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a b s t r a c t

Modelling of PEM fuel cells has long been an active research area to improve understanding of cell
and stack operation, facilitate design improvements and support simulation studies. The prediction of
activation polarization in most PEM models has concentrated on the cathode losses since anode losses are
commonly much smaller and tend to be ignored. Further development of the anode activation polarization
term is being undertaken to broaden the application and usefulness of PEM models in general.

Published work on the kinetics of the hydrogen oxidation reaction (HOR) using Pt(h k l) electrodes
in dilute H2SO4 has been recently reassessed and published. Correlations for diffusion-free exchange
ydrogen oxidation reaction
t(1 1 0) electrodes
node polarization
ctivation polarization
EM fuel cells
odelling

current densities were developed and empirical predictive equations for the anode activation polarization
were proposed for the experimental conditions of the previously published work: Pt(1 0 0), Pt(1 1 0) and
Pt(1 1 1) electrodes, pH2 of 1 atm, and temperatures of 1, 30 and 60 ◦C. It was concluded that the HOR on
Pt(1 1 0) electrodes followed a Tafel–Volmer reaction sequence.

The aim of the present paper is to generalize these Tafel–Volmer correlations, apply them to published
data for Pt(1 1 0) electrodes and further develop the modelling of anode activation polarization over the

ions
range of operating condit

. Introduction

The background for the present paper has been recently
ublished [1–3]. Our long-term aim is to further develop our gen-
ralized steady-state electrochemical model, the GSSEM, which
onsists of a simple, 1-dimensional, model of a PEM fuel cell
PEMFC) based on

= E + �act,a + �act,c + �ohmic + �conc,a + �conc,c (1)

he specific goal of the present paper is to further evaluate pre-
iously published work which studied the hydrogen oxidation
eaction on Pt(h k l) electrodes in dilute H2SO4 and to develop the
esults into a modelling approach for �act,a, the anode activation
olarization, in PEMFCs. The quantitative prediction of this partic-
lar loss is generally not given much attention in a PEMFC model

ince it is, normally, much less significant than the corresponding
oss at the cathode. There are situations, however, where the anode
ctivation polarizations could become significant and a modelling
apability is therefore desirable.

∗ Corresponding author at: Department of Chemistry and Chemical Engineering,
oyal Military College of Canada, 11 General Crerar Crescent, Kingston, Ontario, K7K
B4 Canada. Tel.: +1 613 541 6000x6981; fax: +1 613 542 9489.

E-mail address: thurgood-c@rmc.ca (C.P. Thurgood).

378-7753/$ – see front matter. Crown Copyright © 2010 Published by Elsevier B.V. All ri
oi:10.1016/j.jpowsour.2010.12.016
found in PEMFC operation.
Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

Our present interest is the anode activation polarization related
to the ‘hydrogen oxidation reaction’ (HOR) for which the overall
half-cell reaction is

H2 ⇒ 2H+ + 2e− (2)

The reverse of reaction (2) is the ‘hydrogen evolution reaction’
(HER).

The anode reaction occurs in the presence of a catalyst, typically
Pt if the anode feedstock is pure hydrogen.

There is broad support in the literature for the HOR on Pt to pro-
ceed via a Tafel–Volmer reaction sequence, fully described recently
[3]. There is not, however, complete agreement on the kinetic
model as literature support exists for both ‘rds Tafel–fast Volmer’
kinetics and for ‘fast Tafel–rds Volmer’ kinetics. These were respec-
tively referred to as ‘Mechanism I’ and ‘Mechanism II’ in our recent
reassessment [3] of a body of work published by what we chose to
call the ‘Markovic Group’ [4–9]. This group of publications included
extensive results for rotating disk electrode (RDE) studies of the
HOR on single-crystal Pt(1 0 0), Pt(1 1 0) and Pt(1 1 1) electrodes in
dilute sulphuric acid electrolyte at 1, 30 and 60 ◦C and ‘corrected to

a pH2 of 1 atm’. These publications [4–9] concluded that the Pt(1 1 0)
results were best explained by ‘rds Tafel–fast Volmer’ kinetics, our
so-called ‘Mechanism I’.

The present paper, in Section 2, will review the detailed devel-
opment of thermodynamic and kinetic equations for ‘Mechanism

ghts reserved.
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Nomenclature

b Tafel slope, 2.3RT(˛F)−1 (V dec−1)
B–V Butler–Volmer
c concentration (mol cm−3)
cH2 concentration of dissolved hydrogen at the reaction

interface (mol H2 cm−3)
CM concentration of active Pt sites [in sites cm−2 (order

1015) or moles of sites cm−2 (order 10−8)]
E equilibrium EMF of a cell (V) or total anode polar-

ization, �act,a + �conc,a, in Refs. [4–9] (V)
fI(�,�0) functions of � and �0 in the general Butler–Volmer

equation (see following Eq. (25))
F Faraday’s Constant (clbs equ’t−1)
GSSEM generalized steady state electrochemical model
H Henry’s Law ‘constant’ (atm cm3 mol−1)
HER hydrogen evolution reaction (reverse of Eq. (2))
HOR hydrogen oxidation reaction (Eq. (2))
i current density (A cm−2)
io exchange current density (A cm−2)
k chemical rate constant
kads rate constant for the 2-site dissociative chemisorp-

tion of a hydrogen molecule [cm5 s−1 (mol of vacant
Pt sites)−2]

kdes rate constant for the hydrogen molecule desorp-
tion reaction [(mol H2) cm2 s−1 (mol of occupied Pt
sites)−2]

ket,fwd forward rate constant for the electron transfer
(Vogel) reaction

ket,rev reverse rate constant for the electron transfer
(Vogel) reaction

Kads adsorption equilibrium constant for chemisorbed
hydrogen molecules (also equal to kads/kdes)
[cm3 (mol H2)−1, the reciprocal of the units of cH2 ]

KetcH3O+,o equilibrium ‘constant’, representing

{k-etcH3O+,o(ket)
−1}, for the electron transfer

reactions, Eqs. (8) and (9)
Mechanism I the ‘rds Tafel–fast Volmer’ HOR process
n number of electrons being transferred for one act of

the overall reaction
na number of electrons being transferred ‘after’ the rds
nb number of electrons being transferred ‘before’ the

rds
p partial pressure of a gas component (atm)
r chemical reaction rate
rds rate-determining-step in the reaction sequence at

the anode
RDE rotating disk electrode
V cell voltage (V)

