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T
ransparent conducting oxides (TCOs)
are the cornerstone of optoelectronic
devices, allowing light to transmit with

minimal losses while simultaneously trans-
porting charge. Together with their low elec-
trical resistivity and high thermal stability
these properties render TCOs ideally suited
as electrodes to meet a multitude of optoe-
lectronic and photoelectrochemical device
requirements. To exploit the full potential of
TCOs as electrode materials for various de-
vice applications, besides dense planar forms
of the material, it is also necessary to find a
means to make them porous at length scales
traversing the microscopic (<2 nm) through
the mesoscopic (2-50 nm) to the macro-
scopic (>50 nmwith 1, 2, or 3 dimensionality).1

Nothing currently exists in the open or patent
literature on any kind of TCO fashioned with
arrays of macropores, either periodically or
aperiodically arranged.
Structuring TCO electrodes into novel ar-

chitectures over different length scales and
dimensionality is emerging as a powerful way
to boost current densities and shorten elec-
tron transport distances for a range of device
applications.2-5 To date, structured electrode
materials have been produced using bottom-up
techniques such as electroplating,6 dealloying,7

and surfactantor colloidal crystal templating.8,9

Periodic macroporous electrodes made by
template replication of opals have been de-
scribed for carbonand silicon foruseas anodes
in lithium ion batteries5,10 and metallic inverse
opals for applications in electrocatalysis.11 The
preparationof (electro)chemically stablemacro-
porous TCO has however remained elusive
due to materials synthesis challenges asso-
ciated with the doping requirements to
achieve desired electrical and optical proper-
ties. In addition, maintaining structural integ-
rity has remained a challenge due to adverse
mechanical effects associated with chemi-
cally induced shrinkage during formation.
We have managed to surmount these

obstacles thanks to recent progress in the

synthesis of colloidally stable TCO nano-
crystals.12 Described herein we present the
synthesis details, structure determination,
properties measurements, and demonstra-
tion of electrode function for the first example
of a periodic macroporous TCO film. The
synergism of optical, electrical, and structural
properties of the material is exploited to
create a novel electrochemically actuated
optical switch, which relies on the reversible
electrodeposition and electrodissolution of
bismuth metal within the macropores to
modify in a predetermined cyclic manner
the photonic properties of the material from
light diffracting to light absorbing in the visible
wavelength range. This proof-of-concept de-
monstrationhighlights theability of aperiodic
macroporous TCO light scale material to host
another material, while exploiting its electri-
cal, optical, and photonic properties to per-
form a specific function. This capability is
impossible for either periodic microporous
ormesoporous TCO length scales due to their
inability to diffract visible light. This key point
is amplified upon in what follows.
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ABSTRACT Optically transparent and electrically conductive electrodes are ubiquitous in the

myriad world of devices. They are an indispensable component of solar and photoelectrochemical

cells, organic and polymer light emitting diodes, lasers, displays, electrochromic windows,

photodetectors, and chemical sensors. The majority of the electrodes in such devices are made of

large electronic band-gap doped metal oxides fashioned as a dense low-surface-area film deposited

on a glass substrate. Typical transparent conducting oxide materials include indium-, fluorine-, or

antimony-doped tin oxides. Herein we introduce for the first time a transparent conductive periodic

macroporous electrode that has been self-assembled from 6 nm nanocrystalline antimony-doped tin

oxide with high thermal stability, optimized electrical conductivity, and high quality photonic crystal

properties, and present an electrochemically actuated optical light switch built from this electrode,

whose operation is predicated on its unique combination of electrical, optical, and photonic

properties. The ability of this macroporous electrode to host active functional materials like dyes,

polymers, nanocrystals, and nanowires provides new opportunities to create devices with improved

performance enabled by the large area, spatially accessible and electroactive internal surface.

