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Abstract

A simple and rigorous methodology to establish the relationship between the faradaic equilibrium polarization resistance of an
electrocatalytic reaction with the elementary kinetic parameters involved in the reaction mechanism is proposed. It was derived
through an alternative method, which avoided the differentiation of the corresponding current-overpotential dependence. This
formalism includes the cases where both, reactants and products, exhibit diffusion contributions. It is demonstrated that the
equilibrium polarization resistance is the sum of both, faradaic and diffusion, contributions. Each diffusion term has a linear
variation with the inverse of the limiting diffusion current density of the species involved. This behavior was exemplified with
two different experimental data sets for the hydrogen electrode reaction, obtained on a rotating disc and microelectrodes,
respectively.

Keywords Equilibrium polarization resistance - Faradaic and diffusion contributions - Equilibrium reaction rate of elementary

steps - Exchange current density

Introduction

The kinetic study of an electrocatalysed reaction is based in
the interpretation of experimental results through a mecha-
nism, which resolution requires the description of the adsorp-
tion process of the reaction intermediates and the quantifica-
tion of the kinetic parameters. The basic data for the kinetic
study are obtained from the experimental relationship between
overpotential (n) and current density (j). It is usually
interpreted on the basis of the experimental kinetic parameters
Tafel slope (b) and exchange current density (7°), evaluated
under steady state conditions and free of mass transfer contri-
bution (faradaic control). Based on approximated kinetic anal-
ysis [1-3], the exchange current density is calculated mainly
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by two different methods for the case of a reaction carried out
on steady state conditions. One of them consists in the extrap-
olation to the equilibrium potential of the linear variation be-
tween the logarithm of the current density and overpotential. If
the reaction operates under mixed control (faradaic and diffu-
sion), the faradaic contribution must be extracted from the
global response j(n). Unfortunately, the method usually
employed is controversial because it is not suitable for reac-
tions involving adsorbed species [4, 5].

Another way to evaluate the exchange current density,
when the reaction defines the equilibrium potential, is from
the dependence j(n) around this value, where the slope of the
curve at the origin defines the equilibrium polarization resis-
tance (R; ),

. {on .
in (5) - W

The exchange current density is obtained from Eq. (1)
through the following equation [6],

-0 RT e—1
J=om—p R, (2)
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o, 1s the mean stoichiometric number, which is usually
identified with the stoichiometric number corresponding
to the step considered as the rate determining step
(RDS). It should be important to note that the exchange
current density is the value of the reaction rate at equilib-
rium, where the transformation of reactants into products
(forward reaction) proceeds at the same rate as the regen-
eration of reactants from products (backward reaction).
This definition is rigorously valid only for an elementary
reaction and not for a reaction taking place through sev-
eral steps involving reaction intermediates [7].

In this context, it is proposed to recover the equilibrium
polarization resistance as a reliable and valuable source of
kinetic information. If the current-potential dependence
can be experimentally evaluated around equilibrium, then
R}, is a useful property because it can be directly related
with the equilibrium reaction rates of the elementary
steps, providing an independent tool for the validation of
the kinetic mechanism. This relationship can be obtained
from the kinetic expressions of the dependence j(7n)
resulting from the resolution of the reaction mechanism
without approximations. However, this procedure is very
complex, as it involves the differentiation of the equations
corresponding to the dependences on overpotential of the
surface concentration of reactants and/or products as well
as those of the surface coverage of the adsorbed species.
This last differentiation could be even more complicated
in the case of an adsorption isotherm different from that
of Langmuir (Frumkin, etc.). Thus, the present work dem-
onstrates the relationship between the equilibrium polari-
zation resistance and the elementary kinetic parameters
for a reaction with diffusion contribution through a new,
simple, and rigorous alternative formalism, without in-
volving differentiation.

Fundamentals

In order to develop a methodology for the evaluation of the
equilibrium polarization resistance starting from the experi-
mental dependence j(1) near equilibrium, the following elec-
trode reaction is considered:

A2(501>x——‘2 P(sol) +2H" +2¢ (3)

The concentration of A, and P in solution, unlike that
of protons, is low and therefore a mass transfer process
from or to the electrode surface must be considered, in-
volving a concentration overpotential for both species.
This overpotential is precisely due to the variation of the
surface concentration of these species with the current
drained by the electrode. In order to explain the proposed
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methodology, it is considered that the reaction is verified
through the following pathway:

A (so) A2 (es) (4.1)
Ages) = 2 Agaa) (4.2)
Ar(e)= Aad) T Pesy + H  + € (4.3)
Awdy=Pes) +H" + € (4.4)
Plesy=P(so) (4.5)

where subscript “(sol)” and “(es)” denote substances in solu-
tion, in the bulk, and at the electrode surface, respectively, and
subscript “(ad)” means adsorbed species. Steps (4.1) and (4.5)
are the diffusion processes of the reactant A, towards the elec-
trode surface and product P towards the bulk solution, respec-
tively. Meanwhile, steps (4.2), (4.3), and (4.4) are the elemen-
tary reaction paths proposed in the kinetic mechanism. This
pathway was chosen in order to show a mechanism with more
than one reaction route as well as diffusion contributions on
the part of reactant and product. The kinetic mechanism in-
volves three steps (4.2—4.5) and one adsorbed reaction inter-
mediate (A,q)), which implies two reaction routes (p) [8]. One
of them (p,) is formed by steps (4.3) and (4.4) and the other
(p2) by (4.2) and (4.4). It should be noticed that the step (4.4)
has different stoichiometric number for each route, O'Zl =1
and 0> = 2.

Reaction Rate Relationships

The dependences on overpotential of the reaction rate (V,), the
rate (v) of the steps (4.2)(4.4), and the diffusion contribu-
tions of the paths (4.1) and (4.5) on steady state conditions
must be found. The mass balance for any species i located at
the electrode surface in steady state is,

dn; dni(sol) &
— =4+ + v =0 5
It It Zkvl Vk ( )

The first term in the second member of Eq. (5) is the dif-
fusional flux of species i from solution towards the electrode
surface (positive sign) or from the electrode surface to bulk
solution (negative sign), being null for the adsorbed species.
The second term is the variation due to the electrochemical
reaction, being v} the stoichiometric coefficient of species i in
the step k. The rate v, is related to the variation of the number
of moles of 7 in the step & by the following expression:

1 dnfc(ev)
Vi = — -
Avkdt

k=234 (6)
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being A the electrode area. The diffusional flux of the species i
can be expressed as:

d i(sol)
a _ /
f’ Ag dt ( )

where A, is the geometric area (flow area), and related to the
electrode area by the active area factor (f;, =A/Ay). The rate
(V) of the global reaction (r) is given by:

1 dni(sol)
vV, = | = Ay, P 8
A a1 ®)

1

Substituting expressions (6—8) into (5) and taking into ac-
count the definition of f,, the following equalities are ful-
filled:

d
S,
J aa

_ /3
faa

Taking into account the relationship between the current
density and the reaction rate (j = 2FV, ), it gives:

2 Vr =2 = (V4 + V3) = 2(\/3 + Vz) = 2(V4_V2)

©)

2,
j= 7 = F(v4+v3) =2F(vs + vy) = 2F(vs—v3)
_Ffp
fall

Equation (10) establishes the relationship on steady state
between the current density referred to the electrode area (A),
the diffusional flux, and the rate of the elementary steps.

(10)

Reaction Rate Around Equilibrium

The main objective of the present analysis is the development
of a methodology that establishes the relationship between the
equilibrium polarization resistance of a given reaction with the
elementary kinetic parameters involved in the reaction mech-
anism without the differentiation of the corresponding current-
overpotential dependence. The linear dependence j(n) that de-
scribes the behavior around the equilibrium is used, which
enables to rewrite Eq. (1) as follows:

. n n
lim =)=\ = R¢ 11
n—0 (]) <])linear r ( )

In order to replace the derivative of Eq. (1) by the quotient
n/j, the well-known expression that describes the linear

behavior of the reaction rate v, around equilibrium is used,
which can be written as [9]:
Vi

RT

v =~ 5= AZ (n) (12)
where v{, is the equilibrium rate and Agj is the variation of the
electrochemical Gibbs free energy of the elementary step &,
which depends on the faradaic or activation overpotential on
electrode surface (), as it will be demonstrated later. In the
same potential range around equilibrium, the following ex-
pression can be written for the diffusional flux of a species 7
(see Appendix):

d

Sl =—2F8a) (13)

] fL is the limiting (maximum) diffusional flux of the spe-
cies i towards or from the electrode and Ag; is the variation of
the Gibbs free energy of i due to changes in its surface con-
centration, which depends on the concentration overpotential
(nf’ ). It should be taken into account that the linearity
established by Egs. (12) and (13) is restricted to very small
values of Ag(Ag — 0).