Greek letters
˛ transfer coefficient
ˇ symmetry factor
� polarization (i.e. overvoltage or loss) (V)
� fractional surface coverage (generally of

chemisorbed hydrogen atoms)
� stoichiometric coefficient in Eq. (5) (number of

times that the rds must take place for the overall
reaction to occur once)

Subscripts
a anode or activity
act activation
ads adsorption

b bulk
c cathode
conc concentration (relating to mass transfer losses)
des desorption
et electron transfer (as in the Volmer reaction)
expl experimental
fwd forward
H2 hydrogen molecule
H hydrogen atom
H3O+ hydrated proton (i.e. H+:H2O)
i interface
I Mechanism I
MG Markovic Group (authors of Refs. [4–8])
ohmic relating to ohmic (i.e. iR) losses
o at zero polarization and zero net current condition

(i.e. at equilibrium)
pred predicted
rev reverse
sat saturated
T Tafel reaction

(

V Volmer reaction
vac vacant

I’, the ‘rds Tafel–fast Volmer’ HOR process. Then, in Section 3,
these equations will be applied to the further analysis and correla-
tion/recorrelation of some published results for the HOR on Pt(1 1 0)
electrodes and evaluation of the Tafel–Volmer, T–V, parameters.
Section 4 will then deal briefly with the generalization of these
correlations to values of pH2 and temperatures that are more rep-
resentative of PEMFC modelling applications.

2. Development of mechanistic equations for a
‘Tafel–Volmer’ HOR reaction

2.1. Introduction

The basic theories of activation polarizations for the HOR and,
especially, overvoltages for the HER have been established for
decades. This section will summarize the development of a correla-
tion and modelling approach for the anode activation polarization
that is as mechanistic as possible yet as simple to understand and
apply as possible. The goal is to develop a relationship linking the
anode activation polarization to the current density and the other
operating parameters of the fuel cell.

The literature dealing with both the HOR and the HER is vast
but there appears to be general agreement on the main features
of the process. Much of the following development has benefited
from the previous work of Parsons [10], Austin [11,12], Bockris
and Reddy [13], Gileadi et al. [14], the ‘Markovic Group’ [4–9],
Springer et al. [15], Camara et al. [16], Breiter [17] and Lasia
[18].

2.2. Fundamental steps in the HOR

Various possible steps in the overall HOR have been suggested,
one combination being the so-called ‘Tafel–Volmer sequence’.
Using ‘M’ to represent an active Pt atom and ‘e−’ to represent an
electron, the steps in this sequence are:
(i) H2 + M ⇔ M.H2
(ii) M.H2 + M ⇔ 2M.H

with (i) + (ii), the ‘Tafel step’, often simply
iii) H2 + 2M ⇔ Had + Had
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iv) M.H + H2O ⇔ H3O+ + M + e−

(v) H3O+ ⇔ H+ + H2O
with (iv) + (v), the ‘Volmer step’, often simply

vi) Had ⇔ H+ + e−

.3. The physical picture

At the gas/electrolyte interface, a hydrogen gas partial pressure,
H2 , is in equilibrium with concentration cH2,sat of dissolved hydro-
en according to a Henry’s Law equilibrium expression. Dissolved
ydrogen will undergo bulk diffusion through the electrolyte to the
icinity of the anode, delivering a bulk concentration cH2,b at the
lectrolyte/reaction boundary layer interface. If the mass transfer
hrough the electrolyte is very rapid, or if it has been accounted for
y subtracting the anode concentration polarization from the total
node polarization, cH2,b can be taken as equal to cH2,sat. The dis-
olved hydrogen concentration at the reaction interface, cH2,i (or,
imply, cH2 ) may be different than cH2,b. Likewise, the proton con-
entration at the reaction interface will be denoted as cH3O+ and
hat at the interface between the electrical boundary layer and the
ulk electrolyte will be cH3O+,b. Again, cH3O+ may have a value dif-
erent than cH3O+,b. Just as cH2,b is a function of factors external to
he reaction boundary layer, so will cH3O+,b depend on factors exter-
al to the electrical boundary layer, e.g. the diffusion rate of the
ydrated protons through the electrolyte. At the zero-current/zero-
olarization situation, cH2 and cH3O+ at the reaction interface will
e denoted as cH2,o and cH3O+,b, respectively.

.4. Kinetic expressions for the Tafel and Volmer reactions

Kinetic expressions, initially in terms of the chemical reaction
ate ‘r’, for the above reactions can initially be written in their sim-
lest form as follows, essentially using the nomenclature in Breiter
17] and applying Langmuir–Hinshelwood methodology:

For the Tafel, ‘adsorption/desorption’, reaction involving 1
molecule of H2:

rT = rT,ads − rT,des = kT,fwdaH2 (1 − �H)2 − kT,rev�2
H (3)

For the Volmer, ‘electron transfer or ionization’, reaction, which
would have to occur twice (i.e. a stoichiometric number of 2) per
molecule of H2:

rV = rV,fwd − rV,rev = kV,fwd�H exp[˛V,fwd�F(RT)−1]

− kV,rev(1 − �H)aH+ exp[−˛V,rev�F(RT)−1] (4)

In Eqs. (3) and (4), the rate constants, ki, will include some
arameter to represent the catalyst concentration.

The transfer coefficient, ˛, has recently been discussed [2,3] and
an generally be expressed as a function of ˇ, the symmetry factor.
ased on earlier work, the following expression was proposed by
ileadi et al. [14] with the symbols and subscripts as defined in the
omenclature:

= [ˇ(n − nb − na) + nb](�)−1 (5)

n kinetic expressions involving catalyst concentration, the fraction
f the Pt sites that are vacant is often required. This leads to the
ntroduction of the common Langmuir–Hinshelwood parameter,
vac, the fraction of the active sites that is vacant and therefore able
o participate in the chemisorption/dissociation reactions on each

lectrode. For a feed that is free of impurities, this should simply
epend on the fraction of the sites occupied by adsorbed H atoms,
Hads

, i.e. �vac = 1 − �Hads
. Since the present paper considers that ‘H’

i.e. Hads) is the only adsorbed species, � will be understood to mean
Hads

.

er Sources 196 (2011) 4705–4713 4707

Mechanistic equations for the general Tafel–Volmer reaction
sequence will now be developed in detail, enlarging on and modify-
ing the Eqs. (3) and (4) proposed by Breiter and utilizing the detailed
treatment in Section 5.9.3 of Austen [11]. The special case, Mecha-
nism I, ‘rds Tafel followed by fast Volmer’, will then be developed
from these general equations.

