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Abstract A method for a rough estimation of the catalyst
surface area in a fuel cell is developed. It is based on
the deconvolution of experimental CO oxidation data by
use of a mathematical model. The kinetic parameters of
the model are determined by fitting the experimental
curves. The experimental data are collected at different
sweep rates (2—100 mV sfl) and at different temperatures
(room —60.0 °C). The model can predict the sweep rate
dependence of the CO oxidation onset potential, the peak
current, the peak potential and the peak broadness. The
model is further used for the prediction of the baseline in
the presence of CO and for calculation of the CO charge
consumed up to half peak potential. It is obtained that the
latter value is constant at different sweep rates and that the
baseline deviates from linearity already at low sweep rates
(2 mV s~ "), but not very significantly (2.0% in comparison
to 8.8% at 100 mV sfl, based on calculated CO charge). It
is suggested that lower sweep rates should be used for
experimental surface area determination.
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Nomenclature

By Width of the X-ray diffraction peak at half
height/rad

50 Width of the X-ray diffraction peak at half height

for a standard compound/rad

cpL_Me Double layer capacitance of metal surface/mF

d Average particle size/nm

e Elementary charge/C (1.9 x 107" C)

E Potential/V

E,; Activation energy for the surface reaction/
kJ mol ™!

Ein CO adsorption potential/V

F Faraday constant/C mol ™! (96,485 C mol™")

cr Constant (Eq. 16)/—

8i Heterogeneity/interaction factor of the ith step/—

AH,y,  Enthalpy of adsorption of step 1/kJ mol™"

1 Current/A

k; Reaction constant for the ith step/s™'

Na Avogadro constant (6.022 x 10% molfl)

e Number of exchanged electrons/—

Nmax Maximal number of the reaction sites on the
surface/—

Oco CO charge calculated by use of a model/C

Om Charge for formation of a monolayer of
monovalent adsorbed species/C

¥ Reaction rate for the ith step/s "

R Universal gas constant/J mol ' K™
(8.314 Jmol™' K™

S CO surface area/cm®

SXRD Specific surface area/m> g71

t Time/s

T Temperature/K

wt Weight fraction/—

X; Atomic fraction of Pt or Ru atoms on the surface/—

o Charge transfer coefficient for the ith step/—
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B Symmetry factor for the ith step/—

£co Model predicted CO charge up to half peak
potential/—

Erel Relative CO charge error/—

0; Surface coverage of different species on the
surface/—

O max Angle at the X-ray diffraction peak maximum/rad

A Wavelength of X-ray/nm (here 0.1541874 nm)

v Sweep rate/V s~

0 Density/g cm >

b Molar fraction/—

Subscripts

1 OH adsorption reaction

—1 OH desorption reaction

CO Refers to CO adsorbed on the surface

OH Refers to OH adsorbed on the surface

2_Pt Surface reaction on platinum (step 2)

2_Ru Surface reaction on ruthenium (step 2)

CO_Pt  CO adsorbed on platinum

CO_Ru CO adsorbed on ruthenium

DL Double layer

I =1I,, Half peak potential

Pt Platinum

PtRu Platinum ruthenium alloy

Ru Ruthenium

1 Introduction

The CO oxidation on the surface of noble metal catalysts
(platinum or platinum ruthenium) is a well studied reaction
due to its relative simplicity and its use as a model reaction
in both experimental and theoretical studies [1, 2]. It has
also a great relevance in applied studies, since CO acts as a
poison in a Polymer Electrolyte Membrane (PEM) fuel cell
[3, 4], and is an intermediate generated during methanol
oxidation in the Direct Methanol Fuel Cell (DMFC) [5].
During the oxidation CO can be present in the solution
(gas stream) [3, 4, 6] or only on the surface [1, 7]. The first
case is important for studying the influence of CO
adsorption and oxidation on the kinetics of the hydrogen
oxidation in PEM fuel cell and for optimising the perfor-
mance of a reactor for preferential electrochemical CO
removal [8]. The second case is of importance in funda-
mental studies which use the CO oxidation reaction for
surface characterisation [1] and in both fundamental and
applied studies which use CO oxidation for the determi-
nation of the electrochemically active surface area [7, 9].
In the present study the oxidation of CO adsorbed on the
surface is investigated. In principle CO adsorbed on the
surface can be oxidised in a stripping scan or in a potential
step. Both possibilities have been well studied in literature
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and there is a vast of experimental and theoretical data
[1, 2, 7, 9-11]. Here the removal of CO adsorbed on the
surface in a stripping scan is investigated. The CO stripping
voltammetry is chosen since it is very often used in most
experimental studies for the determination of the surface area
of PtRu catalysts, e.g. [12]. This method is very promising,
but it has many uncertainties (the main one is the CO charge
correction in respect to other contributions, like double layer
charging and charging due to metal oxide formation, i.e. a
baseline subtraction), which were already discussed in lit-
erature [13]. In our recent paper [14] different strategies for
baseline subtraction were tested and an empirical approach
for an “accurate” surface area determination of PtRu catalyst
in a membrane electrode assembly was suggested. This
method uses only the beginning part of the CO stripping peak,
assuming to be free of other faradaic (like oxide formation)
and non-faradaic contributions (like double layer charging)
and thus enables the accurate surface area determination. In
the present paper a model of CO oxidation together with
experimental data (oxidation of saturated CO monolayer at
different sweep rates in the range from 2 to 100 mV s~ at
constant temperature (60 °C) and at different temperatures
(room —60 °C)) is presented. The aim is to further validate
the empirical approach suggested in [14]. The formulated
model is based on the Langmuir-Hinshelwood mechanism
[15]. This mechanism assumes two reaction steps:

1. water dissociative adsorption and
2. surface reaction between CO and OH on the surface.

