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Though electrochemical impedance spectroscopy (EIS) has been widely used in mechanistic inves-
tigations of electrocatalytic reactions, the correlation between the shape of an EIS diagram and the
electrocatalytic activity is largely unclear; the complexity of electrocatalytic reactions in terms of reaction
mechanisms and influencing factors casts an air of pessimism over the existence and, if it exists, the stabil-
ity of such a correlation. Nevertheless, understanding the correlation can help select reaction mechanisms
and electrical circuit models in data analysis, use the EIS shape as a descriptor of electrocatalytic activity,
and detect side reactions if the measured shapes deviate from the theoretical prediction based on the main
reaction. Herein, the problem is tackled by a systematic mathematical analysis of firstly single-adsorbate
reactions and then more complicated reactions involving multiple adsorbates. A complete regime diagram
of all possible EIS shapes of single-adsorbate reactions is provided, navigating the subsequent analysis in
the multidimensional parametric space. For single-adsorbate reactions involving two steps with identical
transfer coefficients of 0.5 in the absence of lateral adsorbate interactions, several rigorous remarks on
the EIS shape are made. Unfortunately, many of them require modifications when different transfer coeffi-
cients and lateral interactions are considered. Nevertheless, several trends in EIS shapes are robust against
complexities of reaction mechanisms and variations in reaction parameters, which also receive experimen-
tal evidence collected from the literature. The theoretical analysis presented here may trigger interest in
finding a correlation between the impedance shape and the electrocatalytic activity across a wide range of
reactions.
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I. INTRODUCTION

To avert dire consequences of climate change, our
society requires a radical transformation in the way of
supplying, transforming, and using energy. A key dis-
cipline underlying this transformation is electrocatalysis,
which is concerned with how catalysts accelerate the speed
of electrochemical reactions by facilitating making and
breaking of chemical bonds. Many crucial technologies
currently need precious electrocatalysts. For example, the
oxygen reduction reaction in polymer electrolyte fuel cells
is catalyzed by platinum-based materials. A major goal of
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electrocatalysis research is the rational design and screen-
ing of cheap and stable electrocatalysts. Relevant methods
are founded on simple correlations between performance
metrics and intrinsic properties of electrocatalysts; such
intrinsic properties are termed descriptors of activity [1–3].

In the past, many descriptors have been proposed, rang-
ing from characteristic parameters of electronic structure
of electrocatalysts, e.g., d-band center of transition met-
als [1,4], to characteristic parameters of the chemical bond
formed between electrocatalysts and reaction intermedi-
ates, e.g., binding energy of adsorbed hydroxyl in oxygen
reduction (evolution) reactions [5,6]. In the latter case, the
relationship between the electrocatalytic activity and the
binding energy resembles a volcano shape, as depicted in
Fig. 1 [7,8]. The volcano plot of activity indicates that the
optimal electrocatalyst shall bind reaction intermediates
neither too strongly nor too weakly, which is essentially
Sabatier’s principle of catalysis.

Let us digress for a moment from the catalytic view
on electrocatalysis and introduce the electrochemical view.
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FIG. 1. This study is motivated by a general question: is there any correspondence between (left) the volcano plot of activity and
(right) shapes of the electrochemical impedance spectroscopy in the Nyquist plot, with Z′ being the real part and Z ′′ the imaginary
part?

For several decades, electrochemists have been trying to
decipher the mechanism of electrocatalytic reactions by
applying various voltage-current techniques, among which
electrochemical impedance spectroscopy (EIS) is often
used, as it allows the reaction to be dissected over a wide
frequency range, spanning more than 10 orders of mag-
nitude [9–31]. A comprehensive review of EIS studies on
electrocatalytic reactions is beyond the scope of this paper;
see a recent review, Ref. [32]. Below, we just mention a
few earlier works in chronological order. Discussions on
the relationship between the present work and works in the
literature are scattered throughout this paper.

Dolin and Ershler measured the rate of hydrogen adsorp-
tion at platinum using EIS in 1940 and developed a math-
ematical model for EIS of a single chemisorption process
[33]. Gerischer and Mehl studied EIS of hydrogen evolu-
tion reactions in 1955 and developed an EIS model for this
multistep electrocatalytic reaction with the kinetics of ele-
mentary steps described by the Tafel equation [11]. The
Gerischer-Mehl approach was applied to anodic dissolu-
tion of iron with FeOH as the intermediate by Epelboin and
Keddam in 1970 [12], generalized to any reactions with
one intermediate by Armstrong and Henderson in 1972
[13], and extended to Butler-Volmer kinetics by Harring-
ton and Conway in 1987 [16]. It was shown that the EIS
diagrams could have different shapes, as depicted in Fig. 1.
In the 1980s, Diard, Le Gorrec, and Montella studied how
the shape of EIS diagrams of a Volmer-Heyrovsky reac-
tion was related to the kinetic parameters of the reaction
[15,17,19]. The analysis method was recently applied to
other reactions [34,35]. Harrington formulated a general

theory for EIS of multistep electrocatalytic reactions in the
1990s [20–23], and recently simplified his theory based on
the rate-determining step approximation [29,31]. Gabrielli
[36] and Lasia [37] published excellent tutorials on the EIS
of electrocatalytic reactions.

The catalytic and electrochemical lines have been pro-
ceeding more or less independently, and the link between
them is less explored. Specifically, the correlation between
the EIS shape and the activity of the catalyst is largely
ambiguous. This situation might be ascribed to the prevail-
ing pessimism that EIS shapes of electrocatalytic reactions
are unfortunately unstable against variations in the reac-
tion mechanism and parameters, as illustrated in many
studies [15,17,19,36,37]. Hence, questions like “do elec-
trocatalysts located in the strongly, weakly, and optimally
adsorbing sections of the volcano plot have different EIS
shapes?” remain largely unanswered. The primary moti-
vation of this work is thus to bridge the catalytic and
electrochemical lines of electrocatalysis research, and to
bring optimism to the search for some stable correlations
between EIS shapes and electrocatalytic activity.

In the following, we start by deriving the EIS of single-
adsorbate reactions, which is not new but serves the pur-
pose of acquainting readers from the catalysis field with the
language of impedance modeling. Afterwards, we present
a complete regime diagram of all mathematically possible
EIS shapes of single-adsorbate reactions, which provides
a global map for the analysis of EIS shapes in the mul-
tidimensional parametric space. With kinetic parameters
described by Butler-Volmer equations, the model can be
readily used to generate volcano plots of activity and a
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library of EIS diagrams. A rigorous mathematical anal-
ysis on single-adsorbate reactions with identical transfer
coefficients of 0.5 for both elementary steps and free
of lateral adsorbate interactions lead to several remarks
regarding the EIS shapes corroborated with rigorous
mathematical proofs. When different transfer coefficients
and lateral interactions are considered, most of these
remarks fail miserably and only a few are found to
remain valid. The analysis is then generalized to arbi-
trary reactions with diffusion of reactants and products.
The generalized model is then demystified with a rudimen-
tary example and simplified further using the concept of
the rate-determining term. Before the conclusion section,
experimental evidence for a few findings is also collected
from the literature. It is stressed from the outset that the
present analysis takes the forward path, namely, analyz-
ing EIS plots of a kinetic model, while the backward path,
namely, interrogating the kinetic model from the EIS plots,
is not taken.

II. FARADAIC IMPEDANCE OF
SINGLE-ADSORBATE REACTIONS

Let us start with the following two-step reaction with a
single-adsorbed intermediate:

R + ∗ + nae ↔ Iad, (a)

Iad + nbe ↔ P + ∗, (b)

where R is the reactant, Iad is the adsorbed intermediate,
P is the product, and na and nb are the numbers of elec-
trons transferred in each step. Since each elementary step
can transfer one electron at most, na and nb can adopt three
values, 0 (chemical reaction), 1 (reduction in the forward
direction), and −1 (oxidation in the forward direction). It
will be made clear shortly that the EIS derived for this
two-step mechanism is general for any single-adsorbate
reactions.

We denote the net reaction rates (equivalently, the
turnover frequency) of steps (a) and (b) as va and vb with
a unit of s−1, which are functions of the coverage of Iad, θ ,
and the electrode potential E:

va = va(θ , E), vb = vb(θ , E). (1)

The rate of change for θ is given by

dθ

dt
= va − vb. (2)

The charge-transfer current density, ict, which is positive
for oxidation, is written as

ict = −Q(nava + nbvb), (3)

where Q corresponds to the charge density of a full
monolayer of Iad with a unit of C m−2.

In impedance measurements, the system is brought
away from the stationary state while remaining in the lin-
ear response regime. In the potentiostatic mode, a voltage
stimulus, denoted E(t) = Ē + Ẽej ωt, is applied, where sta-
tionary quantities are denoted with an overbar, and the
perturbations with an overtilde. Ensured by the linearity
condition, variations in any system variable X follows,
X (t) = X̄ + X̃ ej ωt. Specifically, the reaction rates read

vi(t) = v̄i + ṽiej ωt, (4)

with total differential relations

ṽi =
(

∂vi

∂θ

)
Ē
θ̃ +
(

∂vi

∂E

)
θ̄

Ẽ. (5)

Therefore, Eq. (2) is transformed into

0 = v̄a − v̄b, (6)

j ωθ̃ = ṽa − ṽb, (7)

where Eq. (6) corresponds to the stationary condition, and
the second the linear perturbation.

Combining Eqs. (5) and (7), we link θ̃ and Ẽ as

θ̃ = �E

j ω − �θ

Ẽ, (8)

with

�E =
(

∂va

∂E

)
θ̄

−
(

∂vb

∂E

)
θ̄

,

and

�θ =
(

∂va

∂θ

)
Ē

−
(

∂vb

∂θ

)
Ē

,

being two partial derivative differences.
We can then obtain ĩct as a function of Ẽ,

ĩct = −
(

�θ�E

j ω − �θ

+ �E

)
Ẽ, (9)

by substituting Eqs. (5) and (8) into Eq. (3), with

�θ = Q
(

na

(
∂va

∂θ

)
Ē

+ nb

(
∂vb

∂θ

)
Ē

)
,

and

�E = Q
(

na

(
∂va

∂E

)
θ̄

+ nb

(
∂vb

∂E

)
θ̄

)
,

being two partial derivative sums.
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The measured current density, ĩtot, is the sum of ĩct and a
double-layer charging part,

ĩdl = j ωCdlẼ, (10)

with the differential double-layer capacitance, Cdl.
The impedance defined as Z = Ẽ/ĩtot is obtained as

Z = 1
j ωCdl − ((�θ�E/j ω − �θ) + �E)

, (11)

which can be reformulated as

Z = 1
j ωCeff(ω) + (Reff(ω))−1 , (12)

which has the form of the Randles-Ershler model, but now
with an effective frequency-dependent capacitance,

Ceff(ω) = Cdl + �θ�E

ω2 + �2
θ

, (13)

and an effective frequency-dependent resistance,

Reff(ω) =
(

−�E + �θ�E�θ

ω2 + �2
θ

)−1

. (14)

Ceff is asymptotic to Cdl when ω → ∞, and to C0 =
Cdl + (�θ�E/�2

θ ) when ω → 0. Reff is asymptotic to
(−�E)−1 when ω → ∞, and to R0 = (−�E + (�θ�E/

�θ))
−1 when ω → 0. It is the frequency dispersion of Ceff

and Reff that leads to different shapes of EIS diagrams,
otherwise the EIS diagram has a single semicircle.

