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Abstract The oxygen reduction activity and methanol
tolerance of Pt-Bi/C electrocatalysts were studied using
electrochemical voltammetric techniques including rotating
ring-disk electrode. The Pt—Bi/C catalyst was prepared via a
polyol method and subjected to heat treatment to increase the
degree of alloying. X-ray diffraction studies revealed the
unalloyed character of the as-prepared catalyst and alloy
formation upon heat treatment. The electrochemical behav-
iour of both catalysts showed different behaviour in dilute
acid electrolytes, namely sulphuric and perchloric acids. In
both electrolytes, the oxygen reduction reaction was found to
occur via the four-electron process revealing that the
mechanism of oxygen reduction is unaltered even in the
presence of excess of methanol. Pt—Bi/C catalyst material
showed dramatically different properties and reactivity with
respect to oxygen reduction activity and methanol tolerance
in perchloric and sulphuric acids. The onset potential for
oxygen reduction reaction (ORR) significantly shifted by
about 100 mV to more negative values and at the same time
the current density was significantly enhanced. This type of
non-ideal methanol-tolerant behaviour among Pt bimetallics
and a “trade off” is common with all the known so-called
methanol tolerant combinations of Pt. In general, the Pt-Bi
surface appeared to have a negligibly lesser sensitivity
towards methanol activity compared to pure platinum.
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1 Introduction

Though alcohol based fuel cells have reached the commer-
cial stage, there is still continued developmental activity
because of the high permeation of methanol through the
membrane, which is known as methanol cross-over, in turn
affecting the cathode catalyst activity [1]. This cross-over
problem has been addressed by (i) increasing the membrane
thickness; (ii) modifying the membrane with a hybrid/com-
posite material and (iii) by decreasing the methanol
concentration in the anolyte compartment. Apart from these,
the development of cathode materials that are immune to
methanol may constitute a novel approach to deal with this
cross-over problem.

Several investigations for the development of methanol
tolerant cathode catalysts replacing the present best cath-
ode catalyst platinum-carbon are underway. They are
namely, (i) metallo-porphyrins/phthalocyanine complexes
[2-5], (ii) chalcogenides/chevrel based catalyst [6-9] (iii)
non-noble metal such as palladium [10-17] and (iv) binary
platinum alloys where the secondary elements are Ni, Cr,
Co, Fe, Bi [18-30].

Continuous efforts are being invested in synthesizing
alloy nanoparticles, for example of Pt and Pd by addition of
a secondary metal element in order to design surfaces with
increased catalytic activity as compared to that of the pure
metal particle. Initially, the Pt—Bi bimetallic alloy catalyst
was established as an anode catalyst for formic acid oxi-
dation where it showed excellent poison-removing effects
and it is widely used as direct formic acid fuel cell (DFFC)
anode catalyst material [29, 31-38]. Pt-Bi catalysts when
used in acidic environment lack stability. It has been
reported that the stability of the fuel cell catalyst material
can be enhanced by heat treatment at a desired temperature.
In general, the heat treatment of the binary metal catalyst
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favours the degree of alloying, removes the residual
organics adsorbed on the electrocatalysts and improves the
overall catalyst performance [39].

Pt—Bi is found to be superior for formic acid oxidation
than methanol oxidation and further it is reported that it is
immune to methanol oxidation [29, 31]. Inhibition of
methanol oxidation at bismuth-modified Pt(100) electrodes
was earlier explained by Campbell and Parsons [31] that the
platinum sites vacated by bismuth desorption are amenable
to blocking by the poison produced during methanol oxida-
tion. However, the reports thus far published have hardly
revealed the mechanism behind the so-called methanol tol-
erance of Pt—Bi. Recently, Pt-Bi has been reported as a
methanol tolerant cathode catalyst material [28]. However,
the paper lacks necessary data to establish conclusively the
ORR activity and the factors that influence the methanol
tolerance character of the catalyst. The observations and
interpretation appear to be based on incomplete studies that
needed [40, 41] thorough analysis before deciding if the
catalysts are methanol tolerant and ORR active. It is also
noted that details of the oxygen reduction reaction and the
possible role of bismuth have not been studied so far. It
appears certain that the dissolution of the secondary metal/
non-metal occurs in the oxidation or reduction reactions on
Pt-Bi. Based on our own experience and the available liter-
ature information, we realize the possible role played by the
acid electrolyte employed in characterizing Pt—Bi catalysts.