The assumption was made that the water dissociative
adsorption is in equilibrium. The rate determining step was
assumed to be the surface reaction between CO and OH
being adsorbed on the surface. Two different kinetic
expressions are formulated assuming that the surface
reaction is controlled either by an electrochemical or a
chemical reaction step. The CO stripping curve is modelled
at different sweep rates and at different temperatures. Then,
the optimised curves are deconvoluted to partial contribu-
tions. Thereby, by means of the mathematical model the
charge due to CO oxidation is calculated and the catalyst
surface area is estimated.

2 Experimental

All experiments were performed with a Johnson Matthey
carbon-supported PtRu catalyst. The total metal loading
was 30 wt% and the Pt:Ru atomic ratio was 1:1. The cat-
alyst was applied to a gold substrate (0.5 cm diameter) in
the form of a thin film [16]. A suspension of the catalyst
with 30 wt% PtRu was made by mixing 1 ml of water and
3.52 mg of the PtRu/C powder. The solution was agitated
in an ultrasonic bath for 60 min, and 10 pl of it were
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placed on the gold electrode by a micropipette. The drop
was dried in a stream of argon for 2 h at room temperature
and then 10 pl of 5% Nafion® solution was placed over the
layer of the catalyst and left to dry overnight. This proce-
dure leads to reproducible electrode behaviour.

All experiments were performed in a three compartment
glass cell with a gold rotating disk electrode (Radiometer
analytical) as working electrode and a Pt-wire as a counter
electrode. The metal loading on the electrode surface was
53.9 g cm 2. The reference electrode was a saturated
calomel electrode (SCE), but all electrode potentials in the
following text were recalculated with respect to standard
hydrogen electrode (SHE). The cell was thermostated by
the use of a Julabo thermostat with a precision of +0.1 °C.
The supporting electrolyte was 1 M sulphuric acid (Merck,
extra pure) and all solutions were prepared using ultra pure
water (Millipore, 18 MQ cm).

CO was pre-adsorbed on the surface at a constant
potential (0.094 V) and at a constant temperature by
purging 0.1 vol% CO in Argon through the cell. Before CO
adsorption on the surface the electrode was conditioned by
potential cycling (60 cycles between 0.05 and 0.8 V
starting at the open circuit potential). During CO adsorp-
tion the electrode was rotated at 2,500 rpm. By performing
the CO adsorption at different adsorption times it was
obtained that a saturated CO monolayer is formed after
60 min. Therefore, all measurements in the present com-
munication were performed after saturated CO layer has
been formed on the surface. After the CO adsorption the
cell was purged with nitrogen (99.9999% purity) for
15 min and then the CO stripping scan was performed. In
order to ensure that the CO was completely removed from
the surface two more scans were applied.

All electrochemical measurements were carried out with
a Zahner impedance measurement unit (IM6e).

X-ray diffraction (XRD) data of the catalyst were
obtained on an X’PERT-PRO diffractometer from Panan-
alytical GMBH. The scan range was from 10° to 90° with a
step size of 0.0084° and a counting time of 19.685 s. The
wavelength of X-ray was 1.541874 nm. The measurements
were performed at a constant irradiated length of 15.0 mm.
As a reference sample the standard reference material
(NIST 660a) was used.

3 Results and discussion

3.1 Particle size determination

In order to get some estimation of the maximal surface
area, an ex-situ particle size determination was performed

by means of X-ray diffraction (XRD) and the average
particle size is further used for the XRD surface area

determination (Eq. 2). The average particle size was
determined from the broadening of the peak at a position
close to the Pt (220) peak by using the Scherrer equation:

d— 0.89 - 4 (1)
<329 - Brz()) * Omax

where d is the average particle size in nm, / the wavelength
of X-ray (0.1541874 nm), 0., the angle at the peak
maximum, B;y the width (in rad) of the peak at half height
and B, the width (in rad) of the peak at half height for the
diffractogram of a standard compound in the similar 20
range. B, has a value of 4.048° (7.06 x 1072 rad) and B,
a value of 0.067° (1.17 x 1072 rad). The average particle
size determined from Eq. 1 is 2.4 nm.

Assuming that the particles are spherical, the maximal
specific surface area was calculated by using the equation:

6 x 103 2)
PPRu -d

SxrD =

where Sxgrp is the specific surface area in m? g_l, OPRu 18
PtRu density in g cm ™ and d is the particle diameter in
nm. The PtRu density was calculated as follows:

PPRu = PPt " XPt T PRu " ARu (3)

where pp, is the platinum density (21.4 g cm™), pra is the
ruthenium density (12.2 g cm ) and yp and yg, are molar
fractions of Pt and Ru in the catalyst without carbon. The
latter values are calculated assuming that the Pt:Ru atomic
ratio is 1:1 (0.5 and 0.5 for Pt and Ru, respectively). The
calculated PtRu density (ppr,) has a value of 16.8 g cm 3
and the specific surface area calculated by Eq. 2 is
1488 m* g .

Taking into account that 10 pl of 3.52 mg cm ™ of 30%
PtRu/C were applied onto gold substrate the expected
maximal surface area of the catalyst is 15.8 cm?.

