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Electrocatalytic Oxidation of Formic Acid and Methanol at the
Amorphous PtgSbs, Electrode

S. G. Sun' and J. Lipkowski*
Department of Chemistry, University of Guelph, Guelph, Ontario, Canada N1G 2W1

Z. Altounian
Physics Department, McGill University, Montreal, Quebec, Canada H3A 2T8

ABSTRACT

The electrocatalytic activity of PtgSbs, rapidly quenched alloy (glassy metal) towards oxidation of HCOOH and
CH;0H has been investigated. The studies have been carried out in an apparatus in which combined surface analysis elec-
trochemistry experiments can be performed. The electrodes were cleaned by standard UHV procedures, and their surface
composition was analyzed using Auger electron spectroscopy before each electrochemical experiment. The electro-
catalytic activity of the material has been directly correlated with the surface composition of the alloy. The rapidly
quenched PtgSbs, is a single-phase alloy of homogeneous composition, free from grain boundaries. No surface segrega-
tion or leaching of alloy elements were observed during experiments which lasted several hours. Its surface composition
displayed a long term stability. The rate of CH;OH and HCOOH oxidation at this material is about 5 to 20 times higher than
that at a pure, smooth, polyoriented Pt electrode. It has been shown that the enhanced catalytic activity of the glassy alloy
is a complex function of electronic, geometric, and synergistic effects.

The small organic molecules such as methanol or formic
acid could be easily oxidized on platinum electrodes and
hence constitute potential fuels for direct fuel cells. The
oxidation of these compounds involves a surface reaction
between an adsorbed organic molecule (or fragment of the
organic molecule) and adsorbed oxygen or hydroxyl radi-
cal [for review see (1)]. It is well established that electro-
oxidation of HCOOH and CH;0OH proceeds at a higher rate
at surfaces of binary alloys of Pt or at Pt surface modified
by submonolayer deposition of foreign metal adatoms
(2-12). However, practical use of the binary catalysts is re-
stricted by a number of limitations. The platinum elec-
trodes modified by submonolayer deposition of foreign
metal adatoms are not stable (3, 11-15). The crystalline al-
loys are often multiphase systems having interphase and
intergrain boundaries, consequently the distribution of
the elements across the alloy surface is not uniform. In ad-
dition, surface segregation and miscibility gaps in the
phase diagrams often impede attempts to change the cata-
lyst activity by changing the alloy composition.

In principle, the thermodynamic constraints imposed by
miscibility gaps and surface segregation can be overcome
by rapid quenching of alloys from the liquid phase at a
quenching rate higher than the crystallization rate. The
rapidly quenched metals are single-phase alloys which dis-
play a random distribution of atoms in the binary mixture.
They resemble a supercooled liquid, hence, they are fre-
quently called “glassy metals.” Our previous experiments
on vitreous Pt electrodes (16-18) have shown that their
electrocatalytic properties are quite similar to the proper-
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1.0n leave from the Department of Chemistry, University of
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ties of Pt electrodes modified by a submonolayer of for-
eign adatoms. In contrast to adatom modified surfaces, the
surface composition of glassy metals displays long term
stability and therefore they are much better candidates for
electrocatalysts in fuel cells.

This is the third paper in a series (17, 18) devoted to. sys-
tematic studies of electrocatalytic activities of vitreous bi-
nary alloys of platinum. This work describes concerted in-
vestigations of the surface composition and the kinetics of
electrochemical oxidation of formic acid and methanol at
the amorphous PtgSbs, alloy. The studies have been per-
formed in an apparatus built for combined surface analy-
sis/electrochemistry experiments. The instrument allows
fast transfer in a period of about 10 min of a sample from
an electrochemical cell housed in a controlled environ-
ment chamber to the ultrahigh vacuum (UHV) chamber
for surface study. In this way the electrocatalytic activity
of the alloy has been related to the known compeosition of
its surface.

Experimental

Preparation of the amorphous PtgSbs, alloy has been de-
scribed in an earlier contribution (18). The composition of
the alloy corresponded to the deep eutectic point in the
phase diagram, the x-ray diffraction pattern showed broad
peaks and a total absence of sharp lines indicating excel-
lent amorphicity of the material. The crystallization tem-
perature, T,, determined using differential scanning cal-
orimetry is equal to 540 K. The alloy displays excellent
long term stability at room temperature.