2.5. Tafel–Volmer equations for the HOR

2.5.1. Introduction
The following development of equations to describe the HOR

is based on chemisorption according to a Langmuir isotherm, i.e.
active Pt sites energetically homogeneous and no interactions
between adsorbed species. Although ‘ideal’ Langmuir adsorption
is often assumed because of the relative simplicity of the result-
ing kinetic equations, the Markovic Group, in fact, did study the
chemisorption of hydrogen on the various Pt(h k l) crystal faces.
Their study [5], in conjunction with the earlier work of Vetter [19],
concluded that, although the Pt(1 1 1)data were best fitted by a non-
ideal Frumkin isotherm, “the HOR on Pt(1 1 0) at low overpotentials
followed application of the Langmuir ideal adsorption isotherm of
Hads and the ideal dual-site form of the Tafel–Volmer sequence,
the atom-atom recombination step (i.e. the reverse Tafel reaction)
being the rds.” In addition, they concluded for Pt(1 1 0) “that the
kinetics and mechanisms of the HER and HOR should be the same”.

The ‘nF’ conversion from a chemical rate equation (mole-
based) to an electrochemical rate equation (current-based) is now
added. Parameter CM represents the active catalyst concentration
at the reaction interface. Typically, for low-pressure and near ideal
behaviour, activities can be replaced by the corresponding con-
centrations. The aH2 in Eq. (3) will, therefore, be replaced by the
hydrogen partial pressure, pH2 , or, more appropriately for a liquid-
phase reaction, cH2 , the concentration of dissolved hydrogen in the
electrolyte at the reaction interface. Similarly, the aH+ in Eq. (4) will
be replaced by cH3O+ , the concentration of the hydrated protons at
the reaction interface.

2.5.2. The Tafel reaction for dissociative chemisorption
Eq. (3), with ‘n = 2’ and with the refinements described above,

leads to the rates of adsorption and desorption (per unit catalyst
surface area), expressed as current densities, as follows:

iT,ads = 2FkadscH2 [CM(1 − �)]2 = 2F(kadscH2 C2
M)(1 − �)2 (6)

iT,des = 2Fkdes(CM�)2 = 2F(kdesC2
M)�2 (7)

As suggested in Section 2.3, the concentration of dissolved gas at
the reaction interface, cH2 , could be considered as an unknown and
cannot, therefore be evaluated independently from kads in Eq. (6). It
can, however, be replaced by the product {cH2 (cH2,b)−1}cH2,b with,
as previously suggested, cH2,b ideally equal to cH2,sat. The empirical

ratio {cH2 (cH2,b)−1} could be a function of current density and, for
simplicity, will be represented by the symbol �H2 . The zero-current

value of the ratio, �H2,o, representing the ratio cH2,o(cH2,b)−1, should
be unity. If mass transfer of dissolved H2 to the interface is suffi-
ciently rapid, �H2 at all current densities should be unity.

2.5.3. The Volmer equations for electron transfer
Eq. (4), with ‘n = 1’ but with a stoichiometric number of 2,

and with the refinements described above, leads to the following
expressions for the current densities of the electron transfer (i.e.

Volmer) reactions:

iV,fwd = 2Fket,fwd(CM�) exp[˛V,fwdF�(RT)−1] (8)

iV,rev = 2Fket,revcH3O+{CM(1 − �)} exp[−˛V,revF�(RT)−1] (9)
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he anode activation polarization is given by � although the sign in
he exponential terms of Eqs. (8) and (9) can be changed depending
n the desired sign of the calculated �.

As for cH2 the Tafel reaction, the concentration of hydrated
rotons at the reaction interface, cH3O+ , is unknown and can-
ot, therefore, be evaluated independently from ket,rev in Eq.
9). A combined unknown, {ket,revcH3O+,o} is therefore defined

nd an empirical ratio, cH3O+ (cH3O+,o)−1, is proposed such
hat the group ‘ket,revcH3O+ ’ can be replaced by the group

ket,revcH3O+,o}{cH3O+ (cH3O+,o)−1}. For simplicity, the dimen-

ionless ratio cH3O+ (cH3O+,o)−1 will be represented by the symbol

H3O+ . At zero current, cH3O+ equals cH3O+,o so that �H3O+,o then
ecomes equal to unity.

.5.4. The Volmer reaction if Mechanism I applies
If the Volmer reactions are very fast compared to the Tafel

eactions, the Tafel reactions become the rate-determining step,
he forward and reverse Volmer currents are each very large
ompared to the Tafel currents and the Volmer reactions are at
ear equilibrium. In other words, equating Eqs. (8) and (9),

Fket,fwdCM exp[˛V,fwdF�(RT)−1]� ≈ 2F{ket,revcH3O+,o}CM�H3O

+ exp[−˛V,revF�(RT)−1](1 − �) (10)

ith the assumptions [3] that ˛V,fwd equals ˇV and ˛V,rev equals
1 − ˇV), Eq. (10) leads to the following two expressions:

≈ {ket,revcH3O+,o}(ket,fwd)−1�H3O+ exp(−F�(RT)−1)}

× [1 + {ket,revcH3O+,o}(ket)
−1�H3O+ + exp{−F�(RT)−1}]−1

(11)

H3O+ ≈ �(1 − �)−1ket,fwd{ket,revcH3O+,o}−1 exp{F�(RT)−1} (12)

etting ket,rev(ket,fwd)−1 be represented by Ket, the equilibrium
onstant for the electron transfer reaction, Eq. (12) becomes

H3O+ ≈ �(1 − �)−1 exp{F�(RT)−1}{KetcH3O+,o}−1 (13)

.5.5. The Tafel reaction if Mechanism I applies
If the Volmer reaction is very fast relative to the Tafel reac-

ion, the forward and reverse Volmer currents will essentially
etermine the value of �. The ‘slow’ Tafel reaction will then be
he rate-determining-step and, even though the electrons are all
roduced by the Volmer reaction (as seen in Section 2.2), it will
e the basis for predicting the net (i.e. observed) current density.
herefore, from Eqs. (6) and (7):

= 2F(kadscH2 C2
M)(1 − �)2 − 2F(kdesC2

M)�2 (14)

.5.6. The ‘zero current, zero polarization’ expressions
The exchange current density, essentially the rate of reaction

n chemical kinetics terminology, reflects the kinetics of the Tafel
eaction at the �0 condition. Here there is no net current, the
xchange current density io is equal to both iads,o and ides,o, and
he equilibrium value of �, �0, is consistent with the adsorp-
ion/desorption equilibrium given by the equality of Eqs. (6) and
7):

