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The performance of membrane electrode assembly (MEA) prepared with PtRu nano-
particles supported on a mesoporous carbon as anode catalyst are presented and com-
pared against PtRu synthesized over Vulcan carbon. Polarization and power curves were
obtained using 1 M methanol aqueous solution at the anode and O, at the cathode. The
mesoporous carbon supported catalyst shows peak power of 40 mW cm 2 and 67 mW cm 2
at 30 °C and 60 °C respectively, that is, 15—-30% higher than the Vulcan supported catalyst,
and exhibits a wider range of operating current. Moreover, an improvement in the mass
transport is observed for the catalyst supported on mesoporous carbon, yielding a lower
voltage drop at high current density. This behavior was confirmed by electrochemical
impedance spectroscopy (EIS), where an increases of the Warburg coefficient value by
a factor 3—4 for the catalyst supported on mesoporous carbon as compared with that
supported on Vulcan, would indicate a more facile diffusion of methanol through the
mesoporous carbon.
Copyright © 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

1. Introduction

ease of handling as a liquid at ambient conditions [1], and also
because of the availability of an efficient bimetallic catalyst for

Continuous efforts for improving the performance of Fuel Cell
(FC) are of great interest because they hold the promise of
a convenient energy source for portable applications, in par-
ticular of the Polymer Electrolyte Membrane (PEM) type. Among
those type of fuel cells the direct methanol fuel cell (DMFC) has
attracted a great deal of attention, partly because of methanol’s
favorable properties such as high volumetric energy density,
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methanol oxidation (e.g. PtRu) [2—4]. Nevertheless, noble
metals catalysts are required in high loadings to sustain rea-
sonable power densities in DMFC [5,6], not only due to the ox-
ygen reduction reaction on the cathode but also due to
methanol oxidation, much more sluggish than H, oxidation.
The catalyst metal nanoparticles are commonly supported over
carbon particles in order to have a good dispersion, increase the
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Nomenclature

Caal Double layer capacitance (F cm?)
CPE Constant phase element (@ cm?)
j Current density (mA cm ?)

Ly Relaxation inductance (H cm—2)
Ly Wiring inductance (H cm )

NcpE CPE exponential factor

P Power density (W cm?)

Ract Anode charge transfer resistance (Q cm?)
R. Cell resistance (Q cm?)

Reet Cathode charge transfer resistance (Q cm?)
Ry Relaxation resistance (Q cm?)

W Warburg impedance (Q cm?)

Yocpe  CPE coefficient (S s™ cm )

Yo w Warburg coefficient (S s°° cm?)

13} Frequency (Hz)

surface area and reduce the metal loading as described by
numerous reports and reviews on the preparation and char-
acterization on supported catalyst [7—9]. The carbon support
also provides the electrical connectivity between the metal
particles and the gas diffusion layer or current collector. Carbon
blacks, such as Vulcan XC-72, are widely used as catalyst sup-
port due to the high electrical conductivity and the surface
structure and composition [10—12]. Recently, evidence has
demonstrated that the nature of the support and the inter-
action between support and metal particles affects the mor-
phology, dispersion and stability of the later [13,14] influencing
the catalytic activity [9,11,15—20]. Figueiredo et al. [13] observed
that the density of oxygen-containing surface groups on carbon
supports increased the catalytic activity. Rao et al. [18] analyzed
the effect of carbon porosity on the specific activity of the PtRu/
C catalyst for methanol oxidation. They found that carbon
supports with pores smaller than 20 nm showed poor contact
between the metal nanoparticles and Nafion ionomer due to
the lack of the ionomer penetration, resulting in a lower
methanol oxidation activity.

