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Abstract: Electro-oxidation of methanol in acidic solution was investigated on Au/SnO; based electrocatalyst
obtained by the sol-gel method. Au/SnO; systems were prepared by one-pot synthesis using a sol-gel method
and tin (IV) acetate as a precursor of SnO, and water solution of HAuCl, acid as a source of metallic phase. The
described method, thanks to its simplicity and mild processing temperature, offers uniform dispersion of metal
phase in the bulk of the gel forming as a result of hydrolysis and condensation of tin precursor. It has been found
that the obtained system exhibits high electrocatalytic activity.
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1 Introduction relatively simple structure, simple operation, are safe,
Fuel cells are one of alternative electric energy can be exploited at low temperatures and can be
sources whose rapid development has been observed easily and fast set to work, however, the ways to
in recent years. They are characterized by one of the improve its performance are continuously searched
highest output power factor from a unit volume of for. One of the elements that should be w_orked upon
fuel, no toxic fumes emission at very high energy is the catalyst. The commonly used platinum [2] is
conversion efficiency. Fuel cells can work with many expensive and relatively fast undergoes poisoning
types of fuel and the cells are classified according to with the intermediate products of methanol oxidation
the type of fuel used. One of the fuel cell types are so it is fast deactivated. Often platinum is combined
Direct Methanol Fuel Cells (DMFC) with methanol with other metals or it is dispersed on carbon [3] or
as fuel. Thanks to the platinum catalyst, hydrogen is oxide [4] supports. The P/SnO; systems show high
liberated at the anode to which methane is supplied activity in the oxidation [5] reactions. Tin(IV) oxide
and then it undergoes decomposition into electrons (SnO) is one of the most promising catalyst supports,
and protons. The protons migrate through the in view of its chemical stability and catalytic effects.
electrolytic membrane towards the cathode. Also The structure of this oxide permits e.g. the control of
electrons move towards the cathode through the pore size in this support, which is important when
external electric circuit. At the anode the carbon metallic phase [6] is deposited on it. The search for
atoms coming from methanol react with the oxygen new materials to be used in DMFCs and ways of their
atoms from water to form carbon dioxide (CO2). At syntheses is still a challenge. In this report we
the cathode the protons and electrons react with propose a new catalyst for this type of cells in which
oxygen atoms supplied from outside to form water the metallic phase is gold which is deposited on SnO>
[1]. DMFCs have obtained by sol-gel synthesis. The systems Au/SnO;
are
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known to be active in the sensors of CO [7,8] and
other gases [9,10]. When dispersed on solid supports
gold is a very attractive catalyst because of its high
activity, high stability and ease of regeneration
[11,12]. The Au-Pt alloy catalyst supported on carbon
has been applied in methanol oxidation in which its
activity was higher than that of Pt/C catalyst [13,14].
In this paper we want to present the results of studies
on the application of Au/SnO; as the catalyst of
methanol oxidation. The catalysts proposed differed
in the content of gold, varied from 4.1%, 8.2% to
16.4%, and were obtained in one-pot synthesis. This
method permits obtaining complex materials in a
single reaction with no need to remove intermediate
products. The Au/SnO; systems were characterized
by XRD, TEM, and finally by cyclic
voltamperometry which permits checking the
possibility of using the catalyst proposed in a fuel
cell.

The systems Au/SnO- were obtained following the
procedure described in [4], using water solution of
HAUCI, as the precursor of metallic phase Au (1.39,
2.78, 5.57 cmd, respectively). The final samples
contained 4.1, 8.2 and 16.4 wt. % of the metallic
phase.

2 Experimental

2.1. Preparation

The preparation of Au/SnO; systems was carried out
according to the procedure described in the [4] work,
using an aqueous solution of HAuUCIs, as the
precursor of the metallic Au phase. Finally, the
samples contained 4.1 wt%, 8.2 wt% and 16.4
metallic phase. After precursor solution dosing, the
systems were dispersed in an ultrasonic bath at 323 K
for 12 hours. The encapsulated solvents were
removed from the gel by evaporative drying. The
samples were heated in the oxygen atmosphere.