0 = iads,0 = 2F(kadscH2,bC2
M)�H2,o(1 − �0)2 (15)

0 = ides,0 = 2F(kdesC2
M)�2

0 (16)

y definition, �H2,o, representing cH2,o(cH2,b)−1, is unity at zero

urrent so that this parameter should disappear from Eq. (15).

ith kads(kdes)−1 being replaced by the adsorption equilibrium
onstant Kads, the following equilibrium expressions result:

0(1 − �0)−1 = (KadscH2,b)1/2 (17)
er Sources 196 (2011) 4705–4713

�0 = (KadscH2,b)1/2{1 + (KadscH2,b)1/2}−1
(18)

Also, from Eqs. (8), (9) and (11), �0 can be given by:

�0 ≈ {KetcH3O+,o}[1 + {KetcH3O+,o}]−1 (19)

This represents the maximum value of � since, once current starts
to flow, the discharge reaction reduces the coverage of H atoms on
the surface and � decreases from �0.

As the polarization approaches zero, � in the electron trans-
fer expressions, Eq. (13), with �H3O+ now also approaching unity,
must approach the equilibrium, ‘zero-current’, value, �0, given by
Eq. (17). This leads to the requirement that

�0(1 − �0)−1 ≈ KetcH3O+,o (20)

Eqs. (17) and (20), therefore, imply that

{KetcH3O+,o} ≈ K1/2
ads c1/2

H2,b (21)

The equilibrium constants Kads and Ket should be functions of tem-
perature only so that, as indicated by Eq. (21), the zero-polarization
value of cH3O+ , cH3O+,o, should adjust until it is approximately equal

to the ratio K1/2
ads c1/2

H2,b(Ket)
−1 at the reaction interface. The degree of

approximation depends on the relative values of the Volmer and
Tafel reactions. If, for example, the forward and reverse Volmer
reactions are, respectively, infinitely faster than the forward and
reverse Tafel reactions, the Tafel reactions have an insignificant
influence on the value of � and the equalities in Eqs. (19)–(21)
become exact.

2.5.7. Conversion to the form of a Butler–Volmer equation
Dividing Eq. (14) by Eqs. (15) and (16) leads to

i(i0)−1 = �H2 (�H2,o)−1[(1 − �)(1 − �0)−1]
2 − [�(�0)−1]

2
(22)

where �H2 (�H2,o)−1 is actually simply cH2 (cH2,o)−1.
Combining Eq. (11) with Eq. (22) leads to the following expres-

sion linking current density, i, and activation polarization, �:

i = io,T[cH2 (cH2,o)−1(1 − �)2(1 − �0)−2]{1 − {�H3O+}2

× [exp{−F�(RT)−1}]2} (23)

This is of the general form of a Butler–Volmer equation. If Eq. (23) is
rearranged into the form of a Tafel equation, the following results:

� = −RT(2F)−1 ln[{�H3O+}−2

× [1 − {i(io,T)−1[cH2 (cH2,o)−1(1 − �)2(1 − �0)−2]
−1}] (24)

Austen [11], via a more detailed route, derived the same equations
(in Section 5.9.3, Case 2A, around Eqs. (5.68)–(5.71)) and Breiter
[17] presented a similar equation. For brevity, the function can be
represented by the symbol fI and the expression can be put in the
traditional, ‘log base 10’, form so that Eq. (24) can be written

� = −2.303RT(2F)−1 log[{�H3O+}−2{1 − i(io,TfI)
−1}] (25)

Eq. (25) provides the basis for the Tafel plot although, if �H3O+ and
fI are significantly different from unity, the usual ‘� vs. log i’ plot
will not give a very accurate value of io,T.

3. Evaluation of Tafel–Volmer parameters from published
polarization data
3.1. Introduction

The comparatively few published results on the HOR for Pt(1 1 0)
were reviewed. The various thermodynamic and kinetic equa-
tions that have been derived above for the Tafel–Volmer reaction



R.F. Mann, C.P. Thurgood / Journal of Pow

Table 1
Exchange current densities, io, in A cm−2 for the HOR on Pt(1 1 0) from the RDE
polarization data of the Markovic Group.

Temperature (K) io,Note 1 × 103 io,Note 2 × 103 io,Note 3 × 103

274 0.65 1.0 0.93
303 0.98 1.35 1.45
333 1.35 1.50 1.55

Note 1: As originally recommended by the Markovic Group [4–9].
N
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ote 2: As subsequently proposed by Mann et al. [3] based on the proposed �(i)
atabase in Ref. [3].
ote 3: Now proposed using the Ref. [3] ‘limit method’ but using the expanded �(i)
atabase currently proposed in Table 2.

equence were applied and, where possible, values of the various
afel–Volmer parameters were determined. The goal was the eval-
ation of parameter values for use in mechanistic equations for the
rediction of � (i.e. �act,a) as a function of current density (or anode
ctivation polarization) and cell operating parameters for the HOR
n Pt(1 1 0).

.2. The original published results of the Markovic Group

The ‘Markovic Group’ body of work [4–9] included results at
74 K, 303 K and 333 K with the most comprehensive results being
t the lowest temperature studied, 274 K. They reported the io
esults for their Pt(1 1 0) single-crystal RDE measurements that are
isted in Table 1. For the reasons recently presented [3], their results

ere reassessed and are further discussed in Section 3.3.
The catalyst is considered as a ‘reactant’ and appears in kinetic

xpressions as a ‘concentration’, symbol CM. The ‘Markovic Group’
oncluded that, in single-crystal studies [8], well-ordered Pt(h k l)
urfaces could be produced, each Pt configuration having a par-
icular Pt atom surface density. Of present interest is the surface
ensity of Pt(1 1 0), which they reported as 0.94 × 1015 atoms cm−2.
his gave a CM,1 1 0 value of 1.56 × 10−9 mol cm−2, the value used in
ur subsequent data analyses.

.3. Our reassessment of the published data from the ‘Markovic
roup’

.3.1. Our preliminary reassessment of the ‘Markovic Group’ data
Our original reanalysis [3] of the published results of the

arkovic Group began with the estimation of mass-transfer-
orrected �act(i) data sets, shown in Table 2 for their Pt(1 1 0)

lectrodes, from their previously published E(i) data sets.
hese ‘extracted’ �act(i) data sets were then recorrelated using
afel–Volmer equations summarized in Section 2.