Over the past few years, mesoporous carbon (MC) with
tailored structure has been used as support for fuel cell catalyst
exhibiting promising activities both in half cell or single cell
configuration [15,21-28]. Joo et al. [21] prepared Pt nano-
particles supported on different ordered mesoporous carbons
for fuel cell cathodes and they observed the best catalytic ac-
tivity for those with small pore size (5 nm). Liu et al. [24] found
better electrochemical activity for methanol oxidation, in half
cell configuration, by supporting PtRu on different mesoporous
carbon as compared to commercial catalyst. Similarly, Arbiz-
zani et al. [15] showed a better performance in a fuel cell
configuration of PtRu supported on a mesoporous carbon,
obtained by a cryogel method, as compared to the catalyst
supported on Vulcan. Controlling the structural parameters,
such as surface area, pore size and particle morphology, pro-
vides extra fine tuning of the catalyst electroactivity
[8,10,11,29]. Moreover, porous carbons have shown to allow the
preparation of highly dispersed catalytic nanoparticles,
exhibiting good diffusion properties for reactants and by-
products [8,30—32]. In contrast, carbon powders like Vulcan
XC-72 with a much simple particle structure and lower surface
area might not provide the best substrate for metal particles.

Recently we reported the electrochemical characterization
of PtRu nanoparticles deposited on mesoporous carbon (PtRu/
MC) [33,34]. The electrochemical measurements showed that
the PtRu/MC presented a 25% increase of the methanol oxi-
dation current compared to the PtRu supported on carbon
Vulcan. In cyclic voltammetry experiments a lower onset po-
tential for the oxidation of methanol was observed for PtRu/

MC, and a lower poisoning rate was also confirmed from the
chronoamperometry analysis. Differential electrochemical
mass spectroscopy (DEMS) showed a methanol to CO, current
efficiency conversion for PtRu/MC 8% higher as compared to
the Vulcan supported catalyst (PtRu/C).

Electrochemical impedance spectroscopy (EIS) has been
demonstrated to be a powerful technique for the analysis of
the several physicochemical processes taking place inside
a PEMFC [35—38]. The EIS analysis of PEMFC, presented com-
monly as a Nyquist plot (real impedance vs. imaginary
impedance), could exhibit up to three arcs depending on the
measurements conditions [35,39—41]. The system is usually
modeled through an equivalent circuit composed by a combi-
nation of electrical elements, allowing the description of the
different processes taking place inside the fuel cell [42,43].

In the present work we describe the fuel cell character-
ization of the aforementioned PtRu catalyst, prepared by the
impregnation-reduction method, supported on a high surface
area mesoporous carbon [33]. Fuel cell measurements were
performed on a single MEA cell having 5 cm? active area with
1 M methanol used as anode fuel and dry O, on the cathode.
Electrochemical impedance spectroscopy was performed on
working fuel cell at different cell voltages focusing on the
mass transport properties of the mesoporous carbon sup-
ported catalyst. The EIS response was fitted with an equiv-
alent circuit with the aim to assess the characteristics of the
methanol diffusion in the fuel cell.

2. Experimental
2.1. Mesoporous carbon and catalyst supported
preparation

Mesoporous carbon support was obtained using the method
previously described [44,45]. Briefly, a precursor was prepared by
polymerization of resorcinol (Fluka) and formaldehyde (Cicar-
elli, 37 wt%). Sodium Acetate (Cicarelli) was used as catalyst and
a cationic polyelectrolyte (polydilayl- dimethylammonium
chloride, PDADMAC, Sigma—Aldrich) was used as a structuring
agent. The carbonized material at 1000 °C was grinded and
passed through a mesh with a pore size of 40 ym. The meso-
porous carbon had a surface area of 580 m? g~* as obtained by
BET, and the pore size distribution shows a peak at 20 nm.