3.2 The mechanism of CO stripping

The CO oxidation reaction on noble metal surfaces is
generally accepted to be of Langmuir-Hinshelwood type
with the overall mechanism represented by the following
steps [15]:

Step 0: CO(g) — COygs
Step 1: HbO = OH,gs + H" + ¢~
Step 2: COqqgs + OHygs — COOH,gs — CO, + H" +e”

The step O in the reaction mechanism is the CO adsorption
on the catalyst surface. The kinetics of step O is not con-
sidered in the model, since the CO was pre-adsorbed on the
surface (saturated CO coverage). The step 1 is water dis-
sociative adsorption. The OH adsorbed on the surface
formed in step 1 is consumed in step 2 (surface reaction
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between CO and OH adsorbed on the surface). The step 2
in the mechanism can be decomposed into two steps and
the possibility of COOH,4s formation can be considered.
To analyse the CO removal from the surface in the
stripping scan a non-linear mathematical model, based on
reactions described by step 1 and step 2 above, was
developed. The following model assumptions were made:

(i) A mean field approximation was assumed. The
assumption is that the CO and OH diffusion rates are
much higher than the reaction rate of CO and the OH
surface reaction. It is assumed that the reactants are
homogeneously distributed on the surface (due to the
fast diffusion) and that the reaction rate is proportional
to the product of CO and OH average coverage.

(ii) The CO is linearly bonded. Cuesta et al. [17] have
shown that on a polycrystalline Pt electrode CO is
predominately linearly bonded, while only a small
fraction is bridge bonded CO. The ratio between these
two species depends on the CO adsorption potential
and the quantity of latter species decreases with
increasing CO adsorption potential. Similar was
obtained in a Lin et al. study [18] where CO oxidation
on a Ru-modified Pt(111) electrode was studied. The
practical consequence of the assumption above is that
one CO molecule blocks one surface site and that
upon CO oxidation two surface sites are set free (the
other surface site is occupied by adsorbed OH).

(iii) The probability of CO adsorption on both Pt and Ru is
the same. This assumption is in accordance to the
results of several experimental studies [9, 19, 20].
Bock et al. [20] used the combination of (COOH),
oxidation and CO stripping to estimate the number of
CO molecules which adsorb on PtRu catalysts with
different Pt:Ru ratio and they obtained that the
probability of CO to adsorb on both Pt and Ru is the
same. Wang et al. [9] have shown that for PtRu,,
catalysts (Pt:Ru atomic ratio is 1:20) the CO saturated
coverage is 0.66. This value is between the expected
CO monolayer coverage on a Pt(111) surface (0.75)
and the CO monolayer coverage on Ru(0001) surface
(0.5-0.67). Therefore the value is in the expected
range for a mixed PtRu surface.

(iv) Water dissociative adsorption (step 1) is in equilib-
rium [21].

(v) The water preferential adsorbs at Ru surface sites.
The dissociation of water at the Ru sites induces
co-adsorption of water at a neighbouring Pt sites. In
this way the hydroxyl intermediate can diffuse on the
surface. This assumption is in correspondence to
the findings of Desai and Neurock [22]. They
investigated the interaction of water with a PtRu
surface. The initial water dissociation at Ru surface
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sites leads to the formation of a solvated proton and a
surface hydroxyl intermediate centred at the initial
Ru adsorption sites. This process induces further co-
adsorption of water at a neighbouring Pt sites. The
OH intermediate at the Ru sites abstracts a proton
from the water which has adsorbed on the Pt-site. As
a result the Ru-OH is converted to Ru-H,0, whereas
the Pt-water is converted to Pt-OH. In this way the
hydroxyl intermediate can diffuse on the surface [22]
and can be considered to be homogeneously distrib-
uted on the surface. This assumption is valid for
well-mixed Pt:Ru surfaces, which corresponds to a
kind of catalyst used in the present study (Pt:Ru 1:1).
As a result of this assumption, only reaction
constants for the water dissociative adsorption on
Ru are considered. The rate of OH surface diffusion
(from Ru to Pt) was assumed to be fast.

(vi) The anion adsorption and desorption was not taken
into consideration. Cuesta et al. [17] have found that
the influence of anion adsorption becomes signifi-
cant at more positive potentials where most of the
CO is already stripped from the surface and the
competition between anions and OH for the adsorp-
tion sites starts to take place [17].

(vii) The surface reaction was assumed to be an irrevers-
ible reaction. For the surface reaction two rate
constants are assumed. One rate constant corre-
sponds to the oxidation of CO adsorbed on Pt and
another to the oxidation of CO adsorbed on Ru. This
assumption is in accordance to Fourier Transform
Infra Red (FTIR) spectroscopy study of CO
adsorbed at PtRu catalyst [23] which showed the
presence of different CO IR bands assigned to CO
adsorbed on Pt and CO adsorbed on Ru.

Based on the assumptions listed above, balance equa-
tions for the surface coverage of the CO and OH adsorbed
on the surface are formulated:

do 1
dI(;H = (ron_1 — roH_—1 — Fco_pt — 'CO_Ru) 4)
d@co_pt . 1
By com (5)
d0co_ru 1
dT_ _;'VCOVRU (6)

where v is the sweep rate and roy ; is the rate of OH
adsorbed formation (step 1 in the reaction mechanism,
forward reaction). It is given by:

rou_1 = ki - (1 — Oou — Oco_pt — Oco_ru)
o FE(Z‘)
exp[ R T } (7)
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By rou_-1 the rate of OH adsorbed desorption (step 1 in  Joy p =1 - Om - rco p (13)
the reaction mechanism, backward reaction) is denoted:

Ico_Rru = 7e - Om * F'co_Ru (14)