The surface analysis of the samples was carried.out in
the UHV apparatus which will be described in detail in a
separate publication (19). Before each measurement, the
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surface of the amorphous PtgSbas alloy was cleaned by Ar
plasma bombardment at argon pressure equal to 2 x 1072
torr, beam energy equal to 3 keV and the current at the
sample adjusted between 1 and 2 pA. The Auger electron
spectra were recorded using a Varian 981-2601 cylindrical
mirror analyzer (CMA) equipped with a Varian 981-2745 in-
tegral electron gun, at a primary beam current of 1 pA and
a beam energy of 3 keV. The elemental surface composi-
tion of the alloy was determined using the formula

L/Sx
S LIS,

where C, is the atomic concentration of element x in the
sample, I, or I, is the peak-to-peak amplitude of the Auger
signal for element x or a corrected for the scale factor, S, or
S, is the relative sensitivity between element x or a and sil-
ver taken from Ref. (20). The vacuum was generally main-
tained at 2 x 1079 torr during the experiments.

The electrochemical measurements concerning the
amorphous PtgShs, alloy were carried out under 1 atm of
argon in a controlled environment chamber attached to
the UHV chamber. The controlled environment chamber
housed an all-glass electrochemical cell connected by a
Teflon tube to a manifold which allowed the cell to be
filled with the investigated solution or washed with water.
The cell was equipped with a Pt coil counterelectrode and
a palladium wire saturated with hydrogen as reference
electrode (in the presentation of results the potentials were
recalculated and presented in a reversible hydrogen refer-
ence electrode scale, HRE). The 0.1M HC10, solution used
as the electrolyte was prepared from suprapure 65%
perchloric acid (Seastar Chemicals) and Milli-Q water
(17 MQ - cm).

X

f1]

Results

Characterization of the amorphous PtgSbsdelectrolyte
interface.~The ribbon-shaped sample of the vitreous
PtgShg, alloy was cleaned from impurities by Ar* bom-
bardment in the UHV chamber. Spectrum a in Fig.1
shows the Auger spectrum of the sample cleaned by
30 min of sputtering by Ar* ions (3 keV energy, 1 pA beam
current). The Sb atoms are preferentially sputtered by Ar*,
hence, the alloy surface became enriched in Pt for pro-
longed Ar* bombardment. The surface composition of the
sample whose spectrum is shown in Fig. 1a corresponds to
81% Pt and 16% Sb (3% C as impurities). Samples of this
surface composition could be obtained reproducibly, and

[
=
~
=
5
¢
YT "
Pt Sb
100 200 300 400 500
Kinetic Energy (V)

Fig. 1. Auger spectra of amorphous PtsSbs, alloy. a, Clean surface
obtained after 30 min. of Ar' sputtering; b, surface emersed from 0.1M
HCIO, solution after completion of electrochemical experiment shown
in Fig. 2a.
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therefore all experiments were performed on such pre-
pared electrodes. To avoid confusion we will always refer
to the alloy using its bulk composition. However, the
reader is reminded that due to the sample pretreatment its
surface is enriched in Pt and surface concentration of Sb
atoms is only 16%. The surface of the ribbon was rough,
and hence it was difficult to remove carbon impurities
even by along Ar* sputtering. The ribbon characterized by
this spectrum was subsequently transferred to the con-
trolled environment chamber for electrochemical studies.
The cyclic voltammogram (CV) obtained for clean amor-
phous PtgSbsy in 0.1M HCIO, solution is shown in Fig. 2a.
For comparison the cyclic voltammetry curve obtained for
pure polyoriented Pt is shown in Fig. 2b as well. The two
peaks observed on the CV for PtgShsy at 0.14 and 0.27V
correspond, apparently, to hydrogen adsorption/desorp-
tion at the sites provided by Pt atoms present at the sur-
face. It was assumed that the charge density for hydrogen
adsorption corresponded to 210 uC - em~2 The active area
for the PtgSbgy, was then determined from the ratio of the
charge of hydrogen adsorption to the value of
210 pC - cm™% We arbitrarily assumed that charge density
for hydrogen adsorption at PtgSbs, alloy is equal to the
charge density for hydrogen adsorption at polycrystalline
Pt. Since the surface composition of Sb atoms was only
16% such assumption should lead to an error of the order
of 16%. This figure is small in comparison with the magni-
tude of the electrocatalytic effect reported in this paper.
The sections of the CVs corresponding to potentials
more positive than 0.5V were distinetly different between
the PtgSbhy, alloy and the polyoriented Pt electrode. The
reversible peak at 0.65V and a shoulder at 0.70V observed
at the glassy metal electrode have approximately the same
position as the peaks observed on polyoriented Pt modi-
fied by the submonolayer deposition of Sb atoms (18). Con-
sequently, the peaks can be identified as corresponding to
oxygen adsorption on Sb atoms present at the surface. The
multiple potential cycles applied to the glassy metal elec-
trode had no effect on the shape of the curve as long as the
positive potential limit was lower than 1.0 VVRHE. When