The preparation and characterization of PtRu nano-
particles on MC and Vulcan was described elsewhere [33].
Briefly, adequate amounts of solutions of the metal precursors
H,PtCls-6H,0 (Tetrahedron) and RuCls-3XH,0 (Aldrich) were
added to a slurry of the carbon support while stirring. The pH
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was adjusted to 8 with 1 M NaOH (Pro Analysis, Merck)
aqueous solution and heated to 80 °C NaBH, (granular 98%,
Sigma—Aldrich) was added in a molar ratio of 3:1 (NaBH,4 to
metal salt) to the suspension while heating for 2 h, followed by
stirring for 12 h at room temperature. The liquid was centri-
fuged and the solid was separated, washed and dried on
a vacuum oven at 60 °C overnight. The obtained PtRu/MC had
a 62% metal loading with 4.0 nm mean particle diameter while
for PtRu/C the values were 58% and 5.0 nm, respectively, as
obtained by thermogravimetric analysis (TG), X-ray dif-
fraction (XRD), energy dispersive X-ray spectroscopy (EDS)
and transmission electron microscopy (TEM) [33].

2.2. MEA preparation and fuel cell testing

PtRu/MC and PtRu/C were used as anode catalyst while Pt/C
60% (Fuel Cell Store) was used as cathode catalyst. The catalyst
suspension was prepared by mixing the catalyst with milli-Q
water and Nafion ionomer solution (5%, lon Power) in a 1:3:1
proportion by weight, and spread on one side of a 5 cm? Toray C
paper TGP—H 60 10% PTFE coated (Fuel Cell Technologies), for
afinal electrode loading ca. 3mgcm 2. A Nafion 212 membrane
(Ion Power) was placed in between the electrodes and hot
pressed at 150 °C and 40 bar for 25 min. The Nafion membrane
was previously treated by boiling in H,0, 3% (H,0, 30%, Bio-
pack) followed by H,SO4 3% (95—97%, Merck). The MEAs were
mounted in a standard single cell housing with pin-type flow
fields (Fuel Cell Technologies, Inc.). Proper Teflon gasket films
(50—150 um) were inserted and the cell uniformly bolted with
a torque of 2.3 N m. After assembly of the cell, the MEA was re-
humidify by circulating water overnight at 80 °C. Galvanody-
namic polarization test was performed at two different tem-
peratures (30 °C and 60 °C) from the open circuit voltage (OCV)
to a voltage close of short circuit (0.05 V) while circulating 1 M
methanol (Merk, HPLC grade) through the anode and dry O, (RG
4.8, Indura) through the cathode. A Gilson Minipuls 3 peri-
staltic pump was used to circulate the methanol solution and
a digital mass flow meter MC 200 from Alicat Scientific to
control the O, flows. For all the measurements the methanol
flow was set to 2.0 ml min~* while the O, flow was 200 sccm
leading a methanol to O, stoichiometry ratio of 1:4.

Electrochemical impedance spectroscopy measurements
were performed on the FC in the working mode. The working
(WE) and sensing electrode (SE) leads were connected to the
fuel cell anode and those corresponding to the counter (CE)
a reference electrode (RE) to the cathode [40]. The measure-
ments were performed at three different voltages (0.20 V,
0.15 V and 0.10 V) chosen so that the cell operates in the high
current density zone, at 60 °C. Frequencies were swept from
100 kHz to 100 mHz with 10 mV amplitude.

All measurements were performed with an Autolab
PGSTAT302N potentiostat equipped with a 20 A booster.

3. Results and discussion
3.1. Fuel cell test

Polarization measurements at 30 °C and 60 °C for the fuel cells
with PtRu/MC and PtRu/C as anode catalyst are shown in

Fig. 1(A, B). Both catalysts show similar values for the OCV at
each temperature (ca. 0.65 V). The initial drop in voltage on the
activation polarization zone is also similar for both catalysts
at each temperature indicating a comparable charge transfer
resistance.