KEYWORDS: transparent conducting oxide . macroporous electrode . electrooptical
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Why is the control of pore size and crystalline porosity
in TCO film important? First of all, in contradistinction
to known periodic mesoporous TCO film, a periodic
macroporous TCO film can function as a photonic
crystal displaying optical diffraction tunability and
slowing of light, enabling it to be utilized for example
as an optoelectronic chemical sensor or to enhance
photon harvesting in solar cells. Second, the large
pores of this TCO material allow efficient mass fluid
flow through the open structure permitting their con-
tact with the large internal surface of the electrode.
Furthermore, amacroporous TCOhas the ability to host
another material within the voids including various
nanoparticles for solar cell, light emitting diode, and
sensor applications. Because of the attributes of this
genre of TCO, in this study it has proven possible for a
periodic macroporous TCO film to be used as a rever-
sible electrochemically actuated photonic crystal op-
tical switch, illustrating thereby its distinction from all
other forms of dense or porous TCOs.
The most commonly used TCOs for electrodes are

fluorine- and indium-doped tin oxide, denoted FTO and
ITO, respectively. TCOs can be produced in a variety of
ways, including spray pyrolysis,13 sol-gel techniques,14

chemical vapor deposition,15 and chemical bath de-
position.16 In this study, 6 nm ncATO was used as a
building block for synthesizing an inverse nanocrystal-
line antimony-doped tin oxide opal denoted i-ncATO-
o, enabling a straightforward and scalable method to
create a transparent conducting periodicmacroporous
film able to function as an electrode for the operation
of an prototypical electrochemical redox reaction and
demonstration of a proof-of-concept electro-optical
light valve. It is important to note that compared to

indium tin oxide ITO, the antimony analogue ATO is
a more thermally stable and lower cost material due
to the low earth abundance and thus high price of
indium.

RESULTS

The assembly of the periodic macroporous TCO
framework is outlined in Figure 1. In brief, a silica opal
film was grown by evaporation induced self-assembly
and infiltrated with ncATO, which was synthesized
according to a modified literature preparation.12 The
particle size of as-synthesized ncATO was shown to be
6 nm by dynamic light scattering (DLS), 5-7 nm by
scanning electron microscopy (SEM), and 5 nm by
powder X-ray diffraction (PXRD), (Figures S3-S5, Sup-
porting Information). The very small size of ncATO was
crucial for its controlled infiltration into the void spaces
of the silica opal lattice. The as-synthesized ncATO
solution was spin-coated into the silica opal film,
resulting in an infiltrated opal template with little to
no excess nanoparticles covering the opal template.
The resulting ncATO-SiO2-o film was then heated to
450 �C in air to provide mechanical strength to the
ncATO framework. The effectiveness of the infiltration
was judged from the optically determined volume
filling fraction determined from the Bragg-Snell equa-
tion (Figure 2b). The infiltration of ATO within the opal
structure reduces the refractive index contrast be-
tween the spheres and the surrounding matrix, result-
ing in a red shift of the Bragg peak as well as a decrease
in reflectivity.17 At this stage of the synthesis, etching of
SiO2 spheres resulted in a collapsed structure and thus
a method to improve mechanical stability was re-
quired. To accomplish this goal, ATO sol was infiltrated
into the voids between ncATO in the ncATO-SiO2-o film
and thermally treated to yield an ATO composite
with improved structural stability and higher conduc-
tivity.14 The silica spheres were then etched with 1% HF.
The filling fraction of this mechanically enhanced i-ncA-
TO-owas calculated to be 65%percent as determined by
the wavelength of the optical Bragg reflection.
The results of PXRD indicate a cassiterite structure

(SnO2) for both ncATO and ATO sol (Figure 3). Samples
were prepared by spin coating solutions of ATO nano-
crystals and ATO sol on a silicon wafer and calcining
them at 450 �C for 2 h before measurement. PXRD
shows a higher crystallinity in ncATO compared to ATO
sol consistent with the higher conductivity observed in
ncATO samples, presented below. In addition, XPS was
performed on the ATO nanocrystals with an antimony
doping of 6.6 atom % compared to an antimony
doping of 3.2 atom % in ATO sol which also plays a
significant role in the conductivity of these materials
(Figure S6, Supporting Information).12

Conductivity and porosity measurements were per-
formed on the ATO nc, ATO sol, and ATO composite
films. Films of pure ATO nanocrystals and sol reveal