i fub/em)
100 a.

i fpb/em?)

R
8
8

E (V/RAE}

Fig. 2. Cyclic voltammograms obtained in 0.1M HCIO, solution with
sweep rate of 50 mV - s~'. (a) Amorphous PtsSba4 alloy, with progres-
sive increase of upper limit of the reverse potential from 0.68 to 1.0
V/RHE; (b) polyoriented Pt electrode after cleaning by flaming and
quenching procedure.
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the sample was emersed from the electrolyte solution,
cleaned with ultrapure water, and transferred back into
the UHV chamber, it displayed an Auger spectrum
(Fig. 1b) which is practically identical to spectrum a in
Fig. 1. Therefore, polarization of the alloy surface up to a
potential of 1.0 V/RHE had no effect on the surface compo-
sition.

Electrocatalytic oxidation of HCOOH.—The kinetics of
HCOOH oxidation were initially investigated using cyclic
voltammetry. The clean sample of the amorphous PtgSbs,
alloy (surface composition 81% Pt, 16% Sb, and 3% C impu-
rities) was transferred to the controlled environment
chamber and immersed into a solution of 0.1M HCIO, and
0.1M HCOOH at 0.2 V/RHE, and the cyclic voltammetry
curves were recorded. Figure 3a shows the CVs deter-
mined for HCOOH oxidation on the glassy metal elec-
trode. For comparison, the cyclic voltammetry curves de-
termined at the pure polyoriented Pt is shown in Fig. 3b.
The differences between the two curves are apparent. Mul-
tiple potential cycles applied to the glassy metal electrode
have little effect on the magnitude of the voltammetric
current. In contrast the current of HCOOH oxidation at the
pure polyoriented Pt dramatically decreases with the
number of potential cycles applied. For example the mag-
nitude of the peak observed at a potential of about 0.8V in
the negative going potential sweep decreased by a factor of
6 during 19 min of continuous potential cycling. Figure 3
shows also that in the potential region between 0.4 and 0.8
V/RHE, the oxidation currents corresponding to the po-
tential sweep in the positive going direction are much
higher at the vitreous electrode than that at the polyorient-
ed Pt.

In order to study the kinetics of HCOOH oxidation in
greater detail, potential step experiments were performed
using the program shown in Fig. 4. The electrode potential
was initially held at E; = 0.2V for a period of 14.5s, long
enough to establish adsorption equilibrium between the
electrode surface and the bulk of the solution, and then

i (mA/em?)
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Fig. 4. Potential program applied to the investigated electrode dur-
ing the potential step experiments.

was stepped to E; more positive than E;, and the chro-
noamperometric transients were recorded over a period of
1457.7s. Then the cell was turned off for transfer of the data
from the potentiostat to the computer. To perform another
experiment the potential was first stepped to E, = 1.0
V/RHE, to oxidize organic impurities and/or poisoning in-
termediates accumulated during the long electrolysis at E¢,
and after 2s returned to E;. The same experiment was re-
peated for E; values ranging from 0.45 to 1.0 VRHE while
the values of E; and E, were kept constant.