(I_OCl)'F'E(t):| (8)

ron_-1 = k-1 - Oon - exp [— R.T

rco_pt denotes the rate of CO oxidation on platinum:

o -F-E(t
rco_pt = kao_pi - Oon - Oco_py - €Xp {Z_PtR—T()} 9)

and rco_Rry the rate of CO oxidation on ruthenium:

oy ru-F-E(t
rco_ru = k2_ru - Oon - Oco_ru - €Xp {Z_RRiT()]

(10)

The meaning of the other symbols is as usual, i.e. Ogy,
Oco_pt, Oco_ru are OH and CO adsorbed on platinum and
on ruthenium surface coverages, «; are the transfer coeffi-
cients, F is Faraday’s constant, E(?) the electrode potential,
R the universal gas constant and T the temperature. The
surface coverage Oco_p; refers to the total surface, that is
Oco_pt = Xpy - ()ICOAPU where xp, is the atomic fraction of Pt
atoms on the surface,and Olco p is the “usual” surface
coverage, determined as the ration between the occupied
platinum surface sites and the total number of platinum
surface sites. Similarly Oco gy is defined. The electrode
potential is scanned linearly with time ¢, at a sweep rate v,
starting from initial potential (E;,;) (here the initial poten-
tial is the CO adsorption potential). The dependence of the
electrode potential on time is given by the equation:
E(t) = Ejp; + v - t. The unit of the k; constants (Egs. 7-10)
is s~' since they include the number of H,O and H'
molecules (constants k; and k_1, respectively) and the total
number of the available surface sites (constants ky_p; and
k2_Rru). The number of H,O and H* molecules which are
involved in step 1 in the reaction mechanism showed above
was assumed to be constant and therefore was included in
the reaction constants (k; and k_).

The current due to OH formation and consumption (steps
1 and 2) is determined by using the following equation:

do
IOH:Qm-d—zﬁ-v (11)

where Q,, is the charge for the formation of a monolayer of
monovalent adsorbed species on the catalyst surface. The
On, charge is equal to:

F
Qm — I{Vmax * ATA (12)
where N, is the maximal number of the surface sites, F is
the Faraday constant and N, is the Avogadro constant. The
currents for CO oxidation on Pt and Ru are defined by the

following equations:

where 7. is the number of exchanged electrons.

Besides the faradaic currents the double layer charging
current was also added to the total CO stripping current.
The double layer charging current was assumed to follow
the equation:

IpL=v- ((CDL_Me)()CO:() +cr - (Oco_pe + 9co_Ru)> (15)

where cpr,_Me 1s the double layer capacitance of the metal
surface in absence of CO (the same value was assumed for
platinum and ruthenium surface 1.87, 2.16 and 2.56 mF at
22, 40, 60 °C, respectively) and ¢y is a constant. It is
assumed that the double layer capacitance of the metal
surface changes linearly with the CO coverage which is in
accordance to [24]. Consequently, the constant ¢, can be
calculated as:
(epL_Me)gog—0—(€DL_Me)geo—0.98

p— 1
g 0-0098 (16)

where 0.98 is assumed to be saturated total CO cover-
age. The values for the double layer capacitance in
absence of CO and at saturated CO coverage are deter-
mined from the experimental data in the double layer
region (app. 0.3 V) and in the “hydrogen adsorption/
desorption” region (app. 0.1 V), respectively. The fol-
lowing ¢y values have been calculated: —1.41, —1.74 and
—2.11 mF at 22, 40 and 60 °C, respectively. The influ-
ence of the anion adsorption on double layer capacitance
is neglected, while the influence of OH adsorption is
taken into account through the contribution of Ioy
current which should roughly correspond to the pseudo-
capacitive current contribution due to surface oxide for-
mation [25].

The total CO oxidation current is the sum of the partial
current contributions:

I =Ion + Ico_pt + Ico_ru + IDL- (17)

The evaluation of CO charge is done by integration of the
surface area under the peak obtained from the contributions
of the CO oxidation currents (Ico_pr and Ico_ru)-

The OH and CO coverages on the surface are obtained
by solving the system of balance Eqs. 4-6 (Matlab solver
odel5s is used). The Ipy current is obtained by using
Eq. 12 while the CO stripping currents as a function of
potential are calculated by using Eqgs. 13 and 14. The
unknown rate constants are obtained by fitting the calcu-
lated curve (Eq. 17) to experimental data. To minimise the
deviation between experimental and calculated data the
Matlab function fmin is used.
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In the following the experimental CO stripping results
will be discussed. Afterwards the simulation results are
presented.

3.3 Analysis of the CO stripping voltammograms
3.3.1 Experimental results

The CO stripping voltammograms of PtRu carbon sup-
ported catalyst are collected at different sweep rates
(2-100 mV s ') and at 60 °C. For the sake of clarity only
data at one sweep rate (50 mV sfl) are presented (Fig. 1).
The shape of the CO stripping peak is in accordance to
literature results for similar catalysts [12]. Most of the
experimental studies report one peak for CO stripping on
the PtRu catalyst [12, 20]. In Fig. 1, besides the main CO
stripping peak, another much smaller peak appears at more
positive potentials and its position changes with the sweep
rate (approximately 0.65 V at 5mV s™' and 0.7 V at
200 mV s~ '). The CO is completely removed in the first
cycle and the currents in the second cycle coincide with the
PtRu base voltammetry (in absence of CO).