Equation (11) is essentially the same result as that
derived by Armstrong and Henderson in 1972 [13], later
by Harrington and Conway [16], Cao [18], and Lasia [38].
Harrington and Conway used another set of variables that
are related to the present set of variables as A = −�E ,
B = −�θ�E , and C = −�θ , and manipulated Eq. (11)
into four different forms, corresponding to four different
equivalent electrical circuits [16]. Caveats of associating
the structure of an electric circuit with a reaction mech-
anism, that is, taking the backward path, were discussed
there. It is important to note that the impedance form
expressed in Eq. (11) is not limited to the two-step sequen-
tial reaction mechanism. In fact, Eq. (11) is universal for
any reaction involving a single-adsorbed intermediate, as
revealed by Harrington and Conway [16], Cao [18], and
Lasia [38]. To illustrate this universality, we follow Cao
[18] and reformulate Eqs. (2) and (3) as

dθ

dt
= g(E, θ), (15)

ict = f (E, θ), (16)

where f and g are two general functions. By the same pro-
cedure of perturbation analysis, we obtain the impedance

in the form of Eq. (11) with

�E = −
(

∂ict

∂E

)
Ē

, �θ =
(

∂g
∂θ

)
Ē

, �E =
(

∂g
∂E

)
Ē

, �θ

= −
(

∂ict

∂θ

)
Ē

. (17)

The hydrogen evolution reaction is the most studied
example of single-adsorbate reactions [11,37–39]. The
impedance of the Volmer-Heyrovsky-Tafel mechanism
was derived by Gerischer and Mehl using Tafel kinet-
ics [11], which was extended by Harrington and Conway
using Butler-Volmer kinetics [16], and by Lasia further
considering lateral interactions [38]. Simplified expres-
sions and electric circuits for different scenarios have been
given by Harrington [29,31] and Lasia [37,38]. Bisquert
and Guerrero recently used this single-adsorbate reaction
as an example of a general theory of chemical inductors
[40,41].

III. REGIME DIAGRAM OF IMPEDANCE SHAPES

The Nyquist plot of Z, namely, the real part (Z′)
versus negative of the imaginary part (−Z′′) at a
series of frequencies, is determined by five parame-
ters: Cdl, �θ , �E , �E , and �θ . The last four are compos-
ite parameters contingent on the detailed expression of
charge-transfer theory and depend characteristically on the
electrode potential. Herein, we use them as parameters
and defer a mechanistic analysis to later sections. The
purpose here is to enumerate all mathematically possible
impedance shapes.

Epelboin and Keddam discussed when an inductive low-
frequency loop occurred in the Nyquist plot for the iron
dissolution reaction [12]. Cao analyzed systematically EIS
shapes for a general electrode process depending on E
and another state variable, X, e.g., the surface coverage
of the intermediate [18]. Considering a Volmer-Heyrovsky
mechanism, Diard et al. presented a phase diagram for
EIS shapes with respect to two reaction parameters [19].
Inspired by and as a continuation of these studies, we
present below a regime diagram of EIS shapes for single-
adsorbate reactions, which is originally five dimensional
for we have five parameters Cdl, �θ , �E , �E , and �θ .
Since �E�θ always appear together in the model, �E and
�θ are not varied separately in the following analysis;
instead, �E�θ is taken as a single parameter. Therefore,
our analysis has the same degree of freedom as in the
analysis of Harrington and Conway, where A = −�E , B =
−�θ�E , and C = −�θ are used [16].

In Fig. 2, we set �θ as the x axis, and the product of
�θ and �E , denoted � = �E�θ , as the y axis. In addition,
we introduce a straight line, y1 = �E�θ , with the slope �E
always being negative. and a parabolic curve described as
y2 = −Cdl�

2
θ , which is related to the sign of Ceff(ω → 0).
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The two axes, the straight line, and the parabolic curve thus
divide the full space into nine subregions. In the following
analysis, we frequently refer to Eq. (13) for Ceff and Eq.
(14) for Reff.

In region 1 of (�θ�E > 0, �θ > 0), provided that
Cdl > 0 and �E < 0,

Ceff = Cdl + �θ�E

ω2 + �2
θ

,

and

Reff =
(

−�E + �θ�E�θ

ω2 + �2
θ

)−1

,

are always positive. Hence, the Nyquist plot is in the first
quadrant, see Fig. 2(1) for an example. The thumblike
shape is caused by the fact that Reff decreases when ω

decreases (denoted ω ↓ in the plots).
In region 2a of (�θ�E > �θ�E > 0, �θ < 0), Ceff =

Cdl + (�θ�E/ω2 + �2
θ ) is always positive, while Reff tran-

sits from (−�E)−1 > 0, when ω → ∞, to

(
−�E + �θ�E

�θ

)−1

< 0,

when ω decreases towards zero (ω → 0 for short). This
means a thumblike shape starting from the first quadrant
and ending in the second quadrant; see Fig. 2(2a). In region
2b of (0 < �θ�E < �θ�E , �θ < 0), Ceff is always pos-
itive, and Reff increases when ω → 0, resulting in two
semicircles in the first quadrant; see Fig. 2(2b).

In region 3a of

(−Cdl�
2
θ < �θ�E < 0, �θ < 0),

Ceff = Cdl + �θ�E

ω2 + �2
θ

,

and

Reff =
(

−�E + �θ�E�θ

ω2 + �2
θ

)−1

,

are always positive, and Reff decreases from (−�E)−1 > 0,
when ω → ∞, to

(
−�E + �θ�E

�θ

)−1

> 0,

when ω → 0, resulting in a gradually suppressed semicir-
cle in the first quadrant; see Fig. 2(3a). In region 3b of
(�θ�E < −Cdl�

2
θ , �θ < 0), Ceff transits from Cdl when

ω → ∞ to (Cdl + (�θ�E/�2
θ )) < 0 when ω → 0, while

Reff decreases but remains positive as ω → 0, resulting in
a semicircle in the first quadrant followed by an inverse

semicircle (also termed an inductive loop) in the fourth
quadrant; see Fig. 2(3b).

In region 4a of �θ�E < min(−Cdl�
2
θ , �E�θ ),

�θ > 0, Ceff decreases from Cdl > 0 when ω → ∞ to
(Cdl + (�θ�E/�2

θ )) < 0 when ω → 0, and Reff decreases
from (−�E)−1 > 0 when ω → ∞ to (−�E + (�θ�E/

�θ))
−1 < 0 when ω → 0. Since both Ceff and Reff tran-

sit from positive to negative when ω decreases, we
obtain a semicircle in the first quadrant followed by an
inverse semicircle spanning over the third and fourth
quadrants; see Fig. 2(4a). In region 4b of �E�θ <

�θ�E < −Cdl�
2
θ , �θ > 0, Ceff transits from positive to

negative while Reff increases when ω decreases, result-
ing in a semicircle in the first quadrant followed by an
inverse semicircle in the fourth quadrant extending fur-
ther along the x axis; see Fig. 2(4b). In region 4c of
max(−Cdl�

2
θ , �E�θ) < �θ�E < 0, �θ > 0, both Ceff and

Reff increase when ω decreases, resulting in a larger higher-
frequency and a smaller lower-frequency semicircle in the
first quadrant; see Fig. 2(4c). In region 4d of −Cdl�

2
θ <

�θ�E < �E�θ , �θ > 0, Ceff increases while Reff transits
from positive to negative when ω decreases, resulting in
a bulb shape spanning the first and second quadrants; see
Fig. 2(4d).

Not all regions shown in Fig. 2 are permissible in
real situations. As shown in the next section, we have
�θ < 0 for most cases, except in the presence of strongly
attractive interactions between adsorbates in Fig. 12, and
�E < 0 for all cases, while the signs of �θ and �E are
contingent on kinetic parameters and electrode potential.
Given that �θ < 0, Cao maintained that the condition of
occurrence of an inductive arc on the impedance plane
was �θ�E < 0 [18]. From the above analysis, it is clear
that this conclusion is not rigorously true, because an
inductive arc is absent in regime 3a though �θ�E <

0. Cao’s conclusion should be weakened to “the condi-
tion of occurrence of an inductive arc on the impedance
plane is �θ�E < −Cdl�

2
θ .” In line with our analysis,

Lasia recently pointed out that “the condition B > 0 (B =
−�θ�E in the present formalism) is not sufficient as
there must be correct combination of other kinetic param-
eters and double-layer capacitance to be able to observe
it” [38].

IV. CORRELATION BETWEEN IMPEDANCE
SHAPE AND ACTIVITY FOR

SINGLE-ADSORBATE REACTIONS

Having obtained a complete understanding of the pos-
sible shapes of the EIS, we proceed to correlate the EIS
shape and the electrocatalytic activity. To this end, we need
to specify k±

i as functions of the electrode potential and the
surface coverage of the adsorbate.