Representative current transients obtained in the poten-
tial step experiments are presented as the three-dimen-
sional i-t-E plot in Fig. 5. Because the current transients
were acquired in a time window which covers three dec-
ades, the time axis in Fig. 5 has a logarithmic scale. At the

| (mA/em?)
! b,
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W0
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T

0 02 04 06 08

E (V/RHE)

Fig. 3. Cyclic voltammetric curves obtained in 0.1M HCIO, + 0.1M HCOOH solution with sweep rate of 50 mV - s™'. (a) Amorphous PtesSbss alloy
electrode, the curves obtained in 10th and 40th cycle are indicated in the figure, respectively; (b) polyoriented Pt electrode, the curves obtained in
Ist (—>—), 2nd (—>—>—), 3rd (—>—>—>—) and 10th cycle are indicated in the figure.
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30 40

Fig. 5. Three-dimensional plots of the current transients obtained over the whole range of E; investigated on the amorphous PtgSbs, electrode in
0.1M HCIO, + 0.1M HCOOH solution. Note that the time axis has a logarithmic scale. Insert: plot of iVtvs. Vtfor afew selected F;: curve 1, 0.6,

curve 2, 0.7, curve 3, 0.8, and curve 4, 0.9 V/RHE.

end of the HCOOH oxidation experiment, the sample was
emersed from the investigated solution then immersed
again in 0.1M HCIO, to oxidize the adsorbed HCOOH and
adsorbed intermediates of the oxidation reaction, washed
with ultrapure water, and transferred back into the UHV
chamber. The Auger spectrum recorded on a so-treated
sample was essentially identical to spectrum b in Fig. 1.
The quantitative analysis shows that the differences be-
tween the surface concentration of Pt and Sb before and
after the experiment are insignificant in comparison with
the experimental error. In conclusion, the composition of
the alloy surface was not changed during the course of the
experiment which lasted several hours.

As Fig. 5 shows, the oxidation currents pass through a
maximum as a function of both potential and time. In
order to examine the character of the time dependence of
the potentiostatic current, the mass transport contribution
to the measured current must be evaluated. The electrode
had the shape of a very thin ribbon and experiments were
carried out in unstirred solutions while all vibrations were
effectively damped out. Under such conditions the lower
limit of the mass transport controlled current is deter-
mined by a linear diffusion. The insert to Fig. 5 shows a
plot of the product iVt vs. V't calculated for four electrode
potentials. For the potential corresponding approximately
to the position of maximum on the i-E profiles taken at a
constant value of t the product iVt rises initially fast and
then becomes approximately independent of time. The
limiting value of iVt corresponds approximately to 23 mA
- em? - 52, The value of iV calculated with the help of the
Cottrell equation (taking the value of the diffusion coeffi-
cient for HCOOH as equal to 5 x 107% cm? - s7%) is equal to
256 mA - cm 2 - s'2, The difference between the experimen-
tal and caleulated values of iVt can be fully accounted for
by the uncertainty in the determination of the electrode

area for PtgShs, electrode. Consequently, the data pre-
sented in Fig. 5 suggest that for times longer than 20s the
rate of HCOOH oxidation at the vitreous PtSb electrode
may be controlled by diffusion. However, for such a long
time of electrolysis the contribution of the convection to
the overall mass transport may not be neglected. The mass
transport current may be higher than the value predicted
by the Cottrell equation and therefore higher than the ob-
served current of HCOOH oxidation. Nevertheless, the re-
sults presented above indicate that at least significant con-
tribution of mass transport to the mechanism of HCOOH
oxidation at the PtSb alloy should be expected.

For comparison, the potential step experiments were
also performed at the polyoriented Pt electrode, and the
corresponding current transients are presented in the
three-dimensional coordinates in Fig. 8 (the time axis, asin
Fig. 5, has a logarithmic scale). In order to evaluate the
mass transport contribution the products iVt were calcu-
lated and plotted against V't in the insert to the figure. The
polyoriented Pt electrode consisted of a nearly spherical
bead of radius 0.1 cm. Linear plots of iVt vs. V1, giving the
intercept of 25 mA - em™2 - s (calculated with the help of
the Cottrell equation) were expected for currents con-
trolled by diffusion to the sphere. The plots shown in the
insert to Fig. 6 are nonlinear and the experimental values
of #Vt are much lower than the values of the product calcu-
lated for a diffusion controlled reaction. This result indi-
cates that HCOOH oxidation at the polyoriented Pt elec-
trode is primarily controlled by a rate-determining step
which involves an interfacial reaction.

