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A study on composite PtRu(1:1)-PtSn(3:1) anode catalyst for PEMFC
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Abstract

Composite PtRu(1:1)/C-PtSn(3:1)/C catalyst layers with various geometries and loadings were designed for a proton exchange membrane
fuel cell (PEMFC) anode to improve carbon monoxide (CO) tolerance of the conventional PtRu(1:1)/C catalyst. The idea was based on an
experimental finding that the onset potential of the PtSn for CO oxidation was lower than that of the PtRu and the resultant expectation that
there seemed to be a possibility of using the PtSn as a CO filter. The CO tolerance of the composite catalyst of each design was judged by
the cell performance obtained through a single cell test using H2/CO gases of various CO concentrations and compared to that of the PtRu/C
catalyst. The highest CO tolerance among the composite catalysts tested in this study was obtained for the one with geometry of double layers
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n the order of PtRu/C and PtSn/C from the electrolyte layer and with respective PtRu and PtSn loadings of 0.25 and 0.12 mg cm−2. The cel
ith this composite catalyst showed better performance than the one with the PtRu/C catalyst. When a H2/100 ppmCO gas was used as

uel in the single cell test, the cell voltages were measured to be 0.49 and 0.44 V at a current density of 500 mA cm−2, respectively for the ce
ith the composite and PtRu/C catalyst.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The proton exchange membrane fuel cells (PEMFCs) are
perated at a relatively low temperature of about 80◦C. This

ow operating temperature makes PEMFCs very attractive es-
ecially in the field of mobile applications because it leads to
apid cell start-up. There still remain, however, some prob-
ems to be solved in the way to the commercialization of
EMFCs, and carbon monoxide (CO) poisoning of anode is
ne of them[1]. Basically hydrogen is used as a fuel for PEM-
Cs, but others such as natural gas and various hydrocarbons
an also be used after reformed. The reformed fuels, however,
enerally contain carbon monoxide that is known to degrade
node performance through poisoning of the conventional
t/C anode catalyst. Therefore researches have been made to
nhance the CO tolerance of the PEMFC anode.

There are basically three methods available to mitigate
O poisoning in PEMFCs: (i) blending very low levels of
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oxidant into the fuel gas flow[2,3], (ii) increasing an op
erating temperature[4], and (iii) developing new catalys
more tolerant towards CO than existing catalysts. Reg
ing the first method, when an oxidant is added to the
stream, the utilization of the fuel will certainly be decreas
and the safety problem should also be considered. Fu
more, the chemical oxidation of CO by O2 catalyzed by Pt a
the anode reduces the amount of Pt available for produ
a current from the oxidation of hydrogen. The operatio
high temperatures as the second method is not feasibl
to membrane dehydration and using temperature to mit
CO poisoning is currently not practical.

One successful idea in the development of CO tole
catalysts was to add the second element, for example R
or Mo, to pure Pt and thus produce Pt alloy catalysts[5,6].
Among many Pt alloy catalysts that have been consid
for CO tolerance, PtRu alloys certainly are the most stud
And the PtRu(1:1)/C catalyst evidently shows high CO
erance. The use of the PtRu/C as an oxidation catalyst f2
containing CO at the anode leads to a lowering of the
oxidation potential compared with that of the Pt/C cata
378-7753/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2005.02.067



148 D. Lee et al. / Journal of Power Sources 145 (2005) 147–153

On the other hand, PtSn(3:1)/C, one of candidate catalysts
for CO tolerance, has been reported that the onset potential
of CO oxidation was shifted toward more negative side com-
pared to that of the PtRu(1:1)/C[7,8]. It can thus be expected
that there seems to be a possibility of using the PtSn/C as a
CO filter.

In this work, composite PtRu(1:1)-PtSn(3:1)/C catalyst
layers with various geometries and loadings were designed
for a PEMFC anode to improve CO tolerance of the conven-
tional PtRu(1:1) catalyst. The CO tolerance of the composite
catalyst in the hydrogen oxidation reaction was evaluated
through a single cell test using H2/CO gases of various
CO concentrations as the fuel and compared to that of the
PtRu(1:1) catalyst.

