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A simple lattice-gas model for the electrocatalytic carbon monoxide oxidation on a platinum
electrode is studied by dynamic Monte Carlo simulations. The CO oxidation takes place through a
Langmuir—Hinshelwood reaction between adsorbed CO and an adsorbed OH radical resulting from
the dissociative adsorption of water. The model enables the investigation of the role of CO surface
mobility on the macroscopic electrochemical response such as linear sweep voltammetry and
potential step chronoamperometry. Our results show that the mean-field approximation, the
traditional but often tacitly made assumption in electrochemistry, breaks down severely in the limit
of vanishing CO surface mobility. Comparison of the simulated and experimental voltammetry
suggests that on platinum CO oxidation is the intrinsically fastest reaction on the surface and that
CO has a high surface mobility. However, under the same conditions, the model predicts some
interesting deviations from the potential step current transients derived from the classical nucleation
and growth theories. Such deviations have not been reported experimentally. Furthermore, it is
shown that our simple model predicts different Tafel slopes at low and high potential, the qualitative
features of which are not strongly influenced by the CO mobility. The comparison of our simulation
results to the experimental literature is discussed in some detaill998 American Institute of
Physics[S0021-960808)70738-X

I. INTRODUCTION macroscopic reaction-rate or isotherm equations derived
from the so-called mean-field approximation. The Monte
The electrocatalytic oxidation of carbon monoxide on acarlo technique offers the possibility to calculate the exact
platinum electrode is one of the most intensively studiedgjectrochemical response for the reaction model under study,
systems in eIectrocataIy§|$. The understanding of the ad- \yithout any further approximation introduced in the statisti-
sorption and electrochemical oxidation of poisonous CO g5 mechanics. Monte Carlo methods have already been used
of paramount importance in the development of improvedy, g, itace electrochemistry to describe teempetitive ad-
low temperature fuel cells. Furthermore, CO is a relatlvelySorption of ions at single-crystal electrod&s!® However,

fr']r:;lplfugflzggg V'\[Iir(])lr?haltstlr?earl:)e/tzllytle: I;)orl Teociir?tl s;‘;:dleesac:no extensive use has yet been made of dynamic Monte Carlo

molecurar P i e electroly ertace, angimulations in electrochemistribut see Refs. 17-39and

its oxidation mechanism is believed to be a simple .
there has not yet appeared a Monte Carlo study of cyclic

Langmuir—Hinshelwood surface reactiom situ electro- voltammetry including the correct time dependence of the
chemical measurements such as STM and Fti&s well as y g the aep )
rate constants. By a special method which allows the intro-

information obtained on emersed electrodes in UHVhas , : ; ,
duction of time-dependent reaction rate constants in the

yielded a wealth of structural data on CO adsorption on plati i . ) .
num single-crystal electrodes. However, it has remained reld!onte Carlo algorithm in a computationally efficient and

tively unclear how these microscopic structural features, of*act way?’ we can obtain cyclic voltammograms and chro-
more generally the distribution of adsorbed CO on the elecl0@mperometric transients on relatively large lattices in a
trocatalyst surface, affect the overall macroscopic electrolimited amount of computer time. Since CO oxidation has
catalytic activity. Questions like what role is played by thebeen modeled extensively at the Pt/gas interfade,also
surface migration of CO and the possible formation of is-Seems a good starting point for the modeling of electrocata-
lands during the oxidation are not easily resolved by suchytic phenomena at the Pt/solution interface.
essentially static methods. The model we study is a simple “AB” reaction on a

In this paper we want to address these questions thegduare lattice. Although such a model is certainly not suffi-
retically by studying a simple reaction model for the CO ciently realistic if one aims at understanding the detailed
oxidation on a RtLOO) electrode using Monte Carl@MC)  structural features of CO adsorption at the metal/electrolyte
simulations. In theoretical treatments of the electrochemicainterface, we believe that as far as the macroscopic electro-
response of electrocatalytic systems, such as linear sweaemical response of the CO oxidation is concerned, our
and cyclic voltammetry, the analysis is usually based ommodel is able to provide some interesting new insights into
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the importance of microscopic features such as mixing, latTABLE I. Rate constants.
eral diffusion, and island formation. These results certainly

have relevance to CO oxidation, but clearly also to any other Process Rate constant FAST stow

electrochemical “A+-B” reaction. OH adsorption k 0.02 0.02
The paper is organized as follows. In Sec. II, we give thePH desorption kgol 10° 10 .

reaction model for CO oxidation on ®00), as well as the CC °xidation ka 0.8234 8.23x10

system’s equations based on the mean-field approximation.

Next we discuss briefly how our MC method solves the mas-

ter equation describing the configurational changes on the L _ .0

Iatticg with the correc'?time depegndence, and ingparticular Komaas=K1 =K expla1&E/ksT), 23

how it deals with the time dependence of the rate constants KoH,des k_lzk(ll exp(— (1— a;)egE/kgT), (2.9

in a linear sweep or cyclic voltammetry experiment. The

results of extensive simulations of the voltammetry and chro-  Kco, des= ka=K3 exp(a2€oE/kgT), (2.9

noamperometric poltential—.step transients are presentgd Where thea's are the transfer coefficien{saken 0.5 in all
Sec. lll. The simulations will be compared to the mean-fleld,[hat follows, E is the electrode potential, areg, kg, andT

predictions, to the classical nucleation-and-growth theoryh ve their usual meaning. In the following, the subscripts

and to experiment, aiming to assess the importance of lateral, ., .. —1,” and “2" refer to the OH adsorption, OH de-
co d|ffu5|(_)n on the elect_r ocatalytic p_erformance of t_he S’ur'sorption and the CO oxidation reactions, respectively. The
face. Section IV summarizes our main results and dlscusser

th ibilities for future th iical and . al K 3te constantk andk® ; include the water and proton con-
€ possibilities for future theoretical and expenmental Work. .o hwrations at the surface, respectively, which are both as-

sumed to be constant. The reaction rate constants all have the
dimension §1. The total current density due to these reac-
A. The reaction model tions is given by Faraday’s law