Figure 1. Self-assembly steps for i-ATO-o. Spheres are first
assembled via EISA. The calcined opal is then infiltrated and
spin-coatedmultiple times with ATO nanocrystals as well as
ATO sol. The film is then heated and etched with 1% HF.
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that the nanocrystals are significantly more conductive
and porous than the ATO sol (Figure 4). The resistance
of spin coated ATO films were measured by the four-
probe Van-der Pauw method, a well established tech-
nique for measuring the resistivity of arbitrary shape
samples.18 Results indicate that ncATO films with ATO
sol post infiltration (termed ATO composite) has the
lowest resistance. Ellipsometric porosimetry measure-
ments confirm that the porosity of the i-ncATO-o film
is greatly reduced by ATO sol infiltration. We attribute
the low resistance of the ATO composite to consolida-
tion of the grain boundaries between ncATO as well as
a decrease in porosity from the infiltration of ATO sol in
the void spaces between ncATO in the i-ncATO-o
framework, creating percolative charge transport path-
ways between the nanocrystals, as seen in the image
presented in Figure 4.19-21 It is interesting that with just
one treatment of ATO sol, the conductivity and poro-
sity of the film reaches a plateau.
The use of i-ncATO-o as a platform electrode for ele-

ctrochemistry was investigated by cyclic voltametry
using ferrocene as a representative redox shuttle (Figure
5). The redox activity of i-ncATO-o is found to be slightly
higher than the pristine ncATO thin film of the same

weight produced via spin coating. It is believed that the
reason for this is due to the higher accessible surface area
of the electrode to ferrocene in the i-ncATO-o film com-
pared to ncATO in planar ncATO films.
To demonstrate functionality of the periodic macro-

porous TCO electrode, a prototype electrochemical
photonic crystal switch was constructed whose opera-
tion is founded on the reversible electrodeposition of
bismuth within the void spaces of the i-ncATO-o ele-
ctrode to tune its photonic crystal properties. In our
demonstration cyclic voltammetry was performed
from -2 to þ2 V at a scan rate of 20 mV/s (Figure S7,
Supporting Information) of a bismuth(III) electrolyte
contained within the i-ncATO-o photonic crystal elec-
trode. As a result, the optical Bragg diffraction intensity
of i-ncATO-o was dramatically reduced, resulting in a
switching from a red reflective state to a black absorb-
ing state. The origin of this change is the absorption of
light of the electrodeposited bismuth throughout the
visible wavelength range preventing photon penetra-
tion into the photonic lattice thereby eliminating the
opportunity for Bragg diffraction (Figures S8 and S9,
Supporting Information).22 SEM images after electro-
deposition of bismuth showed the metal within and
around the macropores of the i-ncATO-o electrode.
X-ray photoelectron spectroscopy (XPS) analysis per-
formed on the i-ncATO-o sample before and after
electrodeposition of bismuth provides additional evi-
dence for the deposition of bismuth on the i-ncATO-o
electrode (Figures S10 and S11, Supporting Information).
In summary, a periodic macroporous transparent

conductingoxide, denoted i-ncATO-o, is presentedwhich
for the first time offers a unique synergistic combina-
tion of optical transparency, electrical conductivity, and
photonic crystal properties. Besides the demonstration
of a prototype reversible, electrochemically activated
light valve for the i-ncATO-o electrode, its large internal
surface area and easily accessible network of inter-
connected macropores makes the i-ncATO electrode

Figure 3. Crystal structure of the ATO materials. (a) PXRD
data of ATO nanocrystals, (b) ATO sol, and (c) reference
PXRD reflections diagnostic of the tin dioxide cassiterite
structure.

Figure 2. Structure and optical reflectivity spectra of i-ncATO-o films. (a) SEM image of i-ncATO-o film. (b) Optical reflectivity
spectra of the silica opal template A, showing the progression of the ncATO infiltration into the silica opal template, depicted
by the decrease in intensity and red shift of the Bragg stopband and B, after silica opal template removal resulting in the
i-ATO-o film shown in panel a.
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interesting for the development of a number of en-
hanced performance photoelectrochemical devices,

like dye sensitized solar and water splitting cells, light
emitting diodes, and chemical sensors.

