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Abstract Platinum-ruthenium catalysts supported on
carbon (PtRu/C) have been characterized by X-ray dif-
fraction (XRD), transmission electron microscopy
(TEM), specific surface area analysis (BET), X-ray
photoelectron spectroscopy (XPS) and in proton
exchange membrane (PEM) fuel cell tests. The results
indicate the presence of strong metal-carbon interac-
tions, which hinder the formation of a single-phase face-
centered cubic (fcc) PtRu alloy. The particle size of the
PtRu/C catalysts was smaller than both carbon-
supported platinum (Pt/C) and ruthenium (Ru/C) cata-
lysts. In the bimetallic electrocatalysts the intercrystallite
distance decreased with respect to pure Pt and Ru
metals. PEM fuel cell tests in H,/air operation mode
revealed a decrease of performance with increasing
carbon content of the catalyst, at a fixed Pt loading. In
H, + 100 ppm CO/air operation mode the maximum
performance of the PEM fuel cell was attained at 0.63
atomic fraction Ru.
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Introduction

It is well known that platinum is the best electrocatalyst
for hydrogen oxidation. Hydrogen/oxygen proton ex-
change membrane (PEM) fuel cells are highly attractive
as power sources for mobile applications, since they
operate at a relatively low temperature (about 80 °C)
which is advantageous for rapid cell start-up. To be
competitive, PEM fuel cells must operate by the
reforming of natural gas or liquid hydrocarbons, as
methanol [1]. Reformed fuel gas mixtures contain car-
bon monoxide, a severe poison for Pt, which leads to a
decrease of fuel cell performance [2]. CO poisoning is
caused by chemisorption of CO onto Pt electrocatalysts,
forming a nearly complete CO monolayer which blocks
sites for electrooxidation of hydrogen. H, oxidation
becomes severely polarized as the monolayer approaches
complete coverage. This polarization can be reduced by
removing a small fraction of the CO from the Pt surface
[3]. To improve CO tolerance of fuel cell anodes, several
bimetallic Pt-based electrocatalysts have been proposed,
such as PtSn [4-6], PtRu [7-10] and PtMo [11, 12]. PtRu
alloy catalysts represent the state of the art for anodes
operating on reformed gas mixtures [13]. To achieve
lower CO coverage values, two types of mechanism have
been proposed. An intrinsic mechanism postulates that
the presence of Ru modifies H, and CO chemisorption
properties, so as to reduce CO coverage with respect to
H, oxidation sites [14]. A promoted mechanism is based
on CO oxidation at low potentials. In order to oxidize
an adsorbed CO molecule, a neighbouring site is needed
for adsorption of water. The increased reactivity with
respect to CO oxidation observed on PtRu alloys can be
understood in terms of the lower oxidation potential for
the Ru atoms compared to Pt, leading to preferential
chemisorption of water:

Ru+ H,0 — Ru-OH + H" + e~ (1)

Previous work reported that the best activity
observed for CO oxidation was found for a PtRu alloy
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having a bulk Pt:Ru atomic ratio of 1:1 [15-17]. The fact
that 1:1 Pt:Ru showed the lowest CO oxidation potential
supports a bifunctional mechanism [7] according to:

Ru-OH + Pt-CO — Ru+ Pt + CO, + HY + ¢~ (2)

where Ru adsorbs the oxygen-containing species and
CO binds to Pt. CO adsorption is equally facile at
Pt-Pt, Ru-Ru and Pt-Ru sites, but a reduced adsorption
strength of OH on Pt-Ru pairs was suggested by
Gasteiger et al. [18], who said that for a composition of
50% PtRu the number of Pt-Ru sites is maximized. In
the aforementioned reports the maximum Ru content in
the alloy was 50 at%. To investigate the behaviour of
PtRu alloys for compositions with Pt/Ru < 1, in the
present work we have also studied a Pt:Ru composition
of 1:3.