Il. THEORY AND COMPUTATIONAL METHODS

As early as 1964, Gilmanproposed that the electro- i=eg(vi—v_q1tvy), (2.6
chemical CO oxidation in acidic solution involves a surface
reaction between adsorbed CO molecules and an adsorb
oxygen-containing species. The exact nature of this latte
species, the two most likely candidates being adsorbed watery
and adsorbed hydroxyl, is still somewhat controversial. As  v;=I¢ki(1— on— bco), (2.7
electrochemical measurements indicate that both the forma- _
tion of the oxygen-containing species and the CO oxidation v-1=T'K-100n, 2.8
reaction are potential dependent, we will adhere to the most  y,=T"Zk, 00004, (2.9

commonly accepted view that it is an adsorbed OH species . .
resulting from the dissociative water oxidation. In acidic so-V\/herg}rS is the number of surface sites per tifr~1.32
lution, the reaction model is: X 10'° for a P{100) surface, andZ=4 (the number of near-

est neighbors on a square lathice

wherev; denotes the rate of thigh reaction(in cm™? s™%).
e mean-field expressions for these reaction rates are given

H,O+*=0H s+ H" +e~, (2.1 The time evolution of the average coveraghks, and
COet OHyges CO, 4 HT + & 4 2% 2.2 fon IS given by the differential equations,
with “*” denoting a free surface sitéMore realistically, an FSdGOH =01—V_1— Uy, (2.10
empty site would correspond to a physisorbed water mol- dt
ecule) For simplicity, both species are assumed to compete dbeo
for the same on-top sites on a square lattice. It is known that st =—v5. (2.11

for high CO coverages the most dominant binding site for

CO is the on-top sitd. The adsorption site for OH on To calculate a linear sweep or cyclic voltammogram, the

transition-metal surfaces is controversial and presumably deequations are solved by specifying a certain initial condition

pends on the lateral adsorbate interactiths ab initio  (usually Oco(t=0)= 0o and fo4(t=0)=0) and a certain

guantum-chemical calculations, the preferred adsorption sitpotential sweep program(t) =E; +vt, with E; the starting

on small Pt clusters is found to be the one-fold on-topZite. potential andy the sweep rate, using standard numerical in-

Fromin-situ IR and STM measurements, at high CO cover-tegration techniques.

ages some CO is known to be adsorbed on the bridge-bonded We consider the oxidation of a certajgubmonolayer

and multicoordinated sitést* The oxidation of the latter amount of CO preadsorbed onto the surface, with no CO

gives rise to a small prewave in the voltammetric curve onpresent in the solution. Experimental saturation coverages

Pt(111). Clearly our model will not be able to reproduce suchfor CO on Pt correspond te-0.7 CO per Pt sité? In our

a prewave. simulations, a coverage of 0.99 is considered as a saturation
In our model, the reaction between CO and OH can onlycoverage. We use two different sets of rate constants, which

take place if they occupy neighboring sites. The rate conare given in Table I. The rate constants for OH adsorption

stants of the reactions are assumed to obey the Butlerand desorption were chosen such that for 50 m¥Ythe OH

Volmer law for electrochemical reactioA$and are given by adsorption appears quite reversible. In the FAST set of rate
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constants, the COOH oxidation reaction is assumed to be accordingly, and the time is incremented. This procedure is
(much faster than the OH adsorption reaction; in the SLOWrepeated until certain preset conditions are (edd., until the

set of rate constants, the G@H oxidation reaction is as- final potential of a linear sweep is reached

sumed to bémuch slower than the OH adsorption. The two All possible transitiongg— B’ can be classified into four
sets enable us to makegaalitative comparison of the dif- categories, cf. reaction2.1), (2.2), and(2.12. Hence there
ferent electrochemical responses of FAST and SLOWare only four distinct values for the transition raté;_ ;- ,
Hence the potential axis we use is to some extent arbitrarsnamelykq, k_4, ko, andD. The general expression f&y is

As we will argue in Sec. Ill E, FAST seems qualitatively according to the Butler—Volmer law

similar to the CO oxidation on Pt00), whereas SLOW =
shows similarities with the CO oxidation on RI90). In the ki:k? exp{ il (2.14
MC simulation, we also have to specify the rate of CO sur- keT

face diffusion, i.e., the rate of CO exchanging places with arrhe probabilityP(7) that this transition has not yet occurred
empty neighboring sitédor with a physisorbed water mol- after a timer is then

ecule,

t+r
CO,ust * —* + COuyq (2.12 P(T)=(-:‘Xp{—Jt dt’ki(t’)}, (2.19
1

This “reaction” has a rate oD s -, corresponding to a
surface diffusion coefficient of ~107'°xD cn? s~ L.
At the Ptivacuum interface,D lies in the range
10°°-10 * cn? s ! at room temperatur®. At the Pt/ E(t+7)=E(t)+ov7 (2.16
water interface, no quantitative estimatelfis known, but o integral can be solved explicitly, yielding

