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Abstract 

WOj was synthesised from W(OC2H5)6 by two different methods using the sol-gel (SG) approach, Type I using ethanol as the solvent, 
while Type 2 was water-based. Films and powders made from these sols were subjected to analysis by cyclic voltammetry (CV), powder 
X-ray diffraction (XRD), and scanning electron microscopy (SEM). Sweep rate experiments revealed that compared to Type I films, Type 2 
films have a significantly greater number of electroactive WO, sites, and that a smaller proportion of the total active sites are surface sites, 
indicative of a higher film porosity (consistent with the SEM results). XRD analysis showed that both Type 1 and Type 2 WO, were poorly 
crystallised. However, the patterns for the two WO, types were distinctly different, with Type 2 WO, giving a more well-defined pattern. WO, 
sols were also successfully combined with a pre-formed Pt sol. Unlike Pt-only catalysts, methanol oxidation currents on Type 2 WO,/Pt films 
did not decay rapidly with potential cycling, indicating the occurrence of co-catalytic behaviour, while Type 1 films were not very active, 
overall. The low resistance exhibited by the WO, component makes it suitable as an ionically and electronically conducting support for direct 
methanol fuel cell electrocatalysts. 
© 2005 Elsevier Ltd. All rights reserved. 
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1. Introduction 

Direct methanol fuel cells (DMFCs) are seeing increased 
interest as an efficient alternative to fossil fuel combustion 
as an energy source. In addition to increased fuel efficiency, 
DMFCs, which operate at ~70°C, only exhaust CO2 and 
H2O, without releasing any pollutants such as NO*, SO,, 
and particulate matter [1]. In general, Pt is an excellent elec-
trocatalyst for most fuel cell purposes. Unfortunately, the use 
of Pt as the anode catalyst in a DMFC has the inherent prob
lem that an intermediate of methanol oxidation, CO, adsorbs 
onto Pt sites, poisoning the catalyst, and reducing the per
formance of the fuel cell [2-7]. Several transition metals and 
their oxides, including RuO,, SnOv, VOv, and MoOv, have 
been investigated as possible co-catalysts that are believed to 
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operate via the bifunctional mechanism, as shown in reaction 
(1), where M refers to Ru, Sn, V, Mo, etc. [2-5]. 

M-OH + Pt-CO -> M + Pt + C 0 2 + H+ + e~ (I) 

WO, is also becoming of interest in this role, as well as in 
possibly aiding methanol oxidation by the hydrogen spillover 
effect (reaction (2)) [8], in which hydrogen is abstracted from 
methanol, and then transferred via Pt to WO3. 

W 0 3 + ^ P t - H -» H , W 0 3 + x P l 

-> WO.-, + xPt + xe~ + xH+ (2) 

This mechanism increases the methanol oxidation rate 
because free Pt sites are regained more quickly than when 
WO3 is absent [8]. 

Current Pt DMFC electrocatalysts are supported on car
bon, which is electronically, but not ionically conductive [ 1 ]. 
This necessitates the addition of the fuel cell electrolyte, typ
ically a polymer such as Nafion™, into the Pt/C mixture 
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to create a high surface area triple phase boundary where the 
catalyst, fuel, and electrolyte meet. Any Pt sites that are not in 
contact with the Nation™ electrolyte cannot act catalytically 
and are therefore wasted. By using a support material such 
as WO.,, which is both ionically and electronically conduc
tive, a significantly greater portion of the Pt catalyst should 
be utilised. WO., has been investigated as a co-catalyst, for 
methanol oxidation, using carbon as the catalyst support [9], 
and also as the support material without carbon [8,10,11], 
showing improved results over similar electrodes with no 
WO, content. 

WO,/Pt materials have been previously synthesised in 
several ways, including co-sputtering [10,11], freeze-drying 
[12,13], co-electrodeposition [8], and the sol-gel (SG) 
approach [14-16]. There are several benefits to SG syn
theses, including ease of preparation and use, and the 
formation of particles small enough to be suspended in 
solution (sols), thus offering greater surface area per unit 
volume. Sol-gel syntheses also facilitate the combina
tion of materials, in this case WOv and Pt, in the liq
uid phase, which significantly increases the homogeneity 
of the product. The SG method has been used to syn-
thesise WO, in WO^/Pt films, with Pt added in the form 
of H2PtCl6 or K2PtCI4, which was then reduced to Pt(0) 
under H2 gas [14,16]. The generation of Pt nanoparti-
cles via a similar approach, i.e., forming a Pt sol for use 
in a Pt/WO, catalyst, has not been previously demon
strated. 

