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Abstract: The molecular oxygen reduction reaction was investigated on nanoparticles of ruthenium in @S®. HThe electrocatalyst was
synthesized by reacting the ruthenium carbonyl compoung{(; 2, in 1,6-hexanediol (b.p= 250°C), under refluxing conditions for two hours.

The electrocatalyst presents an agglomeration of particles with a nanometric size and high uniformity. Conventional Tafel analysis of the data
shows that the reaction order with respect to oxygen is unity and an independent variation of the Tafel slope with temperature. The dependence
of temperature on the kinetic parameters was studied and the entropic component of the transfer coefficient was found to play one of the most
important roles in the electrocatalytic reaction. The apparent activation energy was evaluated in a temperature range of 298-338 K. Performance
achieved from the 1O, PEM single cell at 8°C, with cathode of Ruwas compared with electrodes of platimum in a membrane electrode
assembly. We assume that the intrinsic properties of theeRatrocatalyst cause the variation between the electrochemical Tafel behavior and the
performed as a cathode electrode in a membrane electrode assembly.

Key words :Electrocatalysis, Oxygen reduction, Ruthenium nanoparticles, Cathode, PEMFC.

1. INTRODUCTION and bimetallic nanoparticles of definite size are becoming in-
teresting particularly in relation with their catalytic [9,10] and
The oxygen reduction reaction (ORR) stands among the mostelectrocatalytic [11,12] properties. Different techniques have
important reactions in electrochemistry due to its importance been proposed for the production of electrocatalysts. Besides
as a cathodic reaction in fuel cells, metal-air batteries and alsothe technigues of impregnation and thermal reduction [13,14]
from a theoretical point of view [1-5]. The electrocatalysis used for the production of heterogeneous catalysts, chemical
of the ORR is a relevant topic, especially with the develop- routes in non-aqueous solvents using organometallic precursors
ment of novel materials for energy conversion devices. Onehave been reported [15,16]. The chemistry of transition-metal
challenge that materials research groups have been facing resarbonyl clusters have already been developed in order to pre-
cently is the improvement in the structure of electrodes basedpare highly dispersed molecular compounds supported in dif-
on developing novel materials in order to reduce the cost of Ptferent substrate [17], where the reaction of these clusters with
based electrodes used in technological devices [6-8]. Mono-elemental chalcogenide generates a variety of polynuclear com-
pounds. Nanometer-sized cluster particles have exhibited in-
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acting transition metal carbonyl compounds in xylene ¢b.p. the synthesized powder. Surface morphology of the sample was
140°C)[18] and in 1,2-dichlorobenzene (b#.180°C)[19-21], analyzed with a scanning electron microscope (SEM) Leica-
under refluxing conditions of each solvent for 20 h. In an at- Cambridge, Stereoscan 440, with an energy dispersive spectro-
tempt to reduce the time and energy required for an electrocatscope EDS, Oxford ISIS, microanalyser integrated. The parti-
alyst production, a new organic solvent with a different boiling cle size was determined from transmission electron micrograph
point was selected. (TEM) recorded with a Jeol 1200 EX microscope, operating at
120 kV and 7QA. Phase identification was carried out with an
In this work the synthesis and characterization of a ruthenium y ray diffractometer Diffrac Bruker AXS, D8 Advanced Plus,
nanoparticle electrocatalyst is presented which is prepared byat 30 mA and 35 kV, with monochromatic Ry, radiation,
reacting Rg(CO).2, as organometallic precursor, in 1,6-hexa- » = 1 54056 A. A scanned range 33209, with a stepwidth
nediol (b.p.~ 250°C), under refluxing conditions for 2 hours. 4 0.02 were used. To obtain defined peaks it was necessary to
To obtain a better insight in the charge transfer kinetics and to;se 15 sec as a count time per step and small grids, i.e. 0.2 mm.
understand the role of the charge transfer coefficient in the ap-as this was only a phase identification method, no internal stan-
parent activation energy, enthalpic and entropic components ofgyarg was added to the samples. Results were analyzed with the

the transfer coefficients were evaluated as a function of temperpisfrac Plus software and phase identification with the JCPDS
ature. The performance of a proton exchange membrane fuelatg pase.

cell, prepared with a membrane electrode assembly contain-
ing platinum dispersed in carbon as anode, and the synthesized.3 Electrode Preparation for RDE study
ruthenium electrocatalyst dispersed in carbon as cathode, is also

presented. Glassy carbon (GC, Sigri-Electrographic) discs with a cross sec-
tional area of 0.07 cm2 and a thickness of 3 mm were used as a