one may expect it to be lower than at the Pt/vacuum interface

as CO will have to displace physisorbed water molecules —kkgT agoE(t) €U T

Hence, in our simulations the paramefris varied within P(7)=ex e ke T ke T -1

the two sets of rate constants in order to assess the influence 2.17)

of CO surface diffusion on the overall electrochemical '®The time interval after which the reaction occurs is then
sponse. Diffusion of OH is not considered in our MC simu-
lations, unless stated otherwise. Note that in our model th
rate and diffusion constants implicitly incorporate the role of ~ P(7)=r, (2.18

the interfacial solvation, as the detailed solvent structure ajnerer is a random deviate of the unit interval. A remark-
the Pt/solution interface is not considered in our simulationab|e property of Eq(2.17 is that if av <0 (i.e., the activa-

tion energy increases with time, such as occurs for a reduc-
tion reaction under a positive-going voltage rartipere is a
finite probability thatP(7) does not go to zero when— o,

but rather to

For completeness, we summarize the main principles of F{

where the time dependence lgfis through the time depen-
dence of the electrode potential With

given by the solution of the equation

B. Monte Carlo method for solving the master
equation with time-dependent reaction rates

the dynamical Monte Carlo method for solving the master i, P(7)=ex
equation with time-dependent reaction rate constants. Details .

of the method have been published elsewfiéfxpressions This means that there is a finite probability that the reaction

for the particular time dependence that we used in our simu-

lations are given explicitly, as these have some theoreticavlvIII not occur at all. As a consequence, Monte Carlo meth-

ods that are based on average reaction types, instead of Eq.

kk Y
Rl exr{ eOE(t)”. (2.19

Oleol) kBT

significance.
The master equation can be written as ((jZe.flir?e,dgfnnot be used, because such averages cannot be
dPs => [Wy_ 4Py —W,_ 4P 2.1
dt % (WP g = Wp—.pPgl- 213 C. CARLOS

Here g and 8’ denote configurations of the adlayer, dpg The method described above was implemented in the

and Py, the probability of their occurrence. The master CARLOS program, described in detail in Ref. 25. This is a
equation describes how this probability changes with timegeneral-purpose program for dynamic Monte Carlo simula-
due to the surface reactions. These reactions have rate caivns of surface reactions. It also contains the Variable Step
stants; Wg/_,5 is the rate constant of the reaction thatMethod and the Random Selection Method, two methods
changes configuratiop’ into 8. An efficient Monte Carlo that are preferable for simulating systems with rate constants
method to solve this master equation with time-dependenthat do not vary with time. A more complex reaction system
rate constants is the First Reaction Method. Suppose that &r which these methods have been used can be found in
time t the system is in configuratio®. For each reaction Ref. 26.

B— B’ the master equation gives us a probability distribu-  The simulations were performed on either a ¥428 or

tion for the time that this reaction will occur. A time step a 256<256 square lattice with periodic boundary conditions.
At .z is picked from each distribution. The reaction with Apart from a lower noise level on the larger lattice, we did
the smallestAt occurs first. The configuration is changed not observe any difference between the two lattices. All vol-
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1.51
1.0
0.5
0.0F

coverages

. 01 02 03 04 05
01 02 03 04 05 ' - E/Volt

E / Volt FIG. 2. CO, OH and: coverages during the voltammetric sweeps of Fig.
1(a).
FIG. 1. Cyclic voltammograms for the FAST set of rate constants at three
different initial coverages of CO, as indicated in the figure. Sweep rate 50

V s™L. Thick solid line, field; thin dashed linB,= 100; thi lid
|riT:1e,SD:o_lc solid line, mean fie in dashed li in soli Ill. RESULTS AND DISCUSSION

A. Cyclic voltammetry of FAST

tammograms and potential step transients to be presented In Fig. 1 we show the three cyclic voltammogratas 50
below were carried out on the larger lattice size. Snapshots1\V s~ 1) for stripping off oxidatively9.o= 0.99, 0.75 and
show the 12& 128 lattice. The temperature was fixed at 3000.50 submonolayers of preadsorbed CO for three different
K. CO diffusion rates. The rates constants are those from the

FIG. 3. Snapshots of the electrode surface during the voltammograms of(&igBllie, OH; Red, CO; White, empty site.
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FIG. 4. Peak potentidE, as a function of the logarithm of the sweep rate 02 00005 ]
0.0
0.0000