This paper reports two SG-derived syntheses of WOv, 
using W(OC2H5)6 as the starting material, and the evalua
tion of their products. The two syntheses are identical, except 
that Type 1 sols used ethanol as the solvent, while Type 
2 sols employed an aqueous medium. The WO^ sols were 
combined, for the first time, with a pre-formed Pt sol syn
thesised using a similar approach. These WOA/Pt films have 
been evaluated in terms of the applicability of WOx as a sup
port material and the effect of the WO, content on methanol 
oxidation activity. Type 1 films exhibit poor methanol oxi
dation behaviour that decreases with higher WOv loading, 
while Type 2 films show much more stable methanol oxi
dation catalysis, with clear evidence for the occurrence of 
co-catalysis. 

2. Experimental methods 

2. /. WOx synthesis 

All WO, films were synthesised via the sol-gel approach, 
using W(OC2H.s)6 as the precursor compound. The synthe
sis of Type 1 sols involved refluxing a mixture of 0.2 g of 
W(OC2Hs)6 (Alfa Aesar) and 9mL of absolute ethanol for 
2h [17]. The volume was brought up to lOmL with ethanol 
to yield a 0.044 M WO., solution. Type 2 sol synthesis was 
identical to Type 1, except that distilled water was used as 
the solvent, instead of ethanol. 

2.2. Pt sol synthesis [18] 

A solution containing 0.2 g NaOC2H5 and 0.5 g H2PtCI6 

was refluxed in 6 mL absolute ethanol under Ar for 2 h. An 
additional 4 mL of ethanol were added and the mixture was 
then stirred for 18 h at room temperature (20-23 °C). The Pt 
sol was filtered to remove the precipitate and then diluted to 
a volume of lOmL. 

2.3. WOx/Pt catalyst synthesis 

A 50p.L aliquot of the Pt sol was placed into a small 
vial using a micropipette. The appropriate amount of WO, 
sol was added to achieve the desired WO,/Pt molar ratio 
and then the combined solution was diluted to 1 mL with 
either ethanol for composite sols made with Type 1 WO, 
sols, or water for those made with Type 2 WO, sols. In 
all of the WO,/Pt mixtures, the amount of Pt remained 
constant and only the amount of WO., added was altered, 
in order to generate composite sols with WO,:Pt molar 
ratios of 0.5, 1, 1.5, 3, and 5. The W content in both 
the Type 1 and Type 2 composite films ranged from 
~60 nmol to ~625 nmol, and the Pt content was constant at 
~125nmol. 

2.4. Electrochemical measurements 

A cell consisting of two compartments joined by a Lug-
gin capillary was employed. One compartment contained 
the working electrode (WE) and a Pt gauze counter elec
trode, while the second housed a reversible hydrogen ref
erence electrode (RHE). For WO, film characterisation, the 
electrolyte was 0.5 M H2SO4. Methanol oxidation studies 
were carried out in a cell solution of 0.5 M H2S04 and I M 
methanol. Data were collected using a PARC EG&G 263A 
potentiostat, controlled by Corrware 2.0 data acquisition 
software. 

WEs consisted of 1.25 cm2 glass slides, sputter-coated 
with a ca. 3nm layer of Ti and then with a ca. 120nm 
layer of Au, using a Denton Vacuum DV-502A High Vac
uum Sputter-Coater. WOA and WO,/Pt films were made by 
coating the electrodes with 40 p.L aliquots of sol using a 
micropipette. The film-coated electrodes were dried in air 
for 2 h at 200 °C. The electrodes were wrapped in Parafilm 
so that only ~0.6cm2 would be exposed to the electrolyte 
and then immersed into the electrochemical cell using an 
alligator clip. The cell solution was deaerated by bubbling 
continuously with N2 gas during all experiments. Electro
chemical characterisation of the films was carried out using 
cyclic voltammetry (CV), typically cycling between 0 V 
and 0.4 V versus RHE at a sweep rate of 25 mV/s. The 
sweep rate studies were carried out at sweep rates from 
20mV/s to 300mV/s, between potential limits of 0.05 V 
and 0.4 V Methanol oxidation experiments typically con
sisted of 10 cycles between 0.05 V and 0.75 V versus RHE at 
lOmV/s. 
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2.5. WO x film mass determination 

The mass of the films was determined by coating pre-
weighed 7.5 cm x 2.5 cm glass slides with 600 (xL of WO, 
sol, an equivalent volume per area to what was used on the 
smaller electrodes in the electrochemical experiments. The 
films were then dried at 200 °C for 2 h, prior to being weighed. 