Specifically, we consider herein a two-electron reduc-
tion reaction with na = nb = 1 in steps (a) and (b). The net
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ω

ω

ω

ω

ω

ω

ω

ω

y
1  = �

E �
θ

y 2
 =

 –
C dl
�
2 θ

dl

FIG. 2. Regime diagram of Nyquist plots of EIS of single-adsorbate reactions. The x axis is the real part of impedance with units of
� m2 and the y axis is the negative of the imaginary part of impedance with units of � m2. �θ is set as the x axis, and the product of
�θ and �E is the y axis. Straight line, y1 = �E�θ ; a parabolic curve, y2 = −Cdl�

2
θ ; and the two axes divide the phase space into nine

regions. Legend in each subplot is composed of one index and two numbers, which are explained in the notation box. We have Cdl > 0
and �E < 0. In addition, unless for the case of very strong attractive lateral interactions between adsorbates, �θ < 0 is usually met, in
which cases regions 1 and 4(a)–(d) are inaccessible.

reaction rates are written as

va = k+
a (θmax − θ) − k−

a θ , vb = k+
b θ − k−

b (θmax − θ),
(18)

where rate “constants” are given by

k+
a =k0 exp(−β(�G‡

a + αae(E − Ea + γ (θ − θa)))),

k−
a =k0 exp(−β(�G‡

a − (1 − αa)e(E − Ea + γ (θ − θa)))),

k+
b =k0 exp(−β(�G‡

b + αbe(E − Eb − γ (θ − θb)))),

k−
b =k0 exp(−β(�G‡

b − (1 − αb)e(E − Eb − γ (θ − θb)))),

with k0 being the preexponential factor; �G‡
a and �G‡

b are
the activation barriers of steps (a) and (b) under equilib-
rium, respectively; αa and αb are the transfer coefficients;
Ea and Eb are the equilibrium potentials; θa and θb are
the adsorbate coverages at the equilibrium potentials of
steps (a) and (b), respectively; γ is the lateral interaction
coefficient with a unit of V; β = 1/kBT is the inverse tem-
perature; e is the magnitude of the elementary charge; and
θmax is the maximal surface coverage. We note that lateral
interactions, though ubiquitous in electrocatalysis and vital
to electrocatalytic activity, were not considered in most
previous EIS works; one exception can be found in a recent
comprehensive study by Lasia [38].

We rescale E by taking (Ea + Eb)/2 as the reference
value and define the difference in the activation barrier,
�B = �G‡

a − �G‡
b, and the difference in the equilibrium

potential, �E = (Ea − Eb)/2. We note that �B is not
related to the variable B introduced in the work of Har-
rington and Conway [16]. As the adsorbed intermediate
is formed in step (a) and consumed in step (b), �E is
exactly the negative of the adsorption free energy of the
adsorbed intermediate �G up to a constant e, namely,
�E = −�G/e. �G and �B have units of eV in this paper.
A more positive (negative) �E corresponds to stronger
(weaker) adsorption. Below, we use �G as the descriptor
of activity, namely, the x axis in the volcano plot. Now we
reformulate the rate constants as

k+
a =A0 exp

(
−αaβe

(
E + �G

e
+ γ (θ − θa)

))
,

k−
a =A0 exp

(
(1 − αa)βe

(
E + �G

e
+ γ (θ − θa)

))
,

k+
b =A0 exp

(
β�B − αbβe

(
E − �G

e
− γ (θ − θb)

))
,

k−
b =A0 exp

(
β�B + (1 − αb)βe

(
E − �G

e
− γ (θ − θb)

))
,

with A0 = k0 exp(−β�Ga
a).
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×101
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×10–2

×10–2

×10–3
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×10–3

×10–3

×10–3
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×10–2

×10–2

×10–2
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×10–1

×10–1

×101

×10–1

×10–1

FIG. 3. EIS shapes at equal barriers (�B = 0 eV). Nyquist plots of EIS at three electrode potentials and five binding energies (�G)

are shown with parameters, αa = αb = 0.5, γ = 0, θmax = 1, A0 = 0.1 s−1, Cdl = 0.1 F m−2, Q = 2 C m−2, �B = 0 eV. Horizontal
and vertical axes of the EIS plot represent the real and negative imaginary parts of the impedance (�m2), respectively. In some plots,
the scientific notation of the impedance value is used in the horizontal and vertical axes.

According to the steady state expressed in Eq. (6), we
solve Eq. (18) and obtain

θ̄ = θmax
k+

a +k−
b

k+
a +k−

a +k+
b +k−

b
. (19)

θa and θb are obtained from Eq. (19) at Ea and
Eb, respectively. When step (a) is at equilibrium,
namely, when E = −�G/e, we have k+

a =k−
a =A0, and

k+
b =A0 exp(β�B − αbβ(−2�G − eγ (θa − θb))), k−

b =A0
exp(β�B + (1 − αb)β(−2�G − eγ (θa − θb))), and

θa = θmax
1 + eβ�B+(1−αb)β(−2�G−eγ (θa−θb))

2 + eβ�B−αbβ(−2�G−eγ (θa−θb)) + eβ�B+(1−αb)β(−2�G−eγ (θa−θb))
. (20)

Similarly, when step (b) is at equilibrium, we have

θb = θmax
1 + e−β�B−αaβ(2�G−eγ (θa−θb))

2 + e−β�B−αaβ(2�G−eγ (θa−θb)) + e−β�B+(1−αa)β(2�G−eγ (θa−θb))
. (21)
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×10–1

×10–1
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FIG. 4. EIS shapes at equilibrium potential (E = 0 V). Nyquist plots of EIS at equilibrium potential at five barrier differences (�B)

with αa = αb = 0.5, γ = 0, θmax = 1, A0 = 0.1 s−1, Cdl = 0.1 F m−2, Q = 2 C m−2, �G = −0.05 eV are shown.

In cases of lateral interactions between adsorbates, θa
and θb should be solved self-consistently from Eqs. (20)
and (21).

At steady state, the partial derivatives are calculated as
(

∂va

∂E

)
θ̄

= −βe(αak+
a (θmax − θ̄ ) + (1 − αa)k−

a θ̄ ), (22)

(
∂vb

∂E

)
θ̄

= −βe(αbk+
b θ̄ + (1 − αb)k−

b (θmax − θ̄ )), (23)

(
∂va

∂θ

)
Ē

= −k+
a −k−

a +γ

(
∂va

∂E

)
θ̄

, (24)

(
∂vb

∂θ

)
Ē

= k+
b +k−

b −γ

(
∂vb

∂E

)
θ̄

. (25)

Substituting these partial derivatives into �θ , �E , �E ,
and �θ , respectively, we obtain

�θ = Q(k+
b +k−

b −k+
a −k−

a ) + γ�E , (26)

�θ = −(k+
a +k−

a +k+
b +k−

b ) + γ�E

Q
, (27)

�E = −βeQ
(k+

a k−
a +k+

b k−
b ) + k+

a k+
b (αa + αb) + k−

a k−
b (2 − (αa + αb))

k+
a +k−

a +k+
b +k−

b
, (28)

�E = −βe
(k+

a k−
a −k+

b k−
b ) + (k+

a k+
b −k−

a k−
b )(αa − αb)

k+
a +k−

a +k+
b +k−

b
. (29)
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As k+
a , k−

a , k+
b , and k−

b are positive and 0 < αa + αb < 2,
we know �E < 0 for all cases, �θ < 0 for all cases with
γ > 0, and the signs of �θ and �E vary from case to case.
As a result, only four regions, 2a, 2b, 3a, and 3b, in Fig. 2
are permissible for the ordinary case of γ > 0. Given any
set of A0, �B, and �G, we can calculate �θ , �E , �E , �θ ,
the reaction rate (i.e., catalytic activity), and the impedance
response at any electrode potential.

We consider firstly the ideal and most-studied case of
αa = αb = 0.5 and γ = 0, then consider different trans-
fer coefficients αa �= αb and finally nonzero lateral inter-
actions γ �= 0. For the sake of visual neatness, we
use dimensionless variables defined as Ẽ = βeE, �G̃ =
β�G, �B̃ = β�B. The analysis is structured in the fol-
lowing manner. A remark on the EIS shape is pre-
sented, followed by a mathematical proof and numerical
examples.

A. Ideal case of αa = αb = 0.5 and γ = 0

The rate constants are now written as k+
a =A0e−(Ẽ+�G̃)/2, k−

a =A0e(Ẽ+�G̃)/2, k+
b =A0e�B̃−(Ẽ−�G̃)/2, k−

b =A0e�B̃+(Ẽ−�G̃)/2,
and the four key parameters in the impedance expression are

�θ = 2QA0

[
e�B̃ cosh

Ẽ − �G̃
2

− cosh
Ẽ + �G̃

2

]
, (30)

�θ = −2A0

[
e�B̃ cosh

Ẽ − �G̃
2

+ cosh
Ẽ + �G̃

2

]
, (31)

�E = −QβeA0

2

(
e−(Ẽ+�G̃)/2 + e�B̃e(Ẽ−�G̃)/2

) (
e(Ẽ+�G̃)/2 + e�B̃e−(Ẽ−�G̃)/2

)

e�B̃ cosh(Ẽ − �G̃)/2 + cosh(Ẽ + �G̃)/2
, (32)

�E = βeA0

2
e2�B̃ − 1

e�B̃ cosh(Ẽ − �G̃)/2 + cosh(Ẽ + �G̃)/2
. (33)

Remark 1. Consider a two-step single-adsorbate elec-
trochemical reaction with αa = αb = 0.5 and γ = 0. Its
EIS has only one semicircle in the Nyquist plot, if the two
steps have equal barriers, namely, �B̃ = 0.

Numerical examples are given in Fig. 3. With a set
of parameters, αa = αb = 0.5, γ = 0, A0 = 0.1 s−1, Cdl =
0.1 F m−2, Q = 2 C m−2, �B = 0 eV, the EIS plots show
only one semicircle at different potentials and binding
energies. This remark is further corroborated by a rigorous
mathematical analysis. Given that �B̃ = 0, Eq. (33) gives
�E = 0. Therefore, Ceff = Cdl + (�θ�E/ω2 + �2

θ ) = Cdl
and

Reff =
(

−�E + �θ�E�θ

ω2 + �2
θ

)−1

= (−�E)−1,

and the EIS only has one semicircle in the Nyquist plot.
Remark 2. Consider a two-step single-adsorbate elec-

trochemical reaction with αa = αb = 0.5 and γ = 0. At

equilibrium potential, namely, Ẽ = 0, catalysts fall into
region 2 in Fig. 2. The EIS shape is composed of two
semicircles without an inductive loop.

In Fig. 4, we give five EIS plots at equilibrium potential
with different values of �B. two semicircles are found in
all cases other than �B = 0 eV, which has been described
in Remark 1. The relative sizes of the two semicircles
differ more at larger �B, according to the following math-
ematical analysis. Given that Ẽ = 0, Eqs. (30)–(33) are
reduced to

�θ = 2QA0(e�B̃ − 1) cosh
�G̃

2
,

�θ = −2A0(e�B̃ + 1) cosh
�G̃

2
,

�E = −βeQ
(1 + e�B̃)

2 cosh(�G̃/2)
,
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�E = βe
e�B̃ − 1

cosh(�G̃/2)
.

