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The CO Poisoning Mechanism of the Hydrogen Oxidation
Reaction in Proton Exchange Membrane Fuel Cells
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The CO tolerance mechanism of the hydrogen oxidation reaction was investigated on several highly dispersed carbon-supported
nanocrystalline Pt and binary Pt alloys. For this purpose, current/potential behavior was derived from half-cells under actual
proton exchange membrane fuel cell operating conditions and correlated with expressions derived from kinetic models. Kinetic
analyses have shown that the CO poisoning effect on Pt/C, PtRu/C, and PtSn/C catalysts occurs through a free Pt site attack
mechanism, involving bridge- and linear-bonded adsorbed CO. For all catalysts, the onset of CO oxidation occurs via the
bridge-bonded species, but for PtRu/C and PtSn/C, the reaction starts at smaller potentials. Under this condition, the hydrogen
oxidation currents are generated on the vacancies of a carbon monoxide adsorbed layer created when some of the bridge-bonded
CO molecules are oxidized. The linearly adsorbed CO is oxidized at higher overpotentials, leading to an increase of the holes on
the CO layer and thus of the rate of the hydrogen oxidation process.
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CO tolerance is an important factor in catalyst choice for the short-range atomic ordésuch as the Pt-Pt bond distance and coor-
anodic hydrogen oxidation reactiofHOR) in proton exchange dination number with element specificity undein situ electro-
membrane(PEM) fuel cells running on reformed hydrogen from chemical conditions using X-ray absorption spectroséops.Ap-
methanol, natural gas, or gasoline. Gas-diffusion electrodes with glication of these techniques to carbon-supported nanocrystalline
loading of 0.1-0.2 mg ¢ of dispersed platinum on carbon show PtRu and PtSn alloys has shown that the alloying changes both the
very small polarization losses when operating on puse but the  electronic and the short-range atomic ordfefor instance, alloying
losses are raised to unacceptable values when even small amountswith Sn causes lowering of the Pt 5d band vacancies/atom and an
CO are present. This problem is a very active area of research. lincrease in the Pt-Pt bond distarf@e-owever, the effect on PtRu
electrocatalytic studies on smooth bulk alloy electrodes, the presalloys is exactly opposit&’ These results imply a significant change
ence of a second element with Pt such as Ru, Sn, Os, or Mo, eithén the CO poisoning characteristics in these systems, resulting in
alloyed or as a codeposit, yields significant improvement in the COdifferent activation energies, reaction orders, surface coverage, etc.
tolerance relative to pure PtS In these cases, attempts to under- These in turn manifest in different electrode kinetic behavior under
stand the mechanism of CO poisoning have focused on a variety variety of PEM fuel cell operating conditions.
of experimental approaches, including the use of electrochemical Although these studies provided valuable information for the de-
techniques andin situ UV-visible and infrared reflectance sign of new catalysts, extrapolations of the conclusions with respect
spectroscop§.’12:16-22 to the CO tolerance of real systems are not straightforward, mainly

Several studies conducted at 25°C on polycrystalline smoothPecause of the use of reaction conditions different from the actual