2.6. Powder X-ray diffraction (XRD) analysis 

The WOx sols were dried at 50 °C to remove the solvent 
and then heat-treated at 200 °C for 2 h. Powders were ground 
with a mortar and pestle and then analysed using a Rigaku 
MulliFlex diffractometer (University of Calgary, Department 
of Geology and Geophysics), equipped with a Cu target, and 
using an operating voltage of 40 kV and an operating current 
of 40 mA. In the case of the precursor, W(OC2H5)6, and the 
Type 1 powder, glass substrates were used, while for the Type 
2 powder the substrate was Al. The data were analysed with 
JADE 6.0 software. The background was removed, including 
the amorphous envelope at 20 of ~30° for samples run on 
glass substrates, and the Al peaks for those run on Al. The 
data were refined using a 9-point quartic filter. 

2.7. Scanning electron microscopy 

The samples were prepared identically to those examined 
electrochemically. Imaging was performed on a Philips FEI 
XL 30 environmental scanning electron microscope (ESEM) 
at the University of Calgary Health Sciences Centre, under 
high vacuum, with an acceleration voltage of 20 kV. The sam
ples were mounted on Al stubs, and then sputter-coated with 
Au to increase surface conductivity. 

3. Results and discussion 

3.1. Synthesis and properties of WOx 

W(OC2H5)6/ethanol (Type 1) solutions were initially dark 
brown in colour, but lightened to a clear orange as the solution 
approached the reflux temperature. Precipitation of a white 
solid was observed after 2-3 days. Type 1 films were prepared 
with fresh solutions that had not shown any signs of precipita
tion. These films were beige and uniformly distributed, with 
some thickening around the edges of the substrate. 

Type 2 WO, solutions (W(OC2H5)6/H20) were blue, 
indicative of the presence of W(V) oxide, and no change 
in their appearance was noted with heating and reflux time. 
However, precipitation occurred in less than an hour after 
stirring was stopped. For film preparation, the solution was 
sonicated before use to re-suspend the precipitate and to 
homogenise the solution. Dried films were white and much 
more granular in appearance than Type 1 films. The colour 
change during drying indicated that the W(V) present in 
the solution was oxidised to W(VI), the form of W oxide 

that is typically considered active for co-catalytic/support 
purposes. 

Because Type 1 solutions were used for film formation 
prior to the appearance of any precipitate, they will be referred 
to as sols in the present work. The fact that Type 2 solutions 
precipitated readily and never formed homogeneous solu
tions indicates that the oxide particles were relatively large, 
and therefore these suspensions do not fit within the formal 
definition of a "sol". This was further indicated by the fact 
that there was no obvious increase in viscosity that would 
indicate the presence of a suspended oxide matrix. However, 
for the purposes of this paper, the term sol will also be used 
to refer to the Type 2 WO, solutions. 

3.2. Characterisation of WOx films 

3.2.1. SEM characterisation of WOx films 
In order to determine the thickness and uniformity of the 

WO.t films, glass electrodes were coated, as outlined previ
ously, and fractured to allow easy examination of the film 
cross-section. The Type I Film (Fig. la) was quite uniform, 
with the film thickness in the range of ~0.3 \x,m to ~0.9 jjim. 
On the other hand, the Type 2 film was much more varied 
in appearance. Some regions were relatively thin, ~0.2 to 
~0.6 (xm thick, while other areas were much thicker, up to 
5 |xm (Fig. lb). 

3.2.2. Electrochemical characterisation of WOx films 
All of the electrochemical experiments were carried out 

on Au substrates because Au has a negligible signal in the 
potential range where WOv is active. The shape of the cyclic 
voltammograms (CVs) shows that WO, was produced in both 
Type 1 and Type 2 syntheses (Fig. 2) [19,20]. The Type 1 CVs 
show less peak definition, with the anodic current peak, i'pa, 
located at approximately 0.1 V. In contrast, Type 2 CVs rise 
sharply from the lower potential limit, with the /pa at around 
0.03 V. These differences may indicate that Type 2 films are 
more hydrated than Type 1 WOx films, as it is known that 
hydrous oxides exhibit a kinetically rapid pseudocapacitive 
response, e.g., for Ir oxide [21,22] and Co oxide [23], con
sistent with the Type 2 WO, CV shape. 

For both WO., film types, as the potential approached 0 V, 
the films darkened to a distinct blue colour due to the inter
calation of hydrogen (reaction (3)) and the formation of the 
W(V) oxide state, and they returned to white or pale yellow 
during re-oxidation to the W(VI) or WO3 state at positive 
potentials [20]. 

WO, + JCH+ + xe~ •»• HVW03 (3) 

While films from both synthetic routes displayed elec-
trochromism, the colour obtained from Type 2 films was 
much more intense than that from Type 1 films. 

