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Tungsten-based metal oxides have interesting and
potentially useful electrochromic and photocatalytic
properties.1-3 The parent of this family, tungsten oxide,
has shown promise in several photoelectrochemical
processes, and in these applications the formation of
high surface area, mesoporous tungsten oxide would
increase its applicability.4-7 The synthesis of mesopo-
rous transition metal oxides has followed early work on
mesoporous silica materials such as MCM-41 and SBA-
15, using surfactant or polymer templates.8-17 Tungsten
oxides, as well as oxides of several other transition
metals, have been successfully synthesized electrochemi-
cally by stabilizing the metal ions in the electrolyte as
a “peroxo” complex.1-3,18-20 Recently, we reported the
electrochemical synthesis of mesoporous tungsten oxide
films from an electrolyte containing a tungsten-peroxo
complex as the inorganic precursor and sodium dodecyl
sulfate (SDS) as the structure-directing agent; these
films exhibited enhanced photocatalytic and electro-

chromic properties.21 There have been no reports to our
knowledge of electroless deposition of polycrystalline or
mesoporous metal oxide films.

Electroless deposition occurs when a species in solu-
tion is reduced onto a substrate without the aid of an
external electrical power source.22-24 There are three
fundamentally different mechanisms by which electro-
less deposition is conducted: autocatalytic, substrate-
catalyzed, and galvanic displacement.25 All three mech-
anisms have been used for the deposition of metals such
as Au, Pt, and Pd.22-25 The autocatalytic process uses
a complex electrolyte composition to allow the reduced
metal itself to serve as a catalyst for further reductive
deposition. In both the autocatalytic and the substrate-
catalyzed processes, the electrolyte contains a pH buffer,
a reducing agent, and oftentimes other additives. In the
case of the galvanic displacement process, deposition is
achieved in the absence of any external reducing agent
because the reducing electrons are provided by the
substrate itself. In this study, we demonstrate the
electroless deposition of tungsten oxide from peroxo
complex on copper substrates, and we show that it
occurs by the galvanic displacement process. We also
show that mesoporous tungsten oxide can be deposited
by electroless plating from a solution of the tungsten-
peroxo complex and surfactant templating agents.

Tungsten-peroxo electrolytes were prepared by dis-
solving tungsten powder in 30% hydrogen peroxide.
After excess hydrogen peroxide was decomposed with
platinum black, the solution was diluted to 50 mM with
either a solution of water and 2-propanol (50:50) or
aqueous sodium dodecyl sulfate solution (5 wt % SDS
in electrolyte) for synthesis of mesoporous films. The
copper substrates were used after cleaning with aqueous
detergent, acetone, and 2-propanol. For each sample, a
copper substrate was immersed in the electrolyte for 20
min and the resulting films were thoroughly washed
with deionized water and ethanol and then dried in air.
Following synthesis, scanning electron microscopy (SEM,
Philips, XL-30 ESEM-FEG) was performed to show
surface morphology and transmission electron micro-
scopy (TEM, JEOL, 2000FX) was used to demonstrate
mesoporosity. The oxidation states of copper substrates
before and after electroless deposition were determined
by X-ray photoelectron spectroscopy (XPS, Kratos, Axis
Ultra). X-ray diffraction (XRD, Scintag, X2) was used
to examine the sample crystal structures. For measure-
ment of hydrogen intercalation, cyclic voltammograms
were measured from -0.5 to 0 V with a Pt counter
electrode vs a Ag/AgCl reference electrode in 0.5 M
H2SO4.

The X-ray photoelectron spectra of the samples on
copper substrates are shown in Figure 1a, before (A)
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and after (B) electroless deposition of tungsten oxide.
Before electroless plating, the oxidation state of the
copper substrate is observed to be Cu0, with a binding
energy of 952.1 and 931.3 eV. After electroless deposi-
tion, however, the four characteristic peaks of Cu2+ in
CuO are observed at binding energies of 963.0, 954.9,
944.1, and 934.8 eV.26 The large intensity of these peaks
indicate that the copper substrate is oxidized primarily
to CuO during eletroless plating, implying the copper
substrate is the source of reducing electrons and the
mechanism is galvanic displacement. Shoulders are

evident at 952.6 and 932.5 eV, which could be assigned
to either Cu2O or Cu metal. Conclusive evidence of the
existence of Cu2O was unattainable despite analysis of
the Auger L3MM lines (results not shown). Neverthe-
less, CuO is clearly the predominant species formed at
the substrate surface.