platinum or platinum/ruthenium surfaces have indicated that the COPEM fuel cell operating environment. Attempts to quantify th% co
poisoning mechanism occurs because of a strong adsorption of C@01S0NIn gfsect have been previously reported on phosphorié’acid
on the catalyst surface, which blocks the hydrogen adsorption stepnd PE half-cells and single cells, simulating as closely as
Under these conditions, the hydrogen oxidation current originateg?0Ssible the real conditions of a fuel cell. For the PEM system, some
only from the oxidation of M-H present on holes in the compact CO information regardlng thg klm_etlcs and mechanisms of the reactions
surface monolayér® These studies indicate that both linear- and has been obtained by using different models for the processes taking
bridge-bonded adsorbed CO species can be found on the catalyBlace in the electrod¥:* Bellows et al** developed a CQinven-
surface. This is confirmed by the fact that there is no 1:1 corresponiory model for describing the behavior of adsorbed CO on Pt elec-
dence between the loss of an adsorbed H atom and the coverage #ipcatalysts, for hydrogen feed containing CO and,COne impor-
CO of Pt surfaces since one CO molecule can block more than oné&ant conclusion of this work is that, under PEM fuel cell operating
H site, as in the case of bridge-bonded &€Eor a platinum elec-  conditions, CO tolerance is achieved when the rate of CO electro-
trode, the linear adsorbed CO is dominant at high coverages an@xidation balances the combined adsorption fluxes from both CO
high electrode potential€23 Previous reports have also shown that and CQ. More recently, based on a simple kinetic model involving
the saturation coverage of CO at 25°C can be as high as 1 CO/Pt oifie presence of linearly adsorbed CO, Springteal 23 have shown
polycrystalline P and close to 0.6 CO/Pt for single-faced Htl), that, as for bulk Pt, the polarization of a Pt/C hydrogen electrode at
(110, and (100.2* However, a pre-wave in the CO oxidation low current densities is limited by the maximum rate of hydrogen
current-potential profile on platinurfi11l) and (100 single-crystal  dissociative chemisorption on a small fraction of the catalyst surface
electrodes has often been ascribed to multiply bonded adsorbetiee of CO. It was also found that a rate of CO oxidation as low as
CO2425 The minor presence of adsorbed linear-bonded C&OH 10 nA cm 2 (PY could have a significant effect in lowering the CO
and CHG® species has also been proposed for bulk polycrystallinesteady-state coverage and thus in increasing the magnitude of the
platinum and dispersed platinum on card@®/C) catalysts, respec- hydrogen electro-oxidation current.
tively. This paper describes the results of a kinetic analysis of the CO
A previous investigation has also shown that it is possible totolerance/poisoning effect on highly dispersed nanocrystalline Pt/C,
measure changes in the electrofsach as Pt 5d band vacanand PtRu/C, and PtSn/C catalysts. Experimental performance character-
istics of half-cells under actual PEM operating conditions are corre-
lated with expressions derived from reaction kinetics models. The
* Electrochemical Society Active Member. treatment was developed taking into account the formation of linear-
** Electrochemical Society Fellow. and bridge-bonded adsorbed CO and linear-bonded COOH and
Z E-mail: edsont@igsc.sc.usp.br CHO derivatives. The CO, COOH, and CHO oxidation steps are
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also included, assuming that they may occur at different electrode ki
potentials and depend on the nature of the catalytic material. Ha(g) + 2§ (& 28 H [1]
Experimental Ky,
+ _

Catalyst powder$20 wt % Pt, PtRU1:1 atom % and PtSn3:1 SH k(‘l_zl S+H +e (2]
atom 9% supported on Vulcan XC-72 carbpwere procured from ket
E-TEK Inc. (Natick, MA). Two series of working electrodes, pre-
pared independently in the Brookhaven National Laboratory and €9 + 8 — SCO (3]
Instituto de QUmica de Sa Carlos were employed. The electrodes K3
contained a total catalyst loading of 0.4 mg ¢nThe cathodes S CO+ H,0— S + CO, + 2H' + 2e” [4]

were Pt/C(20% loading, 0.4 mg cif) gas-diffusion electrodes. The

electrodes were impregnated with 1.1 mg ¢énof Nafion (Aldrich For bridge adsorption sites

Chemical Co. and always contained 0.4 mg Pt ¢ The Nafion "

115(127 pm thick, DuPont membrane was cleaned by treatment in Ho(g) + 2Ss 2 2SH [1&]
boiling 3% HO,, 1 M H,SO,, and deionized water. The K-1g

membrane/electrode assemblies were prepared by hot-pressing at

130°C and 1000 kgf ci? for 2 min. The diffusional layer was SgH kﬁf‘ S+ H + e [2a]
made with carbon powddiCabo} with 15% polytetrafluoroethyl- Klop
ene (Teflon TE-306A, DuPonton a carbon cloth suppofPWB-3, k3g
Stackpolg. CO(g) + 2% — (Sg)2 = CO [3a]
Experiments were conducted in single cells with a geometric w
1 4B
area of 5 crhand arrangements for a reversible hydrogen reference (Sy)y = CO + H,0 — 25 + CO, + 2H" + 2H" + 2¢

electrode in the anode compartment, which uses the same gas stream
as the working anode. The fuel cell test station was equipped with
humidification chambers, mass flow controllers, back pressure regu-

lators, and temperature controllers. Measurements were made Aechanism usually considered for the HOR in acid m&&Re-
85°C, with hydrogen and oxygen humidification chambers at 100 ctions 3 and 3a are responsible for the CO adsorption on the cata-

