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Thermogravimetric way to test the oxidation resistance of Pt/C catalysts for fuel cells
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Carbon supported platinum catalysts for fuel cell applications were subjected to linearly programmed heating in air
atmosphere under thermogravimetric control. Relative to pure supporting carbon, the carbons composing the Pt/C
catalysts were significantly less resistant toward oxidation. Moreover, the Pt/C catalyst samples differed mutually in
their oxidation resistances depending on platinum content, carbon texture and presence of additive. Thus, besides of
both in-situ and cyclic voltammetric methods, thermogravimetric method was proposed as a fast supplementary way to
test the resistance of Pt/C catalyst against oxidation degradation.
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INTRODUCTION

The nanodispersed, carbon supported, Pt
catalysts are widely used to catalyse both cathodic
and anodic electrode reactions in polymer
electrolyte membrane fuel cells (PEMFC). Apart of
being current collector, the carbon support prevents
the Pt nanoparticles of agglomeration. Under
working regime, the cathode catalyst layer is
permanently exposed to gaseous oxygen, to provide
the electrode potential through the oxygen
reduction reaction:

Oz + 4H* + 4e" = 2H,0 (E° = 1.23 VV vs. SHE )...(1)

Thus the carbon support undergoes oxidation,
and the loss in its mass enables the loss in active
surface area of Pt catalyst through agglomeration.
Apart of this, positive potential causes slow anodic
dissolution of platinum, being an additional reason
of catalyst deterioration.

Searching for an acceptable mechanism, the
model of carbon oxidation by ozone reported by
Donnet [1], was adapted by Kinoshita et al [2], and
followed by other authors [3-5], in description of
carbon oxidation in fuel cells. According to these
reports, CO; is formed in two independent and
parallel paths:

C — CO, )

C — COgyri— CO2 (3)

where oxidation by mediation of surface carbon
oxides (COsuf) is much slower than the direct
oxidation. In fuel cells, the overall reaction (2) may
be presented as a part of the following
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electrochemical reaction [2]:

C + 2H,0 — CO, + 4H* + 4e,
(E°=0.207 V vs.SHE ) 4)

Although the potentials of oxygen reduction
reaction (1) is typically well above the standard
potential of the reaction (4), low kinetic parameters
of oxidation make carbon black relatively stable. In
addition, the growth of surface oxides (2) may
either protect corrosion sites or make a barrier for
diffusion of the reactants [2].

The durability of Pt/C composite catalyst
manifest itself through the stability of the power of
the fuel cell. Usually, it is tested ex-situ, by a
persistent cyclic voltammetry and a subsequent
observation by electron microscope [6,7]. For
example, Wang et al. [6], for a commercial Pt/C
catalyst with 20% Pt, provided by Johnson —
Matthey, evidenced the decrease of active surface
area in function of number of polarization cycles in
nitrogen purged perchloric acid solution after 4000
polarization cycles. The TEM pictures taken before
and after the cyclo-voltammetric test, unveiled that
the agglomeration of Pt particles appeared
obviously to be one of the reasons of catalyst
collapse. In cyclic voltammetry, the fastest
degradation takes place when the potential passes
the vertex anodic value, since the concentration of
adsorbed oxygen species then passes maximum.
This way of testing of catalyst durability is very
time consuming. Platinum dissolution and
deposition under potentiodynamic condition may
cause regrouping of platinum particles resulting in
coarsening on account of disappearing of smaller
particles. The cyclic voltammetry test does not
allow to observe the contribution of carbon
oxidation separately from the contribution of
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platinum dissolution/deposition, in an overall
catalyst degradation. Therefore it would be useful
to dispose with the testing procedure which can
characterize carbon resistance to oxidation
separately from the other factors of -catalyst
durability.

The present authors applied the
thermogravimetric analysis for accurate
determination of platinum content in Pt/C catalysts.
In these experiments, the catalysts were subjected
to a progressively rising temperature in air
atmosphere up to complete combustion of carbon,
and the residual mass presented the mass of pure
platinum [8, 9]. These experiments indicated that
the Pt/C catalyst, obtained from various sources,
differ in respect of initial temperature of carbon
oxidation. Since the thermogravimetric curves
reflect also the kinetics of the observed chemical
process, we suggest that the thermogravimetric
measurements of Pt/C catalysts in air may be used
as an efficient method to characterize their
durability, supplementary to a usual cyclic
voltammetry method.

