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Abstract In this work, PtSn binary electrodeposits were
prepared in three compositions and submitted to successive
voltammetric cycles in presence of glycerol (1.0 mol L−1) in
acidic media. Catalysts were characterized by energy
dispersive X-ray analysis and X-ray photoelectron
spectroscopy before and after the cycles being performed, in
order to check eventual changes in their compositions during
the process. Spectroscopic results show that surface compo-
sitions are sensibly richer in Sn than their bulk counterparts.
Overall, PtSn catalysts show a poor initial catalytic activity
toward glycerol electrooxidation. However, as the cycles
succeed, the voltammetric responses increasingly resemble
that of Pt, while the oxidation currents increase. Results are
rationalized in terms of a continuous enrichment of the surface
by Pt at the expenses of a loss of Sn. Moreover, when the
electrochemical surface area (ECSA) is estimated by stripping
of CO, it becomes evident that electrooxidation currents
remain growing, even when the ECSA is decreased, which
makes the gain in catalytic activity particularly relevant.
Ultimately, from a broader perspective, our results suggest that
catalytic surfaces with tunable features (such as surface
composition and catalytic response) can be obtained by the
application of easily executable electrochemical protocols.
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Introduction

Glycerol is a polyol that has several interesting properties that
make it a candidate for feeding direct alcohol fuel cells. Among
these, it is worth noting the decreasing international prices (due
to recent market surpluses) [1], non-flammability [1], non-
toxicity [1], and relatively high-energy content (theoretically,
14 electrons are available per molecule) [2]. However, in order
to convert glycerol in a potential fuel for anodes in DAFCs, an
important technological drawback must still be surpassed.
Because of its relative molecular complexity, glycerol is hard
to be oxidized to CO2 on platinum surfaces (the quintessential
catalyst for DAFCs) and during the electrocatalytic process
most molecules are partially oxidized, generating a wide range
of side products and reaction intermediates [2–4]. In a seminal
paper, Lamy et al., by using HPLC, detected glyceraldehyde,
glyceric acid, and other substances on Pt in both acid and
alkaline media [4]. More recently, our group demonstrated that
important amounts of CO2 are produced when glycerol is
oxidized on Pt, providing that the potential is higher than
0.9 V vs. reversible hydrogen electrode (RHE) [5, 6].
Unfortunately, the need for such high potentials in half-cell
experiments means that no electric work is available for the
corresponding fuel cells and indicates the need to develop
catalysts capable of oxidizing glycerol at lower potentials than
those observed on Pt.

Taking into account the knowledge accumulated over the
past decades about the mechanism of electrooxidation of
alcohols similar to glycerol (such as ethanol), it is now widely
accepted that a good electrocatalyst should have the skills of
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trapping the molecules on a surface and provide oxide
species to promote the oxidation at potentials as low as
possible [7, 8].

In this context, Lamy et al. showed that direct ethanol fuel
cells (DEFC) perform best when Pt anodes are modified by tin
[9]. The optimum composition was found to be in the range of
10–20 % of tin [9]. The results were rationalized in terms of a
lower CO poisoning, which is an intermediate of ethanol [9].
However, the authors also show that if those steps involving
the dissociative adsorption of ethanol are hindered, products
of intact chain as acetaldehyde and acetic acid are generated,
undermining the production of CO2 [9].

Concerning the role played by Sn during the
electrooxidation of ethanol on PtSn catalysts, there is no
consensus among different authors. For instance, Colmati
et al. suggest that PtSn catalysts favor the breaking of
the C–C bonds at lower potentials than those required
for sole Pt [10]. On the other hand, Wang et al. conclude
that the presence of Sn does not enhance the activity for
C–C bond breaking [11]. Their results are interpreted in
terms of a higher yield of intact chain products instead of
an improved formation of CO2 [11].