The effect of the carbon support on the PtRu alloy
phase composition and surface area is also important.
The difference between model catalysts (bimetallic alloys
of known surface composition) and real catalysts (sup-
ported bimetallics) is due to the presence of metal-sup-
ported electronic effects. The properties and catalytic
behaviour of this kind of catalyst depend partly on the
type of supported metal and the porosity and purity of
the support [19, 20], but there is also a strong effect of
the surface chemistry of the carbon material [21]. In fact,
taking into account the hydrophobic character of the
carbon, the presence of oxidized complexes on its sur-
face could modify the wettability properties during the
impregnation of the support with the metal precursors in
polar media [22]. Moreover, the modification of the
surface chemistry of the carbon by activation treatments
can produce a noticeable effect in the metal precursor-
support interaction [23-25]. The beneficial effects of the
activation treatments on the catalytic properties appear
to depend on the type and the amount of the complexes
developed on the carbon surface [25]. Generally, both
bulk and supported PtRu alloys are prepared starting
from the same precursors, H,PtCls and RuCl;. How-
ever, unlike unsupported PtRu, previous work has in-
dicated that it is difficult to obtain single-phase PtRu/C
alloy. Rauhe et al. [26], starting from a nominal Pt:Ru
composition of 1:1 deposited on graphitized carbon,
obtained pure Pt and a Ru-rich alloy. He et al. [27],
starting from a nominal Pt:Ru composition of 1:1 on
high surface carbon, obtained a Ru atomic fraction of
0.2 in the PtRu alloy, with some Ru present in an
amorphous form. Finally, McBreen and Mukerjee [28],
starting from an atomic ratio of Ru to Pt of 3.4:1 on
carbon, found a large excess of unalloyed Ru, with only
about 10% of the Ru alloyed with the Pt.

Optimization of the PtRu/C electrocatalyst compo-
sition and morphology is very important for the future
development of PEM fuel cells. The aim of this work is
to evaluate the effect of Ru content on carbon-supported
PtRu alloys with respect to phase composition, crystal-
linity, particle size and surface area of the alloy and
metal-carbon interaction, and to correlate them to fuel
cell performance with H, and H, + CO. In this work,

particular attention was focused on the effect of the Ru
content in the alloy on the thickness of the catalyst layer
of the PEM fuel cell anodes at a fixed platinum loading.

Experimental

The carbon-supported PtRu catalysts of various Pt:Ru atomic
ratios and Me/C = Me/(Me + C) weight ratios (Me = Pt + Ru)
were supplied from E-TEK (Natick, Mass., USA), to our specifi-
cations. All PtRu alloys were supported on carbon Vulcan XC-72
(surface area 250 m? g~!). The preparation method of the catalyst,
by a deposition and reduction process of Pt and Ru precursors, has
been described by Radmilovic et al. [29]. The powders were fabri-
cated by a spray technique into a three-layer electrode for PEM fuel
cells [30]. The porous electrodes comprised a carbon paper support
(Toray TGPHO090), a polytetrafluoroethylene (PTFE)-bonded car-
bon (Vulcan XC-72) diffusion layer deposited onto the carbon
support, and a Nafion-bonded Pt/C (cathode and reference anode)
or PtRu/C (anode) catalyst layer deposited onto the diffusion layer.
The platinum loading of the cathode and the reference anode was
0.1 mg cm 2. The platinum loading of the PtRu/C anode was
maintained constant at about 0.6 mg cm™2, while the total metal
loading changed with the alloy used. As a consequence, the
thickness of the catalyst layer increases with Ru content in the
catalyst powder (see later). The ratio between catalyst loading and
Nafion loading was kept constant for all the electrodes at 3:1. The
membrane/electrode assemblies (MEAs) were prepared by hot-
pressing the electrodes onto the Nafion 117 membrane at 130 °C
for 3 min. The MEAs performance was evaluated in a 50 cm?
single cell (Globe Tech) in both a H,/air operation mode (H, op)
and a H, + 100 ppm CO/air operation mode (CO op).

X-ray diffraction (XRD) measurements were carried out with a
Italstructures powder diffractometer, using a focused and mono-
chromatized Co K, source, with a position-sensitive detection of
120°.

X-ray photoelectron spectroscopy (XPS) measurements were
performed using a V.G. Escalab MKII spectrometer, with an Al K,
X-ray source (1486.6 eV).

The Brunauer, Emmett and Teller (BET) specific surface area of
the catalyst powders was measured with a Nova 2000 Quantacrome
surface area analyser.

Transmission electron microscope (TEM) analyses were per-
formed using a TEM JEOL 4000FX operating at an acceleration
voltage up to 400 kV.