%r;rc]i 2On;’6elsﬁsgvg?’ﬂ?eea;ﬁg: gf‘:sga?zsgfris (\j,\rlgreer?ﬂgztii tOeO%/'st surface. Finally, Reactions 4 and 4a represent the CO oxidation
in the water. vapor mixture pCO tolgrance was e);amgi]ned in the)é%nr-bOSSib”ities for linear- and bridge-bonded adsorbed CO, respec-
centration rangF()e of CO in'hydrogen between 20 to 100 ppm Bothtively. These reactions may comprise two steps, eventually involv-
the anode and the cathode flow rates we@50 mL/min. The po- ing the formation of metal hydrous oxides, which is considered the

- ; rate-determining step’ To simplify the mathematical treatment and
![ﬁre'ziggrgscu(:\r/%?nwerr:a%?;?]'tneggfﬁ hcgai)t(gr?tszreﬁl ofé?ema}g?s)e ' minimize the number of variables, all steps involving CO were con-

. P 9 9 . pot ’ sidered totally irreversible, and the rate constants for the hydrogen
using a computer-controlled electronic logdP-6050A interfaced . ; 2
to an IBM/PC with Lab View software. adsorption/desorption k¢, , k_ 1., kig, k_1g) and omdaﬂo_n

To avoid problems with contamination of the reference electrode, (KL s K-21, k28, K_2g) steps were assumed to be the same in the

it ; linear and bridge sites.
polarization of the hydrogen electrode in the presence of CO . . .
. : : _In the other approaches, in which the linear-bonded CO com-
(En,sco) @s a function of current density was obtained from mea petes with the bridge-bonded CO for the same adsorption sites, the

surements of the electrode polarizatidfy() in the absence of CO  gyerall mechanism is formed by Reactions 1-4, followed by one of
with respect to a reversible hydrogen reference electrode and thewo possibilities

[4a]

Reactions 1 and 2, or 1a and 2a correspond to the Tafel/\Volmer

values of cell potential in the presen(}eé,_(Z ,co) and absence of CO ks
(Vi,), by using the expression CAg) + 29 — (S), =CO [5a]
_ ks
En,ico= Vh, = Vh,ico + En, SCO+ S — (S),=CO [5b]
The electrode overpotential was calculated at each current denwhile for the formation of CHO and COOH adsorbates, the alterna-
sity using the expression tives were
=[E - (E - ks
m=1[ H,/CO ( H2/CO)J o Hy(g) + 25.CO — 2§ CHO [5¢]
Theoretical Analysis ks
Participation of several kinds of poisoning species was consid- Hy(g) + SCO+ § — SCHO+ SH [5d]
ered: the linear- and bridge-bonded adsorbed CO, and the linear- ks
bonded CHO and COOH derivatives. In a first approach, the prob- SH+ SCO — SCHO+ § [5€]
lem was solved assuming the presence of only linear-bonded ke
adsorbed CO, as proposed befditén other approaches, the partici- SCO+ H,0+ S — SCOOH+ SH [5f]

pation of the linear-bonded CO together with one of the other ad-
sorbates at a time was assumed. In a third approach, participation of |n these cases, each of these reactions is followed by another step
two types of active sites for the adsorption and oxidation of bOthinvo|Ving the oxidation of the adsorbates given by
reactants(hydrogen and carbon monoxidevas assumed. These
were designated ag &nd § and correspond to those sites promot-
ing the adsorption of linear- and bridge-bonded CO species, respec-

kg

(S), = CO+ H,0 — 25 + CO, + 2H" + 2¢ [64]

tively. The two pathways were taken as occurring in parallel and K
independently of each other. In this case, the theoretical treatment CHO + H.,O + CO, + 3H + 3¢ 6b
was developed taking into account the following possibilities for the S 0= S © [6b]
HOR and CO adsorption and oxidation steps. kg
For linear adsorption sites S COOH+ H,0 — S+ CO, + 3H" + 3¢~ [6c]
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_ Si_nce the_mathematical approaches are simi_lar in_ all cases, the Tapje | values of parameters obtained by fitting
kinetic equations and the procedure for calculations is shown only  the theoretical equations to the experimental re-
for the case in which the linear-bonded CO competes with the sults.
bridge-bonded CO for the same kind of adsorption diRsactions
1-4, 5a, and 6@ The time dependence of the degree of coverage of  Kinetic parameters for the HOR
hydrogen eh) and that of carbon monoxide)go) are given by