However, extrapolation of the results found for ethanol
to more complex alcohols, such as glycerol, does not
seem to be a wise strategy. For instance, in a recent work,
we demonstrate that when similar amounts of ethanol and
glycerol are electrooxidized on Pt nanoparticles, the
production of CO2 (followed by in situ FTIR) is six times
higher for glycerol than for ethanol, providing that the
potential is higher than 1.1 V [6]. Moreover, in situ
FTIR also suggests that unlike what is observed for
ethanol, glycerol electrooxidation occurs via several
pathways that contribute to the production of CO2,
probably through the oxidation of carboxylic acids and
other partially oxidized products, without forming CO.
[6]. Such results suggest that the presence of oxyphilic species
(such as Sn) could create the conditions necessary to oxidize
glycerol to CO2. Hence, aiming to improve the catalytic
response of P t -based sur faces toward g lyce ro l
electrooxidation, we prepared PtSn electrodeposits in three
different atomic ratios and submit them to successive cycles
in presence of glycerol. Eventual compositional changes were
followed by X-ray photoelectron spectroscopy (XPS)
analysis, while the electrocatalytic performance in presence
of glycerol was accompanied by cyclic voltammetry. Our
results suggest that by subjecting PtSn catalysts to
voltammetric cycles, it is possible to change (and eventually
to control) the electrocatalytic response and even the surface
composition of these materials. Such findings are relevant
since they open up the possibility of exploring a wide range
of surface compositions in a single, easy-to-perform
experiment, without the need of preparing one electrode at
a time (as it is usually done).

Experimental

Solutions were prepared with Milli-Q water (18.2 MΩ cm),
glycerol (1.0 mol L−1), and H2SO4 (0.1 mol L−1). Before the
experiments, the solutions were thoroughly deaerated with N2.
The counter electrode was a platinum sheet, and all the
potentials were measured against an RHE in the same
electrolyte. All the experiments were performed at room
temperature (25.0 ± 1.0 °C).

PtSn electrodes were prepared as electrodeposits on a
polished gold disk. The metals were electrodeposited by
electrochemical reduction of Pt4+ and Sn2+, obtained from
H2PtCl6 and SnCl2.2H2O (Sigma-Aldrich) aqueous solutions,
at 0.08 V vs. RHE during 10 min. Three distinct compositions
were obtained by changing the relative amounts of Pt4+ and
Sn2+. Real compositions of electrodeposits were estimated by
EDX and XPS analyses.

For the estimation of the real surface area, the electrodeposits
were saturated with carbon monoxide by bubbling the gas
during 10 min at 0.05 V. The excess of COwas then eliminated
from the electrochemical cell by purging the solution with pure
N2 during 30 min. Afterward, three cyclic voltammograms
were recorded at 0.02 V s−1 in the potential range of 0.05–
1.0 V. The first cycle provided the total charge of CO oxidation,
while the second and third ones were taken to check the
recovery of the original voltammetric profile. It was assumed
that the oxidation of one CO monolayer generates a charge of
420 μC cm−2 of real area of Pt (Sn does not adsorb CO). For all
experiments, electrodes were first kept at 0.15 V in 0.1 mol L−1

H2SO4 and glycerol was added into the cell to reach a concen-
tration of 1.0 mol L−1. The reaction was conducted through 5,
100, and 500 voltammetric cycles at a scan rate of 0.05 V s−1.

Results and Discussion

Determination of Atomic Composition of PtSn
Electrodeposits

Table 1 summarizes the results of EDX and XPS analyses
performed on PtSn electrodeposits and make clear that the
compositions show important discrepancies when the tech-
niques are compared. Namely, for all catalysts, the platinum
content is sensibly higher when measured by EDX than by
XPS. Such differences can be attributed to the different fea-
tures of both techniques; the escape depth of the photoelectron
in XPS is less than in EDX [12], thus EDX provides the bulk
atomic composition, whereas XPS shows those compositions
closer to the surface. Therefore, this comparative analysis al-
lows us to infer that the bulk of our samples is richer in plat-
inum, while the surfaces of the electrodeposits are mainly
composed by tin.
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Knowing that the electrochemical response of a catalyst
depends exclusively on its surface and that the voltammetric
profiles reflect the surface composition rather than the bulk of
the samples, we decided to identify our catalysts by atomic
compositions determined by XPS. Therefore, hereafter, the
binary catalysts will be denoted as PtSn 28:72, 24:76, and
19:81 (the nominal compositions were 90:10, 70:30, and
60:40, respectively).