2. EXPERIMENTAL support for the thin films and used as working electrodes. Each
disc was placed in a cup of an electrode holder made of Nay-

2.1 Electrocatalyst Preparation lamid with a stainless-steel bottom. The glassy carbon working

electrode disc was prepared according to a method proposed by
In previous studies [19,20] in our research group, we have demo®chmidt et al.[ 22].
strated that using decarboxilation technique under refluxing con- ) . i L
ditions of aprotic solvents containing organometallic compounds?’réParing i of an alcoholic solution containing 5 wt.% Na-

0
nanometer-scaled particles are synthesized. The nature of th80n~ (Du Pont, 1000 EW), 1 mg of the catalyst and 20 wt.% of
precursor and solvent in which the chemical reaction is carried €&roon Vulcan XC-72R (Cabot) carried out the modification of

out, produce either a high nuclearity transition metal carbonyl the electrode surface. The resulting mixture was sonicated for
cluster compound, i.e. QEO), [19], or nanoclusters of transi- 2 Min at room temperature, andul of this solution was spin
tion metal chalcogenides, i.e. JAbR 1Se and W o13Ru; 27S€ coated onto Fhe glassy carbon surface at 2000 rpm. A layer of
[20]. In order to synthesize nanoparticles of ruthenium, a chem-aPout 0.6m in thickness was calculated.

ical precipitation reaction was performed by reacting 0.156 mM
Ruz(CO)2 (Strem) in a chemical reactor (Pyrex) containing 100
mL of 1,6-hexanediol (Janssen) (b#s.250°C), under reflux-

2.4 Membrane Electrode Assembly (MEA) preparation

. it ; h. This i hto d boxvl The MEA was prepared by a brushing procedure using plat-
'Eg c<|)n itions for 2 d T 'r‘:' t|mehwas enough to e(’ia; gxy ate inum on carbon (Pt/C) catalyst (E-Tek), carbon powder (Vulcan
the cluster compound. Then, the system was coole own tOXC-72, Cabot), a Teflon treated carbon paper (ElectroChem,
room temperature. A black powder was recovered following a Inc) and the alcoholic solution of NafiGnas anode. To pre-

tra_diti_onal chemical method of separation by adding 50 m_L of pare the platinum catalyst layer, a homogeneous suspension was
deionized water to the reactor and 30 mL of ethyl acetate in or-¢ . by mixing 2.5 mg of the catalyst with 1 mg of car-

der to obtain two phases which were separated by decantationbon and the Nafidh solution. The suspension was dispersed
Afterwards a precipitate was observed. The precipitated powder.

hed with diethvl eth imi H ) in isopropanol to form an “ink” which was deposited on one
was washe wit ) |et. y ?t er to eliminate the organic reagentsgjje of the NafioR 112 membrane and also on the carbon pa-
and then it was dried in air.

per diffusion layer of the electrode by a brushing procedure.
The cathode catalyst layer was prepared by mixing 2.5 mg of
synthesized nanoparticles of ruthenium with 3 mg of carbon
In order to characterize the synthesized powder produced by2nd the Nafior solution. The suspension was applied on the
the chemical precipitation reaction, we carried out an infrared Other side of the Nafioh 112 membrane and on the carbon
analysis with a FTIR Perkin Elmer 16F spectrometer PC con- diffusion paper.

trolled, in a KBr pellet using air-dried samples. This technique
allows one to know if any [(CO)-Ru] groups are remaining in

2.2 Chemical and Physical Characterization

The membrane was activated by heating in doubly distilled wa-
ter containing 3 wt % KO, for about 1 h at 80C. Afterwards,
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the membrane was treated in 0.5M$0, and boiled in distilled
water. The two gas diffusion electrodes were then hot-pressed
on the NafioA 112 membrane at 130C under a pressure of
100 kg cnm? to assemble the membrane electrode.

