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Carbon supported PtSb catalysts were synthesized by codeposition of platinum and antimony on Vulcan®
carbon black. X-ray diffraction (XRD) analysis revealed that the Sb was alloyed with the Pt while XPS indi-
cated that a large fraction of the Sb was in an oxidized state, with only partial alloying. The performances
of catalysts with a range of compositions were compared in a multi-anode direct formic acid fuel cell
(DFAFC). A 0.29 mol fraction of Sb was found to provide the best performance with a maximum specific
power output of 280 W g~! Pt. CO stripping results indicated that the addition of Sb at this optimum
level greatly suppressed both CO adsorption and H adsorption/desorption, as well as promoting oxida-
tive stripping of CO. The results are compared with those for previously studied catalysts prepared by
the reductive deposition of Sb on a carbon supported Pt catalyst.
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1. Introduction

Due to a number of advantages over direct methanol fuel cells,
direct formic acid fuel cell (DFAFC) systems are attracting consider-
able attention and being developed for portable power applications
[1]. Pt based anode catalysts currently offer the best long term
performance and there is a long history of fundamental stud-
ies of formic acid oxidation at Pt based electrodes. In particular,
the effects of foreign adatoms on Pt have attracted considerable
attention because of the insight that they have provided into the
mechanism of formic acid electrooxidation [2,3]. These studies have
indicated that enhancement of formic acid oxidation by a second
metal can occur through a bi-functional effect in which oxygen
species on the second metal combine with CO adsorbed on Pt sites
[4], a third body or ensemble effect in which atoms of the second
metal prevent CO formation by decreasing the number of adjacent
Pt sites on the catalyst surface [2] and/or electronic ligand effects
in which the second metal changes the electronic structure of the
Pt surface [2].

The knowledge gained from fundamental studies has been
increasingly applied to the development of anode catalysts for
DFAFCs as this technology has developed. The addition of less noble
metal to Pt, such as Ru [5-7], Pd [5,8,9], Au [6], Bi [7,10-14], Pb
[11,12,15-22],As[10],Sn[11]and Sb[3,11,22-25], has been shown
to decrease the formic acid oxidation overpotential. PtSb is one of
the most effective anode catalyst systems for DFAFCs [22], and the
mechanistic details have been recently discussed [3]. An unsup-
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ported intermetallic PtSb catalyst [11], an unsupported decorated
PtSb catalyst prepared by underpotential deposition (upd) [24], and
carbon supported PtSb/C catalysts prepared by chemical deposition
of Sbon the surface of acommercial 40% Pt/C catalyst [22] have been
employed in DFAFCs.

Although deposition of Sb on Pt (decoration) provides very
active catalysts, it is not clear whether this is the most effective
methodology. Optimum activities were found to occur at high Sb
coverages (ca. 70% of the Pt surface) [22], which suggest that a large
fraction of the Pt may not be effectively utilized. In this paper, we
report on PtSb/C catalysts prepared by codeposition of Pt and Sb on
Vulcan® carbon black, and compare their characteristics and DFAFC
performances with those of previously reported [22] catalysts pre-
pared by the decoration of Pt/C. The results provide considerable
insight into the multiple roles that Sb can play during formic acid
oxidation at PtSb catalysts.

2. Experimental
2.1. Preparation of PtSb/C catalysts

Vulcan XC-72® carbon black (200 mg) was conditioned by stir-
ring in 10 M HNOs in deionised (DI) water for 12 h and then rinsing
with water until the pH reached 6-7. The pretreated carbon black
was added to a solution prepared with 2mL of 5gL-! polyvinyl
alcohol (PVA), 25mL of 10gL-! H3BO3, 10mL of 5gL-1 NH4F,
K,PtCly (5gL-1 dissolved in 5M HCI) and SbCl3 (5gL-! dissolved
in 5M HCl), and diluted to 1L with DI water. The quantities of the
K, PtCl4 and SbCl3 solutions were selected to provide a 40% metal
loading on the carbon support and the targeted Pt:Sb ratios listed in
Table 1. The mixture was stirred vigorously while 50 mL of freshly
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Table 1

Metal loadings and ratios for the PtSb/C catalysts from EDX and TGA, and mean crystallite sizes from XRD.