Glycerol Electrooxidation

The electrocatalytic activity of PtSn electrodeposits toward
glycerol electrooxidationwas investigated by cyclic voltammetry
at a scan rate of 0.05 V s−1 in solutions containing 1.0 mol L−1

glycerol + 0.1 mol L−1 H2SO4. The results for the first five
voltammetric cycles are shown in Fig. 1.

The current densities obtained on PtSn surfaces are
sensibly smaller than those observed for Pt. Based on the
results in Table 1, the poor catalytic response is probably

related to a low content of Pt on the surface of PtSn, which
considerably decreases the number of active sites available for
adsorption of glycerol molecules, compromising the whole
oxidation process.

The voltammetric behavior of polycrystalline Pt in
1.0 mol L−1 glycerol + 0.1 mol L−1 H2SO4 presents features
similar to those observed in previous papers for the stable
response of Pt in diluted [13, 14] and concentrated glycerol
solutions [15]. During the positive-going potential scan, a
single oxidation peak is observed at 0.87 V; afterward, the
current diminishes. Just after the reversion of the potential
scan (1.0 V), a reactivation of the surface is noticed and
glycerol oxidation currents resume, peaking at ~0.7 V.

On the other hand, the voltammetric behavior observed for
PtSn electrodeposits cannot be directly compared with results
from literature since data available for glycerol on PtSn
(supported on glassy carbon) refer to compositions richer in
Pt than the ones investigated here [16]. Figure 1 shows no
oxidation peaks for any of the binary catalysts, although an

Table 1 Catalysts composition
determined by EDX and XPS Bulk composition EDX (Pt:Sn at.%) Surface composition XPS (Pt:Sn at.%)
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Fig. 1 First voltammetric cycles
performed on Pt and PtSn
electrodes in 1.0 mol L−1 glycerol
+0.1 mol L−1 H2SO4 at
0.05 V s−1. The compositions of
the electrodeposits are indicated
in the figure
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ill-defined shoulder can be perceived at high potentials during
the positive-going scan, followed by the rising of cathodic
currents in the reverse scan. Surprisingly, PtSn 19:81 is the
catalyst which presents the first indication of anodic currents
in the backward scan. Such behavior is intriguing, since this
catalyst is the one who possesses less Pt on its surface, and its
behavior is apparently the more similar to Pt. However, we
must consider that the electrochemical active surface area
(ECSA) of PtSn 19:81 is one order of magnitude lower than
for the other catalysts. Considering that the areas of gold
substrates were similar (they were taken from the same sample),
such difference implies into different surface roughness. In this
context, it is known that the surface roughness can bring deep
implications into themechanism of oxidation of a similar alcohol
(ethanol) [17]. Namely, the rougher the surface, the easier is the
production of species containing a single carbon atom (e.g., CO2)
[17]. Results were rationalized in terms of a higher capability of
rough electrodes to interact with adsorbed molecules, thus facil-
itating the scission of the carbon chain [17]. In the present study,
Pt and PtSn 19:81 are the electrodes with smaller ECSA, while
the areas of PtSn 28:72 and 24:76 are at least one order of mag-
nitude higher (the specific areas will be presented later in the
text). Such differences suggest that for those catalysts of smaller
areas, the strength of interaction with the surface is not enough to
guarantee a full oxidation cycle and some species are adsorbed
and oxidized during the backward sweep. For those electrodes
with big areas, the oxidation seems to happen at once.
Another aspect that cannot be disregarded is the fact that
although PtSn 19:81 is the binary surface richer in Sn, the
initial loss of Sn could happen at higher rates, considering
its small area. However, a complete description of the rate of
composition change would involve the analysis of
numerous catalysts, since these materials cannot be reused
after XPS analysis.

Now, let us compare the initial voltammetric responses for
the binary catalysts in the absence and presence of glycerol
(Fig. 2). For all catalysts, the voltammetric blank responses
(absence of glycerol, black lines) are similar, which merely
reflect the fact that all surfaces have similar atomic
compositions. In presence of glycerol, the catalysts show a
minor oxidation shoulder at potentials close to 1.0 V, while
in the reverse scan, the reduction of tin oxides (~0.5 V) is
inhibited when compared to the corresponding blank
voltammograms. Although similar, those features are more
pronounced for PtSn 19:81, which are probably due to the fact
that this catalyst has the higher rate of compositional change,
as already discussed.