3.3.2 Simulation results

3.3.2.1 Water dissociative adsorption: step I The first
step in the Langmuir—Hinshelwood mechanism is the water
dissociative adsorption. As it was already mentioned this
reaction is assumed to be in equilibrium [21]. The next
assumption which is made is that Langmuir adsorption
conditions are valid for OH adsorption. However, the
Langmuir adsorption for OH should yield a well-expressed
peak in cyclic voltammogram in absence of CO, which is

1/A

,
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4 o %Dumuﬂ:ﬂnnm”ﬂmuumuumﬂgnﬂ?
L i |
.
5, ° i

o -

g o e E
2t - s, . — ]
PoBomeemmprpgEpOIno IR g

oL g:u:uumjum:nm:u:muu:ﬂmﬂ &

ot
e
O o

e
o e
SIS

2+ DDDDDDD

-6 ° I I I I I I I I
0 01 02 03 04 05 06 07 08 09 1

E/V

Fig. 1 CO stripping voltammograms of PtRu/C catalyst at
50 mV s~' Conditions: CO adsorption at 0.094 V for 60 min,
temperature 333.15 K, 1 M H,SO,
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Fig. 2 (a) Experimental cyclic voltammogram of PtRu/C catalyst in
absence of CO and calculated curves (only anodic direction)
assuming different gop values; (b) Calculated OH coverage for
different goy values. Conditions: sweep rate 50 mV s~ ', temperature
333.15 K and 1 M H,SO,

not observed (Fig. 2a). If the Frumkin/Temkin type of
adsorption is assumed the peak which appears in the cyclic
voltammogram will be much broader (Fig. 2). The intro-
duction of Frumkin/Temkin adsorption conditions reflects
in the reaction constants k; and k_;:

ki = ki1 - exp[—Poy - gon - Oou] (18)
and
ko1 =k_10-exp[(l = Bou) - gon - Oou] (19)

where k; o and k_;_¢ are intrinsic reaction constants, oy is
a symmetry factor and goy is a heterogeneity/interaction
factor. The simulation results for step 1, i.e. water disso-
ciative adsorption using Frumkin/Temkin isotherm and
assuming different values of heterogeneity/interaction
factor (goy) are shown in Fig. 2. The simulated curves
(Fig. 2a) are calculated using Eq. 17 and by setting Ico_p
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Table 1 Results of the
validation of the models

Variety 1:
chemical r.d.s.

Variety 2:
electrochemical r.d.s.

Variety 1: chemical
r.d.s. (data ref. [7])

kyofs™! 4.00 x 107* 4.00 x 1074 4.00 x 107
k_qo/s™! 5.43 x 10° 5.43 x 10° 5.43 x 10°
koo pi/s”! 8.11 6.00 x 107 8.11

koo _pi/s”! 22.11 6.11 x 1073 22.11

o 0.5 0.5 0.5

w_pr 0 0.5 0

02 Ru 0 0.5 0

gon 13 13 13

8co_pt 5 8 5

8CO_Ru 10 10 10
AH 4 /kJ mol ™" 70.0 - 70.0
E,pt/kJ mol ! 20.0 - 20.0
E,ru/kJ mol ! 40.0 - 40.0

Ninax 9.5 x 10" 8.5 x 10" 6.5 x 10"
Oco_pt 0.49 0.49 0.49
Oco_Rru 0.49 0.49 0.49

and Ico_Rry to zero (CO coverage on the surface is zero). The
OH coverages in Fig. 2b are calculated using Eq. 4 (again
due to zero CO coverage, the reaction rates rco_p; and
rco_ru are equal to zero). The heterogeneity/interaction
factor O corresponds to Langmuir adsorption conditions. The
symmetry factor (foy) in the Frumkin/Temkin isotherm is
assumed to be 0.5. The values of the k; o and k_; o constants
and of the transfer coefficient «; are summarised in Table 1.
Further simulations are performed using heterogeneity/
interaction factor 13, since it gives the best approximation of
the real conditions.

3.3.2.2 Surface reaction: step 2 CO adsorption condi-
tions: The step 2 is the surface reaction between CO and
OH adsorbed on the surface. As it was mentioned before
this step can be controlled by a chemical reaction (for-
mation of COOHads) or an electrochemical reaction
(formation of CO,). This makes two model varieties, but
before discussing them in details, CO adsorption conditions
on the surface will be discussed. Similar to the OH
adsorption, the change of the CO adsorption conditions will
influence the k, p; and k; g, reaction constants:

ka_pt = kao_pt
-exp[Beo_pi - &co_pt - Oco_pc + Pon - gon - Oon]
(20)

ka_ru = k2o_Rru
- €Xp [ﬁCOvRu - 8co_ru - Oco_ru + Pon - o - 901—1]

(1)

The Langmuir adsorption conditions correspond to heter-
ogeneity/interaction factors (gco_pt,gco_Rru) zero which
result in a very sharp CO stripping peak. In Fig. 3a, b the

simulation results for gco_ry = 0 (Langmuir adsorption
conditions) and different values of gcop (1-10) are shown.
The oy pr and o g, values are set to zero, since it was
assumed that the surface reaction is dominated by the
chemical reaction. The water dissociative adsorption is
described using the conditions mentioned in Fig. 2
(gon = 13). The simulated curves in Fig. 3a are calculated
using Eq. 17. As starting CO coverages, Oco_pt =
Oco_ru = 0.49 are assumed, that the total initial CO cov-
erage is 0.98 and xp, = xg, = 0.5. By increasing of gco_p
(Frumkin/Temkin adsorption isotherm) the CO stripping
peak is becoming broader and it moves to a more negative
potential region. This is due to the additional term of the
form exp[fco p - &co_pi - Oco_pi + Pou - o - Oon) in the
expression for the rate constant kco pi (Eq. 20), which
increases the value of this rate constant and through Oco_py
and 6oy introduce an additional dependence on the
potential. If the difference between the two rate constants
for CO oxidation on Pt and Ru is large enough, one CO
stripping peak will split into two separate peaks. This can
be seen in Fig. 3a for interaction/heterogeneity factor 10,
where a well expressed shoulder appears. The increase of
gco_pt moves the onset of CO oxidation reaction to a more
negative potential region.