The main differences between the catalysts arise as the
current density increases. Above 100 mA cm 2 at 30 °C and
200 mA cm ™2 at 60 °C the voltage of PtRu/MC remains higher
than that of PtRu/C. Therefore, the limiting current density
value for PtRu/MC is higher than that of PtRu/C at both
temperatures. Such behavior traduces in a higher power
output for PtRu/MC being 40 mW cm 2 and 67 mW cm 2 at
30 °C and 60 °C, respectively. Table 1 shows the values of the
current density (j) and power density (P) at 0.4 V and the
limiting current ( jiim) and peak power density (Ppeax) for both
catalysts at each temperature. The values for j and P are also
presented by grams of Pt in order to emphasize the utiliza-
tion of Pt in the catalyst. Fig. 2 shows the polarization and
power plots for PtRu/MC at 30 °C and 60 °C with the current
and power expressed by mass (in grams) of Pt. The polari-
zation curves indicate an overall better performance for
PtRu/MC compared to PtRu/C, especially in the mass trans-
port controlled region.
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Fig. 1 — Polarization and power curves for PtRu/MC and
PtRu/C with 1 M methanol and dry O, (200 sccm). A) 30 °C,
B) 60 °C.
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Table 1 — Current density and power density per area and

per gram of Pt at 0.4 V, and at the characteristic limiting

current ( jiim) and peak power (Ppeax)-

PtRu/C PtRu/MC
30°C 60 °C 30°C 60 °C
j (mA cm™?) 62 117 65 111
j (A god) 41 60 46 74
P (mW cm—?) 25 47 26 44
P (W gpt) 16 24 18 30
jlim (MA cm™?) 230 380 320 510
jiim (A g5d) 150 190 210 340
Ppeax (MW cm ) 34 61 39 67
Ppeak (W gl;tl) 17 31 26 45

3.2. Fuel cells EIS measurements
A typical FC polarization curve presents three well defined
zones [46]. Fig. 3 shows the shape of the polarization curve
obtained from a semi-empirical equation describing the well
known zones, activation polarization (zone 1), ohmic polari-
zation (zone 2) and mass transport polarization (zone 3) [47].
The polarization plots (Fig. 1A and B) obtained for both
catalysts exhibit the shape of the theoretical curve shown in
Fig. 3, with differences at high current density, where the
system is under mass transport control. While PtRu/C shows
the characteristic decrease in voltage, the PtRu/MC maintains
the j vs. V slope of the ohmic polarization zone, indicating
better methanol diffusion at both temperatures. In order to
show more clearly this behavior, the derivative of the polari-
zation for both fuel cells at 60 °C are presented in Fig. 4, which
can be compared to the derivative of the theoretical polari-
zation plot, presented in Fig. 3 inset. Both catalysts exhibit, in
the zone 1 and 2, a response similar to the theoretical graph.
However, for j above 200 mA cm 2, the observed voltage de-
rivative decline for PtRu/C, probably because of a deficient
methanol mass transport as compared to the PtRu/MC, which
maintains the slope value.
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Fig. 2 — Polarization and power curves for PtRu/MC with
1 M methanol and dry O, (200 sccm) at 30 °C and 60 °C with
the current and power expressed by gram of Pt.
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Fig. 3 — Theoretical form of the fuel cell polarization plot.
Zone 1: Activation polarization. Zone 2: Ohmic
polarization. Zone 3: Mass transport polarization. Inset:
Derivative of the voltage vs. the current.

We proposed in a previous work that the mesoporous
carbon is a better support for the PtRu catalyst because it
enhances the mass transport processes as was observed by
the electrochemical analysis [33]. In order to further analyze
the behavior observed in the polarization curves, EIS experi-
ments were conducted in the working fuel cell at voltages
corresponding to high current densities. Fig. 5(A, B) shows the
Nyquist plots for both catalyst at three different voltages,
corresponding to the mass transport zone. The lines repre-
senting the fits were obtained with the equivalent circuit
shown in Fig. 6. This circuit was used by Wagner and co-
workers to explain the CO anode poisoning effect in PEMFC
[48,49]. That circuit provided the best fit of the impedance
spectra in comparison to other circuits used for DMFC [36,39],
as can be observed by the good correlation between the data
and the fitted curves, and supported by the low value obtained
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Fig. 4 — Derivative of the polarization plot for PtRu/MC and
PtRu/C at 60 °C.
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Fig. 5 — Nyquist plot at three different voltages for the fuel
cell at 60 °C. A) PtRu/MGC, B) PtRu/C. The lines correspond to
the fit by the equivalent circuit.