EXPERIMENTAL
The device

The device used in the experiments was the
thermobalance TA Instruments Model 2960. The
air flow rate of 70 cm?® s, and heating rate of 10
°C min, were constant in all experiments.

The samples

A commercial nanodispersed carbon provided
by Cabot Corp., trade mark Vulcan XC 72, used as
a support of commercial Pt/C catalyst of Johnson
Matthey Co., was used in this study as a reference
sample. According to the product specifications, its
BET specific surface area 220 m? g1, and according
to the TEM picture shown in the reference [10], the
mean particle diameter is close to 50 nm.

The second sample was a commercial Pt/C
catalyst sample HiSpecTM 4000, provided by Alfa
Aesar (with 40 wt% Pt nanoparticles dispersed on
Vulcan XC 72). The TEM picture of this sample
one may see in the reference [11].

The third, homemade sample Pt/C catalyst
sample, contained Vulcan support modified by thin
layer of Ta,Os in quantity 20%, overlayered by
10% of nanodispersed Pt. The oxide layer was
applied first, by drying the suspension of Vulcan in
ethanol + tantalum isopropoxide solution, and then
Pt nanoparticles were deposited by polyol method
[12].

The fourth of investigated samples was a
Degussa Pt/C catalyst, trade mark F 105 R/W, with
10% nanodispersed platinum deposited over
nanodispersed activated carbon with high surface
area of nearly 1000 m? g%

RESULTTS AND DISCUSSION

Fig 1, shows the thermogravimetric curves of
the three carbon supported platinum catalyst
samples described in the experimental section,
compared to the the thermogravimetric curve of
Vulcan XC R2 used as a reference sample. The
F105 R/W (Degussa) sample, thanks to a developed
surface area of supporting carbon black (CB),
contains a lot of adsorbed water, which caused an
initial mass drop of almost 15% on heating up to
100 °C. The Vulcan based catalysts do not absorb
significant amount of moisture, as visible from a
negligible mass change up to at least 200 °C. The
main mass drop observed in Fig. 1 is due to the
combustion of the carbon material. According to
the position of the TG curves along the
temperature axis, there is an obvious difference
between the observed samples in the resistance
toward oxidation. The final residual mass in Fig. 1.,
manifesting itself as a plateau, corresponded
precisely to an actual fraction of non-combustible
matter, Pt or Pt+Ta,0s.

1004

relative residual mass [ %
&

107% Pt+20% Ta O, Nulcan
A0 Pthulcan (Alfa Assar) —
10°% PYCE (Degussa)

- - T

. e e
100 200 300 400 500 00 70O BO00 900

f=

temperature [ °C
Fig. 1. TG curves of Vulcan XC R2, (10% Pt +20%
Taz0s)/Vulcan, 40% Pt/Vulcan (HiSpecTM 4000, Alfa
Aesar) and 10% Pt/CB (F105 R/W, Degussa) recorded
in air stream at a heating rate 10 °C min.,

For the purpose of more efficient comparison of
oxidation resistance of investigated materials, in
Fig. 2, the thermogravimetric data from Fig. 1
were expressed in a form of absolute reaction rate
in function of temperature. To do this, the fraction
reacted (o) was calculated:

a = (m; - m)/(m; - my) 5)
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where mj, m; and ms are initial, actual and final
mass, respectively; for a linearly rising temperature
T, time is t = T/b, where b is heating rate. In
relation to pure Vulcan, for any of the Pt/C
samples, the combustion process was shifted
markedly toward lower temperatures. The
combustion of Pt/C samples was self-accelerated
reaction, since, as Fig. 1 shows, for o > 0.4,
overheating happened relative to the programmed
temperature rise. The overheating might be
prevented by dilution of the sample with inert
substance, for instance with corund or silica,
however this was not performed in this study.
Therefore, only initial parts of the TG curves,
where overheating was negligible, were used to
compare the observed samples. As already expected
from Fig. 1, Fig. 2 confirms clearly that the
resistance toward oxidation, in average, decreases
in the series 10% Pt/CB (F105 R/W, Degussa) <
40% Pt/Vulcan (HiSpecTM 4000, Alfa Aesar) <
(10% Pt +20% Ta,0s)/Vulcan (homemade) <
Vulcan (XC72, Cabot Corp.).
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Fig 2. Absolute oxidation rates in function of
temperature for Vulcan XC R2, (10% Pt +20%
Ta,0s)/Vulcan, 40% Pt/Vulcan (HiSpecTM 4000, Alfa
Aesar) and 10%Pt/CB (F105 R/W, Degussa); air
atmosphere; heating rate 10 °C min‘L.