The composition and the names of the obtained
materials are presented in Table 1.

Table 1. The composition and the names of the
obtained materials

Sample A B C
Au/SnO; 4.1% 8.2% 16.4 %

2.2. Physicochemical characteristics

The phase identification and the influence of the
thermal treatment on Au/SnO; systems was
performed using an X-ray diffraction (XRD) powder
diffractometer (X Pert® Powder, Panalytical) using
CuKo lamp radiation and Ni filter. X-ray spectra
were recorded in the angular range of 5-80 [2theta].
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Imaging the surface was performed with TEM
electron microscopy (JOEL JEM 1200 EX).

The cyclic voltammetry (CV) experiment was
performed in a two-electrode cell of Swagelok type
with the application of ECLAB V10.12 VMP model
0.3 potentiostat/galvanostat by Bio-Logic, in the
range of potential from — 0.5 to 1.0 V. The scan rate
of 0.05 mVs! was applied. The catalyst powders
were suspended in solution of PVdF-HFP in acetone
with graphite and applied onto a stainless steel
electrode. The cell’s configuration was: steel-
Pt/SnO;| separator | steel. The electrolyte contained 1
mol/dm? H.SO4and 0.5 mol/dm® CHzOH.

The catalyst powders were suspended in solution of
PVdF-HFP in acetone with graphite and applied onto
a stainless steel electrode. PVdF-HFP was used as a
binder [15], in lithium-ion cells, it is also used as an
electrolyte [16]. The cell’s configuration was: steel-
Pt/SnO; | separator | steel. The electrolyte contained 1
mol/dm? H,SO4and 0.5 mol/dm® CHz;OH.

3 Results and discussion

XRD studies were carried out in order to check the
effect of temperature and content of metallic phase on
the catalytic activity of Au/SnO. systems. The
materials studied directly after synthesis are
characterized by high amorphousness, (Fig. 1, 2, 3,
293 K), which is attributed to the gel structures dried
at room temperature. Annealing of the samples leads
to increased intensity of the reflections, both those
assigned to SnO; (cassiterite) and those assigned to
metallic gold. The reflections at the following 2 theta
angles ~ 26, ~ 33, ~ 51 and ~ 66 correspond to the
tetragons rutile structure of SnO2 (PDF 4+ Card File
No 04-003-5853), while those at 2 theta angles of ~
38, ~ 44, ~ 65 and ~ 78 should be assigned to Au
(PDF 4+ Card File No 04-007- 8790).
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Fig. 1. XRD patterns of 4.1% Au/SnO; systems
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Fig. 2. XRD patterns of 8.2% Au/SnO; systems
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Fig. 3. XRD patterns of 16.4% Au/SnO; systems

For all samples the thermal treatment leads to
increase in the intensity of reflections, assigned to
both SnO;and to gold. The reflections of the highest
intensity were recorded for the sample with the
highest content of metallic phase.

Transmission electron microscope images of the
samples studied are presented in Fig. 4. They show
well-defined mesoporous structure of SnO, and Au
clusters. For the samples with the lowest loading with
metallic phase (4.1% Au), annealed at 373 K, (Fig.
4A, 4C, 4E) the images show the structure of
uncalcined (amorphous, acetic) SnO gel [4] and gold
crystallites of the size from 12 to 30 nm, so rather
large. As proved in earlier studies [4] the limiting
temperature of thermal treatment of SnO; obtained
from tin acetate is 673 K.

As a result of thermal treatment, the amorphous
acetic gel is transformed into nanocrystalline tin
oxide (Fig. 4D). Interestingly, for the systems treated
at temperatures from the range 573-773 K, no
sintering was observed and thus no growth of gold
crystallites related to this phenomenon, both for the
sample loaded with 4.1% Au and that with 8.2% Awu.
The thermal treatment of samples loaded with 16.4%
Au leads to formation of systems characterized by
high dispersion and the presence of
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spherical nanoparticles of gold of the sizes from the
range 10 - 100 nm (Fig. 4E).