The cell potential versus current density measurements were
recorded using a computer interfaced with a fuel cell test-station
(Globe Tech). Experimental measurements were carried out at 70
and 90 °C, at an absolute pressure of 2.5 bar for the anode side and
3 bar for the cathode side. The gas fluxes were fixed at 1.5 times
stoichiometric for the fuel and 3 times stoichiometric for the air at a
current density of 1 A cm™>.

Results and discussion
Phase composition and lattice parameters

XRD is a bulk method, and reveals information on the
bulk structure of the catalyst and its support. XRD
patterns of carbon-supported Pt, Ru and their alloy
electrocatalysts are shown in Fig. 1 (Me/C = 20%,
various Pt:Ru ratios) and Fig. 2 (Pt:Ru = 1:1, various
Me/C). The first peak is associated with the carbon
support. The Pt pattern displays the (111), (200), (220)
and (311) reflection characteristics of a face-centred
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Fig. 1 X-ray diffraction patterns of carbon-supported Pt, PtRu and
Ru samples, at a fixed Me/C of 20%

cubic (fcc) crystal structure. The Ru pattern displays the
reflection characteristics of its hexagonal close-packed
(hep) crystal structure. In the bulk alloys, for a Ru
atomic fraction up to 0.62, Pt and Ru can form a solid
solution with Ru atoms replacing Pt atoms in a fcc
structure. Above 0.62 Ru atomic fraction, another solid
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Fig. 2 X-ray diffraction patterns of PtRu/C catalysts with Pt:Ru =
1:1 at various Me/C ratios
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solution is formed in which the Ru atoms are replaced
by Pt atoms in an hcp structure. Using XRD one can
determine the composition of the alloy by the shift of the
Pt reflections, i.e. by the variation of the crystal lattice,
as in Vegard’s law. Figure 3 shows the dependence of
the lattice constant of the fcc structure on Ru content for
the samples with a Me/C ratio of 20%. Lattice constants
were calculated from the reflections (220) and (311). For
comparison, the dependence of the lattice constant of
the unsupported bulk alloy is also shown (dashed line,
data from [31] and [32]). The value of the Pt/C lattice
constant was slightly lower than unsupported Pt, likely
owing to platinum-carbon interactions. Up to the com-
position of Pt:Ru = 3:1 the decrease of the lattice con-
stant of the carbon-supported sample with increasing Ru
content was similar to the unsupported solid solution,
indicating the formation of an alloy with a fcc structure.
The lattice constant for the composition Pt:Ru = 1:1,
instead, deviated from linearity and its value was almost
similar to the Pt:Ru = 3:1 sample. The pattern of this
sample also revealed the reflections of the hcp structure,
indicating the presence of a Ru-rich alloy. The amount
of the hep structure increased in the Pt:Ru = 1:3 sample.
In Fig. 4 can be seen the dependence of the lattice
constant of the fcc structure on the Me/C ratio, at fixed
composition Pt:Ru = 1:1. On increasing the Me/C ratio,
the hcp phase disappeared and the composition of the
fce alloy approached the nominal value of Pt:Ru = 1:1.

Particle size by XRD and TEM

The best techniques to determine the particle size of
carbon-supported PtRu catalysts are XRD and TEM.
The use of cyclic voltammetry to determine the hydro-
gen adsorption area of the catalyst is not feasible for
ruthenium owing to overlap of the hydrogen adsorption
and oxygen adsorption potentials and the tendency of
hydrogen to absorb in the ruthenium lattice [33]. Using
the BET analysis, instead we measure the surface area of
both the support and the catalyst.
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Fig. 3 Dependence of fcc lattice constant on Ru content of the
samples at Me/C = 20%. The dashed line refers to PtRu bulk alloys
(from [31] and [32]). Lattice constant error +0.001 A
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Fig. 4 Dependence of fcc lattice constant on Me/C ratio for PtRu/C
catalysts with Pt:Ru = 1:1 (lattice constant error £0.001 A)

X-ray diffraction

The average particle sizes and surface areas of the cat-
alysts can be estimated from the broadening of the (220)
reflection for Pt/C and PtRu/C and the (101) reflection
for Ru/C by means of the following equations:

D =kiA/fcos0 (3
SA4 = 60,000/ pD (4)

where D is the mean particle size in A, k is a coefficient
taken here as 0.9, A the wavelength of the X-rays used
(1.789 A),  the width of the diffraction peak at half
height, 6 the angle at the position of the peak maximum,
SA the surface area (m?g '), and p the density
(21.4 gem™ for Pt, 12.3 gecm™> for Ru). The alloy
density is, to a good approximation:

(5)

where yp, and yr, are the mass fractions of platinum and
ruthenium, respectively. The particle sizes of carbon-
supported Pt, PtRu and Ru are listed in Table 1. The
particle size of the PtRu samples was lower than both
pure Pt and Ru. In Fig. 5 the dependence of surface area
on Ru content of the samples at a fixed Me/C of 20% is
shown. The specific surface area of the samples showed a
maximum for the composition Pt:Ru = 1:3, according
to the results of Chu and Gilman [32] for unsupported

PptRu = YPtPpt T VRuPRu

Table 1 Particle size of Pt/C, PtRu/C and Ru/C catalysts obtained
from XRD and TEM measurements

alloys. Figure 6 shows the particle size dependence
(particle size values from E-TEK) for Pt:Ru = 1:1 and
for Pt alone on metal moles per unit mass of carbon,
calculated from the following relations:

Pt/C: mol Pt(g C)~' = (Me/C)/Mp [l — (Me/C)]  (6)
PtRu/C: mol(Pt 4+ Ru)(g C)™!
=2/(1 + Mry/Mp)(Me/C)/Mp([1 — (Me/C)] (7)

where Mp, and My, are the atomic weights of Pt and
Ru, respectively. As can be seen, while the particle size
of the Pt samples increased with the number of platinum
moles in a remarkable way, the particle size of the
Pt:Ru = 1:1 samples only slightly increased with the
number of metal moles. The presence of Ru seems to
hinder the growth of the particles, so allowing a better
dispersion of the metals. This behaviour should depend
on the different mechanisms for the impregnation/
reduction processes for the Pt and Ru precursors alone
and for Pt and Ru when the precursors are mixed
together. Table 2 shows the values of the (Pt + Ru)
atom number in PtRu/C (Napry) to the Pt atom num-
ber in Pt/C (Nap;) per metal particle, at a fixed Me/C
value of 20%, obtained by the relation:
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Fig. 5 Specific surface area from XRD measurements versus Ru
content of the catalysts, at Me/C = 20%
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Table 2 Values of the ratio of the (Pt+Ru) atom number per
metal particle in PtRu/C to Pt atom number per metal particle in
Pt/C (Napru/Napy), and of the ratio of the PtRu crystallite number
in PtRu/C to Pt crystallite number in Pt/C (Ncpry/Nepy). Mean
values from particle size by XRD and TEM

Sample Napiru/Napy Ncepiru/Nepg
Pt 1 1

PtRu = 3:1 0.49 2.3

PtRu = 1:1 0.51 2.6

PtRu = [:3 0.51 3.1

Ru 1.66 1.15

Napra/Napi = (Dpiru/Dpt)’ ppra/ 0pMpt/Mpira (8)

where Dp, and Dpr, are the grain sizes of Pt and PtRu,
ppe and ppry are the densities of Pt and PtRu, and
Mpr, 1s the average molecular weight of the PtRu
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samples, as MPtRu = xRuMRu+(l - xRu)MPta with XRu
the molar fraction of Ru. The number of atoms per
metal particle in PtRu/C catalysts was less than 0.5 with
respect to Pt/C and less than 0.3 with respect to Ru/C.

Transmission electron microscopy

From the TEM images, Pt clusters appeared uniformly
distributed in the carbon support. Figure 7a—e shows
the distribution of particle size for Pt/C, PtRu/C and
Ru/C catalysts. For all the samples, particle size dis-
tribution was monomodal. The particle size distribution
of bimetallic catalysts was narrower than that of
monometallic Pt/C and Ru/C. From the comparison of
particle sizes listed in Table 1, we can note a good
agreement of the values obtained from the TEM and
XRD analyses.
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BET analysis

In the case of unsupported alloys, the specific surface
area can be measured using nitrogen physisorption
and BET analysis. For supported alloys, one needs a
selectively adsorbing probe molecule, that adsorbs on
the alloy atoms but not the support atoms. Using N,
the total specific surface area can be obtained by the
following relationship:

SApgr = SAc(1 — ) 4 SAmey — k[SAc(1 — y)SApey]™
)

where SAggt 1s experimental specific surface area, SAc
and SAy. are the specific surface areas of carbon and
total metal, respectively, y is the mass fraction of the
total metal, and k is a carbon-metal interaction param-
eter. The values of SAggt are given in Table 3. Unfor-
tunately, k is unknown, so we cannot obtain the value
of SAwm.. However, inserting in Eq. 9 the value of
SAnme from XRD, from all samples we can determine
the value of k. The values of k for the PtRu samples
were slightly higher (5-10%) than the value of k for
pure Pt (see Table 3), so indicating a stronger carbon-
metal interaction for the PtRu samples with respect to
pure Pt.