Two model varieties: The first model variety assumes
that the surface reaction is controlled by a chemical reac-
tion. This means that the surface reaction is independent on
the potential and formally the transfer coefficients o, py
and o R, for the surface reaction on Pt and Ru (Egs. 9 and
10) can be set to zero. The second model variety assumes
that the surface reaction is an electrochemical reaction, so
here the transfer coefficients o, p; and o g, are different
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Fig. 3 (a) Experimental CO stripping voltammogram of PtRu/C
catalyst and calculated curves assuming different gco_p: values and
constant gco ry = 0 and gou = 13 values; (b) Calculated 0oy,
Oco_pt, 0co_ru coverages for different gco_py values. Conditions:
sweep rate 50 mV s, temperature 333.15 K and 1 M H,SO,

from zero. The experimental data and the calculated curves
for the two model varieties are shown in Fig. 4a, b. In both
model varieties the parameter values for the water disso-
ciative adsorption are kept constant and they correspond to
the conditions described in Fig. 2. The double layer
capacitance and the ¢, value (Eq. 16) are also kept constant.
The transfer coefficients for step 1 and step 2 (surface
reaction electrochemical reaction) are assumed to be 0.5.
Also, all symmetry coefficients are assumed to be 0.5.
Other values are fitted such that the simulated curve gives
the smallest deviation of the experimental data. The
parameter values for two different models are summarised
in Table 1. As it can be seen in Table 1 the most pro-
nounced difference between two model varieties is
reflected in values of two reaction constants (k; p; and
ky ru). If the surface reaction is controlled by the elec-
trochemical step the values of these rate constants are
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(a) 14 x 107
‘ O experimental data
121 ( — calculated curve

(b) 14 —
o experimental data
12 + \ —— calculated curve

10 -

4L

-6

Fig. 4 Experimental CO stripping cyclic voltammogram (first and
second scan) and simulated curves (only anodic direction first and
second scan) for (a) model variety 1 and (b) model variety 2.
Conditions: CO adsorption at 0.094 V for 60 min, sweep rate
50 mV s, temperature 333.15 K and 1 M H,SO,. Kinetic param-
eters from Table 1 (Model varieties 1 and 2)

approximately four orders of magnitude less than in
the case of the controlling chemical reaction step. This
is understandable taking into account the additional
exponential term which appears in the case of the
electrochemical reaction. The values of other parameters
are very similar (there is only a small difference in the
value for heterogeneity factor for CO adsorbed on Pt (5
(chemical) vs. 8 (electrochemical)) and for the maximal
number of surface sites (9.5 x 10" vs. 8.5 x 10" in the
case of chemical vs. electrochemical variety) but they are
not very significant. In general both model varieties give a
reasonable fit to the experimental data. Both model varie-
ties show a deviation in the more positive potential region.
Our simulation results predict that in the more positive
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potential region the base curve (in absence of CO) coin-
cides with the CO stripping curve. Unlike the model in the
experiment an additional charge appears in this potential
region. Presently, it is not clear if this charge is a CO
stripping charge or if it is due to some other processes. A
possible reason for this deviation can be the very simplified
description of the water dissociative reaction (surface oxide
formation) which is known to be a more complex reaction
and includes a higher oxide formation [25]. Another pos-
sibility for this deviation can be the neglection of the anion
adsorption in our model, which can take place in the more
positive potential region. This assumption is additionally
supported by experimental results of Yajima et al. [23]
who studied CO stripping in base electrolyte with a low
anion adsorption (HCIO,, unlike H,SO, in our study). In
their study the base curve coincides with the CO stripping
curve in the more positive potential region, which is in
accordance to our simulation results.

Based on the discussion presented above it is not pos-
sible to differentiate between two model varieties. The
similar conclusion was reached by Desai and Neurock [22].
They calculated the reaction energies for the CO + OH
surface reaction for both chemical and electrochemical
paths. It was obtained that the difference in the overall
reaction energy is insignificant and they concluded that it is
difficult to distinguish which of these paths would prevail
under electrocatalytic conditions. However the first model
variety (chemical reaction) is preferred in the following
simulations in accordance to our previous studies where the
discrimination between different model varieties in the
case of methanol oxidation was performed using electro-
chemical impedance spectroscopy (EIS) [26].

The influence of sweep rate: The influence of the sweep
rate was studied in the sweep rate range between 2 and
100 mV s~ ', since this sweep rates were typically used in
experimental studies for CO stripping surface area deter-
mination. In Fig. 5a, b the simulated (Model variety 1) and
experimental data at different sweep rates are shown. The
parameter values are given in Table 1 (Model variety 1).
As it can be seen, the agreement between experimental and
simulated curves at both low and the high sweep rate is
reasonable. The model can predict the sweep rate depen-
dence of the onset, the peak potential, the height of the
peak, as well as the peak broadness. As it was discussed
before, the model shows a deviation at a more positive
potential values, but this point was already discussed
above. The height of the peak shows a small deviation at a
sweep rate of 10 mV s™'. This deviation can occur due to a
small difference in the real catalyst surface area between
different experiments. In the model this mostly reflects in
Nmax (maximal number of surface sites). The influence of
the variation of N, on simulated curves, at the sweep rate
of 10 mV s~ ! was checked (not shown here). It can be seen

x107*

(a) 4 : :

A* ——20mVs~
o 50mVs”'
<-100mvs™ ||

1

0.9 1

-05 . . . . .
0 01 02 03 04 05 06 07 08

E/V

Fig. 5 Experimental (concatenated symbols) and calculated—Model
variety 1 (full lines) CO stripping voltammograms of PtRu/C catalyst
at different sweep rates. (a) 2, 5, 10 mV s7! and (b) 20, 50,
100 mV s~'. Conditions: CO adsorption at 0.094 V for 60 min,
temperature 333.15 K, 1 M H,SO,. Kinetic parameters from Table 1
(Model variety 1)

that the peak height is mainly controlled by N,,.x. Another
parameter which can influence the peak height at constant
Nmax 1 the CO surface coverage (see Fig. 6b).