For Pt(1 1 0), assuming the ‘Mechanism I’ special case of the
afel–Volmer equations at all temperatures, the io results listed in

able 2
act,a(i) data sets for Pt(1 1 0) estimated from the E(i) polarization data of the
arkovic Group (expanded from Ref. [3]).

274 K 303 K 333 K

i × 103 A cm−2 � × 103 V i × 103 A cm−2 � × 103 V i × 103 A cm−2 � × 103 V

0.0655 0.78 0.10 0.90 0.10 0.868
0.131 1.45 0.20 1.80 0.19 1.571
0.263 3.00 0.30 2.69 0.20 1.65
0.491 5.50 0.362 3.24 0.30 2.304
0.719 7.80 0.40 3.52 0.40 2.828
1.0 10.7 0.50 4.34 0.414 2.891
1.1 12.0 0.60 5.15 0.50 3.362
1.2 13.5 0.70 5.93 0.60 3.863
1.3 15.2 0.80 6.66 0.647 4.053
1.4 17.0 0.90 7.34 0.70 4.26

1.00 7.95 0.80 4.65
0.90 4.94

everal datasets have been added or slightly altered in value since Ref. [3].
er Sources 196 (2011) 4705–4713 4709

Table 1 were recommended from this reanalysis. These io results
came from the following application of Eq. (23):

io,T = lim
i→0

[i{1 − exp(−2F�(RT)−1}−1
] (26)

Accompanying this reanalysis, empirical expressions were pro-
posed to represent the variation with current density of the group
[cH2 (cH2,o)−1(1 − �)2(1 − �0)−2], i.e. fI, in Eqs. (23)–(25).

Before the kinetic and thermodynamic parameters could be
quantified, a basis for the prediction of cH2 had to be established.

3.3.2. Hydrogen solubility in the H2SO4 electrolyte and the
prediction of cH2

Values of cH2 are required to apply Eq. (6) and the various expres-
sions derived from Eq. (6). For the 0.05 M H2SO4 electrolyte used
by the Markovic Group and based on their statement that ‘data
were reported as adjusted to a hydrogen gas pressure of 1 atm’,
i.e. ‘pH2 = 1’, the following correlations [1] are considered to be
applicable for the prediction of cH2,sat:

cH2,0–45 ◦C = 1.25 × 10−7 exp(545T−1) (27)

cH2,45–100 ◦C = 1.19 × 10−6 exp(−170T−1) (28)

As discussed in Section 2.3, this cH2,sat should be the same as cH2,b at
the electrolyte/reaction boundary layer interface if diffusion in the
bulk electrolyte has been properly accounted for. Further, if there is
no depletion of dissolved hydrogen in the reaction boundary layer
adjacent to the reaction interface, the reaction interface value, cH2 ,
should also equal cH2,sat.

Eqs. (27) and (28) intersect at 45 ◦C so that a slight inflection
point might be expected at this temperature in Arrhenius plots of
parameters which vary with cH2 .

3.3.3. Our present correlation of Pt(1 1 0) results by Mechanism I
Subsequent to our preliminary analysis [3], several additional

�(i) datasets were estimated from the Markovic Group E(i) datasets
(Table 2).

The various T–V models described in Section 2 have a large num-
ber of adjustable parameters and constraints to consider during
correlation:

- the Tafel rate parameters kads and kdes (or, in some cases, the
equilibrium parameter Kads);

- the Volmer rate parameters ket,fwd and ket,rev (or, in some cases,
the equilibrium parameter Ket);

- the �H3O+ (i) or �H3O+ (�) variation;
- the values of the transfer coefficients ˛V,fwd and ˛V,rev;
- the desirability that the above rate parameters and equilibrium

parameters show Arrhenius behaviour;
- the desirability that the parameter values resulting from the cor-

relations predict io values that agree with the ‘Note 3’ values in
Table 1.

Various combinations of Eqs. (6), (7) and (11)–(16) were applied
to correlate the datasets in Table 2. Since Table 2 data were the
result of a mass-transfer correction to the original E(i) data, a value
of unity was assumed for the parameter �H2 . The parameter �H3O+ ,
however, was not necessarily subject to the assumption of unity.
Values of the transfer coefficients, ˛V,fwd and ˛V,rev, were taken to
be the 0.5 value previously found satisfactory [3].
The most successful correlation technique utilized a ‘general’
Tafel–Volmer spreadsheet program so that kads, kdes, ket,fwd, ket,rev

and �H3O+ were all adjustable parameters. To convert this to a
Mechanism I, ‘rate determined by Tafel reaction and � essentially
determined by the Volmer reaction’, values of ket,fwd and ket,rev were



4710 R.F. Mann, C.P. Thurgood / Journal of Power Sources 196 (2011) 4705–4713

Table 3
Correlation of Pt(1 1 0) �(i) data from Table 2 using ‘Mechanism I’ Tafel–Volmer equations with �H2 set equal to 1 and with io consistent with io,Note 3 in Table 1.

T (K) {KetcH3O+,o} (1) kads × 10−16 kdes × 10−9 �H3O+ io × 103 K1/2
ads

c1/2
H2

(1) �0

274 1.3545 1.20 5.98 1 to <1 0.93 1.3459 0.5753

(

i
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p
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‘

(

(

(

(

(

(

p
a
3
b

F
t

303 4.800 13.8 4.51
333 14.8533 119.5 3.87

1) As discussed in the paper, K1/2
ads

c1/2
H2

should be equal to {KetcH3O+,o}.

ncreased until variations in kads and kdes no longer affected the val-
es of �. Values of kads, kdes, the group {ket,revcH3O+,o(ket,fwd)−1} and,
hen appropriate, �H3O+ were then varied until the best agreement

f ipred and iexp was obtained for the datasets for a particular tem-
erature. Typically this meant an average ipred(iexp)−1 of unity, an

o value consistent with the io,Note 3 values in Table 1, and the best
ipred vs. iexp’ parity plot.

The data were correlated with five major constraints in mind:

1) The resulting set of parameter values should predict values of
io that are in close or reasonable agreement with the io,Note 3
values in Table 1.

2) The resulting sets of kads, kdes and {k-etcH3O+,o(ket)
−1} parameter

values should show good Arrhenius behaviour.
3) The values of �H3O+ (i) at the 3 experimental temperatures can

be assumed to have an ideal value of unity.
4) The final values of (KadscH2,b)1/2 and {KetcH3O+,o} should be in

close agreement.
5) In addition, if �H3O+ (i) is a physico-chemical parameter and is

not equal to unity, the final values should show a variation with
temperature that was reasonable.

