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Iridium oxide electrodeposited through a self-assembled colloidal template has an inverse opal

structure. Monolayers present long range hexagonal arrangements of hemispherical nanocavities while

multilayers present 3D honeycomb structures with spherical voids. The films are amorphous, have

several electroactive redox states and are electrochromic. The nanostructure modifies their reflectivity

thus indicating that these films could be used as tunable photonic devices.
Introduction

Iridium oxide (IrOx) films are well known for their applications

in electrochromism,1,2 physiology3,4 and pH sensing.5–7 However,

the preparation of plain IrOx films is not trivial and that of

nanostructured IrOx films even more challenging. Many articles

describe the preparation of IrOx nanoparticles,8 nanowires,9,10

and nanocrystals11,12 but very few report the preparation of

nanostructured IrOx films.13,14 Here we describe, for the first

time, the fabrication of highly ordered micrometre thick mac-

roporous films of iridium oxide using electrodeposition through

a self-assembled colloidal template. The films are grown by

potentiostatic cycling in an iridium complex solution. A few

cycles produce highly ordered arrays of hemispherical cups with

long range hexagonal symmetry. Growth can be finely controlled

via the cycle number and structures ranging from fully open to

partially closed cups can be prepared. Further cycling yields

porous films up to three template layers thick with a 3D

honeycomb internal structure. Upon characterisation with X-ray

diffraction, Raman spectroscopy, SEM, voltammetry, and

reflectivity measurements, the films are found to be amorphous,

to have structural dimensions faithful to that of the template,

several electroactive redox states and reflectivity spectra signifi-

cantly different from that of non-structured films. Such films

should find applications in biology (IrOx is conducting, non

reactive and biocompatible) but particularly optics because their

optical density can be electrochemically controlled and the cavity

diameters correspond to UV-visible wavelengths.
Experimental

Gold electrodes and colloidal templates were prepared and

characterised as described previously.15 The IrOx deposition

solution16 was prepared as follows: anhydrous IrCl4 (0.07 g, Alfa-

Aesar) was dissolved in 50 ml of water then stirred for 30 min.
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Aqueous H2O2 (0.5 ml, 30%, Aldrich) was added and the

resulting solution was stirred for 10 min. Oxalic acid dehydrate

(�250 mg, Aldrich) was added and the solution was stirred for

another 10 min. The pH was slowly adjusted to 10.5 by the

addition of potassium carbonate (Aldrich). The resulting

yellowish brown solution was covered and left at room temper-

ature for 3–4 d to stabilise after which it appeared deep purple.

The deposition of IrOx was carried out by cyclic voltammetry

between �0.8 and +0.7 V vs. SCE at 100 mV s�1 with

a PGSTAT30 (Autolab, Eco Chemie) with the cell inside

a grounded Faraday cage. The template was dissolved with

dimethylformamide under sonication and the films were washed

in pure water. Scanning electron microscopy images were

acquired with an XL30 ESEM (Philips) and a JSM 6500F (Jeol).

Raman spectra were recorded on a Renishaw Raman 2000

microscope with a 633 nm HeNe laser and a 1 mm diameter spot

size. Reflectivity spectra were measured with a coherent white-

light source with the sample mounted on a goniometric stage.17

Results and discussion

IrOx films are produced by electrochemical oxidation of iridium

electrodes,18,19 thermal decomposition of iridium salts,20 reactive

sputtering,21 chemical vapour deposition,14 mixing solid IrO2

with a matrix22 or by electrodeposition from a soluble

precursor.16,23 The latter was chosen because of our experience in

the templated electrodeposition of nanostructured materials.24–28

Templated electrodeposition has proved to be an excellent means

to tune the properties of materials by modifying their structure

rather than their elemental composition. Using this method,

nanostructured gold films are prepared to control surface plas-

mons and produce tunable photonic surfaces15,29–33 and to

amplify surface enhanced Raman signals34,35 or control wetting

and design hydrophobic surfaces.36 Similarly nanostructured

templated Ni80Fe20 films are prepared with different coercitivities

by selecting templates with different dimensions.37,38 In all cases,

the internal geometry and the dimensions of the cavities deter-

mine the properties of the material.