Methanol tolerance and ORR activity of the Pt-Bi cat-
alyst strongly depend on the acid electrolyte used in the
cell, sulphate versus perchlorate. We synthesize carbon-
supported platinum-bismuth bimetallic nanoparticles by
polyol synthesis and investigate its ORR activity in sul-
phuric and perchloric acid electrolytes in the presence and
absence of methanol, using hydrodynamic voltammetry
and a ring-disk electrode.

2 Experimental
2.1 Materials

All chemicals used were of analytical grade. H,PtClg -
6H,0, GR (Merck) and Bi(NOs3); - SH,O, GR (Merck)
were used as metal precursors. Vulcan-XC72R (Cabot
Corporation, USA) was used for supporting the metal
nanoparticles. Ethylene glycol, GR (Merck) was used as a
solvent and reducing agent. All the solutions were prepared
with ultra-pure water (MilliQ, Millipore).

2.2 Synthesis of metal nanoparticle catalyst

Pt-Bi (70:30)/C nanoparticles were prepared by adopting a
polyol process of the type reported elsewhere [42]. In this
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procedure, 9.28 mg of H,PtClg - 6H,O, 34.8 mg of
Bi(NO3); - SH,O and 125 mg of Vulcan-XC72R carbon
were taken in a 100 mL round bottom flask. To this 40 mL
of ethylene glycol was added and stirred well to get a
homogeneous mixture. This mixture was refluxed at ca.
85 °C for 4 h in a heating mantle. The mixture was kept
aside to cool at room temperature. After cooling, the black
powders were centrifuged and washed three times with
Millipore water (18.2 MQ cm™') and with acetone. Then
the powders were kept in a vacuum oven for drying at room
temperature. The synthesized metal nanoparticles were
subjected to heat treatment in argon atmosphere at 500 °C
for 3 h in a tubular furnace.

2.3 X-ray diffraction

X-ray diffraction (XRD) measurements of Pt—Bi carbon-
supported catalysts were carried out on a Philips PANan-
alytical X-ray diffractometer using CuK, radiation
(4 = 0.15406 nm). The XRD patterns were obtained using
high resolution in the step-scanning mode with a narrow
slit (0.5°) with a counting time of 15 s per 0.1°. Scans were
recorded in the 20 range of 15-90°. The identification of
the phases was made by referring to the Joint Committee
on Powder diffraction Standards International Center for
Diffraction Data (JCPDS-ICDD) database. Pt/C (20 wt%)
(E-Tek) sample was purchased from E-Tek Division of De
Nora N.A., Inc.

2.4 Transmission electron microscopy

Transmission electron microscopic (TEM) analysis was
carried out using a JEOL-JEM-3010-URP microscope
operating at 300 kV and having a resolution of 0.17 nm.
The samples for the TEM characterization were prepared
as follows: a carbon film was deposited onto a mica sheet
that was placed onto the Cu grids (300 mesh and 3 mm
diameter). The material to be examined was dispersed in
water by sonication, placed onto the carbon film and left to
dry. The average particle size was calculated using about
300 particles.

2.5 Electrochemical analysis

The performance of Pt—Bi/C alloy catalysts and a com-
mercial Pt/C (20 wt%, E-Tek) catalyst for the ORR was
evaluated preliminarily with a half-cell configuration based
on the linear scan voltammetric (LSV) measurements. Ten
milligrams of catalysts, 0.5 mL of Nafion solution (5 wt%,
Aldrich) and 2.5 mL of water were mixed ultrasonically. A
measured volume (3 or 10 pL) of this ink was transferred
via a syringe onto a freshly polished glassy carbon disk (3 or
6 mm in diameter). After the solvents were evaporated
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overnight at room temperature, the prepared electrode
served as the working electrode.