Several correlation approaches were applied:

(i) one that placed most emphasis on constraints (1) and (5)
above;

(ii) one that placed most emphasis on constraints (2), (3) and (5)
above, and

iii) one that placed additional emphasis on constraint (5) above.

It was found that all the above constraints could not be com-

letely met. The best correlation results are summarized in Table 3
nd plotted in Fig. 1. Table 1 io,Note 3 values were met at 274 K and
03 K while an io value 3% higher than the io,Note 3 value gave the
est results at 333 K.
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ig. 1. Calculated values of �0 and � using proposed ‘Mechanism I’ equations and
he Tafel–Volmer parameter values in Table 3.
1 to >1 1.45 4.800 0.8276
1 to <1 1.60 14.809 0.9369

3.3.4. Correlation of Tafel parameters kads and kdes
The proposed preliminary Arrhenius correlations for the adsorp-

tion and desorption rate constants in Table 3 are, respectively:

kads ≈ 2.37 × 1027 exp{−7135(T)−1} (29)

kdes ≈ 5.24 × 108 exp{660(T)−1} (30)

These correlations predict the experimental values of kads and kdes
in Table 3 to within about ±2½%. This is quite reasonable for many
kinetic applications but not really good enough when the current
density at the anode is low and when the forward and reverse cur-
rent densities can be relatively close in value. For this reason, since
the probable uncertainty in the parameter values at the 3 experi-
mental temperatures is similar, separate correlations are proposed
below for the 2 temperature regions, ‘below 303 K’ and ‘above
303 K’:

kads,<303 = 1.55 × 1027 exp{−7013(T)−1} (31)

kdes,<303 = 3.12 × 108 exp{809(T)−1} (32)

kads,>303 = 3.83 × 1027 exp{−7287(T)−1} (33)

kdes,>303 = 9.06 × 108 exp{486(T)−1} (34)

3.3.5. Correlation of Tafel parameters Kads and {KadscH2 }1/2

With Kads defined as the ratio kads(kdes)−1, the following is
implied by Eqs. (31)–(34):

Kads,<303 = 4.97 × 1018 exp{−7822(T)−1} (35)

Kads,>303 = 4.227 × 1018 exp{−7773(T)−1} (36)

Either by combining Eqs. (35) and (36) with Eq. (27) or (28), or
by using kads and kdes values from Table 3, values of the equilib-
rium group {KadscH2 }1/2 can be obtained. These are listed in Table 4.
Correlations for {KadscH2 }1/2 are not proposed since the above cor-
relations for Kads have, of necessity, been based on an inflection at
303 K while the published cH2 correlations, Eqs. (27) and (28), are
based on an inflection at 45 ◦C, i.e. 318 K.

As implied by Eq. (21), these proposed {KadscH2 }1/2 values should
also give reasonable values of {KetcH3O+,o}. This is covered in the
following section.
3.3.6. Correlation of Volmer parameter {KetcH3O+,o}
The experimental values of this parameter are listed in Table 3.

They are reasonably fitted by the following Arrhenius expression:

{KetcH3O+,o} ≈ 1.00(106) exp{−3704(T)−1} (37)

Table 4
Tafel parameters Kads and (KadscH2 )1/2 for Pt(1 1 0).

T (K) kads(kdes)−1 × 10−7 (1) cH2 × 107 (2) (KadscH2 )1/2

274 0.199 9.136 1.348
303 3.055 7.552 4.803
333 30.80 7.142 14.83

(1) From Eqs. (35) and (36).
(2) From Eqs. (27) and (28).
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s for the parameter {KadscH2 }1/2 in the previous section, the 45 ◦C
nflection point can be assumed giving:

KetcH3O+,o}
0–45 ◦C

= 7.46 × 105 exp{−3620(T)−1} (38)

KetcH3O+,o}
>45 ◦C

= 2.41 × 106 exp{−3995(T)−1} (39)

he two sources of {KetcH3O+,o} values, experimental values from
able 3 and predicted {KetcH3O+,o} values from Eqs. (38) and (39),

nd the predicted {KadscH2 }1/2 values in Table 4, are in very good
greement as expected from Eq. (21).

.3.7. Calculation of �0 and �
Values of �0 are estimated from Eq. (19), listed in Table 3, and

lotted in Fig. 1. As expected, and consistent with Eqs. (31)–(36), the
alues of �0 increase with temperature and reach levels well above
he usual ‘low-coverage’ referred to with Langmuir adsorption.

Values of � were evaluated via Eq. (11) during the correlation
rocess and representative values are also plotted in Fig. 1. These
(�) plots are of relatively low slope, possibly indicating that the
ariation in � is so low that non-Langmuir behaviour should not
how up. This �(�) variation is examined further in Section 3.3.8.

.3.8. Correlations and parity plots at current densities above zero
In general, correlation at increasing current densities could

ot be attained if �H3O+ was constrained to a constant value of
nity. As listed in Table 3, �H3O+ had a value at or near unity
t low current density but generally required a non-unity value
s current density increased if a good parity plot, ipred vs. iexp,
as to be obtained. Graphed values of �H3O+ did not show a

onsistent variation with current density, with � or with tem-
erature so that simple correlation was not possible or, probably,
eaningful.
However, for production of a parity plot, extrapolation of the

olarization curves to higher current densities or for prediction of
olarization curves at other operating conditions, beginning the
alculation with a value of � and then calculating the resultant cur-
ent density was the simplest approach. An empirical parameter,
ither �H3O+ or �, was therefore required as a function of �.

It became clear that �(�) was the best semi-empirical function
o bring in any departure of �H3O+ from unity, the following expres-
ions representing the fits of the � values required for the kinetic
arameter values summarized in Table 3. It was evident that the

inear �(�) expression for 303 K was reasonably accurate but the
inear �(�) expressions for 274 K and 333 K showed deviation in
pposite directions at higher values of current density. An addi-
ional small term is, therefore, proposed below for the 274 K and
he 333 K empirical expressions:

274 K ≈ �0,274 K − 13.0� + 3.93 × 104�3.35 (40)

303 K = �0,303 K − 5.45� (41)

333 K ≈ �0,333 K − 2.3� − 1.86 × 105�3.35 (42)

arity plots using the experimental results were then produced as
ollows:

Eqs. (31)–(34) were applied to obtain values of kads and kdes;
Eqs. (27) and (28) were applied to obtain predicted values of cH2 ;
CM was equal to 1.56 × 10−9;

Eqs. (40)–(42) were applied to the experimental values of � in
Table 2 to obtain predicted values of � for each experimental data
set;
Eq. (14), with �H2 set equal to 1, was then applied to obtain pre-
dicted values of current density, ipred;
Experimental Current Density (iexp) X 103

Fig. 2. Parity plot of ipred vs. iexp parity plot for the data in Table 2 using the proposed
Mechanism I Tafel–Volmer equations and parameter values in Table 3.