00 05 10 15 20 25 3.0 0 200 400 600 800 1000

L time / sec
FAST column of Table I. In all three cases, the initial con-

figuration was a random configuration created bydhRLOS FIG. 5. Potential step current trans?ents for. the FAST_ set of rat(—*‘T constants
program. The difference between the mean-feld voliammell®h 2090 °Q noneleyer o (uriferet fr poenie sslndcates,
try (D =) and theD =0 voltammetry is the largest for high potentials.
initial coverage Ao=0.99 in Fig. 1a)]. As OH has to ad-
sorb in the “holes” in the CO layer, there are large regions
of CO that can be oxidized only at the perimeter of the ex-approximation, as this is a monomolecular surface reaction.
isting holes. If CO diffuses, these holes effectively diffuseHence, no MC simulation of the return scan of the cyclic
and the OH adsorption can take place at many differenvoltammogram was carried out.
places, making more CO available for attack by OH. Further- It is common practice in linear sweep or cyclic voltam-
more, CO can diffuse towards OH already present on thenetry experiments to determine the potenttg),, at which
surface and react. Both mechanisms enhance the mixing aride current exhibits a peak, as a function of the scanuate
suppress the formation of large holes. The former mechaFor the simple irreversible oxidatiofor reduction of an
nism is the most important, which is illustrated by the factadsorbed species, this species being the only one present on
that diffusion of OH has little influence on the voltammetry the surface, a plot oE, vs logv yields a slope of 2.3
for Dco=0, as the CO molecules that are not at the perimkgT/aey~119 mV for T=300 K and =0.5%" For the
eter of the holes can still not react if CO does not diffuse.Langmuir—Hinshelwood-type of mechanism E¢8.1) and
Even though no large holes are formed when CO diffuses(2.2), this rule no longer applies. As an exact analytical deri-
the number of free sites on the surface is much higher thamation of the peak potential of Eq$2.1) and (2.2) is not
without CO diffusion, as illustrated in Fig. 2, which shows possible(but see Sec. Il § we have plotted the numerically
the various coverages during the positive-going potentiatalculated peak potential vs legin Fig. 4 for both mean
sweep. As is clear from the observed responses, poor mixinfield andD =0. The plot is curved in a similar way for the
leads to a relatively broad peak in the voltammogramjwo cases, and a slope of 119 mV is observed only for the
whereas high CO diffusion rates lead to the sharp and narroWighest scan rates. For the lowest scan rates, both mean field
peaks predicted by the mean-field approximation. We notand D=0 predict a slope of-40 mV. Palaikiset al® have
also that the broad peak f@r=0 is essentially independent reported slopes of the, vs logv plots for the CO oxidation
of the CO oxidation rate; even for very fast CO oxidation on P{100 and P¢111) of 60+3 and 8@-5 mV, respectively,
rates, the voltammetric peak is still broad and not sharphRicharZ? reports a slope of-70 mV for the CO oxidation
peaked. on polycrystalline Pt. However, these slopes were deter-

Figure 3 shows snapshots of the catalyst surface at varmined in the relatively narrow scan rate range 5-100
ous potentials during the sweep. It is clearly seen that fomV s~ 1, exactly the range where the plot is not expected to
D=0 the CO is oxidized only at the rim of a few holes. Note be linear according to both our simulations. In fact, if a few
that, since the CO oxidation rate is higher than the OH adtheoretical data points in this range are subjected to a linear
sorption rate, the holes are mostly empty in the potentiafit, slopes of~60—80 mV are obtained. Richdfamentions
range of the oxidation peak. Only after the CO has beerthat deviations from a straight line are found at higher scan
oxidized and the potential is raised further, the surface getsates, and from the few experimental data given by him we
fully occupied by OH. In contrast to thB=0 case, forD deduce that the slope indeed becomes steeper. An analytical
=100 no significant formation of large holes is observed. derivation of the slopes at low and highwill be given in

For the lower initial coverages of C{Figs. 1b) and Sec. Il C.
1(c)], there are more free sites for the OH adsorption to start Experimentally, the CO oxidation peak on(H0 is
and fewer CO molecules exist that can be oxidized only bysharp and would resemble the mean-field voltammogram in
the growing of existing holegif CO would not diffuse. Fig. 1(a), suggesting that CO diffuses quickly on the Pt sur-
Hence, the CO oxidation peak shifts to lower potentials andace. However, “sharpness” is a rather subjective quality
D=0 voltammogram starts resembling tBe=100 and the that depends on the scales of the axes. A more quantitative
mean-field voltammogram. Also note that theQHoxidation  test is desirable. Potential step experiments, as described in
and OH reduction peaks coincide exactly with the mean-fieldhe next section, could provide such a test.
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FIG. 6. Current transients for instantaneous and progressive nucleation angdG. 7. The logarithm of the time of the current maximum as a function of
growth. the final potential.

the initial CO layer. In the case of a so-called instantaneous

nucleation, these holes are occupied instantaneously. If the
Potential step experiments provide the best way to studyucleus grows at a rafes , the total “extended” area cov-

electrochemical reactions that proceed through the nucleered byM, nonoverlappingslands is

ation and growth of reactive islands. McCallum and inst 2.2

Pletchef have studied the CO oxidation on polycrystalline Pt ex G

by potential step experiments, and Love and Lipkowski In the case of progressive nucleation, the nucleation rate is so

have repeated these experiments for single-crystal electroddew that kyt<<1 such that the number of nuclei grows lin-

MC simulations of potential step transients of a model simi-early in time,M (t) = kyM ot, whereky, is the nucleation rate

lar to ours were recently reported by Petukfibv. constant. The extended area now scales with the third power
Figure 5 shows the current transients obtained by stepef the elapsed time

ping from a potential at which #.,=0.99 CO submono- PTG M kK23 3.2

layer is stable, to four different final potentidts. The tran- ex OPNRGE - '

sients as predicted by the mean-field equations are also givet longer times, islands start to coalesce. In the case that the

(dashed lines At the most positive final potenti@Fig. 5@],  nuclei are distributed randomly over the surface, the &ea

the transient is not very sensitive to the CO diffusion ratethat is actually covered by the coalescing islands is related to