Therefore,

�θ�E = 2βeQA0(e�B̃ − 1)2 > 0,

�θ�E = 2βeQA0(e�B̃ + 1)2,

and

�θ�E

�θ�E
=
(

tanh

(
�B̃
2

))2

.

Therefore, all catalysts fall into region 2 in Fig. 2.
Remark 3. Consider a two-step single-adsorbate elec-

trochemical reaction with αa = αb = 0.5 and γ = 0. Its
EIS shape is dominated by a single semicircle at high
overpotentials.

At very high overpotentials, |Ẽ| 	 max{|�B̃|, |�G̃|},
an order analysis of Eqs. (30)–(33) gives

∣∣∣∣�θ�E

�θ�E

∣∣∣∣ ≈ e−|Ẽ| ≈ 0.

This means that the low-frequency semicircle, be it capac-
itive or inductive, has a much smaller magnitude than the
high-frequency one. Hence, the overall EIS shape visibly
shows a single semicircle.

In Fig. 5, the volcano plots of activity and EIS plots are
shown at different potentials and binding energies, with
parameters αa = αb = 0.5, γ = 0, A0 = 0.1 s−1, Cdl =
0.1 F m−2, Q = 2 C m−2, and �B = 0.06 eV. The EIS
plots at high overpotentials, say −0.4 V, show a single
semicircle. The reaction rate, r (s−1), firstly increases and
then decreases with �G; see Fig. 5(a). When the electrode
potential, E, becomes more negative, namely, the overpo-
tential for this reductive reaction increases, r grows. The
peak of the volcano is found not at the thermodynamic
expectation, �G = 0 eV. Instead, it is found at a nega-
tive �G, that is, a slightly strong binding catalyst since
the adsorption step has a higher barrier than desorption.
A more detailed analysis of the potential-dependent vol-
cano peak is given in Ref. [42]. The EIS of the most active
catalyst is displayed in Fig. 6 at the examined potentials.
It consists of two semicircles at small overpotentials and
one semicircle at large overpotentials. No inductive loop is
observed.

Remark 4. Consider a two-step single-adsorbate elec-
trochemical reaction with αa = αb = 0.5 and γ = 0. The
thermodynamically optimal catalyst, namely, �G̃ = 0,
falls into region 2 in Fig. 2. The EIS shape is composed
of two semicircles without an inductive loop.

When �G̃ = 0, we rewrite Eqs. (30)–(33) as

�θ = 2QA0

(
e�B̃ − 1

)
cosh

Ẽ
2

, (34)

�θ = −2A0

(
e�B̃ + 1

)
cosh

Ẽ
2

, (35)

�E = −βeQA0

2

1 + e�B̃
(

eẼ + e−Ẽ
)

+ e2�B̃

(
e�B̃ + 1

)
cosh(Ẽ/2)

, (36)

�E = βeA0

2
e2�B̃ − 1(

e�B̃ + 1
)

cosh
(
Ẽ/2
) . (37)

Hence, �θ�E > 0 and the optimal catalyst fall into region
2 in Fig. 2, and no inductive loop is expected. Examples are
given by the EIS plots in the middle line of Fig. 5(b). The
EIS plots are composed of two semicircles of potential-
dependent ratios in the first quadrant.

Remark 5. Consider a two-step single-adsorbate elec-
trochemical reaction with αa = αb = 0.5 and γ = 0. Cata-
lysts that adsorb the intermediate very weakly (�G̃ 	 0)

or very strongly (�G̃ � 0), namely, low-activity catalysts,
possess only one semicircle. No inductive loop is expected.

When �G̃ 	 0, we approximate Eqs. (30)–(33) as

�θ ≈ 2QA0

(
e�B̃−(Ẽ/2) − eẼ/2

)
e�G̃/2, (38)

�θ ≈ −2A0

(
e�B̃−(Ẽ/2) + eẼ/2

)
e�G̃/2, (39)

�E ≈ −βeQA0

2

1 + e�B̃
(

eẼ + e−Ẽ
)

+ e2�B̃

e�B̃−(Ẽ/2) + eẼ/2
e−�G̃/2,

(40)

�E ≈ βeA0

2
e2�B̃ − 1

e�B̃−(Ẽ/2) + eẼ/2
e−�G̃/2. (41)

Therefore, |�θ | ∝ e�G̃/2 	 |�E| ∝ e−�G̃/2. The charac-
teristic frequency of the semicircle is ωc = (1/Cdl)|�E|.
Hence, |�θ | 	 ωc, and we can approximate the impedance
in the frequency range near ωc as

Z = 1
j ωCdl − ((�θ�E/j ω − �θ) + �E)

≈ 1
j ωCdl − (�E − (�θ�E/�θ))

,

implying that we observe only one semicircle and there is
no inductive loop, as illustrated by the EIS plots in the top
line of Fig. 5(b).

When �G̃ � 0, following the same reasoning as for
the case of �G̃ 	 0, we know |�θ | ∝ e−�G̃/2 	 |�E| ∝
e�G̃/2. Therefore, the same conclusion also holds, as shown
in the bottom line of Fig. 5(b). The EIS plots are composed
of one semicircle in the first quadrant.
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(a) (b)

FIG. 5. Correlation between EIS shapes and activity for single-adsorbate reactions. (a) Volcano plots of activity and (b) Nyquist plots
of EIS at different electrode potentials and binding energies (�G) are obtained with parameters, αa = αb = 0.5, γ = 0, θmax = 1, A0 =
0.1 s−1, Cdl = 0.1 F m−2, Q = 2 C m−2, �B = 0.06 eV. Horizontal and vertical axes of the EIS plot represent the real and negative
imaginary parts of the impedance (�m2), respectively. The PYTHON code for generating this figure is provided in the Supplemental
Material [43]. Rn corresponds to Remark n.

Remark 6. Consider a two-step single-adsorbate
electrochemical reaction with αa = αb = 0.5 and γ = 0.
Necessary conditions to observe an inductive loop in
the low-frequency range include (1) thermodynamically
nonoptimal (�G̃ �= 0) but not too far from the optimal
catalyst in the volcano plot; (2) low-moderate overpoten-
tials; and (3) nonzero barrier difference between adsorption
and desorption step, more specifically, the adsorption bar-
rier is higher (lower) than the desorption barrier at slightly
overbinding (underbinding) catalysts.

Condition (1) is derived by combining Remarks 4
and 6. Remark 4 stipulates that the thermodynamically
optimal catalyst cannot have an inductive loop. Remark
6 implies that the adsorption energy should not be too
positive nor negative, otherwise only one semicircle is
expected. Condition (2) is derived from Remarks 2 and
3. The first part of condition (3), nonzero barrier difference
between adsorption and desorption step, is derived from
Remark 1. Furthermore, since �θ�E < 0 is a necessary
condition for the inductive loop, Eqs. (46)–(49) indicate
that �θ�E < 0 is possible only when �B̃ < 0 for the case
of �G̃ 	 0 and �B̃ > 0 for the case of �G̃ � 0. This
leads to the second part of condition (3). In accordance
with Remark 6, an inductive loop is found at a slightly
overbinding catalyst with an overpotential of 0.1 V in
Fig. 5.

B. Different transfer coefficients: αa �= αb and γ = 0

The case of αa = αb = 0.5 is the exception rather
than the rule. It is thus important to analyze whether
the above remarks remain valid if αa �= αb. For this
general case, the rate constants become k+

a =A0e−αa(Ẽ+�G̃),
k−

a = A0e(1−αa)(Ẽ+�G̃), k+
b = A0e�B̃−αb(Ẽ−�G̃), and k−

b = A0

e�B̃+(1−αb)(Ẽ−�G̃).
Remark 1 is invalid when αa �= αb. This is because

�E is nonzero at �B̃ = 0 due to the second term,
(k+

a k+
b −k−

a k−
b )(αa − αb). This means that the EIS shape

constitutes, in general, two parts at �B̃ = 0. In Fig. 7,
various shapes of EIS are observed at �B = 0 eV,
with other parameters αa = 0.7, αb = 0.4, γ = 0, A0 =
0.1 s−1, Cdl = 0.1 F m−2, and Q = 2 C m−2. We update
Remark 1 for the case of αa �= αb as
follows.

Remark 7. Consider a two-step single-adsorbate elec-
trochemical reaction with αa �= αb and γ = 0. Its EIS can
have various shapes in the Nyquist plot, even if the two
steps have equal barriers, namely, �B̃ = 0.

Remark 2 is still valid when αa �= αb, namely, no induc-
tive loop is expected at the equilibrium potential, regard-
less of the values of αa and αb. At the equilibrium potential,
Ẽ = 0, we have the equality k+

a k+
b =k−

a k−
b . Hence, �θ�E ∝

(k+
b k−

b −k+
a k−

a )(k+
b +k−

b −k+
a −k−

a ) > 0 and all catalysts fall
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FIG. 6. EIS shapes of the most active catalysts at different electrode potentials. Parameters are the same as in Fig. 5. Horizontal and
vertical axes of the EIS plot represent the real and negative imaginary parts of the impedance (�m2), respectively.

into region 2 in Fig. 2. The mathematical theory of
Harrington and van den Driessche also proves that no
inductive loop exists at the equilibrium potential [23]. In
Fig. 8, no inductive loop is observed in EIS at equilib-
rium potential. Therefore, Remark 2 is strengthened a
s follows.

Stronger Remark 2. Consider a two-step single-
adsorbate electrochemical reaction with γ = 0. At equilib-
rium potential, namely, Ẽ = 0, all catalysts fall into region
2 in Fig. 2. The EIS shape is composed of two semicircles
without an inductive loop, regardless of the values of αa
and αb.

Remark 3 is invalid when αa �= αb. In general, the
EIS shape is no longer dominated by a single semicircle
at high overpotential, and it is possible to observe two
semicircles even at high overpotential. Under high
overpotential, |Ẽ| 	 max{|�B̃|, |�G̃|}, we can
approximate

k+
a ≈A0e−αaẼ , k−

a ≈0, k+
b ≈A0e−αbẼ , k−

b ≈0,

�θ ≈ QA0(e−αbẼ − e−αaẼ),

�θ ≈ −A0(e−αbẼ + e−αaẼ),

�E = −βeQ
k+

a k+
b (αa + αb)

k+
a +k+

b
,

�E = βe
k+

a k+
b (αb − αa)

k+
a +k+

b
.