for the statistical dispersion. A possible explanation for the
optimal fit obtained with the mentioned circuit might be due
to the high amount of CO formed at high current densities,
which presents a significant poisoning effect. The equivalent

Ry
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—tol\/\fo—of W Jo-

RAct

L o {fo—

CAd\

circuit shows the common elements found for a fuel cell [37],
namely, the cell resistance (R.), the charge transfer resistance
for the anode (Ract) and the cathode (Recet) and the anode
double layer capacitance (Caql). In series with the cell resist-
ance a parasitic wiring inductance (L) related to the mutual
induction effect of the cell and the connection wires is present
[37,50]. The inductance fits the observed positive Zi,, at very
high current density in both graphs. In the anode side, the
circuit presents a relaxation resistance (Ry) in series with
a relaxation inductance (Lx), which constitutes a surface
relaxation impedance [48,49] describing relaxation processes
at the electrode interface and used to fit the pseudo-inductive
behavior observed at low frequencies. Such impedance may
be originated from the catalyst CO poisoning due to methanol
incomplete oxidation in DMFC [39,51], vide infra. In series with
the anode charge transfer resistance there is a Warburg
impedance (W) describing the mass transport processes. In
the cathode side of the circuit, Re is in parallel with a con-
stant phase element (CPE) that fits the double layer capaci-
tance of the cathode better than the simple capacitor model
[37,39].

Table 2 shows the results for the different elements com-
posing the equivalent circuit obtained by fitting the EIS data.
The cell resistance values are quite similar for both cells. This
indicates the reproducibility of the MEAs preparation method
in terms of the ink formulation and hot-pressing conditions.
Moreover, Ly, has similar values for both cells, consistent with
the fact that the same system, including the cell, was used in
all measurements. Rac: and R also show similar values for
each catalyst, as expected from the similar initial drop in the
polarization curves. Caq for PtRu/MC is almost twice to the
one observed for PtRu/C, a result also expected since the MC
surface area is more than double than that of carbon Vulcan.

The values of Ry and Ly reported in Table 2 for the PtRu/C
indicate a higher value for the relaxation time constant i (Ly/
Ry) [48,49], as observed by the inductive loop at the low fre-
quency end of the Nyquist plot (Fig. 5B). As mentioned above,
the use of Ry and Ly was carried out by Wagner and co-workers
to explain the CO poisoning effects in PEMFC anodes. These
authors concluded that a higher value of the relaxation time
constant indicated a higher CO poisoning [48,49]. In the pre-
sent work the use of the Ry and Ly was necessary to fit the
pseudo-inductive behavior observed at low frequencies.
A plausible explanation in a DMFC could be the presence of CO

CPE.

Fig. 6 — Equivalent circuit used to fit the DMFC Nyquist plots.
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Table 2 — Values for the equivalent circuit elements obtained by fitting the Nyquist plots at 60 °C.

Voltage V Ry Ly Ract Yo w Caal Rc Ly Reet Yo cpE NcpE
Qcm? Hem2 Qcem? Ss®°em™2? Fem? Qecm? Hem 2 Qcem?  Ss®cem™?
0.20 PtRu/MC 1.74 4.16E-08 0.433 96.2 0.089 0.654 1.93E-08 1.23 7.4 0.552
PtRu/C 0.50 4.36E-08 0.272 31.0 0.059 0.54 2.82E-08 0.83 21.65 0.528
0.15 PtRu/MC 1.38 4.00E-08 0.416 110.0 0.092 0.654 1.93E-08 1.17 7.2 0.558
PtRu/C 0.38 4.60E-08 0.287 31.6 0.075 0.54 2.82E-08 0.74 20.1 0.541
0.10 PtRu/MC 1.32 3.83E-08 0.416 114.0 0.090 0.654 1.93E-08 1.05 7.1 0.555
PtRu/C 0.16 5.06E-08 0.265 30.4 0.051 0.54 2.82E-08 0.64 16.95 0.559
due to incomplete methanol oxidation. As it is well known, N
4, Conclusions