The curves forD=0 and D=100 are indistinguishable, the extended area by Avrami’s theorém,

thqugh both deviate strongly from the_r_nean-field_transient._ S=1—exp(—Syy. 3.3

This is understandable as at such positive potentials, practi-

cally all the holes in the CO layer and empty sites are filledAvrami’'s theorem holds for islands of equal sizes as well as

up immediately by OH, leaving no room for CO surface for islands of unequal sizes. Note that we consider unit area;

migration. At less positive final potentia[&ig. 5b)], we in the general cas& andS,, are in fact fractional coverages

start observing differences in the current transients. There ar@ and 6, (where 6, may exceed JL The concomitant cur-

apparently enough vacant surface sites to allow CO diffusiofient transient is obtained by

to have an influence on the chronoamperometric response. 9

For a potential at the foot of the voltammetric oxidation peak  i(t)« a0 (3.9

in Fig. 1(a), the qualitative shape of the transients is signifi- t

cantly different, as shown in Fig(&. The transient for fast This leads to well-known expressions for the current tran-

diffusion (D=100) rises much faster than f@ =0, and sients in the cases of instantaneous and progressive nucle-

collapses very rapidly after having reached its maximum curation, first derived by Bewick, Fleischmann, and Thirsk

rent. This transient is now quite close to the mean-field tran{BFT).>? For instantaneous nucleation, one finds:

sient. For extremely low final potenti&; [Fig. 5(d)], even a . P 2

slow diffusion D=)1/ gives aptransier;t mgrkedly different 1(t) Mokt exp(—mMokct?), 3.5

from theD =0 transient, though the fast decay after the cur-and for progressive nucleation:

rent maximum, as in Fig. (6), no longer occurs. We note . 2 2

also that the asymmetri% transients gfor mean field in Figs. (1) o Moknkt® exp(— M oknkgt™/3). (3.6

5(a) and 3b) and for mean field and =100 in Fig. %c) These transients are illustrated in Fig. 6. We find that the

were not found by other authors who carried out a potentiaequation for progressive nucleation fits quite well the MC

step analysis of a Langmuir—Hinshelwood mechanism veryransients of FAST for slow CO diffusion. This is under-

similar to ours>®3! standable as the OH formation reaction is slower than the
The origin of the shape of the transients and the differ-CO oxidation reaction for all potentials, and hence an instan-

ence between the two transients for slow and fast surfaceneous nucleation mechanism could not apply. The reason

diffusion can be understood, at least qualitatively, by disswhy deviations from the BFT theory are observed for fast

cussing the classical theory for the nucleation and growth o€O diffusion as in Fig. &) lies in a breakdown of the

two-dimensional film$332 et M, be the number of holes in  Avrami theorem. FOE;=0.275 V, the “islands” consist of

B. Potential step chronoamperometry of FAST
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mainly empty sites with~10% OH, and hence the CO can 0.8 -
diffuse into the existing islands and react. This case, i.e., 0'6'_("") 0092099 D=100
reactlon occurring on aIready existing |slands, is prohibited 04k mean field [ /|
in the derivation of the Avrami theorem. This effect causes a 0'2 i v D=0
higher peak current in the transient, and a faster decay after 1 \ \
the current maximum, as observed in Figc)SFor very low 0.0 . . ! s
final potentials, such as in Fig(d, CO can only be oxidized o 0.3 ‘
if an OH happens to adsorb next to it, since the equilibrium 50.2 i
coverage by OH at these low potentials is essentially zero. <01}
Finally, we note that if OH diffuses withD op=100, and Eool
D¢o=0, the transient in Fig. () does not change apprecia- _—
bly with respect td o= 0: the current maximum shifts to a 8; r
slightly lower time (1.4 9, but the shape of the transient L) 9c0=0-50I
remains the same. 017

Experimentally, Love and Lipkowskihave found that, oot
at low final potentials, the transients are well described by )
the BFT theory for progressive nucleation, with an initial 01, , , ) )
guadratic rise in current, as in our model simulation for low 02 03 04 05 06
CO diffusion rates. For higher final potential, the shape of time / sec

the experimental transients of Love and Lipkowski changes _
. . . . FIG. 8. Cyclic voltammograms for the SLOW set of rate constants at three
mto the_one tYP_'Qa' for an !nSt.amaneous_ nucleation meChadifferent initial coverages of CO, as indicated in the figure. The sweep rate
nism, with an initial linear rise in currer{Fig. 6). Such be- s 50 mv s'*. Thick solid line, mean field; thin dashed linB,=100; thin
havior is not observed in our simulations. solid line,D=0.

As the inverse of the time corresponding to the current

maximum can be taken as a measure of the reaction rate,
Love and Lipkowski have plotted the logarithm of the time - the CG-OH reaction. Hence we can treat the OH

OT the curent maximum against the fm_al potental. In_ adsorption/desorption reaction as being in quasiequilibrium,
Fig. 7, we present such a Tafel plot obtained from our simu-

: . . . . that is,
lations. Two different slopes, at high and low final potential,
are observed. This change in slope is also observed experi- o, Kads, ol 1~ 6co)
mentglly. Note that these slopes do not erend on the ls.urface OH Kads.oH Kdes,oHT kcoz,des@co
diffusion rateD. For low E;, the slope is ca. (40 mV~;
for high E;, the slope is ca(119 m\)~ 1. The experimental K1 ex;{ ek

0
kB_T) (1= 6co)- (3.9

"The nucleation rate is now

slopes obtained by Love and Lipkowski for(F80), P1311) E
and P(111) seem to be approximately twice as small, i.e.
(80 mV)"! and (240 mV 1, resp. A similar discrepancy
with experiment is observed for the SLOW set of rate con-  ky=v;~Kags of 1~ 03— co)
stants; a discussion of the possible origin of this difference )
will be postponed to Sec. Il E. _ ki ex;{(lJr a)eoE) (3.10
The values of the slopes at low and high final potential k4 kgT '
can be understood by having a closer look at the Langmuir- .
Hinshelwood mechanism Eq$2.1) and (2.2). First, for a and the growth rate is
progressive nucleation and growth transient, the time corre- kG=uz=kdes,angi,eco
sponding to the current maximum is given by

Zk2k1 (1+ a)eoE
2 1/3 ~ gco(l_eco) exp ———|. (31])
t =3 — (3 7) k—l kBT
" kK Both predict a slope of 2.%gT/(1+a)e,~40 mV, and

hence from Eq(3.8) a slope of 40 mV is expected, in agree-
ment with the simulation results.
dlogty,, 1dlogky 2dlogkg Results completely similar to those shown in Fig. 7 are
T dE 3 dE + 37 dE (3.8 obtained if instead of the logarithm of the current maximum,
the logarithm of the slope of the initial part of thevs t?