The influence of temperature: The CO stripping exper-
iments are performed at different temperatures in the
temperature range from 22 (room) to 60 °C and at the
sweep rate of S0 mV s~'. The experimental results are
shown in Fig. 6a. The increase of the temperature causes a
shift of the CO stripping curve to a lower potential region.
The shape of the CO stripping peak is basically unchanged
(peak broadness), but the peak height shows some small
variations. The cyclic voltammograms in absence of CO
show the difference in the double layer region (app. 0.25—
0.3 V) and the double layer capacitance increases slightly
with the temperature (1.87 mF at 22 °C and 2.56 mF at
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Fig. 6 Experimental and simulated CO stripping voltammograms at
different temperatures. (a) Kinetic parameters from Table 1 (Model
variety 1). (b) The values of CO coverage is adjusted to fit better the
curves at lower temperatures. Other kinetic parameters same as in (a).
Conditions: CO adsorption at 0.094 V for 60 min, sweep rate
50 mV s~', 1 M H,SO,

60 °C). The difference can be also seen in the more posi-
tive potential region which is related to the temperature
influence on the surface oxide formation. For the model
description of the experimental data it is assumed that the
rate constants are temperature dependent:

(), - ()
k_10/ k_10/ r_eooc

(22)
AI'Iads 1 1
PR A\T 273151 60.0
(k20_i)7 = (k20_) r_g0ec
Eui (1 1 (23)
-exp|— T A2 1% LENN
R \T 273.15+60.0
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where, AH,q is the enthalpy of adsorption for the water
dissociative adsorption step, E,; are the activation energies
for the surface reaction and i denotes Pt or Ru. The
enthalpy of the adsorption and activation energies are used
as additional fitting parameters to fit the experimental CO
stripping curves at different temperatures and their values
are given in Table 1 (only for model variety 1). For these
simulations it is assumed that the heterogeneity/interaction
factors, transfer and symmetry coefficients are temperature
independent, since the temperature interval is not very
large. The enthalpy of adsorption for the water dissociative
adsorption has a value of 70.0 kJ mol™'. This value has
been chosen in order to give a similar shift of the onset
potential of OH adsorption as seen in the cyclic voltam-
mograms in absence of CO (Fig. 6a). The activation
energies for the surface reaction on Pt and Ru are 20 and
40 kJ mol ™', respectively. As can be seen in Fig. 6a the
simulated curves show a good agreement to the experi-
mental data. In the more positive potential region the
simulated curves show a deviation in comparison to
the experimental data (as it was already discussed), but the
tendency predicted by the model is correct. The model
predicts a small increase of the peak current with a
decrease of temperature, while the experimental curves
show an opposite tendency. It was already discussed that
the variations in the peak current can be due to small
variations in the real surface area which can slightly vary
from experiment to experiment (the precision of thin film
method [16]) or to some small difference in the CO surface
coverage. The second possibility is checked in Fig. 6b,
where the curves at room temperature and 40.0 °C are
simulated for a total CO coverage (0.94 and 0.96, respec-
tively) and a better agreement to experimental data was
obtained.

3.4 The CO stripping peak deconvolution

As it was mentioned in the introduction we intend to use
the calculated CO stripping curve to perform the CO
stripping peak deconvolution and to separate the CO
stripping charge from other contributions which makes the
voltammetric CO charge determination less accurate [13].
The CO stripping peak deconvolution is demonstrated in
Fig. 7 for the sweep rate of 50 mV s~'. The simulated
curve is calculated by using the model variety 1. The grey
lines (full and dotted line) correspond to the CO currents
and they were used to calculate the CO charge. The cal-
culated CO charges at different sweep rates are
summarised in Table 2. Taking the CO charge values, the
total CO coverage (0.98) and assuming 420 puC cm™ 2 as an
elementary charge for a 2 electron process the real surface
area values are determined (Table 2). The mean value of
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Fig. 7 The CO stripping peak deconvolution. Conditions: sweep rate
50 mV s~!, temperature 333.15 K and 1 M H,SO,. Kinetic param-
eters from Table 1 (Model variety 1)

Table 2 Model calculated (Variety 1) relative error, percent of CO
charge consumed up to half peak potential and surface area

Sweep rate/mV s &rall %o ecol% S/em?
2.04 8.45 6.78
5 2.37 9.7 6.72
10 2.73 8.87 6.72
20 3.48 8.92 6.73
50 5.53 8.89 6.72
100 8.60 8.78 6.74

the surface area calculated at different sweep rates is
6.73 + 0.03 cm® The calculated value is only 42% of
XRD surface area (6.73 cm? in comparison to 15.8 cm?).
This result is in agreement to results of other literature
studies, which showed a deviation between, e.g. BET and
CO stripping area (e.g. in [7] CO stripping area is approx
45-52% of BET surface area).