Electrochemical measurements were performed using a
BAS 100B or Autolab PGSTAT 30 potentiostat/galvanostat
(for RRDE experiments where the equipment is coupled
with a BIPOT module) and a conventional three-electrode
electrochemical cell. The counter electrode was a platinum
foil and a mercury/mercurous sulphate electrode and calo-
mel electrode served as the reference electrode. However,
all potentials are referred to the Ag/AgCl. The electrolyte
used for half-cell measurements was 0.5 M H,SO, or
0.1 M HCIO4 + 0.5 M CH;0H. Due to a slight contami-
nation from the Nafion solution, the porous electrodes were
cycled at 50 mV s~' between —200 and 700 mV versus
Ag/AgCl until reproducible cyclic voltammograms were
obtained, prior to any LSV measurements. The electro-
chemical activity for the ORR was measured with the
rotating ring disk electrode (RRDE) technique using an
interchangeable ring-disk electrode setup coupled with a
rotation controller (Pine Instruments). High purity nitrogen
and oxygen were used for de-aeration and aeration of the
solutions, respectively. During the measurements, a blanket
of nitrogen or oxygen was maintained above the electrolyte
surface. Unless stated otherwise, all half-cell tests were
performed at a temperature of 25 £+ 1 °C.

3 Results and discussion
3.1 Physical characterization of nanoparticulate Pt-Bi/C

Figure 1a shows the XRD patterns of the as-prepared car-
bon supported Pt—Bi nanoparticles. The peaks appearing at
40.09, 46.67, 67.63, 81.83 and 85.82 corresponds to the 111,
200, 220, 311 and 222 phases of the platinum fcc crystal
system. The broad peak observed at ~25° corresponds to
the vulcan carbon peak which was observed by several
authors [14, 18]. Peak broadening suggests smaller particle
size. The other reflections with smaller intensity can be
indexed to BiO, Bi,Oj3, etc. The particle size of the Pt-Bi
calculated based on the Scherrer equation was found to
be ~24 nm which was further confirmed by the TEM
measurements (Fig. 1a inset), that show an average particle
size of ~20 £ 2 nm. Thus, the Pt-Bi nanoparticles sup-
ported on carbon appear to be a simple solid solution of
platinum and bismuth oxides. Figure 1b shows the XRD
patterns of the Pt-Bi/C catalyst which is heat treated at
500 °C in argon atmosphere for 3 h. When compared to the
as-prepared catalyst sample, a shift in the 20 values corre-
sponding to the platinum phases was observed suggesting a
change in the crystal lattice size. The platinum lattice size is
0.3923 nm (JCPDS Card 00-005-0681), whereas the as-
prepared Pt—Bi/C shows a lattice parameter of 0.3914 nm
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Fig. 1 XRD patterns of Pt-Bi/C (a) as-prepared & (b) heat treated

and on heat treatment, a shrink in the crystal lattice size (ca.
0.3904) was observed. According to Rivera et al. [35], this
can be attributed to the incorporation of Bi within the
platinum crystal lattices which leads to the Pt-Bi alloy
formation and this alters the Pt—Pt bond distance. When
compared to the untreated one, the XRD pattern of heat
treated Pt—Bi does not show any Bi or BiO peak in addition
to the Pt peaks. The intensity and sharpness of reflections
suggest that the alloy particles formed upon heat treatment,
agglomerate leading to an increase in the particle size. Thus,
heat treatment results in the sintering of the nanoparticles,
causing an increase in the particle size and reduction in the
surface area [33]. The particle size calculated based on
Scherrer equation was found to be ~40 nm.