For very high final potentials, the OH desorption is negli- transienfor, more precisely, théslope’? is plotted vs the
gible both with respect to the OH adsorption and the CCfinal potential.
+OH oxidation reaction, so that effectivekg~ky. The From the above, we conclude that the change in slope
nucleation rate constant is simply the rate of OH adsorptiorbserved in Fig. 7, that is also observed experimentally, is
vy, Whose potential dependence predicts a slope ofot due to a change in nucleation-and-growth mechanism,
2.%pgT/aey=119 mV, in agreement with the simulation. For i.e., from a progressive at low to an instantaneous
very low final potentials, the OH desorption is much fasternucleation-and-growth mechanism at high potentials. This

and hence the slope is
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(a) D=0

E=0.46V 0.50V 052V 0.56V
(b) D=100

046V 048V 0.50V 0.52V

FIG. 9. Snapshots of the electrode surface during the voltammograms of(8igBRie, OH; Red, CO; White, empty site.

has been implied by Love and Lipkowski, who indeed alsoof logv. Again a nonlinear plot is obtained, which changes
observed a change in the shape of the current transient assbope from 40 mV at low to 119 mV at highw. A simple
function of the final potential. However, the nucleation-and-explanation to understand this feature follows the arguments
growth mechanism is progressive for all potentials plotted inof the previous section. At low, the peak potential occurs
Fig. 7, and the transients have the corresponding shape. id a potential region where OH desorption is the fastest re-
similar result holds for the instantaneous nucleation-andaction and hence OH can be considered in a kind of quasi-
growth mechanism, as will be shown in Sec. Il D. In the equilibrium. The CO oxidation rate is then governed by Eq.
model, the change in slope is caused by the multistep chaf3.11). At high v, the peak potential occurs in a potential
acter of reaction mechanism, in particular through the deregion where OH desorption can be neglected and the OH
sorption reaction; OH desorption does not play a role at higladsorption is the fastest process. As can be seen from the
potentials, whereas it plays a non-negligible role at low posnapshots in Fig. 9, in this potential regiég,~1— 6.0 and
tentials.

C. Cyclic voltammetry of SLOW

In Fig. 8 we show the voltammetric resulist 50 1T ean field .
mV s 1) obtained with the rate constants given in the 71 . D=0 o
SLOW column of Table I, for three different initial CO cov- 06. ° i119mv
erages. Because the G@H reaction is now slow with re- - ' . g a
spect to the OH adsorption, the CO oxidation peak occurs at § 05 o "

a potential more positive than the OH adsorption/desorption ~. °

peaks. Again it is seen that the deviations from the mean- u 0.41 0 .

field approximation are the most significant for high initial ' Lo

CO coverage. In contrast to the FAST voltammetry, there are 0.31 °§ :IO.mV

very few empty sites on the surface. Therefore it is more , . , . .

difficult to suppress island formation, even fbr=100, as 5 -4 -3 2 -1 0

can be seen in Fig. 9, which shows snapshots of the surface log v

during the CO oxidation peak of Fig(a. FIG. 10. Peak potentiaE, as a function of the logarithm of the sweep

In Fig. 10 the peak potentidi, is plotted as a function ratev.
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FIG. 12. The logarithm of the time of the current maximum as a function of
the final potential.

Taking the derivative of this expression with respectzto
and realizing thatco depends orft according to Eq(3.13),
one finds the following expression for the peak potential:

1+exp(f(Ey)—f(Ej)+Cp)
exp(f(Ep) —f(E)+Co)—
For low v, one again replaces by (1+ «) in Egs.(3.15
and (3.16. A physically acceptable solution of this problem
is one in whichE, does not depend on the starting potential

E; such that we can put(E;) =0. This condition is satisfied
only if (Zk,kgT/aegv)—0, i.e., if the irreversible reaction

f(Ep) = (3.16

FIG. 11. Potential step current transients for the SLOW set of rate constant§ Very slow or the scan rate very high. To obtain the desired

from a 0.99 CO monolayer to three different final potenti&ls as indicated

in the figure.

hence the rate of CO oxidation is, in the mean-field approxi-

mation

deco_

dt _Zkzeco(l_ 6co)exqa80E(t)/kBT).

Equations(3.11) and(3.12 have exactly the same structure,

(3.12

relationship betweek, and logv, we are looking for a so-
lution of the kind

f(Ep)=A, (3.17

:whereA is some constant which depends onIy&gb One
can verify numerically thafA indeed existgfor §o=0.99,
A=~ —5.00), and hence E@3.17) is a solution of Eq(3.16).