100 nm

100 nm

Fig. 4. HR-TEM images of: 4.1% Au 373 K, B) 4.1%
Au 673 K, C) 4.1% Au 373 K, D) 8.2% Au
673 K, E) 16.4% Au 373 K, F) 16.4% Au 673 K

The performance of Au/SnO, systems as catalysts of
methanol oxidation was checked by cyclic
voltamperometry. The studies were carried out for
each system, observing the effect of metallic phase
content and heating temperature on the
electrocatalytic activity. Fig. 5 presents the cyclic
voltamperometry curves recorded for particular
Au/SnO; catalysts in the medium of 1.0 mol/dm?
H,SO4 with addition of 0.5 mol/dm® CH;OH. All
curves show a peak in the range 0.5-0.8V, which can
be assigned to methanol oxidation. The peak can
change its position depending on the content of gold
and temperature of thermal treatment.
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Fig. 5. Cyclic voltammetry of the Au/SnO; systems:
A) 41% Au, B) 82% Au, C) 16.4% Au, after
thermal treatment. Temperatures of thermal
treatment: 1-293 K, 2-373 K, 3-473 K, 4-573 K, 5-
673 K, 6-773 K.

The hydrated acid HAuCIls (gold precursor) is
inactive in the electrochemical process. Removal of
water results in an increase in catalytic activity. For
the system with the lowest gold loading the current
decreases with increasing temperature of the catalyst
annealing. For the system with the lowest gold
loading, the current generated decreased with
increasing temperature of catalyst heating. The most
pronounced influence of temperature on methanol
oxidation was noted for the systems with high gold
loading. The sample containing 8.4% of metallic
phase was active in methanol oxidation already at
room temperature, but with increasing temperature
the current intensity decreased. A similar effect was
observed for the sample with 16.8% Au, but
annealing of this catalyst at 673 K resulted in
increased current intensity and had significant effect
on the methanol oxidation reaction. On the basis of
the above arguments, the sample with 16.8%
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content of metallic phase was the best from the series
studied. The results obtained confirmed that for the
systems with gold no sintering takes place that would
block the metallic phase activity and proved that
individual clusters of gold catalyze methanol
oxidation.

The process of methanol oxidation depends on the

structure of the catalyst used. The reflections

assigned to gold in the diffractograms of the catalysts

indicate that in this reaction the following hkl planes

are active: {110}, {200}, {220}, {311}. The

analogous results obtained for platinum as the

metallic phase also indicated the same planes as

active in methanol oxidation [4]. In particular, the Au

plane {110} seems the most active in this process.

Similarly as for the systems with platinum [4], the

catalysts activity depends on temperature. The

AU/SnO; sample containing 16.8% of the metallic

phase, after heating/ annealing at 673K generates the

highest current intensity from among the other

systems studied in the same conditions.

The curves presented in Fig. 5 illustrate considerable

differences in activity between the catalysts samples

studied. The differences are attributed to the thermal

treatment which determines the final form of the

metallic phase. The process of HAUCI,

decomposition can proceed according to the two

following mechanisms [17].

Different character of the redox processes, evidenced

by differences in the voltamperometric curves makes

it difficult to draw any comparisons. The activities of

all systems quickly increase after the removal of
coordination water, which is the most pronounced for

the samples with high gold loading. On the basis of

results of our studies it can be concluded that the

oxidation state of gold determines its activity.

4 Conclusion

AU/SnO; nanoparticles were synthesized by one-pot
sol-gel technigue. The proposed method of synthesis
and thermal treatment allow for good control of the
size of metal and stabilization of nanoparticles within
the pores of the support. It was possible to obtain
uniform and well dispersed gold nanoparticles, which
was confirmed by XRD and TEM. After thermal
treatment, Au particle did not migration and
coalescence on the surface wasn’t observed.
However, this process required higher temperatures
in comparison to multi-stage synthesis methods
thanks to stabilization of small Au clusters in the gel
structure. Au/SnO; - based electrocatalyst showed
electrochemical activity during methanol oxidation
reaction in acid solution. The CV results
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demonstrated that the oxidation state of Au is a
determining factor of its activity. One-pot reaction
allow to obtain materials with high dispersion of
metal particles which are active in oxidation process
and they have possibilities to application in fuel cells.
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