Therefore, we find

�θ�E

�θ�E
≈ (αb − αa)(e−αbẼ − e−αaẼ)

(αa + αb)(e−αbẼ + e−αaẼ)
≈ |αb − αa|

αa + αb
,

namely, 0 < (�θ�E/�θ�E) < 1. This means that all cat-
alysts fall into region 2a at high overpotentials and their
EIS shapes have two semicircles. The characteristic fre-
quencies of these two semicircles are ωhigh = (1/Cdl)|�E|
and

ωlow = 1
Cdl

αa + αb − |αb − αa|
αa + αb

|�E|.

When �G̃ ≈ ((αb − αa)Ẽ − �B̃)/αa + αb, we obtain
k+

a ≈k+
b , |�θ | ∝ max(k+

a , k+
b ) ≈ |�E| ∝ min(k+

a , k+
b ), and

|�θ | is of the same magnitude as ωhigh and ωlow. The
two semicircles can be visibly distinguished. Otherwise, as
|�θ | ∝ max(k+

a , k+
b ) 	 |�E| ∝ min(k+

a , k+
b ), thus |�θ | 	

ωhigh > ωlow, we can approximate the impedance in the
frequency range between ωhigh and ωlow as

Z = 1
j ωCdl − ((�θ�E/j ω − �θ) + �E)

≈ 1
j ωCdl − (�E − (�θ�E/�θ))

,

implying that the two semicircles melt into one and cannot
be visibly distinguished.

In the numerical example provided in Fig. 9, at
a high overpotential of E = −1 V, we find a two-
semicircle impedance shape at �G = 0.4 eV when �G ≈
((αb − αa)E − �B)/(αa + αb) = 0.54 eV, and single-
semicircle shapes at other values of �G. With regard to
the volcano plot, the peak activity shifts towards more
positive �G as the overpotential increases. This implies
that kinetically optimal catalysts, compared to the ther-
modynamically optimal catalyst, vary from one electrode
potential to another. A mathematical analysis on the poten-
tial dependency of volcano plots was published recently
[44,45]. Similar to the case of αa = αb, the EIS plots for
the most active catalysts at different electrode potentials
consist of two semicircles without an inductive loop; see
Fig. 10. We update Remark 3 for the case of αa �= αb as
follows.
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FIG. 7. EIS shapes at equal barriers �B = 0 eV for different transfer coefficients αa �= αb. Nyquist plots of EIS at three elec-
trode potentials and five binding energies (�G) are obtained with αa = 0.7, αb = 0.4, γ = 0, θmax = 1, A0 = 0.1 s−1, Cdl =
0.1 F m−2, Q = 2 C m−2, �B = 0 eV. Horizontal and vertical axes of the EIS plot represent the real and negative imaginary parts
of the impedance (�m2), respectively.

Remark 8. Consider a two-step single-adsorbate elec-
trochemical reaction with αa �= αb and γ = 0. Its EIS
shape can have two semicircles at high overpotentials
when �G̃ ≈ ((αb − αa)Ẽ − �B̃)/(αa + αb). Otherwise,
only one semicircle exists.

Remark 4 is also invalid. One can even observe an
inductive loop at the thermodynamically optimal catalyst,
namely, �G̃ = 0, as shown in the example in Fig. 11. In
this example, an inductive loop is observed at −0.2 V with
parameters listed in the caption.

We update Remark 4 for the case of αa �= αb as
follows.

Remark 9. Consider a two-step single-adsorbate elec-
trochemical reaction with αa �= αb and γ = 0. The thermo-
dynamically optimal catalyst, namely, �G̃ = 0, can have
various EIS shapes, including an inductive loop.

Remark 5 remains valid. Consider a two-step single-
adsorbate electrochemical reaction with αa �= αb and γ =
0. Near equilibrium potential, inferior catalysts that adsorb
the intermediate either very weakly (�G̃ 	 0) or very
strongly (�G̃ � 0) all fall into region 2 in Fig. 2. Hence,
the EIS shape is composed of two semicircles without
an inductive loop. Otherwise, as |�θ | ∝ max(k+

a , k+
b ) 	

|�E| ∝ min(k+
a , k+

b ), thus |�θ | 	 ωhigh > ωlow, implying
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FIG. 8. EIS shapes at equilibrium potential E = 0 V for different transfer coefficients αa �= αb. Nyquist plots of EIS at equilibrium
potential at five barrier differences (�B) are obtained with αa = 0.7, αb = 0.4, γ = 0, θmax = 1, A0 = 0.1 s−1, Cdl = 0.1 F m−2, Q =
2 C m−2. Horizontal and vertical axes of the EIS plot represent the real and negative imaginary parts of the impedance (�m2),
respectively.

that the two semicircles melt into a single one and can-
not be visibly distinguished; see an example in Fig. 9(b).
The EIS plots are composed of one semicircle in the first
quadrant.

Let us first consider strongly adsorbing catalysts near
equilibrium, −�G̃ 	 max{|�B̃|, |Ẽ|}. For this case, we
approximate k+

a ≈A0e−αa�G̃, k−
a ≈A0e(1−αa)�G̃ ≈ 0, k+

b ≈
A0eαb�G̃ ≈ 0, k−

b =A0e−(1−αb)�G̃. The relative magnitudes
of k+

a and k−
b depend on αa + αb. If αa + αb >

1, we can go further with k+
a 	k−

b , k−
a 	k+

b , and
thus, k+

a k−
a 	k+

b k−
b . Since k+

a k−
a −k+

b k−
b ≈e(1−2αa)�G̃ and

k+
a k+

b − k−
a k−

b = e�B̃(e−(αa+αb)Ẽ − e(2−αa−αb)Ẽ)e−(αa−αb)�G̃,
we obtain

|k+
a k−

a −k+
b k−

b |
|k+

a k+
b −k−

a k−
b | ∝ e(1−αa−αb)�G̃ 	 1.

Therefore, we obtain �θ ≈ −Qk+
a < 0, �θ ≈ −k+

a < 0,
�E ≈ −βeQk−

a < 0, and �E ≈ −βek−
a < 0, resulting in

�θ�E > 0 and (�θ�E/�θ�E) ≈ 1.
If αa + αb < 1, we then know k+

a �k−
b , k−

a �k+
b ,

k+
a k−

a �k+
b k−

b , and

|k+
a k−

a −k+
b k−

b |
|k+

a k+
b −k−

a k−
b | ∝ e−(1−αa−αb)�G̃ 	 1.

Therefore, �θ ≈ Qk−
b > 0, �θ ≈−k−

b < 0, �E ≈ −βeQk+
b

< 0, and �E ≈ βek+
b > 0, so that �θ�E > 0 and

(�θ�E/�θ�E) ≈ 1. Repeating the same analysis for the
weakly adsorbing catalysts near equilibrium potential, we
find that the same conclusion still holds true.

Therefore, Remark 5 is strengthened as follows.
Stronger Remark 5. Consider a two-step single-

adsorbate electrochemical reaction with γ = 0. Catalysts
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(a) (b)

FIG. 9. Correlation between EIS shapes and activity for the single-adsorbate reaction with different transfer coefficients αa �= αb.
(a) Volcano plots of activity and (b) Nyquist plots of EIS at different electrode potentials and binding energies (�G) are obtained
with parameters, αa = 0.8, αb = 0.2, γ = 0, θmax = 1, A0 = 0.1 s−1, Cdl = 0.1 F m−2, Q = 2 C m−2, �B = 0.06 eV. Horizontal and
vertical axes of the EIS plot represent the real and negative imaginary parts of the impedance (�m2), respectively. “R” is short for
“Remark.”

that adsorb the intermediate very weakly (�G̃ 	 0) or
very strongly (�G̃ � 0), namely, low-activity catalysts,
possess only one semicircle, and no inductive loop is
expected, regardless of the values of αa and αb.

Combined, Remark 6 regarding necessary condi-
tions to observe an inductive loop in the low-frequency
range should be modified for the case of αa �= αb as
follows.

Remark 10. Consider a two-step single-adsorbate
electrochemical reaction with αa �= αb and γ = 0.
Necessary conditions to observe an inductive loop in the

low-frequency range include (1) the reaction intermedi-
ate is adsorbed not too strongly or weakly; and (2) the
overpotential is nonzero but not too high.

In comparison with the case of αa = αb, the constraints
are fewer. However, as shown in Fig. 9, it is still rare to
observe an inductive loop.

C. Effect of lateral interactions γ �= 0

Now we further release the assumption of γ = 0 and
examine how lateral interactions of intermediates influence

×10–3 ×10–4 ×10–5 ×10–6

×10–6×10–5×10–4×10–3

FIG. 10. EIS shapes of the most active catalysts at different electrode potentials. Parameters are the same as in Fig. 9. Horizontal
and vertical axes of EIS plot represent the real and negative imaginary parts of the impedance (�m2), respectively.
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×10–2 ×10–2 ×10–3 ×10–4 ×10–5 ×10–5

×10–5×10–5×10–4×10–3×10–2×10–2

FIG. 11. EIS shapes for the thermodynamically optimal catalyst, �G = 0 eV, with different transfer coefficients αa �= αb. Other
parameters are αa = 0.4, αb = 0.2, γ = 0, θmax = 1, A0 = 0.1 s−1, Cdl = 0.1 F m−2, Q = 2 C m−2, �B = 0.06 eV. Horizontal and
vertical axes of the EIS plot represent the real and negative imaginary parts of the impedance (�m2), respectively.

the EIS shapes. In Table I, experimental data of under-
potential deposition of hydrogen (HUPD) and hydroxyl
adsorption on platinum single crystals in acidic and alka-
line solutions are listed. In most scenarios, lateral inter-
actions are repulsive, namely, γ > 0. Attractive lateral
interactions with γ < 0 are found in OH adsorption on
Pt(111) at high coverages and HUPD on Pt(110) in 0.1M
HClO4.

Remark 11. Consider a two-step single-adsorbate
electrochemical reaction. The influence of lateral
interactions is negligible at weakly binding catalysts with
�G 	 0.

At weakly binding catalysts with �G 	 0, the cover-
age θ is nearly zero, and all reaction rate constants, k±

a,b,
are then not changed by γ . In addition, since �E and �E
approaches zero at �G 	 0, as seen from Eqs. (32) and
(33),

�θ = Q(k+
b +k−

b −k+
a −k−

a ) + γ�E ≈ Q(k+
b +k−

b −k+
a −k−

a )

and

�θ = −k+
a +k−

a +k+
b +k−

b +γ�E

Q
≈ −k+

a +k−
a +k+

b +k−
b .