3.2 Electrochemical characterization
of nanoparticulate Pt-Bi

Figure 2 shows the cyclic voltammogram of Pt-Bi/C
obtained in 0.5 M sulphuric acid at 100 mV s~' over the
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Fig. 2 Cyclic voltammograms of as-prepared (dotted line) and heat-
treated (solid line) Pt—Bi/C catalysts in 0.5 M sulphuric acid

potential range from —200 to 1150 mV versus Ag/AgCl.
The as-prepared Pt-Bi/C sample shows the hydrogen
adsorption/desorption region, which is almost diminished,
whereas upon heat treatment shows hydrogen adsorption/
desorption features. The peaks I and II observed during the
forward scan corresponds to bismuth oxidation and the
peak III on potential scan reversal corresponds to bismuth
reduction in addition to the platinum reduction. The peak
at ~993 mV corresponds to bismuth oxidation to higher
oxidation states [34]. The forward oxidation peaks I and II
correspond to the stepwise oxidation of bismuth at the
surface [43, 44].

A strong peak observed at ~43 mV in the forward scan
corresponds to bismuth stripping, which is absent upon
heat treatment of Pt—Bi/C. Thus the heat treatment leads to
the homogenization of Pt and Bi nanoparticles, whereas in
the case of as-prepared sample it exists as simple solid
solution form, as supported by XRD data. In the case of as-
prepared Pt—Bi/C, bismuth atoms on the film are oxidized
to bismuth oxide species and on cycle reversal they are
stripped off the surface. Whereas, in the case of the heat
treated ones, bismuth atoms entrapped in the platinum
crystal lattice are not amenable to oxidation-driven strip-
ping. Further, the Pt reduction current observed in the case
of the heat treated sample is found to be smaller compared
to that of the heat-treated sample, reflecting the fact that
surface area decreases due to particle agglomeration.

It is also noted that repeated cycling to high positive
potentials in sulphuric acid change the resulting CVs. The
redox peaks at 703 and 43 mV ascribed to surface oxide
formation and stripping, respectively grow with continuous
cycling. This effect leads to surface roughening, as Bi is
preferentially dissolved at high potentials. It is expected that
Bi metal, being relatively unstable at positive potentials and
in acidic media, tends to be in an ionic/oxidized form.
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Fig. 3 Cyclic voltammograms of as-prepared (dotted line) and heat-
treated (solid line) Pt—Bi/C catalysts in 0.1 M perchloric acid

Figure 3 shows the cyclic voltammogram of Pt-Bi/C in
0.1 M HCIO, at 100 mV s~ in the potential range of —200
to 1150 mV versus Ag/AgCl. The peak observed at 674 and
645 mV versus Ag/AgCl for the heat treated and as-prepared
samples, respectively, corresponds to platinum oxidation.
The peak at 429 mV versus Ag/AgCl in the reverse scan,
corresponds to platinum reduction and bismuth reduction
from higher oxidation state to Bi metallic state, both
occurring at very close potentials. Two reduction peaks were
observed during the reverse scan of the heat treated Pt—Bi/C
and the one at ~553 mV corresponds to the platinum
reduction and the other at ~303 mV corresponds to the
bismuth reduction. A bismuth stripping peak at ~3 mV was
also observed. Improvement in the hydrogen adsorption/
desorption current is also observed for heat treated samples.

The cyclic voltammograms recorded in both sulphuric
and perchloric acid for the as-prepared and heat-treated
Pt-Bi/C in the potential range of —200 to 1150 mV versus
Ag/AgCl exhibited, in general, a stripping peak at —17 mV
corresponding to the reduction of the bismuth species
leaching from the catalyst surface. However, this peak
disappears immediately after the first cycle and does not
show up during subsequent cycles and the response stabi-
lizes, indicating that the catalyst surface is stabilized
against any dissolution of the alloy constituents. Though
this kind of behaviour has been mentioned by Abruna et al.
[45], corresponding CV responses do not show the above
mentioned features. The presence of the bismuth stripping
peak indicates that partial dissolution of bismuth is part of
the mechanism of surface oxidation of Pt-Bi. It is expected
that a certain amount of residual bismuth species is always
present on the catalyst surface (remaining un-reduced in
the preparation stage) that undergo reduction during cyclic
voltammetric examination.
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3.3 Methanol oxidation reaction on nanoparticulate
Pt-Bi/C