A negative CV potential limit of 0 V was selected because 
at potentials lower than ca. —0.1 V, hydrogen evolution on 
the gold substrate physically eroded the film, while 0.4 V was 
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Fig. I. Cross-sectional secondary electron SEM images of (a) a Type 1 film 
and (b) a Type 2 WO, film, at 15000 x. from 40 pX of WO, sol aliquoted 
onto 1.25 cm- An sputtered, glass substrates. For both (a) and (b), the lower 
portion is the glass substrate, the WO, film is on top, and the intermediate 
layer is the Au that was sputtered onto the glass slide prior to WO, sol 
coating. 

chosen as the upper limit because hydrogen de-intercalation 
is by then complete. Both Type 1 and Type 2 films are stable 
within these potential limits, as shown in Fig. 2. Type 1 films 
exhibit a slight increase in currents/charge with cycling com
pared to the initial CV, likely due to the time necessary for 
solution penetration, but steady-state is reached after about 
10 cycles. In contrast, Type 2 films show a slight decrease 
with potential cycling, possibly reflecting the physical loss 
of some WO., into the cell solution. 

To further characterise the WOx/Pt films, the CV charge 
was calculated between 0.05 V and 0.4 V for CVs obtained 
at different sweep rates, v, from 20mV/s to 300mV/s. The 
purpose of these experiments was to obtain the charge repre
sentative of the outer electroactive sites, <?o> and the charge 

Table 1 
Total and outer charge densities and film mass data for Type 1 and Type 2 WO, 

Synthesis j/j. (mC/crrr) </*j (mC/cm2) 

Type I 1.9 0.47 
Type 2 22 2.0 
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0.0 0.1 0.2 0.3 0.4 

(a) E / V vs. RHE 

Fig. 2. Cyclic voltammograms of (a) Type 1 and (b) Type 2 WO, films, 
initially (—), and after 30 cycles (•••) in deaerated 0.5 M H2SO4 at 25 mV/s, 
Both films contain 440 nmol of W aliquoted onto a 1.25 cm2 Au substrate. 

from the total number of electroactive sites in the film, q\ 
[24], within these potential limits. These charges were pre
sumed to be proportional to the full electroactive area of the 
film. At very low sweep rates, q\ will be realised, as there is 
sufficient time for H+ ions to diffuse from the bulk solution 
to the inner WO, sites. Conversely, at very high sweep rates, 
only the charge corresponding to the outer, easily accessed 
WOj sites, q*Q, will be observed. q*0 is obtained from the v-
intercept of a plot of the experimental CV charge, q against 
v~ l /2, while q\ is calculated from the v-intercept of the plot 
of Mq' versus v"2 [24J. The CVs were collected using a ran
dom sequence of sweep rates, in order to minimize the effects 
of any changes in the electroactive area with extended lime 
in solution. 

Fig. 3(a and b) shows the q* versus v~U2 plots for the 
Type 1 and Type 2 films, respectively, and the correspond
ing \lq* versus vU2 plots are shown in Fig. 4. Table 1 shows 
the qj and q^ values obtained, the film masses, as well as 
the charge:mass ratios for these WO, films. The fact that 
the charge:mass ratio of Type 2 films is much higher versus 
Type 1 films indicates that Type 2 films are significantly more 

films 

</(V</T Film mass (mg/cm2) </*:film mass (mC/mg) 

0.25 0.42 4.5 
0.089 0.42 53 
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1.65 

1.45 

1.25 

_1.05 

0.85 

0.65 
0.05 

(a) 
0.1 0.15 0.2 

v-"2 / (mV/s)"= 

(b) 

0.1 0.15 

v- " 2 / (mV/s)"2 

Fig. 3. q* vs. v "2 plots for 440 nmol (a) Type 1 and (b) Type 2 WO, films, 
both on 1.25 cm2 Au sputtered, glass substrates, in deaerated 0.5 M H2SO4. 

porous, allowing greater solution access to internal WO, 
sites, consistent with the SEM images in Fig. 1. Indeed, both 
the total and outer Type 2 film charges are about an order 
of magnitude greater than those obtained for Type 1 films. 
It is also logical that because a less porous material has a 
diminished access to internal sites, the q^'-qj ratio would be 

1 55 

10 12 14 

v"2 / (mV/s)"2 

Fig. 4. \/q' vs. u"2 plots for 440 nmol (a) Type 1 and (b) Type 2 WO, films. 
both on 1.25 cm2 Au sputtered, glass substrates, in deaerated 0.5 M H1SO4. 

(a) 
30 40 50 

20 (degrees) 
70 

100-

(b) 

w 400-

30 40 50 
29 (degrees) 

(c) 26 (degrees) 

Fig. 5. XRD patterns of the (a) as received W(OC2 Hs)(, precursor, (b) Type 
1 and (c) Type 2 WO, powders dried at 200 C for 2 h. Standard WO3, and 
WO2 patterns are shown beneath (c). 

greater than for a more porous material. Indeed, for the Type 
1 films, 25% of the electroactive sites are surface sites, while 
for Type 2 films, the surface sites are only 9% of the total 
number of electroactive sites. 

