ITO-coated electrodes and NiO-coated
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electrodes, effect of NiO thickness on the oxygen evolution
reaction, effect of electrode conditioning on the oxygen
evolution reaction is available in the electronic Supporting
Information, and explanation of geometric calculation of surface
area increase due to opal architecture. This material is available
free of charge via the Internet at http://pubs.acs.org.
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