Overall, all binary catalysts show a very poor activity for
glycerol electrooxidation (minor oxidation currents in
presence of the alcohol), probably because there are not
enough Pt sites on the surface to effectively promote glycerol
adsorption-oxidation steps.

Investigation of Stability and Activity of PtSn
Electrodeposits Toward Glycerol Electrooxidation

It is well known that voltammetric cycling in acidic media
induces a progressive loss of Sn in PtSn catalysts, thus
provoking a continuous change of surface composition in these
materials [18]. Such effect has also been observed in shutdown
tests performed on direct ethanol fuel cells [19]. With the aim to
investigate further changes in the surfaces of Pt and PtSn, the
electrodes were subjected to 100 and 500 voltammetric cycles,
as shown in Figs. 3 and 4, respectively. The voltammetric
studies were conducted with two independent series of fresh
electrodes. The first ones were cycled 100 times, while the
second group was cycled 500 times.
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voltammograms obtained during
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For all catalysts, we observe an oxidation peak during
positive sweep and another peak in the negative sweep
hereafter, denoted peaks I and II respectively. For PtSn
electrodeposits, we observe that the current density
continuously increases with the successive cycles until
approximately the 200th and 300th cycle (Fig. 4) and then
remains Bstable^ in subsequent cycles, while for Pt, the
current density is almost constant since the 50th cycle. In
addition, from Figs. 3 and 4, we observe that as PtSn catalysts
are cycled, their voltammetric responses increasingly resemble
that of Pt. Namely, the shoulder preceding the oxidation peak
(typical of PtSn) disappears while the single oxidation peak
observed in positive scan (typical of Pt) becomes more
pronounced. If we presume that the shoulder is provoked by
the presence of Sn on the electrodeposits surface, its disappear-
ance reinforces that the surface composition is changing with
the cycles, probably at the expenses of a loss of Sn.

Figures 3 and 4 also show how the electrochemical
cycling strongly influences the electrooxidation of glycerol
on all surfaces investigated. Beside the voltammetric fea-
tures, the current densities are also progressively changing
during cycling, especially for PtSn electrodes. Such results
suggest that probably the ECSA is also changing as the

system evolves in time. Hence, in order to have a more
comprehensive understanding of what happens to PtSn
surfaces as they are cycled, we used CO as a probe to
characterize the surfaces before and after cycling, as
shown and discussed in the next section.

Surface Characterization After Successive Oxidation
Cycles

Since CO stripping voltammetry is usually applied to charac-
terize the electrochemical surfaces of some materials used in
catalysis, we performed CO stripping experiments before and
after cycling the PtSn catalysts in order to understand how the
cycling influences the ECSA of these materials. Furthermore,
the voltammetric features in presence of CO allow detecting
eventual changes in the surface composition since they man-
ifest as changes in the voltammetric profiles of CO oxidation.
In order to have not only qualitative information about the
surface composition, we also performed XPS analysis in the
fresh electrodes as well as in the Bcycled^ ones.

Figures 5 and 6 show CO stripping voltammetry of PtSn
electrodeposits obtained before (upper panels) and after (lower
panels) glycerol electrooxidation performed in 100 and 500
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cycles, respectively. For purposes of comparison, results for pure
Pt are also included. The corresponding areas are shown in
graphs. In both figures, we note that CO is oxidized over a broad
potential range with two poorly resolved peaks. Stevanovic et al.
attributed the peak at low potentials to the Pt-Sn phase and the
peak at higher potentials to the Pt phase [20].

As the electrodes are cycled 100 and 500 times (Figs. 5 and
6, respectively), they become increasingly similar to Pt, both in
terms of CO oxidation (black curve) and electrochemical
profile after CO oxidation (red and green lines correspond to
second and third cycles, respectively). The hydrogen
adsorption/desorption peaks become well resolved and suggest
that the Pt content on the surface increases as the electrodeposits
are cycled. Moreover, we also observe that the CO oxidation

peak becomes well defined as the electrodes are cycled,
resembling the response observed for Pt.