The template is prepared by placing a drop of a colloidal

suspension of monodisperse spheres onto a gold coated glass

slide and controlling solvent evaporation to produce a deposit of
J. Mater. Chem., 2009, 19, 3855–3858 | 3855
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Fig. 1 Voltammograms for the growth of IrOx films on gold electrodes

recorded in the deposition solution at 100 mV s�1. (A) No template, (B)

with a 600 nm diameter polystyrene template. Voltammetric cycle

numbers are indicated against corresponding line styles. The current

density was calculated using the geometric electrode area.

Fig. 2 Anodic (:, C) and cathodic (O, B) charge densities recorded

during film growth for a structured film (triangles) and a flat film (circles)

against the number of voltammetric cycles. Conditions were similar to

Fig. 1.
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spheres. Driven by capillary forces the spheres assemble into long

range, hexagonal close packed arrays39 which form the mould for

the electrodeposition. Adsorbing a cysteamine monolayer onto

the gold substrate improves its wettability and controls its

surface charge to help anchor the first layer of spheres.40 To

produce a film the substrate and its template are immersed in an

electrolyte containing a precursor (a salt or a complex) and the

substrate is connected to a potentiostat which drives the depo-

sition. Growth occurs within the voids between the spheres. The

spheres are removed by dissolution and the film obtained is the

cast of the template. Thicknesses ranging from fractions of

a template layer to several template layers can be obtained by

adjusting the deposition time. Up to ½d where d is the sphere

diameter, the film consists of a hexagonal arrangement of sphere

segment cups. Beyond ½ d, the film turns into a network of

interconnecting spheres and sphere segment cavities akin to

a reticulated three dimensional honeycomb construction. The

film structure is tailored by selecting the diameters of the spheres

(typically between 100 nm and 2 mm) and the deposition time.

The procedure has been used to prepare metals and

alloys,25,38,41,42 semiconductors,43 conducting polymers,26,44 and

oxides.45–47

The preparation of IrOx films followed the method reported

by Yamanaka.16 Fig. 1 shows a typical set of voltammograms

recorded during the deposition. In absence of a template,

Fig. 1A, the voltammograms are similar to those produced by

potential cycling of an iridium wire in acid.1,48 The larger current

density observed when depositing with the template, Fig. 1B,

suggests a greater efficiency, possibly because the homogeneous

reaction16 which leads to the oxide deposition is confined within

the voids of the template. The voltammograms are much less

slanted, thus suggesting better conductivity in the structured film.

The anodic and cathodic peaks have been reported to correspond

to the transitions between three different oxidation states,

namely Ir(III) for E < C1, Ir(IV) for A1 < E < C2 and Ir(V) for E >

A2.23 During the growth of templated films, the charge passed

depends almost linearly on the number of voltammetric cycles,

Fig. 2, and the anodic to cathodic charge ratio is equal to one at

all cycle numbers. This suggests that the whole of the film is

reversibly oxidised and reduced during cycling and demonstrates

that cyclic voltammetry provides a fine degree of control over the

amount of oxide deposited. Results are markedly different with

flat films. Further voltammetric characterisation of the films in

basic conditions (0.1 M Na2CO3, pH 10.9) (in acid the templated

films have broad voltammetric peaks which are harder to

analyse) produce a linear relationship between the peak currents

and the scan rate therefore indicating the absence of kinetic

effects over the 20–200 mV s�1 range studied. Both flat and

structured films were seen to change colour during potential

cycling (from transparent for E < 0.3 V vs. SCE to dark blue for

E > 0.5 V vs. SCE) thus indicating that the electrochromism of

the IrOx films did not disappear with the templated structure.