The currents of HCOOH oxidation at the glassy metal
and the polyoriented electrodes are compared in Fig. 7.
The graph shows four cross sections selected from Fig. 5
and 6. Apparently the glassy metal electrode is a much bet-
ter catalyst of HCOOH oxidation than pure crystalline Pt.
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Fig. 6. Three-dimensional plots of the current transients obtained over the whole range of E; investigated on the polyoriented Pt electrode in 0.1M
HCIO, + 0.1M HCOOH solution. Note that the time axis has a logarithmic scale. Insert is the plot of iVt vs. V't for a few selected E¢: curve 1, 0.6,

curve 2, 0.7, curve 3, 0.8, and curve 4, 0.9 V/RHE.

In order to evaluate the effect of the electrode material on
the rate of the electrode reaction investigated, the en-
hancement factor, R, defined as the ratio of the oxidation
currents measured at the vitreous alloy and pure Pt elec-
trodes, i.e.

B i(PteeSbss)

2

i(Pt) (2]
was calculated for a few selected potentials. Its values are
plotted against the time in the insert to Fig. 7. The time
window was restricted to the initial sections of the current
transients where the rate of the reaction is controlled by an
interfacial process at both electrodes. At very short times
the value of R apparently changes with time and potential.
However for t longer than 10s the R attains a pseudo
“steady-state,” potential independent value, approxi-
mately equal to 5. In summary, the rate of HCOOH oxida-
tion at the PtgShbs, electrode proceeds much faster than at
pure crystalline Pt.

Oxidation of CH;0H.—The cyclic voltammetry curves
recorded for the clean PtgSbs, sample transferred from the
UHYV chamber to the controlled environment chamber and
immersed into a solution of 0.1M HCIO, and 0.1M CH;OH is
shown in Fig. 8. For comparison, the cyclic voltammetry
curve determined at the pure polyoriented Pt in the same
solution is shown in Fig. 8. The differences between the
shape of the voltammetric curves, and between the evolu-
tion of the current density with multiple potential cycling,
determined for methanol oxidation at PtgSbg, and that for
pure crystalline Pt are similar to the differences observed
earlier for HCOOH oxidation at these two electrodes. The
shape of CV obtained at PtgSb;, remains virtually un-

changed during the multiple potential sweeps. In contrast,
the current density of methanol oxidation on the poly-
oriented Pt progressively decreases with the number of
potential cycles applied to the electrode. Quantitatively,
this effect amounts to a fourfold decrease of the peak
height during the positive going voltage sweep for a period
of 19 min.

As in the studies of HCOOH oxidation, the potential step
experiments were performed to investigate quantitatively
the kinetics of methanol oxidation. The potential program,
shown in Fig. 4 and described above, was employed and
the chronoamperometric transients were recorded. The re-
sults of methanol oxidation at the amorphous PtgSbs,
electrode are plotted in three-dimensional i-t-E coordi-
nates in Fig. 9 (note that the time axis of Fig. 9 has a loga-
rithmic scale). At the end of the experiment the sample
was emersed from the solution, washed with water, and
transferred to the UHV chamber. The Auger electron spec-
trum obtained with a so-treated sample showed that the
surface composition of the alloy was not changed during
the course of the experiment.

Qualitatively, the shape of the three-dimensional plot
shown in Fig. 9 is similar to that displayed earlier for
HCOOH oxidation in Fig. 5. The currents of methanol oxi-
dation pass through a maximum as a function of both po-
tential and time. In order to evaluate the mass transport
contribution to the measured currents, the product iVt
was calculated for a few selected potentials and plotted
against V% in the insert of Fig. 9. The plots are nonlinear. In
addition, the maximum values of V't are about eight times
smaller than the value of this product calculated with the
help of the Cottrell equation, and assuming that CH;OH
oxidation involves the transfer of six electrons. This result
suggests that the mass transport contributioh to the meas-
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Fig. 7. Comparison of the HCOOH oxidation currents at (@) amorphous PtssSbas and ot (M) polyoriented Pt electrodes. Insert is the plot of en-
hancement factor R vs. time for a few selected Ey: curve 1, 0.6, curve 2, 0.7, curve 3, 0.75, curve 4, 0.8, and curve 5, 0.9 V/RHE.

ured currents is negligible and that the rate of methanol
oxidation is controlled by an interfacial process.