100

Ru,

60 RuCO0),,

2.5 Electrochemical measurements

The rotating disc electrode (RDE) studies were carried out from
25°C to 65°C in a thermostated double-compartment cell con-
trolled. A platinum mesh was used as counter electrode. The
reference electrode Hg/H804/0.5M H,SO, (MSE = 0.65V /
NHE) was placed outside the cell, kept at room temperature and
connected by a porcelain Luggin capillary. All the potentials
are referred to NHE. An EG&G Princeton Applied Research
(PAR, model 273A) potentiostat was used for the steady-stateFigure 1: FTIR spectrum of the carbonyl-stretching region
experiments. The experiments were performed on a rotatingtaken of Rg4(CO),» as a precursor, and Rafter 2h of reac-
disc electrode (Pine Inst., Mod. ASRX) with a rotation speed tion of Rus(CO)» in 1,6 hexanediol at 250C

controller. Hydrodynamic experiments were recorded in the
range of rotation rate of 100 to 1600 rpm at 5 mV/s. Four
electrodes were prepared from different syntheses. A thermo-
stat (Haake, Mod. F3) controlled the temperature of the elec-
trochemical cell. A 0.5M HSO, (pH=0.3) aqueous solution

201

2% Transmitance (a.u)

3500 3000 2500 2000 4500 4000 500
Frequency / cm™

[25]. Results by EDS, indicated a well defined peak at 2.5586 eV
which correspond to ruthenium. Under the limits of resolution,

g oxygen (Ko = 0.5249 eV) content of the sample was not de-
was used as electrolyte, prepared from doubly distilled water. . : .
y'e, prep y tected, therefore it was not observed the formation of ruthenium

The electrolyte was saturated with pure oxygen whose flux WaSOXi de
maintained above the electrolyte surface during the measure- '
ments.

3. RESULTS AND DISCUSSION

3.1 Catalyst characterization

The FT-IR investigation was carried out by monitoring the car-
bon monoxide stretching frequency region of a KBr pellet of
the precursor Ri{CO);» and the powder synthesized after two
hours of chemical precipitation reaction in 1,6-hexanediol. The
vibrations of the spectrum of the carbonyl region are shown in
Fig. 1. Three prominent bands showing the presence of car-
bonyl groups at 2082, 2022 and 1994 dhassigned to [(CO)-

M] are observed in the relevant region of the reference spec- e RUTENIO A-UNAR
trum of Ry (CO)po. After about 30 min of chemical reaction
under refluxing conditions, the color of the solution changed
from purple to brown and a black powder precipitates. After
two hours of reaction, the solution became black, indicating a
complete transformation of the organometallic precursor. No
CO stretching bands of the synthesized powder in the region of
1800-2200 cm? are observed in the IR spectrum of Fig. 1. This
result confirms that the Ru-CO bonds are completely broken.

Figure 2: SEM image of particles of ruthenium obtained after
2h of reaction in 1,6 hexanediol at 250.

The powder catalysts mixed with methanol were placed onto
amorphous carbon coated copper grids for TEM analysis. A
TEM image of the catalyst (Fig. 3) shows well distributed par-

A SEM image of the synthesized powder catalyst is shown in ticles with a nearly uniform size and with an average diameter
Fig. 2. The morphology of the catalyst produced by this tech- of about 5 nm.

nigue is an agglomeration of well-defined spherical ruthenium
cluster with dimensions of about 100 to 150 nm in size. This

morphology is similar to ruthenium chalcogenides porous elec-
trocatalyst produced in xylene [23,24] and 1,2-dichlorobenzene

The XRD pattern of the powder produced from pyrolysis in 1,6-
hexanediol is presented in Fig. 4. A broad diffraction peak was
detected in the range of 35 to 50The broad feature in the

low angle scattering region suggest that nanocrystallites with
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JCPDS card 6-663, vertical lines. The inset shows the average

Figure 3: TEM image of nanoparticles of ruthenium synthe- Crystallite size of the metallic ruthenium.

sized in 1,6hexanediol at 25C for 2h.

gion. Results of steady-state current density-potential curves
of Fig. 5, show a charge-transfer kinetics control region in the

a few nanometers in diameter are embedded in an amorphou$ange of 0.78-0.60 V/NHE, and a mixed control in the range
product. Since the experimental pattern matches well the stan©f 0.60V-0.45V/NHE. At higher cathodic potentials, a depen-
dard JCPDS 6-663, and no additional peaks were observed irlence of a mixed activation-diffusion reduction current on rota-
the pattern, the sample was identified like nanocrystalline sin-tion rate is observed. With increasing rotational speed, currents
gle phase ruthenium. This result is consistent with the TEM Were increased due to the increase of oxygen diffusion through
observation where Ru nanoparticles are large and geometricallyihe electrode surface. According to these behaviors, analysis of
regular. The inset of Fig. 4 shows the average crystallite size ofthe hydrodynamic results has been made. The measured current
the metallic ruthenium obtained from the licensed Win-Crysize at the RDE for the first-order reaction kinetics is given by the
software. This is about 5 nm, determined from the half widths Koutecky-Levich equation [30]:

of the [101] reflection of metallic ruthenium. The presence

of ruthenium dioxide was not evidenced in the diffraction pat- 1 1 1
terp of the powder electrocatalyst. These structural properties, T + m
which are similar to those reported for electrocatalyst, suggest

that the investigated method to prepare nanocrystallites of ruthe- hereir is th t density due to the ch t fer at th
nium electrocatalyst is indeed a suitable technique. wherely 1S the current densily due 1o the charge-transier at the

electrode surface, ariélthe Levich slope, given by:

)

3.2 RDE study of the oxygen reduction

Metallic ruthenium has a reasonable high electrocatalytic ac- B= O.2nFCoD§/3v*1/6 @)
tivity for oxygen reduction in alkaline electrolyte [26], which

proceeds preferentially by a direct four-electron pathway. How- where 0.2 is a constant used whenis expressed in revolu-
ever, due to the low catalytic activity of pure ruthenium and tions per minute [31]n is the number of electrons related to
ruthenium chalcogenides for oxygen reduction in acid media, the oxygen reduction reactiof, the Faraday constanD) the

a reduced number of kinetic studies on this metal in acid elec-diffusion  coefficient of oxygen in the solution
trolyte has been reported [27-29]. Our results of the RDE mea-(1.4 x 10°° cm? s1), Co the concentration of the oxygen dis-
surements on the ORR at different rotation rates at@5in solved (1.03 x 108 mol cm2), v the kinematic viscosity of the
the range of 0.78-0.00 V/NHE are shown in Fig. 5. One of sulfuric acid (1.07 x 102 cm 2 s 1) [32]. Figure 6 shows cur-
the main characteristics in the polarization curves on nanopar-rent densities observed when applied into the Koutecky-Levich
ticles of ruthenium incorporated into a Naftonmembrane is  plots taking into account the geometric surface area at a series
the defined charge transfer control, mixed and mass transfer reef different constant potentials. Linear relationships with a con-
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0 cient and exchange current density was further on examined in
the range 298 to 338 K.
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ticles of ruthenium dispersed into a Nafiomembrane coated 02 [ (rpm) 2

on a glassy carbon electrode, in a €aturated 0.5M bSO;.

. : . 2 — . . . .
ROtathg geometric electrode area: 0.07°crBweep rate =5 Figure 6: Koutecky-Levich plot at various potentials based on
mV s~ at 298K data of Fig. 5. Continuos line indicates the calculated line cor-
responding to a four electron reduction of (d=4e)

stant slope are obtained at every potential. The linearity and
parallelism of this plot, confirms that the electrochemical reac- L
tion follows first-order kinetics. The experimental average value 100 L 1
of B is Bexp= 9.28 x 10~2 mA cnmi 2 rpm~1/2, while the calcu- —% ]
lated value iBcac= 9.18 x 103 mA cm 2 rpm~ /2, Satisfac- o

tory agreement between these two values could be taken as pre- 5

liminary evidence for the multi-electron charge transfer in the ‘é

molecular oxygen reduction. From the slope, it was estimated
that the number of electrons transferred is faur(4e™), indi-
cating the complete reduction of ,Oto water, i.e.,

O, +4H™ 4+ 4e~ — 2H,0. Kinetic studies in progress with a
rotating ring-disc electrode will confirm this statement. The . .
electrocatalytic active surface area was calculated from the dif- 05 o0& 06 o6 07 o7s
fusion limiting current densityig = Bw!/2, taking into account E (NHE) /V

the average of the experimental slope [18]. Figure 7 shows

the mass-transfer-corrected Tafel plots for the ruthenium eleC'Figure 7: Mass-transfer corrected Tafel plots for @duction
trocatalyst dispersed in carbon and then into a Nafiorem- nanoparticles of Ru dispersed into a Nafionembrane in an

brane coated on a glassy carbon electrode, for the moleculab2 saturated 0.5M SO, at 298 K and different temperatures.
oxygen reduction, at different temperatures. A straight line is glactrode active surface area=0.07%cm