ki = kjg = 40 Aatm 't cm™2

oL K.y = k_;g=8Acm?
(W) = lesz(eg)z + 2K, 05 — ko11(01)% — 2k, 0y ke = kzg = 3Acm _
Ko =k g=21Acm?
(7] jo= 1.73 Acni?
dot by = byg = 140 mV dec’ o .
( d(t:o) _ kstcoﬁé _ kELeEO [8] Kinetic parameters for the CO oxidation reaction

PtC: Ky /kg, = 3.5X 10°8; kyg/ksg = 2.6 X 107

des, Lo i PIRU/C: Ky /Ky = (5.2% 25) X 1077, Kyplksg = (7.8 % 2.0)
g1 | = KsPco(09)” — kgbco [9] x 1077
PtSN/C: kg lky = (6.7% 2.0) X 107,  kyp/ksg = (9.5+ 1.5)
) X 1078
whgge the rate constarkg, , k™, , k3, , andk”g are e_xpres_szed inA bs = 230 mV dec?
cm 2 k., k_g. , kg, andks are expressed in A atit cm™2, and bss = 1300 mV dec?

PH, and pco are the partial pressures of hydrogen and CO in the =01

system expressed in atm. In these equations, the degree of coverage

corresponds to values normalized for the maximum available sur-

face sites, and thug} is the fraction of surface sites free of any wheref is the fraction of the total surface corresponding to bridge-
adsorbed species; that &5 = 1 — 8, — 0co — 88. The current  bonding sitesjr was assumed to provide the total current density
densities for the hydrogerj{) and CO (Lo, j2,) oxidation reac- flowing through the electrode since it is expected to be much higher

tions were taken as thanjco.
ik = 2(k3 05 — K5, 05) [104] Results and Discussion
iL — oK gL [10b] Parameterization of the kinetic equations in absence of
I CO.—Because of the large number of variables, finding the appro-
20 = 2k102, [10¢] priate set of parameters with realistic physical meaning is not

straightforward. The parameterization of the kinetic equations starts
with the definition of the values of the rate constants for the Tafel
and Volmer reactions which are specific for the HOR and define the
¥nagnitude of the degree of coverage of adsorbed hydrogen in the
absence of CO. As mentioned before, for a parallel mechanism, the
k3, = ko exp(n/b,) and k™, = k_, exp(—m/b,) [11] theoretical lines were generated assuming the same values for the
rate constants for hydrogen adsorption per square centimeter of the

7 . . linear and bridge sites. Values of the kinetic parameters used in the
The Tafel slope if;) was taken as 140 mV det, this value being fitting are listed in Table |, and they correspond to the same values

characteristic for systems at 85°C where the Tafel/\Volmer mecha- . 33
nism is assumed, with Volmer the rate-determining step. For Coreported by Springeet al™* The rate constants for the Tafel step

oxidation reactions, the dependencescf andk? on the potential were assumed to be independent of the CO coverage, which is valid

. . fe ON A for CO coverages above 0°2.
were considered to follow an exponential variation with the overpo-

; : According to the Tafel/\Volmer mechanism, the valuekef (or
tential, eventually related to the rate of formation of surface hydrousk defi h . densi hieved at high
oxides® that is 1g) defines the maximum current density achieved at higher over-

potentials, where the Tafel path becomes the rate-determining step.
k], = ks expm/bs) kY = kgexpn/bg) [12] Thus, for the Pt/C catalyst under investigation, and according to the
present formalism, this is 40 A ¢ at 1 atm hydrogen pressure
(Table ). Note that for low overpotentials, Reaction 1 or 1a can be
taken as a pre-equilibrium for Reaction 2 or 2a. Thusrfor> 0, if

the Langmuir isotherm is assumed for Reaction 1, it is concluded
that

The dependence &, andk?,, on the electrode overpotential
() is expressed assuming an exponential polarization as given b
the Tafel equation, that is

wherek,, andkg define the onset of the oxidation process, apd
andbg the dependence with the overpotentfal.