Therefore, the EIS plots do not change with γ .
In Fig. 12, EIS plots are shown at different potentials and

binding energies for γ = −0.2 V, γ = 0, and γ = 0.2 V,
with parameters αa = 0.8, αb = 0.2, θmax = 1, A0 =
0.1 s−1, Cdl = 0.1 F m−2, Q = 2 C m−2, and �B =
0.06 eV. EIS plots at three values of γ almost overlap
for �G = 0.4 eV, namely, at weakly binding catalysts.
It is worth noting that EIS plots are also insensitive to
γ for strongly binding catalysts, namely, �G = −0.4 eV,
for θ = θa = θb ≈ 1 and the k values do not change
with γ .

Remark 12. Consider a two-step single-adsorbate elec-
trochemical reaction. Regime 4b, where the EIS shape is

composed of a semicircle in the first quadrant followed
by an inverse semicircle in the fourth quadrant extending
further along the x axis, is possible, and its occurrence
indicates attractive lateral interactions. Regime 4b, if it
exists, is limited to the near-equilibrium potential region
at close-to-optimal catalysts.

Regime 4b requires �θ > 0 and �E�θ < �θ�E <

−Cdl�
2
θ . Since �θ = −(k+

a +k−
a +k+

b +k−
b ) + (γ�E/Q)

and �E is always negative, positive �θ is admissible only
when γ < 0, namely, attractive lateral interactions, and
(k+

a +k−
a +k+

b +k−
b ) has a lower magnitude than γ�E/Q.

Since k+
a +k−

a +k+
b +k−

b grows exponentially with the over-
potential and the magnitude of �G, the second condition
is more likely to be met when the overpotential is lower at
close-to-optimal catalysts.

The EIS shape belonging to regime 4b is observed at
�G = 0, E = 0, and γ = −0.2 V in Fig. 12. In addi-
tion, for other sets of �G and E, we observe that γ

only changes the magnitude of EIS without altering the
shape.

V. AN EXTENDED MODEL

In the preceding sections, we have presented a com-
plete regime diagram of shapes of impedance plots for a
two-step single-adsorbate reaction and explored the cor-
relation between electrocatalytic activity and impedance
shape. It is thus natural to ask whether the conclusions
apply for more complicated reactions or not. To address
this question, we are about to present an extended EIS
model of electrocatalytic reactions in this section, followed
by demystification and simplification of the extended for-
malism in subsequent sections. Such a practice of deriving
EIS for a given reaction mechanism dates back to the ear-
liest days of EIS [11,13]. The derivation presented below
follows the routine established in these works.
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FIG. 12. Influence of lateral interactions on the EIS shapes. Nyquist plots of EIS for a two-step single-adsorbate electrochemical
reaction at different electrode potentials and binding energies (�G) are obtained with parameters, αa = 0.8, αb = 0.2, θmax = 1, A0 =
0.1 s−1, Cdl = 0.1 F m−2, Q = 2 C m−2, �B = 0.06 eV. Horizontal and vertical axes of the EIS plot represent the real and negative
imaginary parts of the impedance (�m2), respectively. PYTHON code for generating this figure is provided in the Supplemental Material
[43].

Consider a multistep electrocatalytic reaction that
proceeds via N elementary steps involving M adsorbed
intermediates and P solution-phase species. The elemen-
tary step indexed with i is written generally as⎛
⎝ P∑

p=1

aipRp

⎞
⎠+

(
M∑

m=1

bimIm

)
+ ci ∗ +nie = 0, (42)

where Rp represents solution-phase species with the
stoichiometric number aip , Im represents adsorbed

intermediates with the stoichiometric number bim, ni is the
number of electrons involved this step, ∗ indicates vacant
sites, and ci is the number of vacant sites involved in this
step.

The rate of change of coverage of intermediate Im,
denoted θm, is calculated as

dθm

dt
= −

N∑
i=1

bimvi. (43)
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The reaction rate of the step i, vi, is, in general, a function
of the electrode potential, E; interfacial concentration of
Rp , denoted Cp ; and θm:

vi = vi(E, C1, . . . , CP, θ1, . . . , θm). (44)

The total differential of vi is obtained as

ṽi =
(

∂vi

∂E

)
{Ck},{θk}

Ẽ +
P∑

p=1

(
∂vi

∂Cp

)
E,{Ck(k �=p)},{θk}

C̃p

+
M∑

m=1

(
∂vi

∂θm

)
E,{Ck},{θk(k �=m)}

θ̃m, (45)

where {Ck} is short for (C1, . . . , CP), {θk} for (θ1, . . . , θM ),
{Ck(k �= p)} for (C1, . . . , Cp−1, Cp+1, . . . , CP), and {θk
(k �= m)} for (θ1, . . . , θm−1, θm+1, . . . , θM ).

Controlled by mass transport in the electrolyte solution,
Cp is described as

dCp

dt
= Dp

d2Cp

dx2 , (46)

which is transformed into j ωC̃p = Dp(d2C̃p/dx2) in the
frequency space, closed with boundary conditions C̃p = 0
in the bulk solution, x = l, and

Dp
dC̃p

dx
= Nas

N∑
i=1

ṽiaip ,

at the reaction plane, x = 0. Here, Nas = Q/F is the molar
number density of active sites.

The general solution to this second-order differential
equation is

C̃p(x) = f1 exp

(
x

√
j ω
Dp

)
+ f2 exp

(
−x

√
j ω
Dp

)
. (47)

We have f1 = −f2 exp
(−2l

√
j ω/Dp

)
due to the condition

of C̃p = 0 at x = l. The other condition then gives

f2 = −Nas
∑N

i=1 ṽiaip√
j ωDp

1(
exp
(−2l

√
j ω/Dp

)+ 1
) .

The interfacial concentration at x = 0 is now

C̃p = Nas
∑N

i=1 ṽiaip√
j ωDp

exp
(−2l

√
j ω/Dp

)− 1

exp
(−2l

√
j ω/Dp

)+ 1

= −Nas
∑N

i=1 ṽiaip√
j ωDp

tanh

(
l

√
j ω
Dp

)
. (48)

Substituting Eq. (48) back into (45) leads to

ṽi +
P∑

p=1

(
∂vi
∂Cp

)
u,{Ck(k �=p)},{θk}

Nas
∑N

q=1 aqp ṽq√
j ωDp

tanh
(

l
√

j ω
Dp

)

=
(

∂vi
∂E

)
{Ck},{θk}

Ẽ +
M∑

m=1

(
∂vi
∂θm

)
u,{Ck},{θk(k �=m)}

θ̃m,

(49)

Introducing the following matrices and vectors, of which
the dimension is specified in the superscript,

DN×P(i, p) = Nas√
j ωDp

(
∂vi
∂Cp

)
E,{Ck(k �=p)},{θk}

tanh
(

l
√

j ω
Dp

)
,

AN×P(q, p) = aqp ,
KN×M

θ (i, m) =
(

∂vi
∂θm

)
E,{Ck},{θk(k �=m)}

,

KN×1
E (i) = Q

(
∂vi
∂E

)
{Ck},{θk}

,

θ̃M×1(m) = θ̃m,
ṽN×1

(i) = ṽi,
(50)

we write Eq. (49) in a concise matrix form:

(IN×N + DAT)ṽ = Ku
Q Ẽ + Kθ θ̃ ,

ṽ =
′

Ku
Q Ẽ + ′

Kθ θ̃ ,
(51)

TABLE I. Experimental data of underpotential deposition of hydrogen (HUPD) and hydroxyl adsorption on platinum single crystals
in acidic and alkaline solutions.

Adsorption process γ Ref.

HUPD on Pt(111) in 0.1M HClO4 0.29–0.34 V at 276–333 K [46]
HUPD on Pt(111) in 0.1M NaOH 0.37–0.39 V at 276–333 K
HUPD on Pt(111) in 0.05M H2SO4 0.32–0.34 V at 276–333 K
HUPD on Pt(111) in 0.1M HClO4 0.29 V at 276–333 K [47]
HUPD on Pt(100) in 0.1M HClO4 0.09 V at 276–333 K
HUPD on Pt(110) in 0.1M HClO4 −0.04 V at 276–333 K
HUPD on Pt(111) in 0.05M NaOH 0.21 V at 313 K [48]
OH adsorption on Pt(111) in 0.1M HClO4 0.1–0.15 V when θOH < 0.5, negative when θOH > 0.6 at 273–323 K [49]
OH adsorption on Pt(100) in 0.1 M HClO4 0.14 V at 313 K
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with diffusion-corrected terms
′

Ku = (I + DAT)−1KE and
′

Kθ = (I + DAT)−1Kθ . The superscript T means transpose.
Following the procedure for the previous single-

adsorbate case, from Eq. (43) we obtain

j ωθ̃m = −
N∑

i=1

bimṽi. (52)

Substituting Eq. (51) for ṽi and introducing BN×M (i, m) =
bim, we obtain

(
j ωIM×M + BT

′
Kθ

)
θ̃ = −BT ′

Ku
Q Ẽ,

θ̃ = − 1
Q

(
j ωI + BT

′
Kθ

)−1

BT
′

KEẼ.
(53)

The Faradaic current density is written as

ĩct = −Q
N∑

i=1
niṽi = −QnTṽ = −nT

( ′
KuẼ + ′

Kθ θ̃

)
,

= −nT

(
− ′

Kθ

(
j ωI + BT

′
Kθ

)−1

BT
′

KE + ′
KE

)
Ẽ,

(54)

where n is the vector of electron numbers. Elements of n take one of three values 0, ±1.
The impedance response is then written as

Z = ũ

ĩdl + ĩct
=
(

j ωCdl − nT

(
I − ′

Kθ

(
j ωI + BT

′
Kθ

)−1

BT

)
′

KE

)−1

. (55)

To put Eq. (55) into practical use, we need to know
′

Kθ

and
′

KE , which depend on the steady-state conditions. As
in the previous example of a single-adsorbate reaction, we
need to solve for {θ̄k} under steady-state conditions from a
proper microkinetic model.

The general expression of elementary reaction rates, vi,
in Eq. (44) can be concretely expressed as

vi = k+
i

∏
P({aip },{bip },ci)

CrR
R − k−

i

∏
N ({aip },{bip },ci)

CrP
P (56)

where P({aip}, {bip}, ci) represents the group of reactants,
namely, species with positive stoichiometry number in the
reaction in Eq. (42), and N ({aip}, {bip}, ci) is the group
of products, namely, species with negative stoichiometry
number. The concentration (coverage) of the reactants and
products are denoted CR and CP, respectively. The reaction
orders of the reactants and products are denoted rR and rP,
respectively.