Target Pt:Sb mass ratio Pt:Sb mass ratio Total metal loading Pt (%) Sb (%) Crystallite size

(Sb mole fraction) from EDX from TGA (nm)
PtSb(2:1)/C 2:1(0.44) 2.1:1 39.4% 26.7 12.7 14
PtSb(3:1)/C 3:1(0.35) 3.0:1 41.7% 31.3 10.4 1.6
PtSb(4:1)/C 4:1(0.29) 4.2:1 41.6% 336 8.0 1.8
PtSb(5:1)/C 5:1(0.24) 5.0:1 41.5% 34.6 6.9 2.1
PtSb(6:1)/C 6:1(0.21) 6.2:1 41.7% 35.9 5.8 2.2
PtSb(8:1)/C 8:1(0.17) 8.1:1 42.2% 37.6 4.6 2.7

prepared 0.1 M NaBH4 was added drop-wise, followed by raising
the pH to 9-10 by addition of 5 M NaOH. The solution was stirred
vigorously for 1h, after which the catalyst was allowed to settle
for 30 min. The product was collected by filtration, rinsed with DI
water and dried at 80°C for 8 h under vacuum. Preparation of the
Sb decorated Pt/C catalysts has been described previously [22].

2.2. Fuel cell performance tests

Electrodes for fuel cell performance tests were prepared by
depositing the catalysts onto carbon fiber paper (Toray TGP-H-090)
as follows. The catalyst was first dispersed in a mixture of DI water
and Nafion solution® (DuPont; 5% Nafion, 30-60% propyl alcohols,
30-60% water), then the resulting slurry was spread onto the car-
bon fiber paper and dried in the air. The loading of the catalyst
was maintained at 1.6 mg cm~2 (including the carbon support and
Nafion), and the ratio of net Nafion to the catalyst was 1:4 (w/w).
The Pt loading ranged from 0.34 to 0.51 mgcm~2, depending on
the Pt:Sb ratio. Commercial 40% HP™ Pt on Vulcan XC-72® carbon
black from BASF® was also used for comparison.

Evaluation of the catalysts was performed in a multi-anode
DFAFC [26]. Anode array membrane electrode assemblies (MEA)
were prepared with a 5cm? cathode (consisting of Pt black on
carbon fiber paper) and nine (3 x 3 array) 0.23 cm? anodes which
were hot pressed (135°C, 100 kg cm~2, 3 min) onto either side of
a Nafion 115® membrane. The multi-anode DFAFC was operated
with a multi-channel potentiostat (Arbin®). The anode fuel used
was 5 M formic acid (puriss. p.a., ACS reagent, reag. Ph. Eur. 98+%)
at a flow rate of 0.2 mLmin~!. At the cathode, oxygen was supplied
at a flow rate of 100 sccm. The multi-anode DFAFC was operated at
ambient temperature.

Polarization plots were obtained in a voltage staircase mode in
which the voltage applied to the cell was stepped from the open
circuit voltage (OCV) to a final voltage of 0.1V in 15mV intervals.
The current was allowed to stabilize for 30s at each cell voltage.

2.3. CO-stripping experiments

CO stripping cyclic voltammograms (CV) were acquired in a con-
ventional three-electrode electrochemical cell by saturating the
solution with CO for 30 min with the working electrode at open
circuit, then purging the cell with nitrogen for 15 min and acquir-
ing the CV. The working electrode was prepared as described in
Section 2.2, by depositing 1.6 mg of the catalyst (including carbon
support and Nafion) onto 1 cm? of a strip of carbon fiber paper. A Pt
wire counter electrode, Hg/Hg,SO,4 reference electrode and 0.5M
H,S04 (aq) electrolyte were used.