Figure 4 shows the cyclic voltammetric curves obtained for
methanol oxidation in deoxygenated solutions of
0.5 M H,SO4 + 0.5 M CH;0H. The voltammetric fea-
tures are consistent with the literature reports and are
typical of the electrooxidation of methanol on a platinum
surface. In contrast to the Pt/C response, in the case of the
Pt-Bi/C system the methanol activity is reduced and thus is
resistant to methanol at a concentration of 0.5 M in the
same potential interval explored. The small methanol oxi-
dation wave observed in sulphuric acid on heat treated Pt—
Bi/C constitutes 20% of the current observed for Pt/C,
whereas on the as-prepared Pt—Bi/C it is barely 2% of the
total methanol oxidation current recorded on Pt/C. In
contrast, both as-prepared and heat-treated forms of Pt—Bi/
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Fig. 4 Cyclic voltammograms of methanol oxidation on as-prepared
(solid line), heat-treated (dash-dotted line) Pt—-Bi/C and Pt/C catalysts
(dashed line) in (a) 0.5 M sulphuric and (b) 0.1 M perchloric acid
containing 0.5 M methanol with the scan rate of 100 mV s~

C in perchloric acid do not show a methanol oxidation
current and therefore the platinum bimetallic is remarkably
resistant to the methanol oxidation reaction (MOR) in
perchloric acid medium.

It can now be seen that while the Pt/C shows behaviour is
as expected, Pt—Bi/C shows a clear difference with respect
to the acid employed. In perchloric acid solutions, a near-
total blocking of methanol oxidation can be seen, whereas
in sulphuric acid, the features of MOR still persist. It is
understood from Abruna’s work [46] that methanol oxida-
tion is totally inhibited on Pt—Bi and it is presumed that they
have used perchloric acid medium. This may be explained
by invoking the effect of anions on methanol oxidation. For
example, it has been reported that bisulphate adsorption
promotes methanol oxidation on Pt [47]. It is reasonable to
explain this observation in terms of the formation of a
porous bismuth sulphate film [48] during the reaction of Bi
with water in the anodic potential excursions. As the reac-
tions proceeds only with forced reduction, bismuth in these
films can be reduced to Bi. In perchloric acid medium such
porous films do not form and the only reaction possible is Bi
dissolution and re-deposition [32]. It is now suggested that
during the potential cycling, bismuth dissolves to a major
extent and the Pt surface undergoes roughening. During this
process, redistribution of Pt crystallites takes place, fol-
lowed by Bi adsorption on these crystallites.

3.4 Stability of nanoparticulate Pt-Bi/C in acidic
electrolytes

The surface stability of the Pt—-Bi/C catalysts was examined
by cycling the surface in the respective acid electrolyte and
subsequently its activity towards methanol oxidation. This
experiment involves, subjecting the catalyst surface to
potential cycling in the range —200 to 1150 mV versus
Ag/AgCl and transferring the treated-catalyst surface to a
solution containing methanol. Figure 5 shows the methanol
activity of the Pt—-Bi/C surface at different levels of cycling
in sulphuric and perchloric acid electrolytes and for com-
parison the performance of Pt/C in sulphuric acid is also
presented in the figure. As can be observed from the cyclic
voltammetric behaviour, the current due to methanol oxi-
dation increases with increasing cycle number. The catalyst
gradually becomes active for MOR. Obviously, bismuth
leaching out from the surface in sulphuric acid is the cause
of this effect. The heat-treated sample also initially shows
an increase in MOR activity to gradually decrease with
increasing cycle number. A plausible explanation is the
surface enrichment by Pt, a situation similar to the for-
mation of “Pt skin” on the catalyst particle [49]. Once the
surface is enriched with Pt, due to its susceptibility to CO
adsorption the activity again decreases. In perchloric acid
medium, the cycling treatment does not affect the catalyst
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Fig. 5 Voltammetric stability of the Pt—-Bi/C catalyst in terms of
methanol oxidation current versus potential cycling treatment in
perchloric and sulphuric acid electrolyte