Mean intercrystallite distance

The interparticle separation is an important character-
istic of the catalyst, as indicated by parallel studies on
oxygen reduction on platinum particles, where it was
found that small intercrystallite distances result in lower
activity [34]. The mean intercrystallite distance for Pt
and PtRu was calculated by the following equation,
proposed by Watanabe et al. [35]:

xi = (1/3)[(3)" npD*SAc(1 — y) /)"

where x; is mean intercrystallite distance, p and D are the
density and the particle size of the metal, SAc the spe-
cific surface area of the carbon and y the metal content
of Me/C. Figure 8 shows x; versus Ru content in PtRu
samples at a fixed Me/C value of 20%. The intercrys-
tallite distance for PtRu compositions is shorter than
that for pure Pt and pure Ru, with a minimum for

(10)

Table 3 Specific surface area values from BET measurements and
carbon-metal interaction parameter (k) values, obtained by in-
serting in Eq. 9 the values of the specific surface area from XRD

Sample SA from k
BET (m? g™}

20%, Pt 153.5 .02

20%, PtRu = 3:1 144.8 1.10

20%, PtRu = 1:1 144.0 08

20%, PtRu = 1:3 143.2

40%, PtRu = 1:1 103.2
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Fig. 8 Mean intercrystallite distance as a function of Ru content of
the samples
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Fig. 9 Mean intercrystallite distance as a function of mol Me per unit
mass of carbon for Pt/C and PtRu/C with Pt:Ru = 1:1

Pt:Ru = 1:3. Figure 9 shows the dependence of the
interparticle distance for Pt alone and for PtRu = 1:1 on
metal moles per unit mass of carbon. The intercrystallite
distance for Pt alone increases with increasing platinum
moles, while for PtRu the value of Xx; slightly decreases
with increasing metal moles. In the absence of Ru pre-
cursors, Pt precursors are preferentially adsorbed where
they were deposited before, and as a consequence they
increase in size more than in the case of PtRu compo-
sitions. For PtRu/C samples, we suppose that in the first
stage of deposition the Pt and Ru precursors are pref-
erentially adsorbed onto different C sites. This should
explain both the decrease of the intercrystallite distance
with respect to Pt alone and Ru alone, and the forma-
tion of both fcc and hep structures, as revealed by XRD.
Table 2 shows the values of the PtRu crystallite number
in PtRu/C (Ncpry) to the Pt crystallite number in Pt/C
(Ncepy) per unit mass of carbon, at a fixed Me/C ratio,
calculated by the relation:

Nepiru/Nepy = 1/[(DPlRLl/DPt)3thRuth] (11)

The number of crystallites in the PtRu/C catalysts
was about 2.5 times higher than that for both Pt/C and
Ru/C.



XPS analysis

Normally, one thinks of XPS as a surface-sensitive
technique, and that is true for non-porous solids, but for
porous solids like supported metal catalysts the XPS
spectra come from the whole crystallite, since the crys-
tallite size is typically of the same order of magnitude as
the escape depth of the photoelectrons. No information
can be obtained by investigation of the Ru 3d signal,
because of interference from the carbon support (the C
Is signal). Figure 10 shows the Pt 4f spectra of bulk Pt
and of Pt/C and PtRu/C catalysts. For the Pt/C catalyst,
the peak maximum for the Pt 4f;, shifted to higher
values by 0.4 eV with respect to unsupported platinum,
according to previous studies on zeolite-supported [36]
and carbon-supported [37] platinum. This was inter-
preted as being due to the presence of a platinum-sup-
port electronic effect. The specific metal-support
interaction is through electron transfer from platinum
clusters to oxygen atoms of the surface of the support.
The metal-support interaction is considered to be ben-
eficial to the enhancement of catalytic properties [36]
and to improved stability of the electrocatalyst [38]. It is
realized that when two solids are joined to form an
adhesive couple, the adhesion properties of the couple
depend on the morphological, chemical and physical

Pt 4f Pt,

——20% Pt/C
—o—20% Pt-Ru/C 3:1
—o—20% Pt-Ru/C 1:1
—4—20% Pt-Ru/C 1:3

Intensity (a.u.)