2.4. Characterization of the catalysts

Thermogravimetric analysis (TGA) was performed with a TA
Instruments Q500 TGA analyzer. Energy dispersive X-ray spectra
(EDX) were obtained with a Bruker Xflash 4010 SDD energy dis-
persive X-ray analyzer. X-ray diffraction (XRD) data was acquired
with a Rigaku Ultima IV (with standard attachment) X-ray diffrac-

tometer using a Cu Ko source (A =0.15418 nm). The scan range was
from 20° to 100°. X-ray photoelectron spectra (XPS) were obtained
with a Multilab 3000 XPS system (Dalhousie University).

3. Results
3.1. Characterization of the catalysts

The compositions of the PtSb/C catalysts were determined by
EDX and TGA. Pt:Sb mass ratios determined by EDX are summarized
in Table 1, where it can been seen that the measured ratios are
closed to the targeted values. The total metal loadings (Pt+Sb) on
the carbon support were determined by TGA, where each catalyst
was heated to 800 °C until the carbon support was totally burned
off. The residual mass was attributed to Pt and Sb,0s. The total
metal loadings (Table 1) were close to the targeted value of 40%.

XRD patterns for the PtSb/C catalysts and a commercial Pt/C cat-
alyst are shown in Fig. 1. The main Pt peaks at 39.8° (Pt 111),
46.2° (Pt 200), 67.5° (Pt 220) and 81.3° (Pt 311) can be clearly
seen for the PtSb(5:1)/C, PtSb(6:1)/C, PtSb(8:1)/C and Pt/C cata-
lysts (Fig. 1d, e, f and g). However, for the highest Sb contents
(PtSb(2:1)/C, PtSb(3:1)/C and PtSb(4:1)/C), only the Pt 111 (39.8°)
peak can be clearly observed. It should also be noted that no Sb
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Fig. 1. XRD patterns of the (a) PtSb(2:1)/C, (b) PtSb(3:1)/C, (c) PtSb(4:1)/C, (d)
PtSb(5:1)/C, (e) PtSb(6:1)/C, (f) PtSb(8:1)/C and (g) Pt/C catalysts.
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Fig. 2. Pt 4f XPS spectra of (a) the codeposited PtSb(4:1)/C catalyst and (b) a
PtSb(3:1)/C catalyst prepared by deposition of Sb on commercial Pt/C [22].

peaks can be observed in any of the spectra, which suggests that
the Sb was alloyed with Pt. This is verified for the PtSb(4:1)/C,
PtSb(5:1)/C, PtSb(6:1)/C, PtSb(8:1)/C catalysts by the shifts of the
Pt peaks relative to the positions for the Pt/C (peak shifts were not
observed for the Sb decorated Pt/C catalysts [22]). The Pt 111 (at
39.8°) peaks were very broad for the PtSb(2:1)/C and PtSb(3:1)/C
catalysts, indicating more amorphous structures with very small
Pt crystallites. Mean particle sizes determined from the XRD data
are presented in Table 1. They ranged from 1.4nm to 2.7 nm and
increased with increasing Pt:Sb ratio.

XPS was performed on the PtSb(4:1)/C catalyst (Figs. 2 and 3 for
Pt and Sb, respectively). The main Pt 4f peaks (Fig. 3a) at 71.23 eV
and 74.58 eV can be attributed to metallic Pt(0), while the asymme-
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Fig. 3. Sb 3d and O 1s XPS spectra of (a) the codeposited PtSb(4:1)/C catalyst and
(b) a PtSb(3:1)/C catalyst prepared by deposition of Sb on commercial Pt/C [22].
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Fig.4. Polarization curves and power plots (averaged from three electrodes for each
catalyst) for multi-anode DFAFCs with PtSb(2:1)/C (MEA#1), PtSb(3:1)/C (MEA#1),
PtSb(4:1)/C (MEA#1), PtSb(5:1)/C (MEA#2), PtSb(6:1)/C (MEA#2), PtSb(8:1)/C
(MEA#2) and Pt/C [22] anode catalysts.

try indicates the presence of surface oxides. There are very similar
spectra in the literature for commercial Pt/C catalysts [27]. For
comparison, the Pt 4f spectrum of a PtSb(3:1)/catalyst prepared
by deposition of Sb on a commercial Pt/C electrode [22] is shown
in Fig. 2b. There are not significant differences in the Pt 4f region of
the spectra between the two types of PtSb/C catalyst.