PtRu is the best catalyst for methanol oxidation due to the so
called bifunctional mechanism, where Pt oxidizes methanol
to CO, and OH groups adsorbed on a neighboring Ru site oxi-
dizes the CO to CO, [52]. However, not all nanoparticles pos-
sess the same PtRu atomic ratio, therefore could be Pt sites
without a neighboring Ru sites resulting in the catalyst partial
poisoning by CO [52]. Such behavior will be more noticeable at
high current densities where the oxidation rate is higher. As
was shown previously by DEMS analysis [33], the PtRu/MC
catalyst has a higher rate of methanol oxidation to CO, than
PtRu/C and therefore lower poisoning rate which results in
a lower t as compared to PtRu/C.

The depression of the semicircle at the high frequency end
in the Nyquist plot was attributed by several authors as
a coupling of interfacial and diffusional impedance [35,36,39],
and also to the roughness of highly dispersed electrodes sur-
faces [53]. The use of the Warburg element in the circuit of
Fig. 6 was essential to fit the semicircle depression, which is
more noticeable in the case of PtRu/C (Fig. 5B). Table 2 shows
the Warburg coefficient (Yo w) [43] values for both catalyst at
the different voltages. This coefficient is three to four times
higher for PtRu/MC than for PtRu/C, indicating that the
impedance is higher for the later at each individual frequency,
as can be deduced from eq. (1).

1
 Yowjw

As it was mentioned in Section 2.2, the stoichiometry
conditions of the measurements were set in order that the
cathode reaction would not provide a limiting factor.
Therefore, the variation in mass transport behavior be-
tween the two cells can be assigned to the carbon support.
The difference in the Y, w values for both catalysts is an
indication of faster methanol diffusion in PtRu/MC com-
pared to PtRu/C. On the other hand, the mass transport
phenomena also affects the low frequency semicircle [36].
For PtRu/MC the impedance in the Nyquist plot at low fre-
quency is higher than for PtRu/C. A plausible explanation is
that the cathode impedance plays a predominant role in the
MC supported catalyst, since a higher amount of methanol
is being oxidized at the measured potentials (Fig. 1). Nev-
ertheless, the semicircle depression is highly noticeable in
the PtRu/C and the value of Y, w obtained for PtRu/MC is
indicative of a less hindered mass transport, agreeing with
the behavior presented in the polarization curve, and also
with the electrochemical measurements previously repor-
ted [33].

w (1)

The characterization of a PtRu catalyst supported on a meso-
porous carbon in a fuel cell and the comparison with the same
catalyst supported on carbon Vulcan was performed. Polari-
zation and power curves indicate a better performance of the
mesoporous supported catalyst at 30 °C and 60 °C as compared
to the one supported on Vulcan, yielding a peak power of
67 mW cm 2 or 45 W grp at 60 °C. Moreover, it was observed
that the methanol mass transport at high current densities,
where the mass transport dominates the polarization curve, is
less restricted in the cell with PtRu/MC than in the PtRu/C cell.
Such behavior was further analyzed by EIS where the Warburg
coefficients indicated a better mass transport in the meso-
porous carbon as compared to Vulcan. These results, together
with the ones showed in our previous report, indicate that the
MC due to its morphology is a better support for PtRu than
Vulcan in terms of catalyst performance and mass transport
as shown by the polarization plots and EIS results.

The low frequency semicircle for PtRu/MC in the Nyquist
plot showed a behavior that will be the subject of a future
study.
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