The chronoamperometric transients determined from
the potential step experiments performed at the polyori-
ented Pt electrode are shown in the three-dimensional co-
ordinates in Fig. 10. The insert to the figure shows a plot of
iVt vs. V1 obtained for a few selected potentials. The plots
are nonlinear, and the products iVt are more than one

I(mA/em2)

1.2571

0.78¢

0.257

order of magnitude smaller than the value calculated for a
diffusion controlled reaction. Consequently, the rate of
CH;0H oxidation is entirely determined by the rate of an
interfacial reaction.

The currents of CH;OH oxidation at the glassy metal and
pure crystalline Pt electrodes are compared in Fig. 11. The
data show that the vitreous electrode is much better cata-
lyst of methanol oxidation than pure crystalline Pt{. To as-

{{mA/em?2)

1.0
£{V/RHE)

o = Pa—
0.4 0.6 0.8

E(V/RHE)

Fig. 8. Cyclic voltammetric curves obtained in 0.1M HCIO, + 0.1M CH;OH solution with sweep rate at 50 mV - s™', the curves obtained in 1st,
2nd, 3rd, 4th, 10th, 20th, and 30th cycle are indicated in the figure. (a) Amorphous PtssSbs, alloy electrode; (b) polyoriented Pt electrode.
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Fig. 9. Three-dimensional plots of the current transients obtained over the whole range of E; investigated on the amorphous PtssShy, electrode in
0.1M HCIO, + 0.1M CH3OH solution. Note that the time axis has a logarithmic scale. Insert: plot of iVt vs. V't for a few selected E;: curve 1, 0.6,

curve 2, 0.7, curve 3, 0.8, and curve 4, 0.9 V/RHE.

sess quantitatively the effect of the electrode material, the
enhancement factor was calculated for a few selected po-
tentials. The results are plotted against time in the insert to
Fig. 11. The enhancement factor initially increases with
time, passes through a broad maximum, and then slowly
decreases. The values of the enhancement factor appar-
ently depend also on the electrode potential. At longer
times the values of R for methanol oxidation are higher
than the values of R observed earlier for HCOOH oxida-
tion. In conclusion, the results show that the vitreous
PtesSbs, alloy is a very efficient catalyst of methanol oxi-
dation.

Discussion

The results presented above show that the vitreous
Pt4Sbs, alloy is a significantly better catalyst of the elec-
trochemical oxidation of HCOOH and CH;OH than pure,
smooth, polyoriented platinum. The amorphous state of
the alloy ensures homogeneous distribution of its constit-
uents and mixing of Pt with the second element improves
the catalytic activity as a result of: (i) changes in the elec-
tronic structure of the metal due to formation of intermet-
allic bonds; (ii) geometrical effects due to a change in the
number and nature of specific adsorption sites which favor
the adsorption of organic molecules and the reactive inter-
mediates and block the poision formation reaction; (ii)
synergistic or bifunctional action when Pt atom adsorbs
the reactant molecule and the atom of the second element
adsorbs the oxygen which is required to complete the oxi-
dation reaction.

The oxidation of formic acid and methanol are two and
six electron reactions, respectively. These processes are
generally considered to proceed through a dual pathway
mechanism, and may involve a number of intermediates.
A simple representation of the reaction mechanism is
shown as follows (21, 22)

— Reactive Intermediates —
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where [Pt] represents the surface platinum sites. The im-
proved activity of the glassy alloy catalyst may result when
the channel involving formation of the poisoning interme-
diates is blocked.