To see how the formalism works, we take as an example
O2 + H+ − OOHad + e + ∗ = 0, which is usually written
as O2 + H+ + e + ∗ = OOHad. The solution-phase reac-
tants are O2 and H+, both with a stoichiometry number
of unity, and the product is OOHad. For this step, we have
{aip} = {1, 1}, {bip} = {−1}, ci = 1, ni = 1. Therefore, Eq.
(56) becomes vi = k+

i CO2CH+θ∗ − k−
i θOOH.

The rate constants are given by

k+
i = k0 exp

(
−�Ga,i + αiniF(E − Eeq,i)

RT

)
,

k−
i = k0 exp

(
−�Ga,i + (1 − αi)niF(E − Eeq,i)

RT

)
,

(57)

with k0 being the exponential prefactor, �Ga,i the activa-
tion barrier under equilibrium, αi the transfer coefficient,
and Eeq,i the equilibrium potential. We have neglected the
lateral interaction between adsorbates here.

Under steady states, the coverages do not change with
time:

dθm

dt
= −

N∑
i=1

bimvi = 0, (58)

and the sum of all coverages is conserved:

θ∗ +
M∑

m=1

θm = 1. (59)

Substituting Eq. (56) for vi in Eq. (58), we obtained all θ̄m
at a certain electrode potential E. Then, we could obtain all

elements of
′

Kθ and
′

KE according to Eq. (50). One is then
ready to compute EIS using Eq. (55).

VI. APPLICATION OF THE EXTENDED MODEL

In this section, we take the mechanism of formic acid
oxidation as an example to illustrate how the extended
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formulism works. Formic acid oxidation is assumed to
occur via the following simplified mechanism (cf. detailed
discussion on possible mechanisms in Refs. [50–52]):

HCOOH + ∗ = HCOOad + H+ + e,
HCOOad = CO2 + H+ + e + ∗. (60)

For this case, we have two elementary steps (N = 2), three
solution-phase species P = 3, and one adsorbed intermedi-
ate M = 1. The matrices are

A =
[

1 −1 0
0 −1 −1

]
, B =

[ −1
1

]
, C =

[
1

−1

]
,

n =
[ −1

−1

]
. (61)

The reaction rates are

v1 = k+
1 C1θ∗ − k−

1 C2θ1,
v2 = k+

2 θ1 − k−
2 C3C2θ∗, (62)

where C1, C2, and C3 are the concentrations of HCOOH,
H+, and CO2, respectively.

According to the steady state expressed in Eq. (58), we
obtain

θ̄1 = k+
1 C1 + k−

2 C3C2

k+
1 C1 + k−

1 C2 + k+
2 +k−

2 C3C2
,

θ̄∗ = k−
1 C2 + k+

2

k+
1 C1 + k−

1 C2 + k+
2 +k−

2 C3C2
. (63)

Then, according to the definitions given in Eq. (50), we
obtain D, Kθ , KE as

D =
[

k+
1 θ̄∗W1 −k−

1 θ̄1W2 0

0 −k−
2 C̄3θ̄∗W2 −k−

2 C̄2θ̄∗W3

]
,

Kθ =
[

−k+
1 C̄1 − k−

1 C̄2

k+
2 +k−

2 C̄3C̄2

]
,

KE = Q

⎡
⎣ C̄1θ̄∗

∂k+
1

∂EM
− C̄2θ̄1

∂k−
1

∂EM

θ̄1
∂k+

2
∂EM

− C̄3C̄2θ̄∗
∂k−

2
∂EM

⎤
⎦ , (64)

where

Wi = Nas√
j ωDp

tanh

(
l

√
j ω
Dp

)

are the finite-length Warburg elements.

With
′

KE = (I + DAT)−1KE and
′

Kθ = (I + DAT)−1Kθ , and the following manipulation,

(
I − ′

Kθ

(
j ωI + BT

′
Kθ

)−1

BT

)
= I − 1

j ω − ′
Kθ (1) + ′

Kθ (2)

⎡
⎣ − ′

Kθ (1)
′

Kθ (1)

− ′
Kθ (2)

′
Kθ (2)

⎤
⎦ ,

= 1

j ω − ′
Kθ (1) + ′

Kθ (2)

⎡
⎣ j ω + ′

Kθ (2) − ′
Kθ (1)

′
Kθ (2) j ω − ′

Kθ (1)

⎤
⎦ ,

the interfacial impedance expressed in Eq. (55) is rewritten as

Z =

⎛
⎜⎜⎝j ωCdl +

j ω
( ′

KE(1) + ′
KE(2)

)
+ 2

′
Kθ (2)

′
KE(1) − 2

′
Kθ (1)

′
KE(2)

j ω − ′
Kθ (1) + ′

Kθ (2)

⎞
⎟⎟⎠

−1

, (65)

which is rewritten in the form of Eq. (11) as

Z = 1
j ωCdl − ((�θ�E/j ω − �θ) + �E)

, (66)

with �θ = ′
Kθ (1) − ′

Kθ (2), �E = − ′
KE(1) − ′

KE(2), �θ = ′
Kθ (1) − ′

Kθ (2), and �E = − ′
KE(1) + ′

KE(2).
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In Fig. 13, Nyquist plots of EIS for the formic acid
oxidation reaction following the mechanism in Eq. (60)
are shown at different adsorption energies of the adsorbed
intermediate OOHad and different overpotentials. Lines in
orange correspond to the case without considering the
diffusion of HCOOH, H+, and CO2 in the electrolyte
solution, while those in blue consider these diffusion pro-
cesses. Both types of lines overlap, and the two cases

cannot be visibly distinguished in the high-moderate fre-
quency range. When diffusion is considered, additional
features, namely, an inclined line of 45° transiting to a
semicircle, manifest in the low-frequency range. These
additional features are well-established for finite-length
diffusion; see an experimental example in Ref. [53]. A key
insight from this comparison states that one can obtain
the full impedance by combining diffusion impedance and
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FIG. 13. Diffusion effects on EIS shapes. Nyquist plots of EIS for formic acid oxidation reaction following the mechanism in Eq.
(60) at different adsorption energies of the adsorbed intermediate OOHad and different overpotentials. Lines in orange correspond to
the case without considering diffusion of HCOOH, H+, and CO2 in the electrolyte solution, while those in blue consider diffusion.
Both types of lines overlap in the high-moderate frequency range. Diffusion only manifests in the low-frequency range as an inclined
line of 45° transiting to a semicircle, which are characteristic features of finite-length diffusion. PYTHON code for generating this figure
is provided in the Supplemental Material [43].
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Faradaic impedance. Diffusion will not alter the preced-
ing analysis on the correlation between EIS shapes and
catalytic activity.

Back in 1972, Armstrong and Henderson included the
diffusion of the reactant and product dissolved in the
electrolyte solution in their impedance model [13]. They
considered infinite-length diffusion processes, resulting in
Warburg elements (j ωDi)

−0.5 in the impedance expres-
sions. Consistent with our above findings, they revealed
that the impedance expression with diffusion reduces back
to that without diffusion in the high-frequency range. Lasia
derived an impedance model for the hydrogen evolution
reaction and considered the diffusion of dissolved hydro-
gen molecules in the electrolyte solution with a finite
length [37,38]. Lasia’s results show the same diffusion
features as those in Fig. 13.

The analysis presented in this section can be summa-
rized in the following remark.

Remark 13. Reaction and diffusion are usually well sep-
arated in the electrochemical impedance plots and located
in the high- and low-frequency range, respectively. Hence,
consideration of diffusion will not alter the conclusions
drawn on the shapes of Faradaic impedance.

VII. SIMPLIFICATION OF THE EXTENDED
MODEL BASED ON THE RATE-DETERMINING

TERM

Since we know from the above example that diffusion
in the low-frequency range does not change the shape
of impedance plot in the high-frequency range, diffusion
will be neglected for the moment. The primary purpose of
this section is to verify whether the correlation between
impedance shape and catalytic activity observed in the
single-adsorbate example is valid for more general cases.
Since the generalized model is too complicated for further
manipulation, we apply the concept of the rate-determining
term (RDT) introduced recently for this purpose [54].

Let us consider a serial reaction pathway, simplified
from the mechanism in Eq. (42):

R + ∗ + n1e ↔ I1,
I1 + n2e ↔ I2,
. . .

Ii−1 + nie ↔ Ii,
. . .

IN + nN+1e ↔ P + ∗,

(67)

where * represents free sites, R is the reactant, P is the
product, Ii (i = 1, . . . , N ) are adsorbed intermediates, and
ni is the electron number. Solution species, e.g., hydronium
ions, may participate in elementary steps. Since the diffu-
sion of soluble species is to be neglected, their influences
on the kinetics can be implicitly embedded into the rate
constants, k±

i (+ forward reaction, −backward reaction).

In previous work [54], the overall rate of this reaction
under steady states, denoted jss, was approximated as

−neρ
jss

≈
N+1∑
i=1


i

k+
i

, (68)

where n =∑N+1
i=1 ni is the total number of electrons, ρ is

the number density of active sites, and Q = eρ.

i are thermodynamic factors given by


i =
∑N

j =0
∏j

s=1 KP(i,+s)∏N
s=1 KP(i,+s)

, (69)

where Ki = k+
i /k−

i is the equilibrium constant of the ith
elementary step, P(i, ±j ) is the permutation operator intro-
duced in Ref. [54]. Its calculation rules and examples of
applying it can be found there.

The key point is that the overall reaction resistance,
−(neρ/jss), is decomposed into (N + 1) resistance terms
in Eq. (68). Each term has same mathematical structure,
which is the ratio of a thermodynamic term composed of
thermodynamic constants, Ki, to a single forward-reaction
rate, k+

i . As we have shown in previous work [54], one
of the (N + 1) resistance terms is usually larger by several
orders of magnitude than the rest. This term determining
the overall reaction resistance is defined as the RDT.

Under the RDT approximation, we further simplify Eq.
(68) to

jss ≈ −nQk+
d


d
, (70)

where d denotes the serial number of the step correspond-
ing to k+

d in the RDT.
If we neglect the relaxation dynamics of adsorption

(desorption) of intermediates, we can define an effective
charge-transfer resistance from jss:

Reff
ct ≈ −
2

d

nQ

(
∂k+

d

∂EM

d − ∂
d

∂EM
k+

d

)−1

, (71)

A parallel connection of Reff
ct and the double-layer capac-

itance, Cdl, leads to a semicircle in the Nyquist plot. As
stressed by Harrington recently, Reff

ct is different from the
charge-transfer resistance of the dth step [31].