Under steady-state conditions, the differential equati&as 7-9
were taken as zero. Solution of this equation system to olﬁt’,ain
e(L;o, andego was made numerically after the appropriate setting of jo= kZLGh = k—zLef [14]
the corresponding values of rate constants and Tafel slopes. Then,

the values ofd;, 0co, and6¢, were replaced in Eq. 10a-c, from wherej, is the exchange current density for the Volmer step. In the
which the current densities for the hydrogen and CO oxidation re-present calculation, this value was 1.73 AcniTable )). Dividing
actions were obtained as a function of the electrode overpotential. by the roughness factor, the value equivalent to that of the smooth
Similar approaches were used for the kinetic treatment of allgjacirode at 85°C if, = 0.03 A cni 2. This value is in good agree-
mechanistic possibilities, except for the case in which the adsorpy,ant with that reported by other authds. 0.02 A cm 2 at 22°C,

tions of linear- and bridge-bonded C_O occur in parallel and inde- oo measured using smooth Pt in pure acid solutfonparticularly
pendently of each other. Here, Reactions 1-4 and 1a-4a were solVeucause it refers to a temperature of 85°C.

separately, and the total current for the hydroge¢gyX and CO

(jco) oxidations was calculated from Polarization results in the presence of GOAfter setting the
kinetic parameters for the HOR steps, fits of the theoretical equa-
jur = (1 = f)jp + fig [134] tions to the experimental polarization results in the presence of CO
] n B still require appropriate evaluations of the rate constants and Tafel
jeco= (1 = f)jeo Tt fico [13b] slopes for the CO, CHO, and COOH adsorption and oxidation steps.
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Figure 1. Fits of the experimental polarization data with the modeling equa- Current Density/ A cm
tions for the HOR on Pt/C catalyst f¢) 0, ((J) 20, (O) 50, and(A) 100
ppm of CO;(lines) theoretical results. Experimental results obtained at 85°C.
Linear-bonded CQReactions 1-# Theoretical parameters: see text.

Figure 2. Fits of the experimental polarization data with the modeling equa-
tions for the HOR on Pt/C catalyst fg) 0, (CJ) 20, (O) 50, and(A) 100
ppm of CO;(lines) theoretical results. Experimental results obtained at 85°C.
Linear-bonded CO with participation of CH@Reactions 1-4 plus 5d and
6b): ky /ky = 2.4 X 1076 kg/kg = 2.5 X 1072

The absolute values of these rate constants are not required to esti-

mate the degree of coverages, because they always appear as a raf@Sponds to an approximate average number, as reported
and so only the proportion between them is necessary. However, thereviously?9223°

values of the rate constants of the oxidation steps are required if the From the results in Fig. 1-3, clearly, the experimental poisoning
currents of CO adsorbates oxidatigEg. 10b and t are to be effect of CO can only be described when the bridge-bonded species
calculated. are participating in the overall reaction mechanism, but involving

The theoretical responses of eight different mechanistic possibili-specific surface sites other than those promoting the linear CO ad-
ties were compared to the experimental results for the Pt/C electrod&orption. This observation is supported by results obtained for Pt
in the presence of CO. In all cases, the adjustment of the adsorptiogingle crystat$'®*”and also byin situ nuclear magnetic resonance
and oxidation rate constants and Tafel slopes was made using thisults on Pt/C at 0.35 %% This is also consistent with the fact that
experimental data obtained for 50 ppm of CO. Then, keeping thesmall platinum particles in Pt/C catalysts show a larger atomic sur-
same group of parameters, the theoretical lines for 20 and 100 pprfce fraction of Pt atoms in thel11) face than large particle¥:®
CO were generated and compared to the experimental results. In Fig. 3, three regions with different characteristics are clearly

Figure 1 shows the results for the mechanism involving only theseen in the curves. In the region corresponding to small overpoten-
linear-bonded CGReactions 1-% corresponding to the same treat- tials (below 20 m\j, the current densities are coherent with those
ment presented previousiy.Here, Reaction 3 was considered re- obtained without CO and practically independent of the CO content
versible and independent of CO coverage. This last assumption ignd of the CO-related kinetic parameters. This means that the hy-
reasonable since in the potential region of interest the valggf ~ drogen coverage is enough to allow Reaction 2 or 2a to occur at a
is essentially constant and close to 0.9. Values of rate constants arf@st rate. In the second range of overpotentiéism ~50 to 400
Tafel slopes resulting from the fit(Fig. 1) were kg
=10Aatmicm? k.3 =35X10°Acm?2 Kk, =28
X 10" Acm2, andb, = 230mV dec?. These values okg
andk_5, are in good agreement with those reported previotisly.
However, this is not the case fég, andb,, , for which the pub- 500
lished values were X 1078 A cm™2 and 140 mV dec?, respec- :
tively. This is not surprising since these parameters may be related = 400
to the rate of formation of Pt hydrous oxid&svhose kinetics may
be more complex than that described by Eq. 12.