2. Experimental

2.1. Preparation of Pt alloy catalysts and MEA’s

20 wt.% M/C (M = PtRu(1:1) or PtSn(3:1)) catalysts were
prepared using a colloidal method[9,10]. Tetraoctylammo-
nium triethylhydroborate was used in the method as a re-
ducing and stabilizing agent. The agent was added drop by
drop at a rate of 2 cm3 min−1 to a suspension solution of
metal salt at 40◦C with the latter being stirred vigorously.
T all
a move
e addi-
t , the
c can
X am-
b The
d tment
a ant
s t was
d
p

ers-
i )
i f
N
l ed
b alyst
l ize
t ree
t one
w hers
w rom
t etal
l fixed
a nge
o
P r
P -
i d at

the one with double layers in the order of PtRu/C and PtSn/C
from the electrolyte layer.

The commercial electrode from E-tek (Pt loading:
0.4 mg cm−2) was used as a cathode. The MEA with an ac-
tive area of 5 cm2 was fabricated by pressing a sandwich of
the anode and the cathode with a layer of pretreated Nafion®

117 in the middle at 140◦C, 170 kg cm−2 for 90 s.

2.2. Characterization of Pt alloy catalysts

The prepared PtRu/C or PtSn/C catalyst was character-
ized using X-ray diffractometry (XRD, Rigaku Geigerflex
DMAX-IIA) to determine their phases and particle sizes, and
high-resolution transmission electron microscopy (HRTEM,
JEOL JEM-2010) to study their particle morphology.

2.3. Electrochemical measurement

The electrochemical properties of Pt/C(E-tek),
PtRu(1:1)/C and PtSn(3:1) catalysts were investigated
using CO stripping voltammetry. A three-electrode cell was
used for the electrochemical tests. A SCE and a Pt pellet
were used respectively as the reference electrode and the
counter electrode. The tests were carried out in 0.5 M H2SO4
solution at a scan rate of 50 mV s−1 in the range of−0.3
to 1 V. A CO gas was passed for 3 min through a bubbler
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he resulting colloidal solution was stirred for 4 h. A sm
mount of acetone was then added to the solution to re
xcess reducing agent and stirring was continued for
ional 1 h. For production of carbon-supported catalysts
olloidal solution was mixed with a carbon (Cabot, Vul
C-72) suspension in THF and placed in a vacuum ch
er at room temperature for evaporation of the solvent.
ried PtRu/C catalyst was then subjected to a heat trea
t 300◦C for 2 h in H2 atmosphere for removal of a surfact
hell. For the PtSn/C catalyst, however, the heat treatmen
one at a lower temperature of 210◦C due to its low melting
oint.

The catalyst inks for anode were prepared by disp
ng catalysts and Nafion® solution (Aldrich, 5 wt.% solution
n butyl acetate (Aldrich) as a solvent[11]. The amount o
afion® ionomer was fixed at 1mg cm−2 for a gas diffusion

ayer (SGL, GDL 10BB). Then catalyst layers were form
y brushing these inks on a GDL. Here, In the case of cat

ayers, two things were done in this study in order to optim
he function of the PtSn catalyst as a CO filter. Firstly, th
ypes of the catalyst layers were made geometrically:
ith a single layer of PtRu/C-PtSn/C mixture and the ot
ith double layers in the order of PtRu/C and PtSn/C f

he electrolyte layer and vice versa. In all the types, m
oadings, namely, both PtRu and PtSn loadings were
t 0.2 mg cm−2. Secondly, loadings were varied in the ra
f 0.1–0.3 mg cm−2 for PtRu and of 0.08–0.24 mg cm−2 for
tSn with total Pt loading fixed at 0.26 mg cm−2, the value fo
tRu(1:1) with loading of 0.4 mg cm−2, for proper compar

sons of their CO tolerance. Also the geometry was fixe
ocated right below the working electrode in the electro
efore the potential scan was started. All the electrochem
easurements were made using a potentiostat/galva

EG&G 263A).
The single cell test was carried out at 80◦C under atmo

pheric pressure using O2 as an oxidant and H2 with 0, 10, 50
r 100 ppm CO as a fuel, to investigate the effect of CO

he cell performance. The fuel and the oxidant were pa
hrough humidifiers respectively at 90 and at 85◦C for satu-
ation with water and fed, respectively to anode and to c
de. The cell voltage was measured using an electronic l
Deagil electronics, EL 200P).