3.2.3. XRD analysis of WOx films 
XRD data for the W(OC2Hj)f, precursor, and the Type 1 

and Type 2 powders are shown in Fig. 5. There is no list
ing of W(OC2Hj)6 in the JADE database, and the pattern 
of the starting material (Fig. 5a) has no matches with any 
other known W containing materials. The XRD pattern for 
the Type 1 (Fig. 5b) powder shows little definition, perhaps 
due to the presence of very small particles [25], typical of 
sol-gel derived materials. Importantly, while the pattern is 
quite different from that of the starting material, the data do 
not clearly match with any of the W oxide patterns in the 
JADE database. As the CV response (Fig. 2) is typical of a 
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W oxide film, Type 1 W oxide either consists of a mixture of 
amorphous W oxides, or the particle size is too small to yield 
a definitive XRD pattern. 

The XRD data obtained from a Type 2 powder are shown 
in Fig. 5c. While the pattern is much less noisy, the breadth 
of the peaks suggests that the Type 2 WO.r material is also 
amorphous in nature, or poorly crystallised. This is not unex
pected at this drying temperature, as SG-derived W oxides 
are not normally fully crystalline unless a drying tempera
ture above 400 °C is used [17]. These data do definitely show 
that the Type 2 powder is more crystalline than the Type 1 
powder; however, this may be due to larger particles that are 
more easily detected by the instrument. The best matches for 
the Type 2 WOx were made to WO3 and WO2, as can be 
seen from the standard lines at the bottom of Fig. 5c. How
ever, WO3, represented by the 20-1324 powder diffraction 
file (PDF), is normally stabilised with Nb 2 0 5 [26], and the 
hexagonal phases corresponding to PDF numbers 33-1387 
and 85-2459 have been noted to be synthetically uncommon 
[27,28] Given this, and the poorly defined data in Fig. 5, Type 
2 (and Type 1) W oxides are likely mixed phases without an 
exact stoichiometry and are thus referred to in the remainder 
of this paper as WOv. 

3.3. Sol synthesis and properties of Pt and WOx/Pt sols 

The Pt sol was a cloudy orange solution during reflux. 
Upon filtering, the sol was a clear orange, while the precip
itate, consisting of NaCl and some larger co-precipitated Pt 
particles [18], was a fine, light grey powder. When the Pt and 
WOA sols were combined, the colour was dominated by that 
of the WOA sol. The WOv/Pt sols were synthesised so that 
the amount of Pt remained constant and only the amount of 
WO.v changed between sols. A drying temperature of 200 °C 
was chosen because it is the optimum drying temperature for 
the conversion of oxidised Pt species to Pt(0) nanoparticles 
[18]. 

WO,/Pt films prepared with Type 1 WOx sols were thin, 
dull brown/grey, and uniform. Type 2 WO.v/Pt films were very 
similar in appearance to pure Type 2 WO, films, except that 
in some cases, there was a thin dark ring seen around the edge 
of the film. 

3.4. WOx/Pt film characterisation 

3.4.1. SEM analysis of WOx/Ptfilms 
Films formed from both sol types were uniform and SEM 

images are shown in Fig. 6. Type 1 films (Fig. 6a) appear 
to have partly pooled around NaCl crystals, known to form 
as a product during Pt sol synthesis [18,29]. Type 2 films are 
signi ficantly rougher (Fig. 6b) and are much more porous than 
Type 1 films, similar to what was observed by SEM analysis 
for the pure Type 1 WO r films (Fig. 1) and consistent with 
their CV response (Fig. 2). 

The 5:1 (mokmol) Type 2 WOx/Pt films (Fig. 6c) have a 
much different morphology than what is seen for the 1.5:1 

Fig. 6. Secondary electron SEM images of (a) 1.5:1 (mol:mol) Type I, (b) 
1.5:1 (mol:mol)Type 2, and (c) 5:1 (mol:mol)Type 2 WO.,/Ptfilms at lOOOx 
magnification. No electrochemical experiments had been performed on these 
films prior to SEM examination. 

films (Fig. 6b). The films are more concentrated into thick 
areas that are cracked and lifted off the electrode surface, with 
the cracks possibly developing during drying in the vacuum 
conditions of the SEM chamber. 