In Fig. 3, SEM micrographs taken at different stages of

deposition show the remarkable structure of the film left after

removal of the template. Initially, Fig. 3A, the presence of the

deposit is only confirmed by the difference in contrast between

the gold substrate and IrOx, but the hexagonal symmetry is

already obvious. After fewer than ten cycles the shape of the

deposit appears, Fig. 3B, but the underlying granular structure of
3856 | J. Mater. Chem., 2009, 19, 3855–3858
the substrate is still clearly visible. When the film thickness, h,

reaches a height of �½d, Fig. 3C, the smooth wall of the IrOx

cups can be seen. The cup diameters follow closely that of the

polystyrene spheres of the template. Except for the cup rims
This journal is ª The Royal Society of Chemistry 2009
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Fig. 3 Micrographs of IrOx films produced by cyclic voltammetry (same

conditions as in Fig. 1) with a 600 nm diameter polystyrene template. (A)

�20 cycles, (B) �40 cycles, h z ¼d, (C) �60 cycles, h z ½d, (D) �80

cycles, (E) �100 cycles, h z d, (F) �200 cycles, h > d.

Fig. 4 Normalized reflectivity spectra recorded on (A) a non-structured

film and (B) a structured film supporting plasmon, �½d, in air but with

the films taken out of the solution in the bleached state.
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which show variations in texture, Fig. 3D, the film is uniform and

free from defects over a very long range. Beyond ½d, the cups

gradually close, Fig. 3E, but again the films are virtually free of

defects. Fig. 3F shows a typical film grown through several

template layers; the 3D honeycomb internal structure charac-

teristic of inverted opals is clearly visible. Up to one template

layer, the film thickness measured by SEM, is found to be linearly

related to the number of voltammetric cycles (similar results are

found with films deposited without template). Beyond 1d, it has

not been possible to establish the relationship between cycle

number and film thickness as the latter becomes difficult to

measure. Furthermore an evaluation of the thickness deposited

from the charge passed and account of the interstitial volume

within the template necessitates measuring the density of the

deposit as the porosity of the material is reported to produce

significant differences between the density of bulk IrOx, circa 11

g cm�3, and that of electrodeposited films circa 2 g cm�3.23

Characterisation with X-ray diffraction only produced a spec-

trum for the underlying gold substrate. However Raman

microscopy clearly showed that the material was amorphous as

deposited but became crystalline after annealing at 460 �C.

Angle resolved reflectivity spectra of structured and non-

structured IrOx films (½d thick), Fig. 4, clearly demonstrates

that, as with gold films,33 the presence of the nanostructure

imparts new optical properties to the material. In the case of the

flat film, Fig. 4A, the reflectivity spectrum (normalized to the

reflectivity from an aluminium mirror) changes in intensity with

angle of incidence but does not change in wavelength or shape. In

contrast, Fig. 4B, for the structured film there is a clear change in

the position of the minimum reflectivity with angle. Two plas-

mon bands are observed in the data, Bragg diffracted by the
This journal is ª The Royal Society of Chemistry 2009
periodicity of the dishes into the plane of the surface. The

dispersion of these modes is governed by the high refractive index

IrOx layer and the size of the dishes d. Initially coupled at

0� incidence, these modes tune to shorter wavelengths with

increasing incident angles, indicative of delocalized behavior.

Electrochromism was also observed when reflectivity spectra

were recorded under potentiostatic control. For example, the

intensity reflected at 770 nm varied from 100% at �0.3 V (the

bleached state) to 67% at 0 V, 34% at +0.1 V, 21% at +0.2 V and

16% at +0.7 V (the dark state). Detailed results recorded under

potentiostatic control for different thicknesses will be reported

subsequently.
Conclusions

This article reports the first successful preparation of highly

ordered iridium oxide films via electrodeposition through a self-

assembled colloidal template of polystyrene spheres. The films are

true casts of the template; monolayer films present a long range

hexagonal arrangement of hemispherical cavities while multilayer

films present a 3D honeycomb structure with spherical voids

characteristic of inverse opal structures. This approach avoids the
J. Mater. Chem., 2009, 19, 3855–3858 | 3857
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shrinkage normally observed with chemical and thermal trans-

formations. The films are found to be amorphous, to have several

electroactive redox states and to be electrochromic. Compared to

flat films the reflectivity of the structured films is found to depend

on the angle of incidence and wavelength of the incident light.

These preliminary optical results suggest that nanostructured

IrOx films could be used as electrochemically or chemically (IrOx

is pH sensitive) tunable photonic devices.
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