Relationship Between Reaction Gibbs Free Energies

The electrochemical Gibbs free energy variation at electrode
surface Ag® is invariant with respect to the reaction route and
therefore it must verify the following identities corresponding
to the two routes formed by the steps (4.3, 4.4) and (4.2, 4.4),
respectively,

_CS o _CS _CS _es _CS _CS
Ag, =20, Ag, = Agy +Ag, =Ag, +2Ag,  (14)

The following relationship comes from Eq. (14):

_CS _CS _CS

Agy = Ag, +Ag, (15)

Operating with Egs. (8), (9), and (14), the following ex-
pressions are obtained:

es 2\)6 + Ve es
Ag, =——2 3 Ap 16
84 4V461 + VS + Vg 8 ( )

_es 2\)5 + VZ _es
Agy = Ag (17)

- e e e r
4vg +v5 +15

Substituting Egs. (12), (13), (16), and (17) into Eq. (10) the
following identities are derived:

_2FfAzLA (d):_FfPL
faaRT AZ Az faaRT
2F (V5§ +v5r§ +virg es

,_( 2V4 i 2 63 84 3) Ag. (1) (18)
RT (4v4 +v5 + v2)

Jj= Agp (77%)
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The relationships between the Gibbs free energies and the
electrode surface overpotential are derived in the following
item.

Evaluation of the Polarization Resistance

The relationships between the Gibbs free energies and
overpotentials are (see Appendix):

Agy, = —2Frf}, (19)

Agp = _an (20)
es

Ag, = -2Fif* (21)

Substituting Egs. (19)—(21) into Eq. (18) it results:

. 2Ea 4

£y
j _ Bp g

TRT M T ORI,

_AF? (g 58 +15%)
CORT (495 +v5 +1%5)

n* (22)

The identities of Eq. (22) can be rewritten as:

RIf,, RIf, RT (4§ +15+1%)
LM _ By AP (R AS )
oo, 0 U

Taking into account a property of fractions equality,
Eq. (23) can be reordered as:

RTf,, N RTf,, RT (4v5 + 14 +1%)
1 2Ffa Ffp AF2(vivg +v5v +v51%) (24)
j m,

Considering that the reaction overpotential 7, evaluated
experimentally, is the sum of the concentration overpotentials
of'the species A, and P and the electrode surface overpotential
(see Appendix), the following equation is obtained:

N_pe_ RT (4545 +15)
j PoAF? (W55 +v515 +15)%5)
RT 2
+ = (faa + faa) (25)
2F \Jaor JpL

When the limiting diffusion current densities tend to infi-
nite, the last term of Eq. (25) is zero, and the faradaic equilib-
rium polarization resistance, R;, free of mass contribution, is

obtained:

R — RT (4vj +5 + vg)

= 26
POART (Y 5%+ veKs) 26)
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Although Eq. (26) was derived for a reaction mechanism
relatively complex, the procedure employed can be applied for
any reaction, offering for the first time a simple methodology
to obtain the relationship between the faradaic equilibrium
polarization resistance and the equilibrium reaction rates of
the elementary steps. Finally, it is important to note that the
relationship j;;/f,, in Eq. (25) can be replaced by the experi-
mental limiting diffusion current density j;;*. However, its
dependence with fluid dynamic parameters in convective dif-
fusion (rotating disc [10], tubular electrode [11], etc.), as well
as with geometric parameters in the case of microelectrodes
(disc [12], ring [13], etc.), are well-established and usually
employed.

Discussion

For any electrocatalytic reaction (hydrogen electrode reac-
tion, chlorine electrode reaction, etc.), that experimentally
defines the equilibrium condition, it is possible to evaluate
the experimental dependence (7, j;) around the equilibri-
um potential. From this information, the equilibrium po-
larization resistance can be calculated, which can provide
valuable kinetic information. In this context, a new and
simple methodology is proposed for the correct interpre-
tation of this experimental dependence, which establishes
the relationship between R and the elementary kinetic
parameters involved in the reaction mechanism. It has
been shown the existence of two contributions in R}
The activated equilibrium polarization resistance (R; )
gives information inherent to the electrode reaction, free
of any diffusion contribution. The second contribution,
which can be called diffusion resistance (Rg ), presents a
linear dependence with the inverse of limiting diffusion
current density of the species in solution. It is important
to note that the proposed methodology is performed with-
out the differentiation of the analytical expressions that
describe the current-overpotential dependence. Thus, it
gives a relationship between the equilibrium rates of the
elementary steps (vf), independent to that obtained from
the correlation of the j(n) in the whole overpotential range.
Moreover, R} is independent of any speculation about the
nature of the adsorption process (Langmuir, Frumkin, etc.)
of the reaction intermediates involved in the kinetic mech-
anism. It also gives a relationship between V¢ values. For
example, from Eq. (26) v§ can be written on terms of V5,
v§, and R;:

RT
ROVEVE——— (40§ +1%)
2= RT
—R%VVE
452 PVaV3
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This relationship can be included in the correlation of the
experimental dependence j(7) by the analytical expression j
(77, 0,71, V5, V5, vi) resulting from the rigorous resolution of
the kinetic mechanism, which needs the description of the
adsorption process of the adsorbed intermediates.