EXPERIMENTAL SECTION
All the chemicals for this study were purchased from Sigma-

Aldrich Co. without further purifications.
i-ncATO-o Film. The procedure to make the film is as follows:

Spheres were grown via a modified St€ober method.23 The as-
synthesized spheres were centrifuged and resuspended in
ethanol five times and diluted to a 10 wt % solution. An opal
film was grown by the evaporation-induced self-assembly
(EISA) of silica spheres at 40 �C over 3 days on an FTO substrate.
The opal samplewas then thermally treated to 450 �C to provide
the film with enhanced mechanical stability. ATO nanocrystals
and ATO sol were used for infiltration of opal film. These solutions
were spin coated above the opal film, followed by heat treatment
at 450 �C. The samples were etched in 1%HFovernight to remove
the silica sphere template. ncATO did not etch in HF.

ncATO Preparation. A previously publishedmethod with mod-
ifications was used for synthesis of ATO nanocrystals.12 A mixture
of 0.4010 mmol of SbCl3 and 1.2967 mmol of SnCl4 was slowly

added to 20 mL of benzyl alcohol. The mixture then was placed
in the oven at 140 �C for 2 h. Nanocrystals separated from the
solution were washed with acetone and ethanol several times
to separate organic residue from the nanocrystals.

ATO Sol Preparation. ATO sol was prepared in two different
vials. Amixed solution of 59.8mmol SnCl2 3 2H2O, 50mL of acetic
acid, and 50 mL of ethanol was prepared. The mixture was then
stirred for 2 h at 70 �C. A secondmixed solutionwas prepared by
adding 2.4 mmol of SbCl3, 25 mL of acetic acid, and 25 mL of
ethanol. Themixturewas stirred for 2 h at 70 �C. The ATO sol was
prepared by adding the two precursor solutions and stirring for
another 2 h at 70 �C and aging for 24 h.

Cyclic Voltametry. A 10 mM solution of ferrocene and 0.5 M
tetrabutylammonium hexafluorophosphate in acetonitrile was
used for cyclic voltametry measurements. Voltage ranges used
were-500 mV to 1200 mV at a scan rate of 100 mV/s. Platinum
counter and reference electrodes were used. Sample weights
were measured using a Mettler TOLEDO MX5 microbalance.

Figure 4. Resistance (four probe) and porosity (ellipsometric porosimetry) measurements of the ATO nanocrystals, sol, and
composite materials. The ATO composite materials consist of ATO nanocrystals infiltrated with ATO sol (1-4 infiltrations) by
spin coating a solution of sol on the nanocrystal film. The image on the right depicts improved connectivity between ATO
nanoparticles resulting in lower porosity, higher conductivity, and better mechanical stability.

Figure 5. Periodic macroporous transparent oxide i-ncATO-o electrode. (a) Comparison of cyclic voltammograms of
ferrocene with i-ncATO-o and ncATO thin film electrodes of the same weight. (b) Optical images of the i-ncATO-o electrode
before (left) and after bismuth electrodepsoition (right). (c) Optical reflectivity data obtained during the cyclic electro-
deposition of bismuth in the i-ncATO-o photonic crystal electrode, where the insert shows the reversibility of the process.
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Electrodeposition. Electrodeposition of bismuthwas performed
on i-ncATO-o films prepared on glass substrates. Electrical
contacts to i-ncATO-o film were made using silver paste. The
entire film was immersed in an electrolyte solution and placed
within a Petri dish under the eyepiece of an optical microscope
fitted with a camera and fiber optic microoptical reflectance
spectroscopy attachment. Bismuth films were electrodeposited
according to literature. A 1 M HCl solution containing 0.02 M
BiCl3, 0.5 M LiBr, and 3 mM CuCl2 was electroplated using a BAS
epsilon potentiostat in a conventional 3-electrode electroche-
mical cell using the cyclic voltammetry setting from-2 V to 2 V
at a scan rate of 20mV/s. Counter and reference electrodeswere
both platinum. Optical spectra were obtained using an Ocean
Optics SD2000 fiber optic spectrophotometer along with an
optical microscope. SEM imageswere obtained on a Hitachi HD-
2000. Spectroscopic ellipsometry analyses were performed in a
Sopra GES-5E ellipsometer at a fixed incidence angle of 70.15� in
the range 1.2-3.5 eV. The modeling and regression analyses of
the ellipsometric spectra were performed using the software
Winelli provided by the manufacturer. Low angle X-ray diffrac-
tion patterns were acquired with a Siemens D5000 diffract-
ometer using Cu KR1 radiation operated at 50 KV and 35 mA
with a Kevex solid-state detector. Wide angle X-ray scattering
patterns were obtained with a Bruker D8 diffractometer oper-
ated at 40 KV and 40 mA.
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