Figure 2 shows the comparison of the theoretical and experimen-
tal results, considering the CHO intermediate as the second poison-
ing species(Reactions 1-4 plus 5d and 6hn Fig. 1 and 2, the
theoretical curves generated for 20 and 100 ppm of CO clearly do
not agree with the experimental results. Similar responses were ob-
tained for all other cases involving linear-adsorbed CHO and COOH
adsorbates in combination with the linear-bonded CO. This is also
the case when the bridge-bonded CO is formed by Reaction 5a or b. 03
Figure 3 shows the fitting of the theoretical equations to the polar-
ization data for the case in which the adsorptions of linear- and
bridge-bonded CO occur in parallel and independently of each other.

Here, the theoretlce_ll results gene_rated for 20 and 10.0 ppm CO are IEigure 3. Fits of the experimental polarization data with the modeling equa-
good agreement with those obtained from the experiments. The Valgons for the HOR on PYC catalyst f¢i) 0, (0J) 20, (O) 50, and(A) 100
ues of the kinetic parameters resulting from the fittings are presentegpm of CO;(lines) theoretical results. Experimental results obtained at 85°C.
in Table I. A value off = 0.1 was assume(Eq. 13, and this cor-  Parallel linear- and bridge-bonded CO. Theoretical parameters in Table I.
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Figure 5. Fits of the experimental polarization data with the modeling equa-
Figure 4. Fits of the experimental polarization data with the modeling equa- tions for the HOR on PtSn/C catalyst fr) 20, (O) 50, and(A) 100 ppm
tions for the HOR on PtRu/C catalyst f@r]) 20, (O) 50, and(A) 100 ppm of CO. Experimental results obtained at 85°C.
of CO. Experimental results obtained at 85°C. Theoretical parameters in
Table I.

ks 'k values are substantially smaller than the/ksg values,

showing that the CO oxidation starts mainly at the bridge-bonded
mV), Reaction 1 or 1la becomes the rate-determining step, and theites.
measured currents originate on the vacancies in the carbon monox- Figure 6 shows a comparison of the current densgtyoverpo-
ide adsorbed layer created when some of the CO molecules argential characteristics for the HOR and the corresponding curves for
oxidized. According to previous workthese must be the multi- the current for the CO oxidation reactiofsum of j oo~ andj o,
bonded CO, with a preponderant participation of bridge-bondedgq. 13. These last values resulted from the best fittings presented in
sites(Reaction 4a Accordingly, in the present work, in this range, Fig. 3-5, taking a CO concentration of 50 ppm as reference, and
the value of the kinetic parametkgg/k,g defines the magnitude of  ysingks, = ksg = 10 A atm* cm™2.
the hydrogen oxidation currents, whitgg defines the dependence In agreement with a previous observatirihe results presented
on the overpotential. A value df,5 = 1300 mV dec! means that in Fig. 6 show that, while the current densities for HOR can be of
the rate of the bridge-bonded CO oxidati(iReaction 4ahas little the order of 2 A cm?, the values for the current for CO oxidation
dependence on the electrode potential and probably involves actiare below 300.A cm™2. In Fig. 6, the onset of the CO oxidation
vated water molecules instead of surface hydrous oxid@s. reaction, as derived from the fits, is similaa. 0.1 V) for PtSn/C

A third region, characterized by a fast raise of the current as aand PtRu/C, followed after some overpotential gap, by Pt&C0.4
function of overpotential, appears abow@. 0.4 V, coinciding with V). This behavior is consistent with the published cyclic voltammet-
the beginning of a more effective CO oxidation which involves the ric responsé;®® from which a similar trend is seen for the onset of
linear bonding sitegReaction 4. The onset overpotential of this the CO oxidation reaction. The consistency between the two inde-
region was closely related to the value &§(/k,.), while the de-  pendent sets of results strongly supports the assumptions and valu-
pendence of the current with overpotential was closely related to thetions of physicochemical and kinetic parameters adopted in the
value ofb,, . In this new situation, the amount of holes on the CO theoretical treatment.
monolayer is sufficient to permit more significant hydrogen oxida-
tion currents.