The proposed procedure is significantly simpler than that
employed previously for the case of the HER, which consisted
in the differentiation of the expression j (7], 0,7, vf) [14, 15].
Such methodology, after a very long and tedious mathematical
treatment employing a Frumkin type adsorption isotherm, led
to the same result to that obtained in the present derivation,
where it is demonstrated that the final expression is indepen-
dent of the adsorption process [15]. The application of the
present procedure requires the values of the limiting current
densities j;;, which must be determined experimentally as
Jio = Lir/A)f wa = Ji1" f aa- Therefore, the dependence ()
must be evaluated in the whole range of overpotentials on
the basis of the real electrode area, including the high
overpotential region where current turn to be invariant (exper-
imental-limiting diffusion current density).

Another aspect that should be emphasized in order to make
a correct evaluation of the equilibrium polarization resistance
is that the experimental dependence j(1,/;) must be that of the
steady state. This condition is generally not fulfilled, as the
measurements of mixed control reactions are mostly carried
out by the application of potentiodynamic sweeps, which only
under certain particular conditions can reasonably approach
those corresponding to the steady state [16, 17] that imply
the invariance of the diffusion layer thickness, which is not
always accomplished [18]. This condition can be achieved
with a rotating disc electrode, a channel electrode, or a micro-
electrode in a stagnant solution.

Application of R} vs. j. 'Dependence to the Hydrogen
Electrode Reaction

The application of the relationship between the equilibrium
polarization resistance and the limiting diffusion current den-
sity to the hydrogen electrode reaction will be analyzed:

Hypeon=2H" +2¢~ (28)

where the diffusion contribution is due to the molecular hy-
drogen. For this case, Eq. (25) turned to be:

RT
R =R+ — & (29)
P P2F JH,L

Although the hydrogen electrode reaction is undoubtedly
the most studied electrochemical reaction, with a large amount
of available kinetic data, it is difficult to find information
related to the dependence j(n,j;) near equilibrium. However,
two experimental sets obtained through different methods that

0 1

1 1 1
0 50 100 150 200 250
.-1 -1 2
J, /A cm

Fig. 1 Dependence R} vs. Jjr ! for the hydrogen electrode reaction on Pt
microelectrodes in 0.1 M H,SO, at 23 °C

ensured the steady state condition were found. One of them
employed microelectrodes [12] and the other a rotating disc
electrode [5]. In the first case, the polarization curves around
equilibrium potential were recorded in H,SO4 0.1 M at 23 °C
on 5 Pt microelectrodes with radii comprised between 36 < r/
nm < 12500. The corresponding limiting diffusion current
densities vary in a wide range comprised between
0.0043 < j,/A cm % < 1.173. Starting from these data, the
experimental dependence R vs. jy, ;! was evaluated, which
is illustrated in Fig. 1 (dots). From the linear regression of
these points, the value R} =0.056 cm? was obtained. The
corresponding slope of the straight line was equal to 0.0130 V,
which is coincident with the theoretical value established by
Eq. 29), RT2F=0.0128 V.

A similar study was carried out employing a rotating disc
electrode in H,SO,4 0.5 M at 30 °C, with rotating rates com-
prised between 900 < w/rpm < 8100. In this case, the range of

6} -
5 af :
G
Q
Xk

2L -

00 100 200 300 400 500
. -1 -1 2
J, 1A cm
Fig. 2 Dependence R}, vs. Jjr ! for the hydrogen electrode reaction on Pt

rotating disc electrodes in 0.5 M H,SO,4 at 30 °C

@ Springer



Electrocatalysis

variation of the limiting diffusion current density was less
(0.0020 < j;/A cm 2 < 0.0062). The corresponding plot of
the relationship R; VS. szL*I is illustrated in Fig. 2 (dots),
where it can be observed an excellent linear variation. From
its regression, the values R; =0.087 © cm? and a slope equal
to 0.0127 V were obtained. The slope is again equal to R7/2F,
as it is expected from Eq. (29). Therefore, the calculations
made from the experimental results obtained by different au-
thors through the application of different experimental tech-
niques show the linear variation predicted by Eq. (29) for the
diffusion contribution to R;.