These results confirm that important surface changes are
taking place as the electrocatalysts are cycled and help us to
understand the disappearance of the glycerol oxidation shoulder
depicted in Fig. 4. Assuming that this BCO preoxidation^ is due
to the presence of Sn atoms [20], its disappearance indicates that
surface Sn decreases with cycling. However, we cannot affirm
that this phenomenon is solely provoked by Sn dissolution
because the currents associated to the double layer region are still
significantly large for PtSn, even after they are cycled (Figs. 5
and 6). This observation does not corroborate the assumption that
the surface is Bjust losing Sn^ (probably by dissolution), because
if that was the case, those surfaces richer in Pt should present

Table 2 Electrochemical active
surface area (ECSA) before and
after glycerol electrooxidation
(1.0 mol L−1) performed in 100
and 500 voltammetric cycles

PtSn electrodeposits 100 cycles 500 cycles

Before/cm2 After/cm2 Reduction Before/cm2 After/cm2 Reduction

28:72 26.03 22.68 12.9 % 19.66 17.18 12.9 %

24:76 28.47 23.51 17.42 % 12.48 5.37 57 %

19:81 2.2 1.91 13.2 % 3.12 1.86 40.4 %
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Bnarrower^ double layer regions. Besides, the responses are
clearly different from that of polycrystalline platinum.

Table 2 shows the ECSA estimated for the binary catalysts
before and after the voltammetric cycles. It is important to
note that fresh catalysts and those submitted to 100 and 500
cycles refer to different samples; hence, the surface areas and
currents are not coincident. Overall, the cycling protocol
results in a significant loss of ECSA for all catalysts, being
this effect particularly evident for those surfaces richer in Sn.

Here, it is reasonable to assume that PtSn electrodeposits
may suffer a surface modification, but apparently, Sn keeps
playing an active role in the electrooxidation of glycerol,
despite its sensible displacement of the surface. The exact
structure is beyond the scope of the present work.

Another important aspect of the current discussion is once
we have established to begin with true fresh surfaces (includ-
ing Pt), the surfaces were not conditioned before the cycles
depicted in Figs. 5 and 6. However, we are aware that some
cleaning of the surface could explain the increase of currents
observed during the first cycles, particularly for rough sur-
faces (Pt areas are virtually unaffected).

The results of Figs. 5 and 6 and Table 1 highlight the
mistake that we commit in normalizing the currents of
oxidation by the initial area of the catalysts (Figs. 3 and 4).
For those figures, we cannot properly evaluate oxidation
currents with successive cycling for the same electrodeposits
since we do not have the areas in their respective cycles.
Nonetheless, if we consider (i) that currents were normalized
by the same factor (i.e., the initial electroactive area) and (ii)

that ECSA decreases continuously with cycles for all
catalysts, (iii) we can conclude that PtSn surfaces become
intrinsically more active as they are cycled.

We illustrate this finding by using the following procedure:
we normalize the current densities corresponding to the 100th
and 500th cycles (Figs. 3 and 4, respectively) by the initial
ECSA, in order to obtain a non-normalized current. Next, we
divide these values by the final ECSA, as shown in Fig. 7.
These results are evenmore encouraging than the previous ones
and indicate that thesematerials tend to improve their activity as
they are submitted to successive voltammetric cycles.

Here, it is important to point out that we are not assuming
that Sn adsorbs CO; hence, the surface area estimated by CO
stripping refers only to Pt. Regardless, our results can be
understood on the basis of amechanism similar to the formation
of the Bskeleton structure,^ as proposed by Stevanovic et al.
[20]. According to these authors, a Bskeleton^ structure is
formed after the dissolution of Sn from PtSn/C (during CO
annealing). Hence, the surface reconstructs and becomes very
rough and full of defects. In this new surface, Sn is present only
in the subsurface layers [20]. On the other hand, in the same
work, the authors also showed that the degradation of these
structures results in a significant loss of ECSA [20], such as
we observe in the present case. Here, the loss of ECSA is
particularly evident for those electrodes richer in Sn, as shown
in Table 2.