3.5 Comparison with an empirical method
and literature data

As it was mentioned above,the practical problem in vol-
tammetric CO charge determination using experimental
data is a baseline subtraction. In praxis, it is usually
assumed that baseline is the same as in absence of CO, or
that it can be approximated by a straight line. Both options
can lead to significant deviations between the calculated
and the real surface area [7, 14]. In our previous paper an
empirical method for “accurate” voltammetric CO charge
determination is proposed [14]. This method assumes that
the CO charge at the onset of the CO stripping curve is not

influenced by other faradaic and non-faradaic contribu-
tions. If the CO stripping curve is integrated only up to the
half peak potential (assuming that the base line is a linear
extension of the CO stripping line), and enlarged approx-
imately for a factor 10 (this was determined in an
independent experiment with platinum) the determined
charge is independent on the sweep rate. So the main
assumptions of our empirical method are:

1. the base line in the potential region up to the half peak
potential can be approximated by a straight line, which
is the extension of the CO stripping line, and

2. the CO charge consumed up to the half peak potential
is proportional to the total CO stripping charge, and the
proportionality factor is independent of the sweep rate.

These two assumptions can be now validated by the
proposed mathematical model. In Fig. 8a, b the simulated
curves at sweep rates 2 (Fig. 8a) and 100 mV s} (Fig. 8b)
are presented. The baselines in absence of CO (dotted line)
and in presence of CO (dashed line) are also shown. The
hatched areas in Fig. 8a, b correspond to the CO charge
consumed up to the half peak potential. According to the
simulated results the baseline in presence of CO (dashed
line) in the potential region up to the half peak potential
(hatched area) deviates from linearity at both sweep rates,
but the deviation is stronger expressed at higher sweep
rates (100 mV s™'). If the baseline is approximated by the
straight line (assumption “a”) the percent error can be
calculated as:

(HCOJ:[p/z)approx - (Qcoslzlp/z)exact .

(BCOJ:Ip/z )exact

Erel = 100 (24)
where 0co i=1,,, is the CO stripping charge consumed up to
the half peak potential and the indices approx and exact
denote the approximated (straight line) and the real (model
calculated) baseline. In the sweep range 2-100 mV s~ ' the
error &, (24) is in the range between 2.04 and 8.78% (the
values for different sweep rates are summarised in
Table 2). This would mean that for the voltammetric CO
charge determination the experimental data at lower sweep
rates are more suitable. The ratio of CO charge consumed
up to the half peak potential with respect to the total CO
charge can be calculated as follows:

- 100 (25)

The eco values at the different sweep rates are presented in
Table 2. The mean value is 8.93 + 0.41%. According to
the model predictions the approximation of the baseline as
a straight line can be used with a higher certainty at low
sweep rates and the ratio of the CO charge consumed up to
the half peak potential is constant at different sweep rates.
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Fig. 8 The influence of sweep rate on the baseline deviation from the
linearity in the potential region up to the half peak potential.
Simulation results at (a) 2 and (b) 100 mV s™'. Kinetic parameters
from Table 1 (Model variety 1)

It can be concluded that the assumptions of the empirical
model are reasonable (especially at low sweep rates) and it
can be used for reliable experimental CO voltammetric
charge determination.

Finally, our method is compared to literature data [7].
These data are chosen since the CO charge in [7] was
determined by using the differential electrochemical mass
spectrometry (DEMS), which should give a better estima-
tion of CO charge. In Fig. 9 the experimental data from
reference [7] and the simulated curves using model variety 1
are shown. The model parameters are summarised in
Table 1 and as can be seen they correspond to the parameter
values determined from experimental data in the present
study. The difference is only in Ny,x. The Ny, value is
determined from the known real CO charge value for this
catalyst (1.9 mC, DEMS data). As can be seen in Fig. 9 a
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Fig. 9 The experimental (data from ref. 7]) and the simulated CO
stripping voltammograms. Conditions: sweep rate 10 mV s~', tem-
perature 293.15 K. Kinetic parameters from Table 1 (Model variety
1-Data [7])

very good agreement to experimental data is obtained. The
deviation is observed only in the more positive potential
region, which can be due to anion adsorption neglection as it
was already discussed above.

4 Conclusions

The determination of the real surface area under working
conditions (fuel cell conditions) has a great practical rele-
vance in the fuel cell community (evaluation of the catalyst
deuteration under working conditions). The most common
solution in daily fuel cell praxis is a surface area deter-
mination by use of CO stripping. The method however is
not accurate from the reasons discussed above. In this study
a mathematical model of CO stripping voltammetry based
on the Langmuir—Hinshelwood mechanism was developed.
The model can predict the sweep rate dependence of the
onset of CO oxidation, the peak potential, peak current and
peak broadness. The small deviations between the model
and the experimental data are observed in the more positive
potential region. These deviations can be due to neglection
of anion adsorption in the model. The model proposed
here enables the CO stripping peak deconvolution and the
separation of the CO stripping charge from other faradaic
and non-faradaic contributions, which is the main difficulty
in the voltammetric CO charge determination. The model
predicts baseline deviation from linearity, in the potential
region up to the half peak potential, at all sweep rates. The
deviation is the smallest at 2 mV s~ (2.04%) in compar-
ison to 8.78% at 100 mV s~ ', so the use of low sweep
rates for CO voltammetric charge determination from the
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experimental data is suggested. According to the model,
approximately 8.93% of the total CO charge is consumed
up to the half peak potential and this value is not changing
with the sweep rate. The above model predictions validate
the use of the empirical method proposed in [14] as a
practical approach for the CO stripping charge determina-
tion. The real CO stripping charge can be determined by
some non-electrochemical methods. An example is DEMS.
The experimental results from the literature DEMS study
[7] are used for further model validation and a very good
agreement is obtained.
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