There is the possibility to use thermogravimetric
data to express the reactivity in more quantitative
manner. Namely, first derivation of o vs. t gives the
dependence of absolute reaction rate (do/dt) on
time. Absolute reaction rate as a function of
temperature, generally, obeys the equation [13, 14]:

E
9% _ A7 £ ()

dt (6)

Here A and E are preexponential factor and
activation energy, respectively, and f(a) is a
function, the form of which depends on the nature
and morphology of the sample, and involves the
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reaction order, n. The list of available theoretically
derived functions for various predicted limiting
steps and for particles of variable geometry, one
may find in the corresponding literature [13, 14].
The determination of reaction parameters and most
suitable function f(a) is the matter of regression
analysis, which may be relatively simple by means
of a suitable software, some of which are published
elsewhere [15, 16].

The rate of oxidation of pure Vulcan XC 72,
may be compared with the literature data for non-
catalysed oxidation of various carbon materials. As
shown in a recent review published by Neff et al
[17] and Stanmore et al. [18], the kinetic of carbon
combustion is studied mostly with the aim to
remove the soot emitted from diesel engines. The
detailed study of carbon oxidation is provided by
Marsh et al. [19]. They proposed that the
combustion involves free carbon sites, chemisorbed
both localised and mobile molecular oxygen, and
chemisorbed both localised and mobile atoms of
oxygen. Moulijn et al. [20] proposed a relatively
simple carbon surface during combustion,
involving three types of carbon—oxygen complex,
carbonyl, semiquinone and pyrone groups, ordered
according the increased stability. According to
these authors [21], only less stable fraction of the
oxygen-containing surface complexes take part in
oxidation reactions. One can expect that for
different carbons obtained in a similar way, these
with higher specific surface area show higher
sensitivity toward oxidation, on account of higher
number of reactive surface groups. Accordingly,
comparing to the results published by Lopez-
Fonseca et al. [22], the initial temperature of
combustion of Vulcan XC 72 visible in Fig 1, lies
between that of Degussa carbons Flammruss 101
(30 m 2 g') (combustion started at 600 °C) and
Printex XE-2B ( 1170 m 2 g!) (combustion started
at 400 °C). By means of two isoconversional
methods, averaged value of activation energy of
150 kJ mol* for Flammruss 101, and 132 kJ mol
for Printex XE-2B was estimated, while the pre-
exponential factors amounted to 2.0-10° and 2.9-10°
min?t,  respectively [22]. Therefore, one may
expect intermediate values of these parameters for
Vulcan CX 72.

Many literature data evidence that the
combustion of carbon may be accelerated by means
of various catalysts [17, 23-33]. On the basis of
results of TPO experiments, Fe;0s3 y-A1,03, V20s,
CuO, TiO, as well as Pt/y-A1,0; , may accelerate
shoot oxidation [17]. This was investigated and
evidenced in the reactors were the shoot was mixed
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with the catalysts [23-30]. To explain catalytic
activity of nanodispersed Pt supported by y-Al1,03
in the oxidation of coke, oxygen spillover has been
postulated by several authors [29, 30]. The same
hypothesis has been suggested to explain higher
activity of alumina or copper oxide containing low
amounts of platinum in shoot combustion [31, 32,
33]. This hypothesis is in agreement with the report
that the oxygen ions of alumina are more mobile
when located in vicinity of Pt particles [34].
Moreover, platinum is known to enable the
exchange gaseous 20, with the 1°0O of the alumina
[35]. On this basis, it can be suggested that oxygen
is first adsorbed dissociatively on the surface of the
noble metal, and then activated oxygen spills over
on the supporting surface, where it is able to react
with carbon particles at a temperature lower than in
the absence of platinum. The experimental
arrangement for coke and shoot oxidation in
references [23-33], where carbon particles were
mechanically mixed with catalyst particles, differ
from that used for oxidation of Pt/C catalysts
studied here. Namely, in the last case, Pt
nanoparticles are applied directly through chemical
processes on carbon particles. The suggestion of
concentration of adsorbed oxygen on platinum
surface [29-35] as a factor of higher corrosion rate
of supporting carbon is applicable here, even
without any need of oxygen spillover, thanks to a
direct contact of platinum and carbon as the
reactant.