. Results and discussion

.1. Characterization of PtRu(1:1)/C and PtSn(3:1)/C
atalysts

The XRD pattern of the PtRu/C catalyst is shown
ig. 1(a). A detailed analysis of the pattern revealed tha
tRu/C catalyst consisted of two phases, a face-centere
ic phase and an amorphous carbon phase. The amor
arbon face is identified by the broad peak centred at 2θ = 25◦.
he face-centered cubic phase was identified as a Pt–Ru
olution. The lattice parameter of the solid solution was
imated from the (2 2 0) peak at 2θ ∼69◦ to be 3.880̊A. This
alue is very much similar to 3.884̊A obtained by Radmilovi
t al.[12] for the PtRu(1:1) catalyst prepared by an impreg

ion method. Pearson[13] reported that the lattice paramet
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Fig. 1. XRD patterns of (a) PtRu(1:1)/C and (b) PtSn(3:1)/C catalysts pre-
pared by a colloidal method.

of face-centered cubic PtRu bulk alloys decreased with in-
creasing Ru content. With some of their lattice parameter
data a calibration curve of lattice parameter versus Ru con-
tent was made assuming a linear relationship (Vegard’s law).
The Ru content in the PtRu catalyst could be estimated from
the calibration curve as 46 at.%. This is close to 50 at.% for
PtRu(1:1). The particle size of the PtRu catalyst was esti-
mated also from the (2 2 0) peak using the Scherrer formula
as 2.5 nm.

The XRD pattern of the PtSn/C catalyst is shown in
Fig. 1(b). At a glance it looks similar to the pattern of the
PtRu/C in (a). But the crystalline phase in (b) could not be
identified as a face-centered Pt–Sn solid solution mainly be-
cause of a little peak at 2θ ∼32◦. It is rather be a Pt3Sn
intermetallic compound. Pt3Sn has a Cu3Au structure with
a simple cubic lattice and therefore, in addition to FCC se-
quential peaks of (1 1 1), (2 0 0), (2 2 0), (3 1 1) and (2 2 2),
(1 0 0) and (1 1 0) peaks should appear in its XRD pattern.
And the above-mentioned little peak turned out to be noth-
ing but the (1 1 0) peak for Pt3Sn. Also the crystalline peaks

are sharper inFig. 1(b) than inFig. 1(a), which means that
the PtSn catalyst has larger particle size than the PtRu cata-
lyst. Actually the particle size estimated for the PtSn catalyst
shows much larger value of 5 than 2.5 nm for the PtRu cat-
alyst. This seems to have been caused by the relatively high
homologous temperature for heat treatment in the case of the
PtSn catalyst.

Fig. 2shows the HRTEM images of the PtRu/C and PtSn/C
catalysts. It can be seen in the images that the particle size
of PtRu/C is much smaller than that of PtSn/C which can
be estimated roughly in (b) as 5 nm. This convinces us of
the validity of the particle size values estimated from XRD
patterns. It can also be seen in the images that the catalyst
powders are distributed uniformly on carbon particles. The
uniformity of catalyst powder distribution is known to be
important for electrocatalytic activity.

3.2. CO stripping voltammetry

The electrocatalytic activity of the catalysts for CO oxida-
tion was investigated using CO stripping voltammetry. The
CO stripping voltammograms for the Pt/C (E-tek), PtRu/C
and PtSn/C catalysts are shown inFig. 3. The onset potential
of CO oxidation for PtRu/C is observed in the figure to be
lower by 0.25 V than that for Pt/C. This indicates that the elec-
trocatalytic activity of PtRu/C is far superior to that of Pt/C.
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t is well known that the adsorption of oxygen-contain
pecies like OH− onto Ru commences at a potential as
s 0.2 V[14] which is compared to the value of 0.5 V for a
orption onto Pt. Hence, the superiority of the electrocata
ctivity of PtRu/C to that of Pt/C can be explained by the

unctional mechanism for CO oxidation, that is, the rem
f COadsproceeds via adsorbed OHadson Ru sites formed b
issociative water adsorption[4].

