
Highly ordered macroporous ZnO films were electro-
deposited using polystyrene colloidal crystals as templates.  The
films prepared at –1.0 V vs Ag/AgCl had the long-range order
of pores reflecting the templates.  

Zinc oxide is an important material because of their wide
applications in thin film devices such as chemical sensors, piezo-
electric transducers, n-type semiconducting electrode, and lumi-
nescent devices.1 A strategy to further enhance the performance
of these devices would be to fabricate the highly ordered macrop-
ores within the ZnO films.  From the viewpoint of the sensors
and the semiconducting electrodes, the large internal surface area
and improved mass transportation originated from size-controlled
macropores would contribute to the performance.  The structural
order on an optical length scale should also give the films inter-
esting photonic properties combined with the intrinsic lumines-
cent and piezoelectric properties of the materials.  

For this strategy of making the ordered macropores, col-
loidal crystal templating is a useful method.2 The procedure of
the method involves impregnation of the interstices of colloidal
crystals as templates with desired precursors, followed by reac-
tions, and removal of the templates.  Since the first report,3 the
three-dimensionally interconnected macropores have been fabri-
cated within oxide ceramics,4 carbon,5 polymers,6 metals,7and
semiconductors8 by this method.  However, with regard to the
oxides including ZnO which have been mainly prepared via liq-
uid-phase reactions such as sol–gel chemistry, the products have
been generally fragile and powdery due to the cracks caused by
significant shrinkage of materials during the synthesis.  This has
limited their further applications described above and has been an
important problem to be overcome.  

One effective approach to this problem should be the use of
electrodeposition as an impregnation technique alternative to the
sol–gel technique.  The electrodeposition of oxides has several
advantages over the sol–gel technique as follows.  The properties
such as doping9 and thickness of oxides can be easily controlled
through the electrochemical parameters (e.g., potential and cur-
rent).  Most deposits are grown as thin films adherent to the con-
ductive surfaces under appropriate conditions, facilitating ready
handling of the product solids for the film applications.  

So far, in the colloidal crystal templating, the electrodepo-
sition has been applied to chalcogenides (CdS and CdSe),10

metals,11 and polypyrrole.12 But, there have been no reports on
the electrodeposited macroporous oxides.  Moreover, little has
been reported on the basic relationship between the electro-
chemical conditions and the order of the final porous structures.  

In this letter, we show not only the electrodeposited macrop-
orous ZnO films by the colloidal crystal templating but also the
effect of the deposition potential on the order of the product struc-
tures.  

Monodisperse polystyrene (PS) spheres (diameter = 368

nm, polydispersity = 3.8%) were made by the published method.13

As-prepared spheres in water were centrifuged and redispersed
into ethanol giving PS spheres/ethanol dispersion with 1.2 vol%.
According to the convective self-assembly technique14 which
relies on capillary forces,15 we prepared PS colloidal crystals (PS-
opal) supported on F-doped SnO2 coated glasses (OTE) as
described below.  An OTE was vertically dipped into the PS
spheres dispersion obtained above.  Because the rapid evaporation
of ethanol led to the poor uniformity of the thickness of the PS-
opal, the dipped OTE was covered by a 200-mL beaker to slow
the evaporation rate.  After ethanol was evaporated for 5 days, an
opalescent PS-opal with 3.0 µm average thickness was deposited
on the OTE.  The cathodic electrodeposition of ZnO was potentio-
statically performed using 0.1 M zinc nitrate aqueous solution
kept at 335 K with a BAS 100W (Bioanalytical Systems, Inc.)
[Figure 1f].16 The working electrode was a PS-opal/OTE (active
area of 0.78 cm2 exposed to the electrolyte).  The counter elec-
trode was a zinc sheet and the reference electrode was a Ag/AgCl
in saturated KCl.  After electrodeposition for 20 min at –1.0 V or
for 5 h at –0.8 V, the templates were removed by dissolving in
toluene for 48 h.  The ZnO film/OTE was washed with deionized
water and characterized by SEM and XRD.  

Figure 1 shows SEM images of the original PS-opal and the
macroporous ZnO.  Figures 1b and 1c demonstrated that the ZnO
films prepared at –1.0 V had honeycomb macroporous structures
mirroring the ordered interstices of the templates (Figure 1a) and
ZnO observed as bright spots at the interstices (Figure 1a, inset).
Similar structured films could also be obtained at –1.1 V and –1.2
V.  The smaller holes inside each macropore, which formed at the
contact points between PS spheres, were clearly observed.  And
also, these holes were open at nearly all the contact parts of the
macropores as judged by other SEM images taken at different five
regions.  The inset in Figure 1b is the Fourier transform of the
image, in which the sharp peaks confirmed long-range order of
the macropores.  The frameworks around the macropores were
confirmed to consist of wurtzite ZnO grains with ca. 65 nm crys-
tallite size by XRD.  The mean center-to-center distance between
the macropores was smaller by 1.4% than the diameters of the
original PS spheres.  This shrinkage was very low compared to
that of ca. 30 % of macroporous oxide ceramics obtained by
sol–gel routes.4a,4b The low shrinkage should be due to the dense-
ly electrodeposited ZnO, which would not experience the signifi-
cant shrinkage as observed for the sol–gel routes, in the inter-
stices.  As shown in Figure 1d, the complete filling was supported
by the fact that even cracks in the template were filled with ZnO.
As a result, thus obtained ZnO films were not broken into the
smaller particles, which could be caused by the cracks formed in
ZnO, and preserved the filmy form supported on OTE.  From
these results, it is concluded that the electrodeposition provides
the oxide film with the long-range ordered macropores adhered to
the substrates.  

The long-range ordered porous ZnO films were obtained at
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–1.0 V as described above, while the large hexagonal ZnO
grains disrupted the ordered structure at some areas in the case
of –0.8 V (Figure 1e).  It was reported in the literature16 that the
preferred growth of (002) plane of the larger hexagonal grains
in ZnO film was obtained at anodic potentials from –0.7 to –0.9
V, though the degree of orientation decreased with decreasing
the potentials, and that this preferred orientation was lost at
–1.0 V.  This explains well the behaviors of ZnO growth
depending on the potentials in our system.  That is, the PS-opal
was not enough robust to confine the excess growth of the ZnO
grains at –0.8 V in the interstices.  The similar loss of the long-
range order was also observed in the system of electrodeposited
gold using PS-opal by Wijnhoven et al.11b In their report, it
occurred because the surface tension of gold was larger than the
van der Waals forces between the PS spheres, and therefore
they successfully prepared the ordered macroporous gold using
the robust sintered silica opal as a template, which was finally
removed by HF aqueous solutions.  However, considering that
the HF solutions might damage both the substrate and the
oxides, the PS-opals would be more suitable than the silica
opals for oxides.  Thus, when using the soft PS-opal as tem-
plates, the electrochemical conditions would be particularly
important to prepare well ordered samples.  

In conclusion, we have prepared the ordered macroporous
ZnO by electrodeposition using the colloidal crystals.  The elec-
trodeposited ZnO was a film with large area of ~1 cm2, which
was more suitable for various applications than many particu-
late oxides previously reported.4a,4b And also, it was found that
their range of order depended on the potentials related to the
growth of the ZnO grains.  
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