surface and it retains methanol tolerance even up to 250
cycles with stable performance. It can now be stated that
Pt-Bi/C (as-prepared or heat-treated) are unaffected by
potential cycling and maintain methanol tolerance in per-
chloric acid solutions whereas they are active towards
MOR in sulfuric acid solutions. This behaviour highlights

the importance of anion effects on the Pt-Bi/C catalyst
stability.

3.5 RDE and RRDE oxygen reduction reaction
at nanoparticulate Pt-Bi/C

In order to understand the kinetics of ORR in the presence
and absence of methanol RRDE experiments were carried
out with the Pt—Bi/C catalyst materials. In these studies, the
potential was swept at 5 mV s~ from 900 to —100 mV
versus Ag/AgCl (potential region of ORR) in sulphuric and
perchloric acid electrolytes.

Figure 6a shows the hydrodynamic polarization curves
of as-prepared and heat treated Pt-Bi/C in oxygen-satu-
rated solutions of 0.5 M sulphuric acid with and without
0.5 M methanol at a rotation rate of 1,600 rpm. The ORR
half wave potential and the current densities calculated by
normalizing to the geometric electrode area are given in
Table 1. The half-wave potential of ORR polarization is
shifted anodically by 40 mV with respect to that of the as-
prepared sample and a slight increase in the limiting
current density is observed after heat treatment. Addition of
methanol causes a cathodic shift of the half-wave potential
by approximately 100 mV in both cases. Moreover, the
MOR-activity of the catalyst is conspicuous by the pres-
ence of a current peak at ~600 mV, typical of methanol
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Table 1 Parameters derived from hydrodynamic polarization curves

System Electrolyte Onset potential, ORR current density, No. of electrons Tafel slope H,0,
/mV at 1,600 rpm /mA cm ™2 for ORR /mV dec™!  calculated (%)
As-prepared 0.5 M H,SO4 628 0.71 3.56 751175 0.38
PeBi/C 05 M H,S0, + 0.5 M MeOH ~ 563 0.62 3.74 >400 0.47
0.1 M HCIO, 393 0.88 3.99 ~400 0.27
0.1 M HCIO4 + 0.5 M MeOH 403 0.70 4.01 ~400 0.18
Heat-treated 0.5 M H,SO, 633 0.81 3.69 90/150 0.39
P=BI/C 05 M H,SO, + 0.5 M McOH 548 0.70 3.64 >400 0.33
0.1 M HCIO,4 463 0.96 3.71 120 0.22
0.1 M HCIO4 + 0.5 M MeOH 458 0.75 3.58 135 0.13
oxidation even though the Pt-Bi/C subjected to heat 1 1 1 1 1 1 1 |
treatment, due to the leaching/selective dissolution of bis- i ; + ; - ; + O_anthl/swl/zv_l/é c, - ; + Bowl/2 (1)

muth into the sulphuric acid electrolyte results in the
formation of “Pt skin”* that favours MOR. This behaviour
may be contrasted with the observations made when per-
chloric acid is employed as electrolyte. The polarization
curve in Fig. 6b shows that the ORR current does not reach
steady-state in the case of the as-prepared catalyst and the
polarization curves are ill-defined. This is presumably due
to the dissolution of one of the constituents of the catalyst.
In perchloric acid solutions, the heat-treated catalyst pre-
sents well-defined polarization behaviour and in both cases,
methanol does not seem to undergo oxidation as evidenced
by the absence of the corresponding current peak. How-
ever, there is a cathodic shift of ~40 mV in the half-wave
potential value. This is also associated with a 22% fall in
the current density value in the presence of methanol. Thus,
in spite of the observation that the catalyst is “silent”
towards the oxidation of methanol, the presence of the
latter affects the ORR current. It is now appropriate to
bring in the cases of Pt bimetallics where this type of non-
ideal methanol-tolerant behaviour was observed. It appears
that a “trade off” is common with all the known so called
methanol tolerant combinations of Pt [18, 30, 50].