Fig. 3a shows overlapping high resolution Sb 3d and O 1s spectra
for the codeposited PtSb(4:1)/C catalyst. The binding energies of the
main Sb peaks at 530.0eV (3d5/2) and 539.6eV (3d3/2) indicate
that the Sb was present as Sb oxide species, and mainly as Sb,03
[22,24]. However, small secondary signals at 528.6 eV and 538.1 eV
do suggest the presence of Sb(0) which would be consistent with
alloying of some of the Sb with Pt, with the bulk of the Sb present as
surface oxides. In contrast, a catalyst prepared by deposition of Sb
on a commercial Pt/C electrode [22] showed no evidence of Sb(0)
(Fig. 3b).

The O 1s spectra for the codeposited PtSb(4:1)/C and Sb deco-
rated Pt/C catalysts were clearly different (Fig. 3). The signal for the
codeposited PtSb(4:1)/C clearly extended to higher energies, and
could be simulated with a single peak at 531.6 eV. In contrast, the
signal for the Sb decorated Pt/C appears to represent a main peak
at 531.0 eV with a minor component at 532.6 eV. Since both Pt and
Sb oxides were shown to be present in the samples by the Pt 4f
and Sb 3d spectra, these results imply greater overlap of the Pt-O
and Sb-0 signals for the codeposited PtSb(4:1)/C, which would be
consistent with the other evidence for partial alloying of the Pt and
Sh.

3.2. Fuel cell performances

Cell performances of the PtSb/C catalysts and the commercial
Pt/C catalyst were compared in a multi-anode DFAFC by use of
anode array membrane electrode assemblies (MEAs). In order to
minimize and quantify the effects of variations between experi-
ments, the array MEAs were prepared with three electrodes of each
type of catalyst, and average results for each set of three electrodes
are presented. Standard deviations are used to assess the signifi-
cance of differences between the performances of the catalysts.
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Fig. 5. Average (from three electrodes for each catalyst) current vs. time curves for multi-anode DFAFCs with PtSb(2:1)/C, PtSb(3:1)/C, PtSb(4:1)/C, PtSb(5:1)/C, PtSb(6:1)/C,
PtSb(8:1)/C and Pt/C [22] anode catalysts, at cell voltages of 0.3V, 0.4V, 0.5V, 0.6V and 0.7 V.

Polarization plots (Fig. 4) showed that all of the PtSb/C cata-
lysts gave much better performances than the commercial Pt/C,
with PtSb(4:1)/C providing the best performance, with a maxi-
mum specific power output of 280 W g1 Pt. In constant cell voltage
experiments (Fig. 5), all of the catalysts gave relatively stable per-
formances after ca. 500s (or less) of operation. The PtSb(4:1)/C
catalyst provided the best performance at all cell voltages that were
tested. A statistical analysis (t test) confirmed that the average cur-
rents at the PtSb(4:1)/C electrodes were statistically higher than
for any other set of electrodes at the 99.5% confidence level. For
the closest case, at +0.5V, the average current and standard devia-
tion in Fig. 5 was 29.17 + 0.77 mA for the PtSb(4:1)/C electrodes vs.
24.96 +0.88 mA for the PtSb(5:1)/C electrodes.

The superior performance of the PtSb(4:1)/C composition over
those with lower Sb contents was presumably due in part to its
smaller mean particle size (Table 1). In order to compensate for
this, the average currents from the constant cell potential results
in Fig. 5 where normalized with respect to the calculated metal
surface area of each catalyst, and are plotted against composition
in Fig. 6a. It can seen from these data that the surface area effect
is relatively small, and that the 4:1 Pt:Sb (0.29 Sb mole fraction)
gave the best specific activities. However, its superiority over the
5:1 Pt:Sb (0.24 Sb mole fraction) composition was quite small on
this basis.
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Fig. 6. Average normalized currents for DFAFCs at 0.3V, 0.4V, 0.5V,0.6V and 0.7V
with decoration synthesized [22] and codeposited PtSb/C anode catalysts. Currents
have been normalized based on Pt (decorated) and PtSb (codeposited) surface areas
estimated for spherical particles with radii equal to the mean radii measured by
XRD, and weighted average densities for the PtSb particles.
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orated Pt/C with Pt:Sb=4:1 [22] and (c) codeposited PtSb(4:1)/C. The solid lines are
for electrodes that had been exposed to CO for 30 min, while the symbols show the
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3.3. CO-stripping