The resulting values of ipred were then calculated for each polar-
ization, �exp, in Table 2 and the ipred vs. iexp results are plotted in
Fig. 2.

For greater applicability in predicting polarization curves at
other operating conditions, the following generalizations are pro-
posed to the above calculation sequence:

(a) The slopes, m� , in the linear term of Eqs. (40)–(42) are nearly
Arrhenius in their temperature dependence and can be approx-
imately represented by:

m� ≈ 7.39 × 10−4 exp{2680(T)−1} (43)

However, for greater accuracy at both interpolated and extrap-
olated temperatures, the following are proposed:

m�,<303 K ≈ 1.475 × 10−3 exp{2489(T)−1} (44)

m�,>303 K ≈ 3.78 × 10−4 exp{2900(T)−1} (45)

Similarly, the coefficients, c� , for the �3.35 terms in Eqs.
(40)–(42) can be generalized somewhat via the following:

c�,<303 K ≈ −1.36(103)T + 4.12(105) (46)

c�,>303 K ≈ −6.2(103)T + 1.88(106) (47)

Thus, �(�) can be estimated via Eq. (19), Eqs. (44)–(47), and

� = �0 − m�� + c��3.35 (48)

3.3.9. Calculation of ipred for a given temperature (25 ◦C) and a
given value of �

The calculation sequence proposed in Section 3.3.8 was applied
to the prediction of all parameter values for 25 ◦C and an anode
activation polarization, �, of 1 × 10−3 V. The applicable equation
numbers and the results are summarized in Table 5.

The same process summarized in Table 5 was applied to the
prediction of the polarization curve for ‘Pt(1 1 0), 25 ◦C, pH2 = 1 atm,
CM = 1.56 × 10−9 using the parameter values in Table 5 and applying
Eq. (14). The results are summarized in Fig. 3.

3.4. Analysis of the published Pt(1 1 0) data from Protopopoff and
Marcus (1985–1988)

Protopopoff and Marcus, in a series of papers, studied the influ-
ence of sulphur on the electroadsorption of hydrogen under the

H+:H2 equilibrium potential [20,21] and on the HER [22] on a
single-crystal Pt(1 1 0) surface. Results at zero sulphur were also
reported so that there are some data that are relevant to the
present paper. Experimental conditions for the HER study were
25 ◦C, 0.05 M H2SO4 aqueous electrolyte, and, presumably, a pH2
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Table 5
Estimation of parameter values at 25 ◦C and � = 1 × 10−3 for Pt(1 1 0) with dilute
H2SO4 electrolyte and CM = 1.56 × 10−9.

Parameter Source Estimated value Note

m� Eq. (44) 6.254
c� Eq. (46) 6.72 × 103

{KetcH3O+,o} Eq. (38) 3.9544 (1)
�0 Eq. (19) 0.79816
� Eq. (48) 0.7919
kads Eq. (31) 9.329 × 1016

kdes Eq. (32) 4.7115 × 109

cH2 Eq. (27) 7.783 × 10−7

[kadscH2 (kdes)−1]
1/2

Calc’d 3.9196 (1)
ipred (�H2,o = 1) Eq. (14) 8.9 × 10−5

io,fwd (�H2,o = 1) Eq. (15) 1.389 × 10−3 (2)
io,rev Eq. (16) 1.388 × 10−3 (2)
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1) For internal consistency, (kadscH2 /kdes)1/2 and {KetcH3O+,o} should be close in
alue.
2) For the parameter values to show complete internal consistency, io,fwd and io,rev

hould have identical values.

f 1 atm. Current densities were calculated on the basis of the
eometric area of the electrode. The Tafel slope for the zero-S polar-
zation curve was 0.035 ± 0.001 V dec−1 and the current density at
V was (1.7 ± 0.05) × 10−4 A cm−2. The 0.035 was considered by

he authors to be close enough to the 0.0296 value that would come
rom our Eq. (29) to support this HER as a ‘proton discharge in equi-
ibrium followed by rate-determining chemical recombination’ (i.e.
ur Mechanism I in reverse). They cited some additional support-
ng literature [23–26] but it does not appear that any of this work
nvolved single-crystal Pt(1 1 0).

As recently argued [3], a ‘modified Tafel plot’ according to Eqs.
24) and (25) should be based on � being plotted against log[i(fI)−1],
ot log[i], a procedure that will modify the resulting values of both
he Tafel slope (i.e. ˛) and the Tafel intercept (i.e. io).

The concept of exchange current density, the equal forward and
everse current densities at zero polarization and zero net current,
mplies that the equilibrium rate of the HOR, Eq. (2), is the same
s the equilibrium rate of the HER, the reverse of Eq. (2). If the
echanism, as argued above, is the same for the HER and the HOR

n the equilibrium region, the io,HER and io,HOR should have the same
alue at the same test conditions. Therefore io,HOR,298 K should also

−4
e 1.7 × 10 for the test parameters used in the work and for the
eometric area of the electrode being used.

The evaluation of any Tafel–Volmer parameters for comparison
ith our results in Section 3.3 is hindered by the lack of any mention

f a value of CM for their Pt(1 1 0) electrode. Since their io value
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Fig. 3. Predicted polarization curve at 25 ◦C for the conditions in Table 5.
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appears to be nearly an order of magnitude less than those proposed
in Table 1, either CM or some other experimental parameters were
considerably different than those in the studies by the Markovic
Group.

3.5. Analysis of the 1993 published Pt(h k l) data from Gomez et al.

Gomez et al. [27] studied the rate of the HER in 0.5 M H2SO4
and “arbitrarily took io as the current density at E = 0”. The “room
temperature” results, io (in A cm−2) and Tafel slope, b (in V dec−1),
for the three basal Pt orientations were:

Pt(1 1 1): 0.84 × 10−3 and 0.030
Pt(1 0 0): 0.84 × 10−3 and 0.031
Pt(1 1 0): 0.97 × 10−3 and 0.030

The almost identical Tafel slope of ∼0.03 for all three crystal ori-
entations, especially considering the results of the Markovic Group
[4–9], probably implies that the measurements were concentra-
tion polarization (i.e. mass transfer) limited. As recently noted
[3], the concentration polarization expression also begins with a
2.303RT(2F)−1 term so that a diffusion-limited electrode reaction
will show an apparent Tafel slope of ∼9.92 × 10−5T, from 0.0289 to
0.0296 at room temperatures from 18 to 25 ◦C. For this reason, the
results of Gomez et al. were not further evaluated.