It can be seen also inFig. 3 that the CO oxidation b
tSn/C commences at an even lower potential than th
et potential for PtRu/C. It appears that tin has the ab
o promote the electro-oxidation of adsorbed CO at low
entials. Such an enhanced activity for CO oxidation ma
nterpreted as a contribution at lower potential due to ele
xidation of weakly adsorbed CO on Pt3Sn. The weakly ad
orbed CO’s seemed to cause the shift of the onset pot
or PtSn/C toward the negative side with respect to tha
tRu/C. Gasteiger et al.[7] and Markovic et al.[8] have dis
ussed the presence of strongly and weakly adsorbed
n a Pt single crystal surface and postulated creation o
eakly bonded CO adsorbed on Pt sites adjacent to Sn a

n their Pt3Sn alloy.

.3. Performance of a single cell with Pt/C, PtRu/C or
tSn/C catalyst

Fig. 4presents the cell voltage vs. current density cha
eristics of a single cell with the Pt/C, PtRu/C or PtSn/C
lyst. H2, H2/10 ppmCO, H2/50 ppmCO or H2/100 ppmCO
as was used as the fuel in the single cell test to see the
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Fig. 2. TEM images (×250,000) of (a) PtRu(1:1)/C and (b) PtSn(3:1)/C
catalysts prepared by a colloidal method.

of CO on polarization of anode and eventually on cell per-
formance. In accordance with the characteristics obtained in
other experimental investigations[15,16], the presence of CO
in the fuel gas stream leads, regardless of the s of catalysts,
to a marked decrease of cell performance with the amount
of decrease increasing with increasing CO concentration. As

Fig. 3. CO stripping voltammograms for Pt/C, PtRu(1:1)/C and PtSn(3:1)/C
catalysts obtained at 25◦C with a scan rate of 50 mV s−1 in 0.5 M H2SO4

solution.

can be expected from the voltammograms inFig. 3, the effect
is maximal in the case of Pt/C catalyst. It can thus be said that
the PtRu/C and PtSn/C catalysts showed higher CO tolerance
than the Pt/C catalyst.

3.4. Performance of a single cell with a composite
PtRu/C-PtSn/C catalyst

As mentioned above, three types were made in the geome-
try of the composite catalyst layers: one with a single layer of
PtRu/C-PtSn/C mixture (type 1) and the others with double
layers in the order of PtRu/C and PtSn/C from the electrolyte
layer (type 2) and vice versa (type 3). The cell voltage ver-
sus current density curves for the three types are compared in
Fig. 5where CO concentration in the fuel gas was varied from
10 to 100 ppm. It can be seen clearly in the figure that even
the two cells with a double-layer design show quite different
performances depending on the order of catalyst layers. Thus,
when the order from the electrolyte layer is PtRu/C-PtSn/C
(type 2), the cell shows better performance than the one with
a single layer (type 1) but the opposite is true when the order
is the other way around. This can be justified by the fact that
the PtSn catalyst plays the role of a CO filter more efficiently
when the fuel gas stream passes through the PtSn layer prior
to the PtRu layer than vice versa.

A single cell test was also carried out with the conven-
t data
w ly, in
t lly
s cur-
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c etry
ional PtRu(1:1) catalyst and the resultant performance
as compared to composite catalyst layers. Especial

he atmosphere of H2/100 ppmCO, type 2 shows practica
imilar performance within experimental errors up to a
ent density of 600 mA cm−2 compared with the convention
tRu(1:1) catalyst, but thereafter the former shows much

er performance than the latter. This improvement in cell
ormance is thought to be due to higher CO tolerance o
ormer than that of the latter. The other cells with comp
te catalysts, however, did not show such improvemen
ell performance. For this reason, we will fix the geom
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Fig. 4. The cell voltage vs. current density characteristics of a single cell
with (a) Pt/C, (b) PtRu(1:1)/C and (c) PtSn(3:1)/C catalysts obtained at 80◦C
using H2 (©), H2/10 ppmCO (�), H2/50 ppmCO (�) or H2-100 ppmCO (�)
as the fuel.

of composite catalyst layers at type 2 and focus only on the
variation of PtRu and PtSn loadings hereafter. At first the
variation of loadings was made only for PtSn but later for
both.