Between (10% Pt +20% Ta.Os)/Vulcan
(homemade) and 40% Pt/Vulcan (Alfa Aesar)
samples, one might reasonably expect higher
oxidation resistance of the first one, based on the
lower content of platinum. It appears to be actually
so at higher o values (i.e. higher temperatures), as
Fig. 2. shows. However, in initial oxidation stages,
the oxidation rate is almost identical for both
samples, indicating synergistic effect of the
Pt/Ta,0s combination in oxidation catalysis. The
disappearance of this effect at higher temperatures
may indicate the gradual disappearance of the
three/phase  boundaries Pt/Ta;Os/C with the
progress of carbon oxidation.

The comparison between two Pt/C catalyst
with high and low surface area of supporting
carbon (i.e., the Degussa and Alfa Aesar samples),
respectively, indicate higher oxidation resistance of
Alfa Aesar sample, in spite of its higher platinum
content. This emphasizes the importance of surface
area effect, connected reasonably with the content
of reactive C atoms [19,20].

After the experiments described in this
contribution, one may conclude that thermo-
gravimetric analysis under air flow is well capable
of detect fine differences in the resistance of
different carbon materials and Pt/carbon catalysts
towards oxidation. On the basis of similarity of
oxidation mechanism of carbons in gaseous and
aqueous media [2], the reactivity order of Pt/C
catalyst toward oxidation in air established by
thermogravimetry, may be expected to reflect the
reactivity order in fuel cells, too.

CONCLUSION

Thermogravimetric analysis under air flow is
capable of detect fine differences in the resistance
of different carbon materials and Pt/carbon
catalysts towards oxidation. Among investigated
samples, the resistance toward oxidation, decreases
in the series 10% Pt/CB (F105 R/W,
Degussa)<40% Pt/Vulcan (HiSpecTM 4000, Alfa
Aesar) < (10% Pt + 20% Ta0s)/Vulcan
(homemade) < Vulcan (XC72, Cabot Corp.).
Having in mind similar mechanism of oxidation of
carbon in gaseous and aqueous media, one may
expect similar order of oxidation resistances in
electrolyte media of fuel cells, too.

The thermogravimetric experiments confirmed
that

- Pt nanoparticles in Pt/C catalyst cause a
significant increase of the oxidation rate of
supporting carbon;

- the transition metal oxides used as
additives to Pt/C catalyst may influence the
rate of carbon oxidation, Ta;Os being the
catalyst of oxidation;

- the specific surface area of supporting
carbon competes to the platinum content in
determination of oxidation resistance of
carbon.
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TEPMOTPABUMETPUYEH METO/] 3A TECTBAHE HA YCTOMUYNBOCTTA HA
OKUMCJIEHUE HA P/C KATAJIM3ATOPHU 3A TOPUBHU KJIETKU

C. B. Mentryc*, U. A. Ilamrtu, H. M. I'aBpuiios

bencpaocku ynusepcumem, paxynimem no gusuxoxumus,
Cmyoenmckuu mpe 12, 11158 Fenepao, Cvpbus

IMoctenmna va 1 mapt, 2013 r.; npepaborena Ha 27 ampuin, 2013 T.

(Pestome)

ILtatuHoBu KaTaJIn3aTopu, OTIO0XKCHU BBbPXY BBIVICPOAHN HOCUTCIIM 34 TOPUBHU KIICTKU Ca IMOJJIOXKCHHU

Ha JIMHEHHO MPOTPaMHUPYEMO HarpsBaHe BHB BB3IYyIIHA aTMoc(epa Moja TepMOTPaBUMETPUYEH KOHTPOJL
VYcTaHOBEHO €, Ye CIpsIMO YHMCTHS BBIVIEPOJIEH HOCHTEN, Kartanu3aTopbT Pt/C € 3HaYMTenHO MO-yCTONYUB
KbM OKHUCJICHHE. YCTOMYMBOCTTa KbM OKHCIIEHHE 3a pasnuuHure Pt/C — koMmmo3uuuu e pasiuyHa B
3aBHCHMOCT OT CHIBPKAHHETO Ha IUIATHHA B TSX, BBIVIEPOAHATA UM TEKCTypa W HAJIMYHETO Ha nobaBku. B

paborata OCBeH

in-situ  METOABT W METOABT Ha IUKJIMYHATA BOJTAMETPOMETPHS,

€ MH3II0JI3BaH

TCPMOTrpaBUMCTPUIHUAT METOA KaTO 6’Bp3 HAa4Y¥H 3a OOI'BJIHHUTCIIHA IMPOBEpPKa Ha YCTOﬁqHBOCTTa Ha Pt/C
KaTajJn3aTop KbM OKHCJICHUC.
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