3.4.2. Electrochemical characterisation of WOx/Pt films 
Both the Type 1 and Type 2 WO.c/Pt CVs (Fig. 7) were 

dominated by the WOx signal. However, while the Hupc| 
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0.2 0.3 

E/Vvs. RHE 

Fig. 7. Cyclic voltammograms of 1.5:1 (mol:mol) WO,/Pt films prepared 
with a Type 1 WO, sol (—) and a Type 2 WOv sol (—), as well as a 
Pt (123nmol) only film (•••). all aliquoted onto 1.25 cm2 Au substrates, in 
deaerated 0.5 M H2SO4 at 10 mV/s. 

peaks of Pt were generally not discernable, a larger cathodic 
current is seen for the Type 1 WOv/Pt films at low poten
tials than what is seen for the WO.ronly film CVs. Also, 
it will be shown below that these composite films are quite 
active towards methanol oxidation, indicative of the pres
ence and accessibility of Pt. The results in Fig. 7 suggest 
that either the Pt surface sites are blocked by WO t , or that 
the Pt signal is simply masked by the much larger WOA 

contribution. Alternatively, the electrochemical properties 
of Pt may be altered by the close proximity of the WO^ 
particles. 

3.5. Methanol oxidation at WOx/Ptfilms 

Typical CVs of the pure WO.v and the WO.v/Pt compos
ite films in the acid/methanol solution are shown in Fig. 8. 
It is clear that Type 2 WOx alone is inactive for methanol 
oxidation, as seen by the lack of anodic current at poten
tials above 0.4 V (Fig. 8a); a similar result is seen for Type 
1 WOj/Pt films (data not shown). Many prior reports have 
shown that Pt alone is reasonably active for methanol oxida
tion [5-7], but the activity drops rapidly with time due to CO 
poisoning. 

In general, methanol oxidation currents at WOA/Pt films 
are lower than at pure Pt films with an equivalent amount of Pt 
(data not shown). However, this does not reflect poorly on the 
ability of WOj; to act as a co-catalyst, as the addition of any 
material to the electrode surface will inevitably cause some 
degree of blocking of the catalytic Pt sites. Unfortunately, 
we are unable to establish the fraction of the Pt in the mixed 
PtAVO.v films that is exposed to the solution and hence active 
towards methanol oxidation. This is because the Hupc| peaks of 
Pt, normally used to establish the true Pt surface area, are fully 
overlapped by the WO, redox reaction in acidic solutions. 
Efforts to determine the amount of Pt exposed to solution by 
scanning the potential into the Pt oxide formation/reduction 
region resulted in dissolution of the WOA film, likely taking 
some of the Pt particles with it. Notably, the fact that the 
methanol oxidation currents at the pure Pt sol were someti mcs 
significantly higher than at the Pt/WOA films indicates that 
WO* serves to block some of the Pt sites. To reduce this effect, 

(a) 

0.2 0.4 

E/Vvs. RHE 
0.6 

< 

(b) 

0.2 0.4 

E/V vs. RHE 

0.2 0.4 

E/V vs. RHE 

Fig. 8. First (—), sixth (---), and 10th (•••) cycle CVs of (a) Type 2 440nmol WO,, (b) 1.5:1 Type I WCVPt, (c) 1.5:1 Type 2 WO,/Pt, and (d) 5:1 Type 
2 WO.,/Pt films in deaerated 0.5 M H1SO4/I M methanol, at lOmV/s. 
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a goal of future work will be to optimise the distribution of 

Pt and WO., within these films. 

The WO, /P t films derived from both Type 1 and Type 2 

sols clearly exhibit methanol oxidation activity. For Type 1 
films (Fig. 8b), methanol oxidation currents are observed to 
increase with time, while the methanol oxidation currents at 
the more porous Type 2 films (Fig. 8(c and d)) are more sta
ble. It can also be seen from these CVs that the charge in 
the potential range between 0.05 V and 0.4 V decreases with 
time, most dramatically for WO,/Pt films made using Type 1 
sols (Fig. 8b). For Type 1 films, the loss in CV charge is corre
lated with a visible loss of film material from the Au substrate, 
and what remained of the films was much more grey in colour, 
perhaps indicative of a Pt-rich composition. Therefore, it is 
possible that the increasing methanol oxidation currents with 
cycling time are a result of the loss of blocking WOv and the 
exposure of more Pt sites. Type 2 WO,,/Pt films were physi
cally much more robust, which is consistent with the smaller 
loss of charge exhibited between 0.05 V and 0.4 V, compared 
to Type 1 films (Fig. 8(c and d) versus (b)). The fact that 
the pure WOA CV (Fig. 8a) also exhibits a decrease in charge 
shows that the loss of WO,, is not due to the physical abrasion 
by CO2 bubbles generated during methanol oxidation. 