CO-stripping voltammetry of the PtSb(4:1)/C and Pt/C catalysts
is shown in Fig. 7. Voltammograms of a previously reported Sb dec-
orated Pt/C catalyst [22] are also presented for comparison. The
initial scans in these voltammograms show the voltammetry of the
CO poisoned catalyst, while the second cycle shows the voltammo-
gram of the cleaned catalyst following electrochemical oxidation
(peak at ca. 0-0.2 V) of the adsorbed CO.

The initial scan for the Pt/Celectrode, between —0.2 Vand —0.6 V
shows complete suppression of the reversible hydrogen adsorp-
tion/desorption electrochemistry that is normally seen with Pt, and
is indeed seen on the 2nd scan through this region. This indicates
that the Pt surface was initially completely covered by strongly
adsorbed CO. The peak at ca. +0.2 V on the first anodic scan is due to
complete oxidation (stripping) of this CO. The onset of CO oxidation
was ca. +0.05V at the Pt/C electrode.

The codeposited PtSb/C electrode showed very different voltam-
metric behaviour. The CO stripping peak was very small, and shifted
to a lower potential with an onset of ca. —0.05 V. Furthermore, the
hydrogen adsorption/desorption peaks seen following CO stripping
were very small relative to those seen at the Pt/C electrode. Both
of these observations show that the surface of the PtSb(4:1)/C was
very unlike a Pt surface. This could be explained by blocking of the
Pt rich surface of the alloy particles with a Sb oxide layer, which
would be compatible with the XPS results, or a strong electronic
effect of Sb(0) atoms in the surface layer of the alloy particles.

In order to help distinguish between blocking and electronic
effects, stripping voltammetry was also obtained for Sb decorated

Pt/C catalyst (Fig. 7b), for which blocking of the Pt surface by
the Sb/Sb oxide layer should be the only effect. In this case, both
the CO stripping peak and hydrogen adsorption/desorption peaks
were depressed relative to Pt/C, but were much larger than for the
codeposited PtSb/C electrode. This implicates the involvement of a
strong electronic effect for alloyed Sb for the codeposited PtSb/C.

It can also be seen that the CO stripping peak for the Sb decorated
Pt/C catalyst was shifted to lower potentials, relative to Pt/C, to a
degree similar to the shift seen for the codeposited PtSb/C. This
effect can be attributed to the surface Sb oxide layer, which would
promote CO oxidation by the well-known bifunctional mechanism
(see below).

4. Discussion

The codeposited PtSb/C catalysts reported here show outstand-
ing performances as anode catalysts for DFAFCs, with the optimum
performance seen at a 4:1 Pt:Sb mass ratio (0.29 Sb mole frac-
tion). The XRD, XPS, and CO stripping results show that some of
the Sb was alloyed with the Pt, although there also appears to have
been a substantial amount of Sb oxide deposited on the surface
of the metallic particles. It has previously been shown that sim-
ilar Sb oxide deposits on Pt promote formic acid oxidation by a
bifunctional mechanism in which Sb—-OH groups can react electro-
chemically with CO adsorbed on the Pt sites to produce CO,, as well
as through electronic effects [22]. Comparison of the dependence
of the formic acid oxidation activity on the surface coverage of Sb
with literature models [28] indicated that there was very little CO
poisoning of the Pt surface for the Sb decorated catalysts [22]. This
is consistent with reported influence of Sb ad-atoms on CO adsorp-
tion and formic acid oxidation at Pt(100) and Pt(11 1), in which
the Sb atoms inhibited the adsorption of CO and promoted the dis-
sociation of formic acid [29]. A recent surface-enhanced infrared
absorption spectroscopy study has shown that surface Sb decreases
the amounts of CO and formate surface species [3]. Coupled with
DTF calculations, this indicates that formic acid oxidation at Pt/Sb
surfaces occurs largely via a direct pathway involving adsorption
of formic acid in a CH-down configuration.