When the relaxation dynamics of adsorbed intermedi-
ates are considered, more complex shapes of impedance
plots may occur. Let us focus on the dth step. Upon lin-
ear perturbation, the variation in the net rate of this step is
written as

ṽd = k̃+
d θ̄d−1 + k̄+

d θ̃d−1 − (k̃−
d θ̄d + k̄−

d θ̃d), (72)
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Since the steps before this step are in quasiequilibrium,
θ̃d−1 is calculated as

θ̃d−1 = ∂θ̄d−1

∂EM
Ẽ. (73)

θ̃d is correlated with ṽd via

j ωθ̃d = ṽd, (74)

where we have assumed ṽd+1 = 0, according to the RDT
approximation.

We can now express θ̃d as a function of Ẽ, and then
calculate the variation in the Faradaic current density as

ĩct = −ndQṽd = − j ωndQ
j ω + k̄−

d

×
(

∂ k̄+
d

∂EM
θ̄d−1 + ∂θ̄d−1

∂EM
k̄+

d − ∂ k̄−
d

∂EM
θ̄d

)
Ẽ. (75)

Then, the total impedance is obtained as

Z = 1/

(
j ωCdl − j ωndQ

j ω + k̄−
d

×
(

∂ k̄+
d

∂EM
θ̄d−1 + ∂θ̄d−1

∂EM
k̄+

d − ∂ k̄−
d

∂EM
θ̄d

))
, (76)

which can be transformed into the form of Eq. (11), with
�θ = −k̄−

d :

�E = ndQ

(
∂ k̄+

d

∂EM
θ̄d−1 + ∂θ̄d−1

∂EM
k̄+

d − ∂ k̄−
d

∂EM
θ̄d

)
,

and �θ�E = �θ�E , or into the form of Eq. (12) with

Ceff(ω) = Cdl + �θ�E

ω2 + �2
θ

,

and

Reff(ω) =
( −�Eω2

ω2 + �2
θ

)−1

.

Since �θ < 0 and �E < 0, we know Ceff(ω) > 0 and
Reff(ω) > 0 at any ω. In addition, Reff increases with
decreasing ω. Therefore, the EIS plot possesses only one
semicircle in the first quadrant, and no inductive loop
can be expected. Harrington discussed the EIS of a sim-
ilar serial mechanism based on the rate-determining step
(RDS) assumption [55]; see a comparison between RDT
and RDS in Ref. [54]. Consistent with the present anal-
ysis, the RDS assumption leads to a Faradaic impedance
being an effective charge-transfer resistance in parallel

with a pseudocapacitance. The present analysis also sup-
ports Lasia’s recent claim that “they (inductive loops)
cannot appear at far negative overpotentials where the
kinetics is treated as irreversible” [38].

The analysis based on the rate-determining term can be
summarized in the following remark.

Remark 14. If an electrocatalytic reaction is limited by
a single RDS, the EIS plot possesses only one semicircle in
the first quadrant, and no inductive loop can be expected. It
is noted that the resistance of the semicircle is an effective
charge-transfer resistance, rather than the charge-transfer
resistance of the RDS.

VIII. EXPERIMENTAL EVIDENCE AND
COMPARISON WITH WORKS IN THE

LITERATURE

Despite the great complexity of the parametric space
of electrocatalytic reactions, a few general observations
regarding the EIS shape can be made from the preced-
ing analysis. First, diffusion in the electrolyte solution
in a finite space manifests as a closed arc in the low-
frequency range and does not change the EIS shape in
the high-frequency range. Therefore, we are only con-
cerned about diffusion-free EIS in the following. Second,
EIS plots of a single-adsorbate reaction on low-activity
catalysts, i.e., where the adsorbate is either very strongly
or weakly bound, have only a single semicircle, and no
inductive loop exists. In other words, EIS plots consist-
ing of two semicircles are more likely to be observed on
more active catalysts, i.e., where the binding energy of
the adsorbate is close to or exactly at the optimal value.
Third, when assumptions of the rate-determining term or
the rate-determining step are valid, the EIS plots show
only one semicircle in the first quadrant, and no induc-
tive loop can be expected. The third point is not limited
to the single-adsorbate reaction, but general for any reac-
tions. Fourth, an inductive loop is rare for electrocatalytic
reactions on a stable catalyst without structural recon-
struction or side reactions. It is more likely to observe
the inductive loop at more active catalysts in the low-
overpotential region. However, we do not observe the
inductive loop for catalysts sitting exactly on the volcano
peak.

Though an abundance of EIS data of a wide range
of electrochemical reactions exists in the literature, an
attempt to corroborate above conclusions requires a careful
selection of experimental data. Severely distorted loops,
either inductive or capacitive, are frequently observed in
metal deposition and dissolution reactions in the field of
corrosion [36,37,46,53,56–60]. These distorted loops are
reported to be generated from dynamic growth and aging
of the active sites, and interference of parasitic reactions
such as adsorption of the electrolyte anions; see the review
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by Wiart and co-workers [58]. These complexities are not
considered in the present work, and these experimental
data are not discussed here.

The hydrogen evolution reaction (HER) on metal sur-
faces is probably the most suitable reaction to corroborate
the present theoretical analysis. On one hand, it involves
only one active adsorbate, namely, the overpotential-
deposited hydrogen, which greatly simplifies the theoret-
ical analysis. On the other hand, experimental EIS data on
an array of metals over a wide spectrum of binding strength
of adsorbed hydrogen have been reported [61–65].

In Fig. 14, EIS plots for the HER at four metals are
shown. According to Trasatti’s volcano plot in Fig. 14(a),
Bi and Pb belong to low-activity catalysts that bind
the adsorbate too weakly, while Pd and Pt belong to
high-activity catalysts that bind the adsorbate neither too
weakly nor strongly [8]. Consistent with the present theo-
retical analysis, cf. Remark 5 in Figs. 5 and 9, Bi and Pb
are reported to have EIS shapes of a single semicircle at all
examined potentials [64]. The scattered points in the low-
frequency range are probably due to bubble formation. On
the contrary, EIS shapes of two semicircles are observed
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FIG. 14. Corroboration of theoretical analysis using experimental EIS data on hydrogen evolution reaction. (a) Trasatti’s volcano
plot for the hydrogen evolution reaction, reproduced with permission from Ref. [8]. (b) EIS plots of the hydrogen evolution reaction
at Pt(100) in 0.5M NaOH at four overpotentials, reproduced with permission from Ref. [65]. Copyright (1999) Elsevier. EIS plots
of the hydrogen evolution reaction on (c) Bi and (d) Pb electrodes in 4.79M H2SO4 solution at different potentials referenced to
Hg|Hg2SO4|1.28 g cm−3 H2SO4, reproduced with permission from Ref. [64] Copyright (2005) Elsevier. (e) EIS plots of the hydro-
gen evolution reaction on Pd in 0.1M H2SO4 at different potentials referenced to a reversible hydrogen electrode, reproduced with
permission from Ref. [63] Copyright (2017) Elsevier.
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for high-activity catalysts Pt [65] and Pd [63]. More inter-
estingly, EIS shapes at Pt transit from two semicircles to
one semicircle as the overpotential grows, as predicted in
the present theoretical analysis, cf. Remark 4 in Fig. 5 and
Remark 9 in Fig. 9. Two semicircles are also observed for
the HER at other active catalysts like Rh [66] and Ru [67].

Last, but not least, no inductive loop is observed for the
hydrogen evolution reaction, which also corroborates the
claim that it is rare to observe an inductive loop for electro-
catalytic reactions occurring on stable electrodes in clean
and nonspecifically adsorbing electrolyte solutions. Nev-
ertheless, absence of evidence is by no means evidence
of absence. Angelo and Lasia observed an inductive loop
at several overpotentials for hydrogen evolution on Ni-
Zn alloy electrodes in alkaline solution [68]. Interestingly
enough, Chen and Lasia did not observe the inductive loop
for hydrogen evolution on Ni-Ali alloy electrodes in alka-
line solution [69]. Furthermore, Angelo and Lasia reported
that the model parameters fitted from the inductive loop
were inconsistent with the usual Volmer-Heyrovsky-Tafel
mechanism. A possible origin of the inductive loop is
dissolution of Zn remained after the leaching process.

IX. CONCLUSION

Driven by the desire to search for possible correla-
tions between EIS shapes and electrocatalytic activities,
we started with the simplest case with a single adsorbate,
for which we were allowed to draw a complete regime
diagram of all possible EIS shapes, further, to prove and
then, for more complicated cases, disprove several remarks
on the EIS shapes. The EIS shapes are very sensitive to
transfer coefficients and lateral interactions. We then gen-
eralized the impedance model for any electrocatalytic reac-
tions considering mass transport in the electrolyte solution,
demystified it using a simple example, and simplified it
based on the rate-determining term assumption. Several
pieces of conclusion survived the test of realistic complex-
ities and were then subject to experimental testing using
literature data on the hydrogen evolution reaction.

First, as far as diffusion-free EIS is concerned, unless
otherwise noted, the use of assumptions of the rate-
determining term or the rate-determining step leads to EIS
plots of only one semicircle in the first quadrant, and no
inductive loop exists. In other words, observations of two
or more semicircles indicate that more than one step deter-
mines the reaction rate, if there is no side reaction or struc-
tural instabilities. Second, for single-adsorbate reactions,
low-activity catalysts, i.e., those binding the intermediate
either too strongly or weakly, exhibit only a single semi-
circle. Examples are Bi and Pb for hydrogen evolution
reactions. In other words, EIS plots consisting of two semi-
circles are more likely to be observed on highly active
catalysts, i.e., where the binding energy of the adsorbate
is close to the optimal value. Examples include Pt and Pd

for hydrogen evolution reactions. Third, an inductive loop
is rare for electrocatalytic reactions on stable electrodes in
clean and nonspecifically-adsorbing electrolyte solutions,
namely, without dynamic evolution of active sites or side
reactions. Fourth, for single-adsorbate reactions, the fea-
sible region for an inductive loop is narrowed to highly
active catalysts in the low-overpotential region. It should
be noted that the present simulations do not address fre-
quency dispersion, coexisting competing reactions, or the
influence of nonuniform current and potential distributions
that can confound experimental results.
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