Figures 4 and 5 present the experimental and theordtoate- 0.3
sponding to the linear-bridge parallel mechanisresults for the s
PtRu/C and PtSn/C electrodes in the presence of CO, and Table | 0.2
summarizes the values of the kinetic parameters obtained from the ‘é
fits. For PtRu/C, the data in Table | correspond to the average values ~ 0.1
for two independent experiments. Also in these cases, the fittings =
were reasonable. The three regions of influence of the kinetic pa- 0.0
rameters on the polarization behavior are also observed. The only
difference between the curves for the different catalysts is the mag- 20
nitude of the currents and the onset potentials for CO oxidation 15
steps. Also, there are no significant differences in the slope of the ’
lines of the second and third regions for the three catalysts. 5‘* 1.0

The main conclusion of this kinetic analysis is that the HOR and =*
the CO poisoning mechanisms are the same in all catalysts, for the 0.5 [
experimental conditions employed here. Also, the kinetic parameters 0.0 : . R .
for the HOR are essentially independent of the catalyst, the differ- 0 100 200 300 400 500 600
ences in the polarization behavior being exclusively related to the
different kinetic parameters for the CO oxidation/adsorption steps.

Note in _Table I that the Value$ 1 /kg (linear sitey and Figure 6. Simulated(a) carbon monoxide antb) hydrogen oxidation cur-
K4p/Ksg (bridge-bonded sitgsare higher for PtSn/C and PtRU/C rents for PY/C(full line), PtRu/C (dashed ling and PtSn/C(dotted ling
when compared to the Pt/C catalyst, indicating that the CO oxida-obtained from the same fitting as in Fig. 3-5mio = 50 ppm. Theoretical
tion steps are faster in the alloys. Besides that, for all catalysts, th@arameters in Table I.

Overpotential/ mV
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In the simulation of the kinetics of HOR in the presence of CO, 3.
it is assumed that the hydrogen adsorption step is the same as that i |n

the absence of the poison, that is the Tafel reaction. However, due to*

the high overpotential involved, some contribution to the hydrogen ¢
adsorptlon may also be given by the Heyrovsky reaction, as ob-

served in neutral or alkaline solutidfis 6.
7. K. L. Ley, R. Liu, C. Pu, Q. Fan, N. Leyarovska, C. Segree, and E. S. Smdtkin,

Hy+ S S—H+ H" + e [15]

8.

However, since the rate of this reaction increases with the reaction

overpotential, it does not support the observation of a limiting cur- % : (1959,
10. A. M. Castro Luna, G. A. Camara, V. A. Paganin, E. A. Ticianelli, and E. R.

rent in the polarization diagram.

An important point is that, in the adsorption process on smoothq4_

electrodes, all types of hydrogen adsorption sites may be covered

with CO, including sites associated with underpotential depositedi2.
hydrogen adatoms, which do not necessarily participate in the overl3.

all HOR at low overpotentlaﬂlAs extensively discussed in the stud-

ies of the hydrogen evolution reaction on platifldft in alkaline 14

(overpotential depositéd atoms, in which case the CO adsorption

may occur preponderantly in the bridge-bonded form. This factl8:

would explain why at low overpotential the participation of the

reaction kinetics.

Conclusions

are the same in all catalysts, for the experimental conditions em-,,

ployed here. Also, the kinetic parameters for the HOR are essentiallys,

independent of the catalyst, the differences in the polarization be-

havior being exclusively related to the different reaction kinetics of 26.
27.

the CO oxidation/adsorption steps.
In all cases, in the presence of CO the Tafel reaction becomes the
rate-determining step, and the measured currents originate on thg,

oxidation starts mainly at the bridge-bonded sites. Only at high over-

potentials does the linearly adsorbed CO start to be oxidized, and i

this new situation the amount of holes on the CO monolayer is
sufficient to permit more significant hydrogen oxidation currents.
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