Fig. 9a shows the methanol oxidation data obtained for a 
range of WO,/Pt films of varying WO, content, formed using 
Type 1 sols. The comparison is made using the methanol 
oxidation currents produced at 0.75 V versus RHE in the 10th 
CV cycle, during which all Type 1 composite films had their 
greatest activity. As the amount of WO, on the electrode 
surface increases, it can be seen that the methanol oxidation 
activity decreases, suggesting that either WOx is blocking the 
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Fig. 9. (a) Tenth cycle methanol oxidation currents at 0.75 V vs. RHE and (b) 
10th cycle C V charges, collected between 0.05 and 0.4 V vs. RHE at 10 mV/s 
in deaerated 0.5 M H2SO4/I M MeOH, for Type 1 films of different WCvPt 
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Fig. 10. (a) Maximum methanol oxidation currents and (b) corresponding 
CV charges collected between 0.05 and 0.4 V vs. RHE at lOmV/s in deaer
ated 0.5 M H2SO4/I M MeOH, for Type 2 films of different WO,:Pt molar 
ratios. 

Pt sites, Pt is isolated in pockets of non-conducting WO.,, or 
that the overall catalyst active area is decreasing. 

We expected the CV charge to increase with an increas
ing WO,:Pt ratio because of the presence of more WO,. 
However, the Type 1 WO,/Pt data in Fig. 9b clearly show 
that this is not the case. Initially, the charge increases with 
WOx content, but once a WOv:Pt ratio of I is exceeded, 
it decreases, which means that the elcctrochemically active 
catalyst area is smaller. The more compact structure of the 
Type 1 films (Fig. la and Fig. 7a) may explain the observed 
change in methanol oxidation activity with the WO,:Pt ratio. 
A compact film can more effectively block Pt sites, especially 
as the amount of WOA is increased. Overall, Type 1 films 
clearly showed poor catalytic behaviour, and were therefore 
not examined further. 

The comparable methanol oxidation data for Type 
2WOA/Pt films are shown in Fig. 10a. The methanol oxi
dation activity is seen to decrease, up to a ratio of 1.5, and 
then increase with increasing WO, content. Similar to Type 
I composite films, there is an indication that WO, may ini
tially block some Pt sites. However, the distinct rise above 
a ratio of 1.5 suggests that the bifunctional methanol oxida
tion mechanism is occurring. Morphology effects may also 
be involved under these conditions. Fig. 7c suggests that the 
5:1 film is more open than the 1.5:1 film (Fig. 7b), which 
would allow more of the Pt in the matrix to be in contact 
with the electrolyte, thus increasing the amount of methanol 
oxidised. 

In Fig. 10b, the CV charges between 0.05 V and 0.4 V are 
plotted against the WO, :Pt ratio for the Type 2 films. Here, the 
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Cycle 

Fig. 11. Methanol oxidalion currents, measured at 0.75 V vs. RHE, in deaer-
ated 0.5 M H1SO4/I M Methanol at lOmV/s, of Type 2 films with WOA:Pt 
ratios of 0.5:1 (•), 1.0 (•), 1.5 (A). 3 (x), and 5 (•) , expressed as a per
centage of the first cycle current 

expected rise in charge with increasing WO, is seen, although 
it is not linear above a ratio of 1.5, perhaps due to changing 
film morphology. 

In order to further examine the co-catalytic potential of 
Type 2WOA/Pt films, the methanol oxidation currents at 
0.75 V, recorded in the second to 10th potential cycles, were 
plotted as a percentage of the first cycle current (Fig. 11). 
For all of these films, the methanol oxidation currents are 
larger in subsequent cycles than in the first cycle. The higher 
the WOc:Pt ratio, the longer it takes for the methanol oxi
dation currents to reach their maximum values, suggesting 
that the initial increases in activity are due to hindered solu
tion (methanol) penetration into thicker films. This can also 
be seen by the fact that the percentage change from the first 
cycle to the cycle of maximum activity increased with the 
WOA:Pt ratio. 

For Type 2 WOA :Pt ratios of 0.5, 1, and 1.5, the methanol 
oxidation activity reaches a maximum before or during the 
4th cycle, and then begins to decay. This decrease in methanol 
oxidation activity is typical of Pt poisoning by CO [5-7], and 
thus, at these ratios, there is not enough WOA present for the 
bifunctional mechanism to occur effectively. However, at a 
WO, :Pt ratio of 3, the decay is much slower (Fig. 11), and at 
a ratio of 5, the highest activity is obtained during the 10th 
cycle. The fact that the methanol oxidation currents on these 
higher ratio Type 2 WO,/Pt films were reasonably stable with 
time suggests the presence of some co-catalytic activity. Oth
erwise, the currents would decrease with time as the Pt sites 
became poisoned. It is therefore likely that at these higher 
Type 2 WO,:Pt ratios, WOA is present in a sufficient quantity 
for it to act co-catalytically during methanol oxidation. 