Rearranging Eq(3.17) gives

apart from the different proportionality constant in the expo-at highv, and

nential term. Given thatE(t)=E;+uvt, and 6co(t=0)
= 0o, the solution of this differential equation reads

O(E(1))

Ocolt) = 17 0(E0D)’ (3.13

where for Eq.(3.12 the ® function is given by

ZkoksT
aegv

O(E(t)= exp( - exp aeoE(t)/kgT)

Zk kT 0‘
all exp(aegE; /kgT) +1In o

Ofeo CO
=exp(f(E(t))—f(E;)+Cy). (3.19

For Eqg.(3.12) one simply replaces by (1+ «). At highv,
the CO oxidation current is given by

i :ioaco(l_ aco)exqaeoE/kBT). (315)

E —23IEI C 3.1

p—.aeoogqu (3.18
kgT

E, 23—Iogv+C’ (3.19

(1+a)eg

at low v, whereC andC’ are constants that are of no con-
cern to us. Hence, for high, the slope is expected to be
2.3%kgT/aep~119 mV, and for lowv 2.3gT/(1+ a)eg
~40 mV. However, it has to be remembered that the above
arguments only apply if the irreversible reaction is very slow
or the scan rate very high. Indeed, in our calculations pre-
sented in Sec. Il AFig. 4), in which the irreversible reac-
tion is relatively fast, we found that for the lowest scan rates,
E, starts showing a dependence Bnand the 40 mV slope

is not found for scan rates lower than the ones shown in Fig.
4,

D. Potential step chronoamperometry of SLOW

Figure 11 shows three potential step transients for an
initial CO coverage of 0.99. FdD =0, the transients corre-
spond approximately to an instantaneous nucleation mecha-
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nism. However, for lowE; and high diffusion rates, we ob- Fig. 8@a) (i.e., mean field and =100), with similar posi-
tain a transient with a much clearer initial quadratic rise intions of the CO oxidation and the OH reduction pe¥kshe
current, as shown in Fig. 1d). Under these conditions, the coverage estimated from the peak area is indeed about 1.5
high CO diffusion rate causes an enhancement of the growttimes higher than that obtained from infrared measurements.
rate of the OH islands due to the improved mixitgNote  This indicates that on rhodium the dissociative water adsorp-
that, in contrast to the transient in Figich the transient in  tion reaction(2.1) has its equilibrium on the OH side after
Fig. 11(c) does not deviate from the shape predicted by thehe CO oxidation has been completed, implying that CO oxi-
BFT theory. The reason for this is the lack of a sufficiently dation is much slower than OH adsorption. This would agree
high number of empty sites. Recall that for the FAST set ofwith recentab initio quantum-chemical calculations which
rate constants, the islands mainly consist of empty sites, angldicate that OH binds more strongly to Rh than to Pt, and is
CO can diffuse into these islands, which causes a breakdowfence more reactive on .
of the Avrami theorem. For the SLOW set of rate constants, If CO diffusion on Pt is fast, as one would conclude
the islands consist mainly of OH, and the islands coalesce ifrom a comparison of the experimental and simulated volta-
accordance with the Avrami theorem. For=100, we ob- mmetry, our model would predict deviations from the clas-
serve a transition from a progressive nucleation-and-growtRical BFT current transients in potential step experiments, a
mechanism at low to an instantaneous nucleation-and-growtiypical example of which is shown in Fig(&. Such devia-
mechanism at high final potentials. The transition is also obtions have not been reported by Love and Lipkowskiow-
served for somewhat lower diffusion rates, suchDas 10. ever, depending on the exact CO surface mobility, these de-
This is exactly the transition observed experimentally byyiations may occur in only a limited range of final potentials.
McCallum and Pletchérand Love and Lipkowski. It is  For rhodium, we are not aware of any potential step experi-
quite interesting to note that we cannot explain this transiments, though such experiments would be interesting for
tion, with the present model, without invoking the role of CO comparison with platinum.
diffusion. Some authors have suggested that the fact that the CO
The logarithm of the time of the current maximum is gxidation peak occurs well before the OH adsorption peak in
plotted vs the final potential in F|g 12. The by now familiar a CO-free So|uti0n, |mp||es that the Oxygen_containing spe-
change in slope from 40 to 119 mV is observed. Accordinggjeg reacting with adsorbed CO must be adsorbgd tther
to the BFT theory, than adsorbed OH. Our calculations clearly illustrate that if
1 12 the CO+OH reaction is fast, only a low OH coverage is
tmax:(m) : (3.20  needed to oxidize a CO monolayer. In FigaR the OH
0%G coverage after the completion of the CO oxidation is about
and hence the plot has a slope afog k;/dE. Again the  0.10 and would be even lower for higher CO oxidation rates.
arguments of previous sections can be used to explain the Finally, we return to the discrepancy between the experi-
different slopes at low and high; . mental Tafel slopes and the ones predicted by our model. As
was already mentioned in Sec. Il B, the experimental slopes
reported by Love and Lipkowski deviate by a factor of 2
from the theoretical slopes, i.e., 80 and 240 mV, instead of
In this section, we discuss more specifically the differ-40 and 120 mV as predicted by our model. If this deviation is
ences between the FAST and SLOW sets of rate constantsal, one should also observe it in thg—log v plots. Only
and how the simulations relate to experimental results.  Palaikiset al®> and Richar?’ have reported such measure-
One conspicuous difference between the voltammetry ofnents, unfortunately only at relatively low scan rates, and
FAST and SLOW is the fact that, for FAST, the CO oxida- found slopes of 60—80 mV. Especially the slope of 60 mV is
tion peak occurs at a potential negative with respect to théconsistent with the slopes reported by Love and Lip-
OH adsorption-desorption peaks in CO-free solutiéig. 1),  kowski, and we believe that the explanation given in Sec.
whereas for SLOW, the CO oxidation peak occurs mordll A, namely, that the 60—80 mV slopes were measured in
positive than the OH adsorption-desorption peékig. 8.  the transition region of Fig. 4, is quite a plausible one. The
Another consequence of this difference in CO oxidation ratesnly major difference in experimental conditions between
is that the total charge associated with the CO oxidation peathe measurements of Love and Lipkowski and Palakial.,
corresponds to 2 electrons per site for FAST, and to 3 eleds the different base electrolyte concentration. Palagkial.
trons per site for SLOW, as in the latter case completion ofvorked n a 1 M HCIO, solution, whereas Love and Lip-
the CO oxidation leads to a surface fully covered by OH.kowski used a 0.1 M HCI®solution. This could point to-
Interestingly, these facts agree very well with the differentwards a double-layer effect, as in the experiments of Love
situations for CO oxidation on Pt and Rh single crystals. Orand Lipkowksi the double layer is more extended and hence
Pt(111) and P¢100), the voltammetry in perchloric acid is the differences in the electrostatic potential that are experi-
very similar to our Fig. {a) with fast CO diffusion, i.e., very enced by species absorbed onto the electrode are only some
sharply peakedsee, e.g., Fig. 2 in Ref. 12 and Figs. 4 and 5fraction of the difference in the externally applied potential.
in Ref. 5; assuming the CO oxidation requires 2 electrons|f for instance the adsorbed OH is only partially discharged
the coverage estimated from the peak area agrees quite wélls seems to be the case for OH adsorbed on®*§plthe
with more direct spectroscopic estimates. On the other han@éxtension of the double layer would have a strong influence
the voltammetry on R{100) is comparable to that shown in on the electrosorption valené&An electrosorption valence