The voltammograms for ring and disk in a RRDE setup
at different rotation rates for the Pt—Bi/C modified GC
electrode (both as-prepared and heat treated) in oxygen-
saturated acid solutions at 25 °C were performed. The
potential regions under kinetic and oxygen mass transport
limiting control are clearly observed for all the rotation
rates and the current density increases with rotation rate as
the mass transport of molecular oxygen to the electrode
surface becomes facile. For quasi-steady state conditions
and assuming all of the reactions to be first order with
respect to the oxygen concentration, the observed current, i,
for a mixed kinetic-diffusion controlled reaction depends
on the rotation rate according to the Koutecky—Levich
equation [51].

where i, is the kinetic current, B is the Levich slope, ‘n’ the
number of electrons involved in the ORR per oxygen
molecule, ‘C’ the saturation concentration for oxygen in
the electrolyte (1.26 x 107> M), ‘D’ is the diffusion
coefficient (1.93 x 107> cm? s™1), v’ the kinematic vis-
cosity of the solution (1.009 x 1072 ecm?s™ 1) and ‘o’ is
the rotation rate in rpm.

The number of electrons involved in the ORR was cal-
culated using the Koutecky—Levich equation, which relates
the current i to the rotation rate of the electrode w. The
Koutecky—Levich plot, 1/i versus 1/m"?, for Pt-Bi/C under
mass transport control at an electrode potential ~3 mV
was plotted (Figures not shown) and using the slope of the
resulting linear relationship, the value for n was calculated
(Table 1), which is consistent with previous results for Pt
based catalyst materials using a rotating ring-disk electrode
[25, 52]. This suggests that the ORR on Pt—Bi/C proceeds
via the direct pathway involving the dual-site adsorbed
oxygen species.

Pt+ 0y — Pt — Ojaqy) 221 Pt(OH), 221 Pt4+2H,0 (2)

since even at highly active surfaces, like Pt and its alloys,
the ORR proceeds at least partially via the peroxide route
having n values slightly less than 4. This was further
verified by calculating the % of H,O, produced during the
ORR from the ring current using the equation:

2Ix /N

% Hy0p = — BT
O T I ¥ (IR/N)

(3)
where Ip and I are the disk and ring currents, respectively
and N is the collection efficiency of the RRDE. The ring
currents are obtained from the controlled rotating ring disk
electrochemical studies employing Pt ring and disk elec-
trodes rotating at 1,600 rpm, where the ring electrode was
kept at 1.073 V in order to oxidize any H,O, released
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during O, reduction at the disk electrode; H,O is not oxi-
dized at this potential. The collection efficiency of the ring
disk was measured to be N = 0.24 (that is, 24% of the
products released by the disk were detected at the ring) and
the % of H,O, generated are given in Table 1. The per-
oxide percentage observed is a negligible quantity and this
result strongly suggests a high electrochemical efficiency
of the Pt-Bi electrocatalyst, where virtually all of the O, is
directly reduced to H,O.