4. Generalizations for modelling the HOR on Pt(1 1 0)

4.1. Modelling in dilute H2SO4 electrolytes

The implicit assumptions at this point are (i) that the HOR reac-
tion on a Pt(1 1 0) anode is a Tafel–Volmer reaction sequence with
a ‘Mechanism I’, rds Tafel followed by fast Volmer, process; (ii)
that the dissociative chemisorption of the H2 molecule follows a
Langmuir isotherm, and (iii) the proposed parameter values and
correlations in Section 3.3 apply to the ‘Markovic Group’ conditions
for their Pt(1 1 0) anode: 0.05 M H2SO4, pH2 of 1 atm and CM equal
to 1.56 × 10−9 mol cm−2.

Generalizing cH2,o to pH2 other than 1 atm requires evaluation
of an appropriate Henry’s Law constant. As noted in Section 3.3.2
with respect to Eq. (27), Eq. (28) and to previous work [1], given the
electrolyte, the temperature and the value of pH2 , the value of cH2,o
can be estimated.

Generalizing to anode Pt(1 1 0) catalysts other than ‘Markovic
Group Pt(1 1 0)’ requires adjustment of the value of CM. Eqs. (15) and
(16) indicate that io varies as C2

M so that a Pt(1 1 0) anode catalyst
with a CM value other than the ‘Markovic Group’, ‘MG’, value pro-
posed in Section 3.2 would need another parameter added, CM,actual
instead of CM,MG, to properly scale the predicted io and i values. It
should be noted that these CM values are best visualized as being
‘per cm2 of geometric Pt electrode area’.

Values of {KetcH3O+,o} for Pt(110) when pH2 is other than 1 atm
would also require adjustment. As noted following Eq. (12), Ket rep-
resents the group {ket,rev(ket,fwd)−1} where ket,rev and ket,fwd should
only be functions of temperature. As noted around Eqs. (20) and
(21), KetcH3O+,o should be numerically equal to K1/2

ads c1/2
H2

and, since
Kads should only be a function of temperature, cH3O+,o should there-

fore vary as c1/2
H2

, i.e. as {pH2 (HH2 )−1}1/2
. This means that, for a ‘new’

value of pH other than the Markovic Group “adjusted to a pH of
2 2
1 atm” ‘MG’ condition,

{KetcH3O+,o}
pH2

≈ {KetcH3O+,o}
pH2

=1 atm
[pH2 HH2,MG(HH2,new)−1]

1/2

(49)
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q. (49), when combined with the ‘pH2 = 1 atm’ results in Table 3 or
ith Eq. (39) for temperatures above 45 ◦C, leads to the following

eneral correlation:

KetcH3O+}
pH2

,>45 ◦C
≈ 2.41 × 106[pH2 HH2,MG(HH2,new)−1]

1/2

× exp[−3995(T)−1] (50)

he values of Henry’s constant, HH2 , in Eq. (50) can be evaluated for
he particular electrolyte as described elsewhere [1].

.2. Generalizing to electrolytes other than H2SO4

The first key parameter here is cH2 and this can be evaluated
or various concentrations of other acids and for Nafion membrane
lectrolytes by making use of the Henry’s Law correlations recently
roposed [1]. As long as the pH is still in the same general range as
hat for the dilute H2SO4 results, it can be assumed, until relevant
xperimental data are available and appropriately analysed, that
he various Tafel–Volmer ‘pH2 = 1’ parameter values are not signif-
cantly changed from the correlations presented above. If the pH
s significantly different than that in the ‘Markovic Group’ studies,
eneralization from the results in Section 3.3 should be done with
aution.

The other possibility is that the reaction mechanism, and there-
ore the values of the kinetic parameters, differ when the ionic

akeup of the electrolyte changes. In this case, the parameters
erived from the H2SO4 studies would not likely apply.

. Summary and conclusions

Additional support has been provided for the main assumptions:
i) that the HOR reaction on a Pt(1 1 0) anode is a Tafel–Volmer
eaction sequence with a ‘Mechanism I’, rds Tafel followed by fast
olmer, process and (ii) that the dissociative chemisorption of the
2 molecule follows a Langmuir isotherm [5]. These conclusions
pply to the ‘Markovic Group’ conditions for their Pt(1 1 0) anode:
.05 M H2SO4, pH2 of 1 atm and CM equal to 1.56 × 10−9 mol cm−2.

Satisfactory Arrhenius correlations of several Tafel–Volmer
inetic and thermodynamic parameters for Pt(1 1 0) have been
btained for the temperature range from 1 ◦C to 60 ◦C and for the

adjusted to a pH2 of 1 atm’ condition used by the ‘Markovic Group’
ublications. This includes the parameters {KetcH3O+}, Kads, kads, and
des. It is suggested, pending the availability of data for Pt(1 1 0)
lectrodes at temperatures above 60 ◦C, that these correlations can
e extrapolated for use at 60–90 ◦C, a typical operating temperature
ange for PEM fuel cells.

Correlations are proposed for predicting the performance of
t(1 1 0) electrodes at pH2 values of other than 1 atm and for CM
alues other than that recommended by the Markovic Group.
For modelling purposes, the simplest approach for current den-
ity ‘i’ to be predicted as a function of anode activation polarization
. Alternatively, � can be predicted as a function of current density
ut this approach would require an iterative solution. A calculation
equence is proposed in Section 3.3.8.

[
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er Sources 196 (2011) 4705–4713 4713

There appears to be a surprisingly small amount of published
work regarding the hydrogen oxidation reaction on Pt(1 1 0) anodes
other than the several publications of the ‘Markovic Group’.

It is suggested that these Tafel–Volmer parameter values can
also be used to estimate �(i) data for Pt(1 1 0) electrodes using other
electrolytes in the same low-pH region as the 0.05 M H2SO4 cells
employed by the Markovic Group. This could include PEM elec-
trolytes such as Nafion although further work is needed to verify
this approach. The major additional requirement would be the pre-
diction of cH2 values via Henry’s Law expressions for the different
electrolytes, a question that has recently been addressed [1].
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