Here, we do not have enough evidences to state that the
formation of a Bskeleton structure^ is also occurring in our
electrodeposits. It is more reasonable to assume that PtSn
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Table 3 Characterization of
surface composition of PtSn
electrodeposits before and after
glycerol electrooxidation
(1.0 mol L−1)

PtSn As-prepared After 100 cycles After 500 cycles

%Pt/Pt +
Sn

%Pt° %Sn°/
Sntotal

%Pt/Pt +
Sn

%Pt° %Sn°/
Sntotal

%Pt/Pt +
Sn

%Pt° %Sn°/
Sntotal

28:72 28 % 52 % 2 % 49 % 72 % − 91 % 71 % −
24:76 24 % 46 % 8 % 36 % 71 % − 51 % 86 % −
19:81 19 % 39 % 11 % 30 % 71 % − 67 % 81 % −

Data obtained from XPS analysis
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electrodeposits may suffer an analogous surface modification,
in which Sn keeps playing an active role in the electrooxidation
of glycerol, despite its sensible displacement of the surface. The
exact structure is beyond the scope of the present work.

Beside the ECSA changes, cycling the electrodes implies
another important surface modification: the compositions of
the electrocatalysts and the oxidation states of the surface
change with successive cycles. Table 3 shows the results of
a XPS analysis performed after 100 and 500 cycles for all
electrodeposits. Data were extracted by fitting the Pt4f and
Sn3d signals.

For fresh electrodeposits between 40 and 50 % surface, Pt is
in the metallic state (Pt°) while Sn is predominantly present in
the oxidized form (over 90 % is SnOx). As the electrodeposits
are cycled, they turn richer in Pt, both in terms of (Pt/Pt + Sn)
ratio as in the percentage of Pt°. Consequently, metallic Pt
becomes predominant on all surfaces after 100 cycles. It is
noteworthy that although all the electrodeposits start from
similar surface compositions, they evolve differently. Such
differences are probably related to the fact that below the fresh
surface, the composition is sensibly different for each electrode,
as illustrated by the bulk compositions (EDX results) depicted
in Table 1. Therefore, while each surface changes with the
cycles, the magnitude of this change is mainly determined by
the composition of those atomswhich constitute the subsurface,
resulting in different surface compositions. Regarding Sn, the
Sn° amount decreases with the cycling protocol, becoming
negligible after 100 cycles.

If we correlate the XPS results with Fig. 4, we observe that
the catalytic activity increases as PtSn surfaces get richer in Pt.
This result is explained as follows: fresh electrodes have few
sites available to glycerol adsorption (the Pt° content lies
between 19 and 28 %), meaning that their surfaces are
Bblocked^ by Sn, which is mostly present as Sn oxides, even
in fresh surfaces. As the electrodes are cycled, they turn richer
in Pt (mainly Pt°) so that there are more sites available for
adsorption-oxidation steps. In other words, the catalytic
activity of PtSn electrodeposits increases as they are cycled
due to the increase of Pt content (at the expenses of Sn
content). Thus, the surface composition eventually reaches
an optimum compromise between those sites available for
adsorption (Pt sites) and the ones which act as sources of
oxygen to assist the oxidation (Sn atoms). Finally, Fig. 7 and
Table 3 suggest that the best PtSn superficial composition for
the electrooxidation of glycerol seems to lie around 65:35 (i.e.,
after 500 cycles being performed).

Conclusions

– Fresh PtSn electrodeposits prepared in acidic media
present surface compositions sensibly richer in Sn than
the corresponding bulk compositions.

– This initial Bexcess^ of Sn probably limits the number of
sites available to adsorb and electrooxidize glycerol. As a
consequence, all materials investigated present a poor
activity toward glycerol electrooxidation.

– As the PtSn electrodeposits are cycled, they suffer
important and continuous surface modifications: (i) a
reduction of the electrochemically active surface area
and, more importantly, (ii) continuous changes in the
surface composition and oxidation states of both
metals. Namely, the surface becomes increasingly
richer in Pt (mainly Pt°).

– As the surfaces become richer in Pt, more sites become
available for adsorption-oxidation steps. The global
output is that the catalytic activity of PtSn increases as
they are cycled in presence of glycerol.

– Looking toward a broader perspective, our results
suggest that catalytic surfaces with tunable features
(such as surface composition and catalytic response)
can be obtained by the application of easily execut-
able electrochemical protocols.
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