The improvement of the catalytic activity of the glassy
alloy electrode is best represented by the magnitude of the
enhancement factor R. The data presented above shows
that R is a complex function of the reaction time and the
electrode potential, this in turn reflects the complex nature
of the electrode reactions investigated and shows that both
the distribution of the intermediates and the character of
the rate-determining steps change with time and potential.
Consequently, it is quite likely that not one but a few
above-mentioned effects are responsible for improved cat-
alytic activity of the amorphous PtgSb,s. To illustrate this
point, the values of the enhancement factor for the oxida-
tion of HCOOH and CH;0H at short and long times of the
experiment were plotted against the electrode potential in
Fig. 12 a and ¢, respectively. Figure 12b shows the charge
density of adsorbed oxygen at the amorphous PtgSbs, and
the polyoriented Pt electrodes obtained by the integration
of the cyclic voltammetric curves, recorded in solution of
supporting electrolyte free from the organic molecules.

The enhancement factor determined for the reaction
time equal to 10s is virtually independent of the electrode
potential and consequently of the surface coverage by oxy-
gen species. In addition the magnitude of R is approxi-
mately the same for both CH;O0H and HCOOH oxidation
reactions. These features indicate that enhancement of the
catalytic activity of vitreous PtgSbs, cannot be due to the
bifunctional effect. Consequently, for this reaction time
the enhanced catalytic activity of the vitreous PtgSbs,
electrode should be primarily due to the electronic and
geometric effects.
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Fig. 10. Three-dimensional plots of the current transients obtained over the whole range of E; investigated on the polyoriented Pt electrode in
0.1M HCIQ, + 0.1M CH3OH solution. Note that the time oxis has a logarithmic scale. Insert is the plot of iVtvs. Vtfor a few selected Eg: curve 1,
0.6, curve 2, 0.7, curve 3, 0.8, and curve 4, 0.9 V/RHE.
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Fig. 11. Comparison of the CH;OH oxidation currents ot (@) amorphous PtsSb3; and at (B) polyoriented Pt electrodes. Insert is the plot of en-

hancement factor R vs. time for a few selected E;: curve 1, 0.6, curve 2, 0.7, curve 3, 0.75, curve 4, 0.8, and curve 5, 0.9 V/RHE.
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Fig. 12. (a) The enhancement factor R for HCOOH oxidation plotted
against the electrode potnetial at two selected times of experiment; (b)
charge of adsorbed oxygen species obtained by integration of the cyclic
voltammetric curves in Fig. 2; (c) the enhancement factor R for CH;O0H
oxidation plotted against the electrode potential at two selected times
of experiment.

In contrast, the 1s curve for HCOOH oxidation and the
1000s curve for PtgShss oxidation display a strong depend-
ence of the enhancement factor on the electrode potential
and, in consequence, on the coverage of oxygen species on
the electrode surface. Incidentally, the maximum at the 1s
curve for HCOOH oxidation coincides with the potential at
which the charge of oxygen species adsorbed at Sb atoms
attains a quasi-plateau, while the coverage of Pt atoms by
oxygen species is still very low. Therefore, it appears, that
at the initial stage of HCOOH oxidation, the PteShbs, alloy
acts as bifunctional catalyst at which HCOOH molecules
adsorb at the Pt atoms and react with oxygen or OH radi-
cals absorbed at Sb atoms. The enhancement of PtgSbs,
activity, with respect to CH;OH oxidation at long reaction
times is of a more complex nature. The maximum on the
1000s curve for CH;0H oxidation, shown in Fig. 12¢, corre-
sponds to the potential at which the coverage of Pt sites by
adsorbed oxygen species is significant. Consequently, in
addition to the bifunctional action of the catalyst, there
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must be other effects which contribute to the observed
magnitude of R.

Conclusions

In conclusion, the observed enhancement of the cata-
lytic activity of vitreous PtgSbs, alloy with respect to oxi-
dation of HCOOH and CH;0H results from an interplay of
anumber of effects the most likely of which are changes in
the electronic structure of the metal, changes in the num-
ber of specific adsorption sites which favor the adsorption
of the reactive intermediates, and block the poison forma-
tion, bifunctional action which involves adsorption of the
organic molecule at Pt atoms, and the oxygen required to
complete the oxidation reaction at Sb atoms. The data pre-
sented above suggest that the contribution of these effects
to the overall catalyst activity vary with potential and reac-
tion time.
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