Conclusions

A simple methodology that relates the equilibrium polariza-
tion resistance with the equilibrium reaction rates of the steps
involved in the kinetic mechanism was established. On this
basis, it was demonstrated the importance of the availability of
the experimental dependence j(7,/;) around equilibrium po-
tential at different values of the limiting current densities of
reactants and products. The treatment developed did not re-
quire the differentiation of the theoretical expression of j(7,/,)
resulting from the resolution of the kinetic mechanism of the
reaction under study. Moreover, it established the existence of
a linear dependence of the equilibrium polarization resistance
with the inverse of the limiting diffusion current density,
which must be taken into account for the correct interpretation
of the experimental results. Such linear relationship was illus-
trated with two sets of experimental data obtained indepen-
dently through the use of a rotating disc electrode and micro-
electrodes for the case of the hydrogen electrode reaction.
Therefore, the correct calculation of the exchange current den-
sity from the faradaic equilibrium polarization resistance
needs the extrapolation of the dependence R vs. gt

Acknowledgements The authors wish to acknowledge the financial sup-
port received from Agencia Nacional de Promocién Cientifica y
Tecnologica (ANPCyT, PICT 2014-2001); Consejo Nacional de
Investigaciones Cientificas y Técnicas (CONICET, PIP 0311); and
Universidad Nacional del Litoral (UNL, CAI+D 2016 PIC 018LI).

Appendix

Reaction (3) can be decomposed into two mass transfer pro-
cesses (towards and from the electrode surface) and the fara-
daic process that takes place on the electrode surface,

Aj(sol)y—As(ces) (dif fusion to electrode surface)

Aye= 2Py +2H" +2e  (faradaic reaction)
P(esy—P(son  (dif fusion from electrode surface)
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The variation of Gibbs free electrochemical energy of re-
action (Ag, ) is:

Agr =2 ﬂH* + 2ﬂe’ +2 /”'P(sol)_:u’Az(sol) (30)

where 7i; and ; are the electrochemical and chemical potential
respectively of the species i.

Adding and subtracting fi. (i Az, P), Eq. (30) can be
rewritten as:

Agr = (ZEH‘ + Zﬁe’ + 2/’LP(GS)_IMA2(GS)>

+2 (/’LP(sol)_uP(es)) + (MAz(es)_qu(sol)) (3 ])

where the three parentheses define Ag;®, Agp and Agy,,
respectively,

€s
Ag, = Ag, +2Agp + Agy, = 2Fn (32)

Derivation of Eqs. (19), (20), and (21)

As the reaction rate increases, the surface concentration of the
reactant decreases and that of the product increases.
Consequently, a shift in the surface reaction equilibrium po-
tential occurs. This change is given by the potential difference
of the reactant (or product) concentration cell,

Pt(L)/AZ (c(sol)) /P(sol) /AZ (c(cs))/Pt(R)

where P#(L) and Pt(R) are the left and right electrodes of the
cell, respectively. The following reactions are verified:

A2(sol)(csol)‘__\P(sol) + 2H(+s01) +2 ez (333)

Pisol) + 2H (o) + 2 eg=As(es) (Ces) (33b)
Being the overall reaction of the cell,

Ajso) (Csol) + 2€p=An(es) (Ces) +2 € (34)

Applying the equilibrium condition Y v;zi; = 0, it is rapidly
arrived to the following expression, which defines the concen-

tration overpotential due to the reactant A, (njz) ,

g = Ag,. = 2Fifl = RTIn e (35)
/“LAz(es) qu(sm) = R84, = Ma, = Chyr)
Thus,
Chses) _ e*AgAz/RT (36)
Chrsal)
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Applying the Nernst model of the diffusion layer [1],

d
fA2 _ 1_CAz(es)

d
f Asr

(37)
CAZ(so])

Substituting Eq. (36) into Eq. (37) and applying MacLaurin
series development, the following linear dependence is obtain-
ed:

i J
“RT D8n (”Az)

Equation (38) corresponds to the application of Eq. (13) to
species A,.

Furthermore, for the reaction product P, the concentration
cell is:

Pt(L)/AZ(sol)/P(c(sol))/P(C(es))/Az(sol) /Pt(R)

d
fAZZ

(38)

Operating in a similar way as in the previous case:

CP (o)

Hp g HP = Agp = _an = RTln (39)

CPy

Finally, replacing Egs. (35) and (39) into Eq. (32) and tak-
ing into account that Ag® = —2Fn* [14], Eq. (32) can be
rewritten as:

e+t =1 (40)
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