observed in the region of 0.72-0.59 V/NHE, with a Tafel slope,

b=0.126 V dec’ and a corresponding exchange current den-

sity of 3.89 x 10® mA cm~2 was determined. The deduced 33 Effect of temperature on electrode kinetic parameters
Tafel slope approaches the theoretical value of 0.120 V Hec

for one electron rate determining step. Kinetic results obtainedFigure 7 depicts the Tafel plots at several temperatures for the
with an electrode of ruthenium powder (Strem, 200 mesh), pre-nanoparticles of ruthenium coating electrode. The Tafel plots at
pared under the same experimental condition gave a Tafel slopeall temperatures show linear regions at low current density from
b = 0.108 V dec! and an exchange current density of which kinetic parameters were deduced. Four different elec-
8.31 x 107 mA cm 2. These results indicate that the dispersed trodes were prepared and tested using samples of four different
metallic ruthenium powder is a poorly active oxygen reduction syntheses. Reproducible results were obtained. The electrode
catalyst in acid medium, whereas the ruthenium nanoparticlespotential shift to more positive values and an increase of the
exhibit a high catalytic activity for the same cathodic reaction. catalytic current density was observed with raised temperature.
The temperature dependence of the Tafel slope, transfer coeffiThis behavior is attributed to an enhancement of the electrocat-

10 T
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alytic kinetic reduction of the adsorbed oxygen with tempera- 015 , , , ,
ture. The charge transfer coefficients,and the exchange cur- [
rent densityj,, were evaluated from the Tafel slope as a func- s o1s £ 1
tion of temperature, taking into account the reversible oxygen 9 %:
electrode potentialk;, at each temperature [33,34]. The de- ; i ; ; l I I 1
pendence of; on temperature was evaluated using the value g 013 | { T 1
of AG® at various temperatures from an equation reported by g
Lewis and Randall [35]. o 02T T
0
-
" 011 T +
AGP® = [-70650-8.0TInT —92.84T] calmol'l (3) F _
01+ : : : :
290 300 310 320 330 340
E — Anclio @) Temperature / K

Figure 8: Average Tafel slope variation from four different mea-
AG? represents the free energy for the H2-O2 reaction produc-syrements as a function of absolute temperature.

ing liquid water andn the number of electrons transferred to
produce one mol of watem€2) . The basis of the potential

dependence of the electrochemical reaction rates, expressed as 06 +————+————t—t—rtr
current density, is the Tafel equatian= a-+ blogi , whereb, i »
is the so-called Tafel slope, conventionally written according to c [ =15410 7 KT
the relation: E 0BT T
I ]
% L ]
dE RT o 05— 1
b= - =-2303— (5) o [ ]
dlogi naF 8
w -
S 045 + T+
here,n anda are the number of electrons transferred and the = I
charge transfer coefficient, respectively. The Tafel sldpés [ ]
one of the most frequently used diagnostic criteria in the eluci- 04 -

290 300 310 320 330 340

dation of the electrochemical reaction mechanism with a linear
Temperature /| K

dependence on temperature. Figure 8 shows the temperature
dependence of the mass-transfer corrected Tafel coefficient fo
the oxygen reduction obtained from Fig. 7. It is evident that in
this case Tafel slopes are temperature invariant with a constan
slope of -0.128 V dec! in the range of 298-338 K. The tem-
perature dependence of the Tafel slope and of the transfer co-
efficient has been analyzed and reviewed by Conway [36] andchange of electrochemical entropy of activation with electrode
Damjanovic [37]. Conway pointed out that the independence of potential. According to this equation, the Tafel slopes of eq. (5)
the Tafel slope on the temperature is the rule rather than the excan be represented as
ception in the electrode kinetics of a variety of processes. The
charge transfer coefficierd, calculated from Eq. (5) is plotted
g S . ) . RT
in Fig. 9. As seenin this figure, the slope increases linearly with b=-23— 7)
absolute temperatured/dT = 1.54 x 10~3K~1). The finding (@ +Tas)F
that the transfer coefficient has a direct proportionality to tem-
perature represents a significant feature. Kinetic studies com-and a way of determiningy andas is by plotting the recipro-
monly assume that there are enthalpic and entropic componentsal of Tafel slope versus the reciprocal of T, named as a Conway
on the transfer coefficients [1,36,37], given by plot. Figure 10 shows the Conway plot with the average value
of our experimental results. From the slope and the intercept of
this line ay andas is calculated to bery = 4.91 x 10 and
a=oay+Tas (6) as=1.43x 103 K. The low value ofiy suggests a negligi-
ble enthalpic contribution. Therefore, the transfer coefficient for
whereay is related to the change of electrochemical enthalpy the molecular oxygen reduction on nanoparticles of ruthenium
of activation with electrode potential aruk is related to the  can be written as