The similarities of the XPS spectra for the codeposited
PtSb(4:1)/C catalyst reported here and the previously reported Sb
decorated Pt/C catalyst (see Figs. 2 and 3) indicates that subtle
differences in structures and composition of PtSb/C catalysts can
have profound effects on their electrochemistry. This is particularly
apparent in Fig. 7 where the voltammetry of the two seemingly
similar PtSb/C catalysts is very different. It is also reflected in the
fuel cell performances summarized in Fig. 6, which show average
currents at various potential vs. composition for the set of code-
posited catalysts reported here and the set of Sb decorated Pt/C
catalysts that were previously reported [22]. It is clear from these
data that while the two sets of catalysts showed similar depen-
dences of their activity on composition, the decorated catalysts
were somewhat more active on a real surface area basis than the
codeposited catalysts. Thus although partial alloying of the Sb with
Pt in the codeposited catalysts leads to further suppression of CO
adsorption, this appears to be offset by the consequent reduction
in Pt surface area available for formic acid oxidation.

A rigorous comparison of the activities of the two types of cat-
alyst is complicated by the reported particle size dependence of
formic acid oxidation at Pt nanoparticles [30]. It was found that
the specific activities of particles with diameters below 4 nm were
higher than for larger particles and bulk Pt. This was attributed
to a decrease in the availability of the contiguous Pt terrace sites
required for formation of CO (ensemble effect), which poisons the
Pt surface. The contribution of this effect in the case of PtSn cat-
alysts in unknown, and certainly debatable. Most likely, it will be
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much less significant than at pure Pt since Sn strongly inhibits CO
formation via its electronic effect (and would also exert its own
ensemble effect).

Although this study appears to indicate that Sb decorated Pt/C
catalysts are fundamentally superior to codeposited PtSb/C cata-
lyst, because of their higher activities on a real surface area basis,
an important practical feature of the codeposition method is the
low particle sizes that were achieved. The best codeposited PtSb/C
catalyst had a mean PtSb particle size of 1.8 nm, while the com-
mercial Pt/C catalyst used to prepare the decorated catalysts had
a Pt particle size of 3.2 nm. Consequently, the codeposited catalyst
provided superior fuel cell performances at the same catalyst load-
ing, and on a Pt mass basis. For example, the codeposited PtSb(4:1)
catalyst provided a current of 80 mAcm~2 at 0.6V in Fig. 6, with
0.43 mgPtcm~2 while the best decorated catalyst provided only
56 mA cm~—2 under the same conditions with 0.45 mg Ptcm—2 [22].
These results indicate that it should be possible to further improve
the performances of PtSb/C catalysts by decreasing the particle sizes
of catalysts prepared by decoration of Pt/C.

5. Conclusions

PtSb/C anode catalysts synthesized by codeposition of Pt and Sb
on Vulcan® carbon black provide much higher DFAFC performances
than Pt/C and are also generally superior, on a Pt mass basis, to sim-
ilar catalysts prepared by the decoration of Pt/C with Sb. Although
the decorated catalysts provided superior formic acid oxidation
activities on a surface area basis, this was more than offset by the
smaller particle sizes achieved by codeposition. The optimum com-
positions of both types of PtSb/C catalyst were similar, and the Sb
was largely present as a surface oxide in both cases. However, XRD,
XPS and CO stripping voltammetry showed that there were sub-
stantial differences in the structures of the two types of catalyst. In
particular, XRD showed evidence of alloying in the case of the code-
posited catalysts and voltammetry revealed a strong suppression
of both H and CO adsorption. This suggests that there was a strong
electronic effect of alloyed Sb on the properties of the codeposited
catalysts that is not present for the decorated catalysts.
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