Fig. 6 shows the change of relative cell voltage with
time at a current density of 500 mA cm−2 obtained for the
cells with the PtRu/C and composite catalyst of 0.16, 0.20
and 0.40 mg cm−2 PtSn loading using a H2 gas with 10, 50

Fig. 5. The cell voltage vs. current density characteristics of the cells with
three composite catalyst layer designs and PtRu(1:1)/C catalysts: (�) a single
layer of a PtRu/C-PtSn/C mixture, (�) double layers in the order of PtRu/C
and PtSn/C from electrolyte, (�) double layers of the opposite order, and
(©) a single layer of PtRu/C.
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or 100 ppm CO as the fuel. Here, PtRu loading is fixed at
0.20 mg cm−2. Compared to a cell with the PtRu catalyst, the
cells with the composite catalyst show better performance
no matter what PtSn loading is. And the cell performance

F
o
l
0

Fig. 7. The change of relative cell voltage with time at a current density of
500 mA cm−2 for the cells with composite catalyst of different PtRu/C and
PtSn/C loadings. Here total Pt loading is fixed at 0.26 mg cm−2.
ig. 6. The change of relative cell voltage with time at a current density
f 500 mA cm−2 for the cells with the PtRu/C (©) and composite cata-

ysts of PtSn/C loading of (�) 0.16 mg cm−2, (�) 0.2 mg cm−2 and (�)
.4 mg cm−2.

Fig. 8. Single cell performance plots obtained for the cells with the compos-
ite and PtRu/C catalysts using a H2-100 ppmCO/O2 gas as the fuel: (a) the
cell voltage vs. current density characteristics and (b) the change of relative
cell voltage with time at a current density of 500 mA cm−2.



D. Lee et al. / Journal of Power Sources 145 (2005) 147–153 153

gets better as PtSn loading increases, which confirms that the
PtSn catalyst is indeed playing the role of a CO filter and thus
enhancing the CO tolerance. Based on the results inFig. 6, it
can be concluded that the cell performance is improved, when
the composite PtRu/C-PtSn/C catalyst is used in place of the
PtRu/C catalyst, with the extent of improvement proportional
to PtSn loading.

Yet there is a possibility that the above conclusion may be
wrong because the difference in cell performance observed in
Fig. 6might have resulted from the difference in total Pt load-
ing rather than from the difference in PtSn loading. Therefore,
in the following cell tests, PtRu and PtSn loadings were var-
ied with the total Pt loading fixed at 0.26 mg cm−2, the value
for PtRu(1:1) with 0.4 mg cm−2 loading.Fig. 7presents the
change of relative cell voltage with time at a current den-
sity of 500 mA cm−2 obtained for the cells with the com-
posite catalyst of different PtRu and PtSn loadings using a
H2/100 ppmCO gas as the fuel. According to the figure, the
highest cell voltage or the best cell performance was obtained
for the case with respective PtRu and PtSn loadings of 0.25
and 0.12 mg cm−2. The cell voltage versus current density
characteristics and the relative cell voltage versus time char-
acteristics obtained for this cell using a H2/100 ppmCO gas
as the fuel are compared with the corresponding characteris-
tics for the cell with the PtRu catalyst respectively inFig. 8.
It can be clearly seen inFig. 8(a) that the cell with the com-
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2. Compared to a cell with the PtRu catalyst, the cells with
the composite catalyst showed better performance no mat-
ter what PtSn loading is. And the cell performance get
better as PtSn loading increases, which confirms that the
PtSn catalyst is indeed playing the role of a CO filter and
thus enhancing the CO tolerance.

3. The highest cell voltage or the best cell performance was
obtained for the case with respective PtRu and PtSn load-
ings of 0.25 and 0.12 mg cm−2. When a H2/100 ppmCO
gas was used as the fuel in the single cell test, the cell
voltages were measured to be 0.49 and 0.44 V at a current
density of 500 mA cm−2 respectively for the cell with the
composite and PtRu/C catalyst.
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