It is not clear from our work why Type 2 films are supe

rior to Type 1 films in displaying co-catalytic activity for 
methanol oxidation. This may arise from film morphology 
issues at the nanometer scale, with Type 2 films better provid
ing the required proximity of Pt and WOA sites for co-catalysis 
to occur. Also, it is conceivable that the active sites for 
methanol oxidation may be present at a higher concentration 
deeper within these films. As Type 2 films are substantially 

more porous, they may allow better access of methanol to 
these regions. Finally, Type 2 films are more robust, perhaps 
retaining film material which contains the sites of appropri
ate geometry and composition for co-catalysis of methanol 
oxidation. 

Another important aspect of the methanol oxidation CVs 
is that the currents above 0.4 V display activation-controlled 
kinetics, rather than the linear relationship with potential that 
would be seen if resistance were to control the CV response. 
The low resistance of these predominantly WO., films indi
cates that our Type 2 WO, material is suitable, not only for 
co-catalysis, but as an ionically and electronically conducting 
support for direct methanol fuel cell electrocatalysts. 

4. Summary 

It has been shown that WOA may be synthesised using 
two different sol-gel approaches, using W(OC2H5)6 as the 
precursor compound. Type 1 WOA employed ethanol as the 
solvent, while the other (Type 2) was water-based. SEM 
imaging of the resulting films revealed that Type I films were 
in the range of 0.3-0.8 \im thick, while Type 2 films ranged 
from 0.2 fjtm to 5 |xm in thickness. The characteristic shape 
of the cyclic voltammograms (CVs) and the electrochromic 
behaviour of both types of WO, films demonstrated the rapid 
intercalation/de-intercalation of protons and electrons during 
the W(V) oxideAV(VI) oxide redox reaction. The CVs over 
a potential range of 0-0.4 V versus RHE were stable and 
showed little change with cycling time. 

Through the use of sweep rate experiments, it was deter
mined that Type 1 films had both a smaller total electroactive 
area, and fewer electroactive surface sites than Type 2 films. 
This can be attributed to a higher film density, and therefore, a 
lower porosity, as evidenced by their thinner nature but iden
tical mass (0.42 mg/cm2), when compared to Type 2 films. 

X-ray diffraction data revealed that the products of both 
syntheses were either amorphous, or poorly crystallised. Type 
1 powders yielded data which did not match with any known 
W-containing materials in the database, which may indicate 
the formation of small, amorphous particles, typical of SG 
materials. On the other hand, Type 2 powders had peaks pos
sibly matching database values for a number of W oxides. 
Together, these results showed that the products of these syn
thetic routes did not have a fixed stoichiometry, and can be 
most accurately referred to as WOA. 

The combination of WO, sols with aPt sol results in films 
that can be used for methanol oxidalion, with a dependence 
of the activity on the amount of WO., in the film. Methanol 

oxidation CVs for films made from both Type 1 and Type 2 
syntheses exhibited a low resistance, which is a necessary 
property of a fuel cell catalyst support in order to max
imise the cell efficiency. Type 1 films showed an increase in 
methanol oxidation currents with time, which was matched 
with a decrease in CV charge and a visually apparent loss 
of WOx. Methanol oxidation currents were also observed to 
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decrease as the WOv:Pt ratio increased. Thus, it can be con
cluded that the Type 1 WO., blocked Pt sites and that the 
increase in methanol oxidation currents with time is due to 
a physical loss of WO.v and a corresponding increase in the 
number of exposed Pt sites. 

Above a WOA:Pt ratio of 3, Type 2 films exhibited 
methanol oxidation currents that decayed only very slowly, 
suggesting the occurrence of co-catalytic behaviour, thus pre
venting the poisoning of Pt. Similar to the Type 1 WO,/Pt 
films, at low WOA:Pt ratios, the methanol oxidation currents 
initially decreased as the ratio increased, but then rose to a 
maximum at a ratio of 5. This maximum is likely due to a 
change in film morphology at this ratio, consistent with the 
SEM images, resulting in a more open structure that allows 
better penetration of the methanolic solution into the film. 

In terms of a fuel cell catalyst support, WO, produced via 
the Type 1 synthesis appears to have less promise than Type 2 
WOA. The more porous structure of the Type 2 films, deduced 
from the sweep rate experiments, SEM imaging, and mass 
measurements, allows methanol to reach the Pt sites, even 
as the amount of WO.v on the electrode is increased. There 
was also an indication that WO, synthesised in this manner 
did indeed have some co-catalytic properties, as evidenced 
by the stable methanol oxidation currents of Type 2 films 
with WOv:Pt molar ratios of 3:1 or higher. Combined with 
the overall ease of the procedure reported in this paper, these 
advantages of Type 2 films suggest that this may be a valid 
approach to synthesising a DMFC electrocatalyst, without 
the need for a carbon support. 
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