E. Comparison of FAST and SLOW with experiment

Downloaded 21 Apr 2005 to 131.155.151.26. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 109, No. 14, 8 October 1998 Koper et al. 6061

different from 1 would change the potential dependence otimple prediction that apparently has not been realized be-
Egs.(2.3—(2.5). Clearly this explanation can only be tenta- fore in the literature and awaits experimental confirmation.

tive and awaits further experimental investigation. We believe that since the change in the theoretical slopes
agrees well with the experimental changegen though their
IV. CONCLUSIONS AND SUMMARY absolute values differ by a factor of 2, an admittedly some-

\ghat disturbing discrepancy which also deserves further ex-

simple, but commonly accepted model of the eIectrocatalyti(Pe”memal st_uc_jy we have _provu_ded evidence that the
oxygen-containing species with which CO reacts on the sur-

CO oxidation on a platinum electrode. Although the model i ' .
P g ce, is an OH species and not an adsorbe® KHpecies, as

treats the structural features of the real system in a far toéa b ed b h Th t® of f i
simplified manner, for the first time we have been able to as been suggested by some authors. The rate ot formation

obtain quite a detailed picture of the role of CO surface mo—Of such a HO species would be expected to have a much too

bility on the macroscopic electrochemical response by makWeak potential dependence to explain the experimentally ob-
ing use of an efficient Monte Carlo algorithm which allows serv\;avd ttrr?'mlj(St.h t th thodol ted in thi

the exact introduction of time in the MC methodology. This , ve think that the methodology presented in this papet,
is in fact the first application of this DMC method to an n Sp',te Of the still quite h|ghilevel of simplicity, hqlds gr'egt
electrocatalytic reaction. The principal result of the paper i Lomlse in the understanding off e:cei:trocatalytlc hacgv'“{'h
that the mean-field approximation, which is the standard €re are many avenues open Iof Iuture research. ©Jn the
(though often tacitly madeassumption in the electrochemi- theoretical side, it is of mte_rest to dev_elop_ approximations
cal literature, breaks down severely if the adsorbed speciet%at g(t) btiyor;/(ljcthe mﬁg‘n::eld tar? proxuntfatlon ar&dlcltt)mﬁare
which are involved in bimolecular surface reactions, do notnem to the resulls. A'so, the reaction mogel iise

diffuse. This result is well established in the statistical me—COUId be refined. One possibility is to treat more accurately

chanics literaturé? but it seems to be especially relevant to the structural details of the CO adsorption, by allowing for

electrochemistry as many authors have invoked from thei?dsorptlon on bridge and other multicoordinated sites, and

measurements that CO has a low mobility at the Pt/solutioﬁncmding lateral interactions. It is known that the small pre-

interface at room temperatu?d® This situation is in contrast WaV€ Which is observed in the oxidation of CO from a

with the CO oxidation on the Pt/gas interface, for which CocP:téllllll)Tilectro_de, is_(;jut_e to the ox_ida(;ion ff rt'r;ulticqgr(:_inate?
mobility is known to be high¥? ; e main oxidation wave is due to the oxidation o

Our MC results do not directly lend support to the idea:cinetaély z_and zritdgel—lbon;jed C(E.' -Irhf‘RLOS pfro%ram \;yas ig
that CO mobility is low at the platinum/solution interface. act designed to allow for muftiple types o adsorption. An-

The experimental voltammetric peak or(0) and P¢111) other interesting topic is CO oxidation on modified Pt elec-

. —40
is very sharp, which can only be reproduced by our simula:[mdes’ such as PURu, PUBI or PUSn electrddes:*°One

tions if CO diffusion is fast. However. if the GEOH reac-  ©XPects the activity of such substrates to depend quite criti-
: ' ' h(g‘;ally on the CO migration properties, especially if the for-

§ign metal forms islands on the surface. Finally, more com-
plex reactions can be studied, such as methanol or formic
acid oxidation.

In this paper we have presented a detailed analysis of

surface, and CO mobility is high, as seems to be the case f
platinum, interesting deviations from the classical BFT
theory for potential step current transients would be expecte
due to a breakdown of the Avrami theorem. Such deviationsA KNOWLEDGMENT
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