For XRD analysis, the films were removed from the
substrate and calcined at 450 °C for 4 h, Figure 1b. The
monoclinic structure of tungsten oxide was observed.27

A SEM image of the tungsten oxide film is shown in
Figure 1c, revealing a rough, microporous surface. This
feature is quite similar to WO3 synthesized previously
by electrodeposition.1-3 Thus, concerning the morphol-
ogy and crystallinity of WO3 films, the only difference
between electroless deposition and electrodeposition is
the source of reducing electronsseither from substrate
oxidation or an external circuit.

A transmission electron micrograph (TEM) of the
tungsten oxide film prepared by electroless deposition
with SDS (sodium dodecyl sulfate) is shown in Figure
2a. Compared to the dense and featureless image of the
WO3 particles from the control film deposited without
SDS (Figure 2b), a disordered mesoporous structure was
clearly observed in Figure 2a with an average pore size
of 30 ( 4 Å. The disordered mesoporous structure
present in these films did not generate a small-angle
X-ray diffraction peak due to the absence of long-range
order. Previously, we have reported variation of the
nanophases with deposition potential, which is the
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Figure 1. (a) Cu 2p XPS spectra for the copper substrate
(before (A) and after (B) electroless deposition), (b) X-ray
diffraction patterns of WO3 prepared by electroless deposition
after calcination at 450 °C, and (c) scanning electron micro-
graph of WO3.

Figure 2. (a) TEM image of tungsten oxide prepared by
electroless deposition with SDS and (b) TEM image of tungsten
oxide prepared without SDS (control sample).
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parameter that directly affects the surface charge
densities of the electrode, and therefore, the surface
assembly patterns of the inorganic-surfactant aggre-
gates. For example, in the case of mesoporous tungsten
oxide deposited at lower potentials (-0.2V vs Ag/AgCl
reference electrode), a disordered structure was ob-
served, while at higher potentials (-0.5V vs Ag/AgCl
reference electrode) a well-ordered lamellar structure
was predominant.21 Consistent with these findings,
there is no ordered region observed in mesoporous
tungsten oxides fabricated by electroless deposition.

To investigate the electrochromic properties and
hydrogen capacity of the mesoporous tungsten oxide
films, as-synthesized samples were measured for hy-
drogen intercalation. Figure 3 compares the cyclic
voltammograms (measured in 0.5 M H2SO4) of an
electroless-deposited mesoporous tungsten oxide film
synthesized with SDS (sodium dodecyl sulfate) versus
a nonporous tungsten oxide film synthesized with
2-propanol. The mesoporous tungsten oxide film showed
higher current density for coloration (hydrogen inter-

calation) than the nonporous tungsten oxide. This
indicates that, for the same coloring current, a lower
intercalation potential can be used for mesoporous
tungsten oxide films. This agrees with the results we
reported on nonporous and mesoporous tungsten oxide
films prepared by electrodeposition.21 The improved
efficiency for hydrogen intercalation may be attributed
to the larger surface area of mesoporous tungsten oxide
and to facilitated interfacial proton transfer.21 The
double-peak shape of the cathodic current is character-
istic of mesoporous tungsten oxide and has been re-
ported previously.8,21 Researchers concluded that the
multiple peak represented different types of hydrogen
injection sites (e.g., shallow and deep trap sites), dis-
tinctive of a mesoporous structure. Because of the
instability of the copper substrate during the anodic
polarization of the scan, complete deintercalation was
not achieved.

In summary, tungsten oxide films were successfully
synthesized by electroless deposition on copper sub-
strates from tungsten-peroxo electrolytes. The reducing
electrons were provided by the copper substrate during
oxidation to CuO. Mesoporous tungsten oxide was also
fabricated by this method using SDS as a templating
agent. Compared to nonporous tungsten oxide prepared
with 2-propanol, mesoporous tungsten oxide showed
greater current density for hydrogen intercalation, due
to the larger surface area of mesoporous tungsten oxide
and facilitated charge transport. This method can be
used to fabricate molybdenum oxide, niobium oxide,
zirconium oxide, and titanium oxide from metal-peroxo
electrolytes.
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Figure 3. Cyclic voltammograms indicating hydrogen inter-
calation of a mesoporous tungsten oxide film (solid line) and
a control film (dashed line). The current density was normal-
ized with respect to the mass of tungsten oxide. The hydrogen
intercalation capacity is measured by the area between the
upper and lower lines for a given species. The figure shows a
greater hydrogen intercalation capacity for the mesoporous
material formed with SDS.
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