66 68 70 72 74 76 78 80
Binding Energy (eV)

Fig. 10 Pt 4f X-ray photoelectron spectra of Pt metal, Pt/C and
PtRu/C of different compositions
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nature of their interface [39]. In the absence of material
mixing and mechanical interlocking, the adhesion is in-
trinsic in nature and arises from molecular, electrostatic
or chemical surface forces acting across the interface of
two dissimilar substances. In many cases, chemical
bonds are formed or charge transfer takes place between
the contacting phases. There is also a small-particle ef-
fect [40—43]: particles in the 1-2 nm range have not yet
attained the normal bulk band structure, so the binding
energy for the particles shifts to higher values, the full
width at half maximum (FWHM) of the peak increases,
and its intrinsic asymmetry decreases relative to the bulk
metal. Unlike the result of Shukla et al. [44], for PtRu/C
catalysts a further shift to higher values for the Pt 4f;,
by 0.2-0.3 eV was observed. This further shift for the
PtRu/C samples should be related (1) to different oxi-
dation states of the platinum, or (2) to metal-metal
interactions, or (3) to metal-support interactions or (4)
small cluster-size effects. The Pt 4f spectra of Pt/C and
PtRu/C samples have been deconvoluted into three
doublets of the same binding energy (same components)
and intensity (same amounts), indicating the absence of
different Pt oxidation states. Denis et al. [45] found the
Pt 4f signal for a carbon-supported PtRu composition in
the ratio 1:1 slightly shifted towards lower binding en-
ergies with respect to unsupported Pt. On this basis, the
shift towards higher binding energies for Pt 4f spectra of
PtRu/C samples with respect to Pt/C is due to stronger
platinum-carbon interactions or small-particle effects.
The presence of Ru precursors and their decomposition
can influence the acid-base properties of the carbon
support. This effect can produce a strong metal-support
interaction, which affects the electronic nature of the
platinum sites.

C/Pt ratio

The mass of carbon per unit mass of platinum (C/Pt) for
the PtRu/C catalyst depends on the Ru/Pt atomic ratio
and Me/C in the following way:

(C/Pt) = [1/(Me/C) — 1](1 + aMg,/Mp,)

where o is the Ru/Pt atomic ratio, and My, and Mp, are
the atomic mass of Ru and Pt, respectively. At a fixed Pt
loading of the anode, the carbon amount of the catalyst
layer linearly increases with o and decreases with in-
creases in Me/C. The thickness d of the catalyst layer is:

d=V/S (13)

where S is the geometric area of the electrode and V is
the volume of the layer. The total volume of the layer is
the sum of the volumes of the components of the layer:

V=" +Vc+ Tru+ W (14)

where Vpi, Ve, Vry and Vy are the volumes of Pt, C, Ru
and Nafion in the catalyst layer, respectively. Since
V =m/p, from Eqgs. 12, 13, 14 we obtain:

(12)
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H, + CO op (b) for Pt/C and PtRu/C catalysts as anodes, at
Me/C = 20%

d = mp/S{1/pp. + (C/P)/pc

+ a(Mpu/Mpi)/ pro + 1/3pn}
where mp, is the platinum loading of the catalyst layer
and pp(, Pru, Pc and py are the bulk densities of Pt, Ru,

C and Nafion. As a(Mgry/Mp)/pru is negligible with
respect to (C/Pt)/pc we can write:

d = dy + k(C/Pt)

(15)

(16)

where d, is the thickness of the catalyst layer with un-
supported Pt catalyst, and & is a constant, at a fixed Pt
loading mp,. From this relation it is evident that the
thickness of the catalyst layer linearly depends on the
carbon amount.