rFigure 9: Variation of the transfer coefficient as a function of
gbsolute temperature.
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17+ttt

a=oasT = (143x 103k )T (8)
E* = 34.5 kJ mol™
Interestingly, the entropy transfer coefficient is the determining o
factor for the catalytic activity of the electrochemical reaction
indicating that the entropy turnover plays one of the most im-
portant roles in this electrocatalytic reaction. The dependence
of a with T could be associated to the dependence on tempera-
ture of the inner double layer or to the cross-interaction of ad-
sorbed species with the adsorbed transition state, as Conway et

al [36,38] has been pointed it out. T I N S S R
2.9 3 31 3.2 3.3 34

9 +r—r—r——r—r—r—r+—r—rr ] 10007 / K™

10°4+ =+

/ mA cm

-]

8.4 ' ' Figure 11: Electrochemical Arrhenius plot fop @duction on
s ] nanoparticles of Ru dispersed into a Nafiamembrane coated

78 T 4 1 } ‘ I 1. 7T on a glassy carbon electrode in a €aturated 0.5M LS5Oy

124 14 1

6.6 T T inum single cell and Pt (anode) / R(cathode) single cell. In
i ] both cases assemblies in Nafioh12 polymer membrane com-
sz'g- S ; — -3:1- — -3:2- — '3!3' — '3’4 prise one made of Pt electrqdes (E-TEK, 0.25mg ¢€mon car-
' 1060 - I‘K_1 ' : bon), and the sgcond one with a cathogie of Ru25mg crrrz_

on carbon). Figure 12 shows a maximum power density of
. . 0.087 W cnv?2 at 0.30 A cn? with cathode of ruthenium. We
Figure 10: Conway plot of the reciprocal Tafel slope versus the - . .
reciprocal absolute temperature. can see tha_t these values are_not significant in relation to yalues

obtained with cathode of platinum under the same experimen-

tal conditions (0.31 W cr? at 0.48 A cm2). The low output
performance observed with a cathode of nanopatrticles of ruthe-
nium catalyst is attributed basically to the poorly active intrin-
The exchange current density, corresponding to each Tafel sic properties for_ the molecular_ oxygen reducj[ion of the catalyst
slope was calculated by extrapolating the potential toEhe  €lectrode when is assembled in the polymeric membrane. The
value at the operated cell temperature evaluated from eq. 4. Th@hmic resistance generated in the MEA preparation is another

apparent activation energy” Ewas calculated from the slope of parameter that should be improved in order to have a better cata-
the Arrhenius equation represented by the relationship lyst distribution and compaction. Further electrochemical stud-
ies and performances in the technique of MEAs preparation are

in progress in our group of research.

Tafel™ /1 (V' dec)
—&—
—]
8]

3.4 Activation energy

E¥ — _230R [dlogi"] 9

ai)

Figure 11 depicts the Arrhenius plot from the exchange current Crystallized nanoparticles of ruthenium with an average crystal-
density of the corrected data obtained from Fig. 7. An apparent/it€ Size of 5 nm were synthesized by a chemical precipitation
activation energy of 34.5 kJ mot was determined from the reaction in 1,6-hexaned_|ol. The glectrochemmal results_ showgd
slope of Fig. 11 and this value is in the range of 25-60 kJthol that the oxygen reduction reaction seems to occur via multi-
reported for ORR in acidic media [2,34]. electron charge transfen & 4e7), to water formation. The
evaluation of the apparent activation energy in the range of 298-
3.5 Fuel cell performance 338K, denotes that the entropy turnover plays an important role
on the electrocatalytic process. The value of the apparent ac-
Platimum supported on high surface area carbon is most com+ivation energy lies in the range of 25-60 kJ mol-1, which is
monly used electrocatalyst for both hydrogen oxidation and oxy-in agreement with the reported results for other electrocatalyst
gen reduction in a PEMFC. Figure 12 demonstrates the per-for molecular oxygen reduction in acid media [2]. The poor
formance achieved at 8C from Hy,/O, PEM platinum / plat- performance of the ruthenium cathode catalyst achieved from

4. CONCLUSION
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