The kinetic current i, can be obtained by extrapolation of
the Koutecky—Levich plots for @ "> — 0. From the kinetic
current, the Tafel slopes were calculated by plotting log i
versus potential (Figures not shown) and are given in
Table 1. The Tafel slope values calculated are 75 and
90 mV dec”', indicating a chemical step following a fast
first electron transfer is the rate-determining step. As is
commonly observed for ORR, the Tafel plots exhibit two
distinct slopes at low (>550 mV) and high (<500 mV)
overpotentials. Similar slope values for Pt based catalysts
are reported in the literature within these two potential
regions [52-54], suggesting that the ORR mechanism
remains the same. However, the shape of the Tafel plot is
slightly different with a single Tafel slope value of
120 mV dec™', suggesting that breaking of O—O bond is the
slow step for the heat treated sample of Pt-Bi/C examined
in perchloric acid [55]. For the systems with Tafel slope
above 400 mV dec™', the reaction mechanism is affected by
the adsorption of methanol molecules or the presence of
bisulphate ion, which greatly affect the ORR mechanism.

The results obtained in these studies indicate that the
Pt-Bi/C catalyst material has properties and reactivity that
are dramatically different from those of surfaces in per-
chloric and sulphuric acid with respect to oxygen reduction
and methanol tolerant activity. However, the onset poten-
tial of ORR is significantly shifted negatively by over
100 mV and, at the same time, the current density is sig-
nificantly enhanced. In general, the Pt-Bi surface appears
to have a dramatically lower sensitivity towards methanol
activity compared to pure platinum.

In sulphuric acid, above 500 mV or at a positive
potential, bismuth selectively leaches out from the elec-
trode surface leaving a ‘Pt skin’. Daniele et al. [34]
reported that the upper potential limit above 550 mV ver-
sus Ag/AgCl led to partial bismuth dissolution (selective
dissolution/leaching) with a concomitant increase of the
hydrogen adsorption/desorption peaks. Bismuth, once in
the acidic electrolyte as its oxide form, immediately con-
verts to its sulphate form and does not re-deposit on the
electrode surface readily. Thus the formation of the “Pt
skin” on the electrode surface leads to methanol activity,
which also affects the kinetics of ORR.

The higher ORR current in sulphuric acid medium is
attributed to the adsorption of the bisulphate ion (HSO, ), a

@ Springer

tetrahedral anion which adsorbs strongly on Pt(111) [56]
which results in inhibitory effects of PtOH, a factor
favourable for ORR.

In perchloric acid, bismuth dissolves from the electrode
surface during cycling and may interact with the perchlorate
anion. During the reverse scan bismuth is deposited or
enters the Pt crystal lattice. Hence the Pt—Bi alloy structure
is not affected by the electrochemical process and the alloy
structure is retained which, in turn, helps maintaining
methanol tolerance of the catalyst surface. We are presently
investigating the beneficial role of bismuth on the perfor-
mance of single cells and this will be reported separately.

4 Conclusions

Carbon-supported Pt—Bi nanoparticle catalysts were pre-
pared using a polyol method and characterized for particle
size, crystal structure and extent of alloy formation. The
electrochemical studies of the as-prepared and heat-treated
catalysts in perchloric and sulfuric acid electrolytes showed
that bismuth dissolution (oxidative cycle) and re-deposition
(reductive cycle) to be a common feature, to different
extents. The catalyst stability under potential cycling con-
ditions is observed to be much higher in perchloric acid
than sulfuric acid. While there is total absence of methanol
oxidation reaction on these catalysts when examined in
perchloric acid, the same in sulfuric acid medium exhibits
methanol oxidation characteristics, though to a limited
extent. The oxygen reduction reaction, studied using RDE
and RRDE voltammetry is found to involve four-electron
pathway irrespective of the presence of methanol, as also
noted from the Tafel analysis. The onset potential for ORR
is shifted by about 100 mV to more negative values and at
the same time the current density is significantly enhanced.
This type of non-ideal methanol-tolerant behaviour among
Pt bimetallics and a “trade off” is common with all the
known so-called methanol tolerant combinations of Pt. In
general, the as-prepared Pt—-Bi shows a balance of ORR
activity and methanol tolerance in perchloric acid. Hence,
it is now suggested that before attempting DMFC fabri-
cation, it is preferable to test the performance of the
catalysts in electrolytes containing perchloric acid rather
than sulfuric acid medium.
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