PEM fuel cell performance for H, and H, + CO

Current-voltage curves for H, op and CO op at 70 °C
and 90 °C for the different anodes are shown in Figs. 11
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Fig. 12 Cell voltage versus current density at 90 °C in H, op (a) and
H, + CO op (b) for Pt/C and PtRu/C catalysts as anodes, at
Me/C = 20%

and 12. Cell performance at a current density of
0.5 A cm™? is summarized in Table 4. As shown in these
figures and table, PtRu/C catalysts showed a better CO
tolerance than Pt/C. In Fig. 13 we can see the depen-
dence of cell voltage at 0.5 A cm™ on the carbon con-
tent of the catalyst layer for PtRu samples of various
compositions. The values of the voltage at the lowest
carbon content are due to the sample with Pt:Ru = 1:1

Table 4 Cell voltage (mV) at a current density of 0.5 A cm™2 for
various anodes in different operating conditions. The Pt loading for
all Ru-containing anodes was 0.6 mg cm™

Sample 70 °C 70 °C 90 °C 90 °C
H, op CO op H; op CO op
20%, Pt 636 105 672 205
(0.1 mg cm™?
20%, PtRu = 3:1 630 204 657 476
20%, PtRu = 7:3 610 136 650 436
20%, PtRu = 1:1 592 413 621 557
20%, PtRu = 1:3 350 89 626 529
40%, PtRu = 1:1 649 415 674 611
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Fig. 14 Cell voltage at 0.5 A cm™ in H, op at 70 and 90 °C versus
carbon content of the catalyst layer comprising the value of PtRu/C
with the highest carbon content (Pt:Ru = 1:3)

with Me/C = 40%; the other values are related to Me/
C =20% catalysts with different Ru content in the
samples. A linear dependence of the voltage (loss of 20—
26 mV per mg C) on the carbon amount, and then on
the thickness of the catalyst layer, was revealed for the
PtRu/C samples tested in H, op and the same depen-
dence on carbon content was noted for the samples with
Pt:Ru = 1:1 with Me/C = 20% and 40% tested in CO
op. The increase of the catalyst thickness layer gives rise
to an increase of electrode resistance. The Pt:Ru = 1:3
sample showed an anomalously high decrease of the
voltage when tested at 70 °C in H,, as shown in Fig. 14.
This behaviour is probably related to the difficulty of the
reactant gas reaching the inner Pt sites. At 90 °C,
Pt:Ru = 1:3 also shows a linear dependence on the
amount of carbon layer, as the higher mobility of H, at
higher temperature allows the molecules to reach the
inner Pt particles. In order to evaluate the net ruthenium
effect, we have normalized the voltage of the PtRu
samples in CO op with respect to the thickness effect as:

(17)

where AV is the voltage loss for H, in the PtRu samples
with respect to the composition Pt:Ru = 3:1, related to

Veor = Veo + AV
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Fig. 15 Normalized cell voltage at 0.5 A cm ™2 in CO op versus Ru
content of PtRu/C catalysts

the different carbon content of the catalyst layer. Fig-
ure 15 shows the Vo versus Ru plot for PtRu anodes:
at both 70 and 90 °C, by a three-order regression of
experimental values, a sigmoidal curve was obtained
with a maximum for 0.63 at% Ru. Taking into account
that, for high Ru/Pt atomic ratios, part of the Ru is in
the fcc PtRu alloy and part in the hcp PtRu alloy,
probably this value is related to the maximum number of
Pt-Ru pairs. As can be seen in Fig. 15, at 70 °C the
width of the corrected cell voltage range is wider than
300 mV, while at 90 °C the range of Vcor values is less
than 100 mV. At 90 °C, CO is less adsorbed onto the
catalyst than at 70 °C, so at the higher temperature the
effect of Ru content in the sample on cell performance is
less visible.

Conclusions

1. The metal-support interactions affect the morpho-
logical characteristics of PtRu/C catalysts.

2. Pt-C interactions are stronger in the presence of Ru.

3. Pt-C and Ru-C interactions hinder the formation of
Pt-Ru alloy.

4. PtRu compositions give rise to the formation of
smaller Me particles than pure Pt and Ru.

5. The intercrystallite distance decreases
content.

6. These morphological variations do not affect the
performance of H, in a PEM fuel cell electrode. The
only effect is related to the dilution of Pt atoms with
respect to C, at a fixed Me/C ratio.

7. For CO + H, the formation of two solid solutions,
fcc and hep, shifts the maximum performance of the
PtRu/C catalysts, obtained by a three-order regres-
sion of experimental values, towards a value of
nominal Ru atomic fraction higher than 0.5. There-
fore, in the presence of CO, the use of PtRu/C cata-
lysts with nominal Pt:Ru compositions in the range
1:1-1:3 is recommended.

with Ru
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