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Simplifying mechanistic impedances

David A. Harrington∗

Department of Chemistry, University of Victoria, Victoria, British Columbia, V8W 3V6, Canada.

Abstract

Common simplifying concepts of chemical kinetics, such as rate-determining and preequilibium steps, can be used to
simplify the formulation of the electrochemical impedance for reaction mechanisms. A general strategy for eliminating
kinetic parameters of preequilibrium steps from the governing equations is presented, which enables simpler subsequent
generation of the impedance spectra and associated equivalent circuits. Examples that are various subcases of a metal
electrode with simultaneous hydrogen evolution and hydrogen adsorption into the metal are discussed. The relationship
of the apparent charge-transfer resistance to the true charge-transfer resistance is discussed. Examples are given where
the presence of adsorption is masked and may not be easily detected in an impedance analysis.
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Introduction

The methodology to derive the electrochemical impedance
corresponding to a reaction mechanism involves linearizing
the kinetic equations. It has been used for a long time for
quite complicated mechanisms, and has been systematized
in a matrix form [1—4] so that it is now straightforward
to compute the impedance spectrum for any set of reac-
tions and kinetic parameters. There has also been some
progress on the inverse problem; deducing which types of
mechanisms can correspond to which shapes of impedance
spectra, e.g, Ref. 5.
The complexity of the spectrum, in terms of the num-

ber of semicircles (loops) in a Nyquist plot or bends in a
Bode plot is known to be related to the number of reaction
steps with linearly independent stoichiometry [1—4]. Ac-
cording to these rules, a complicated reaction mechanism
is expected to give a complicated impedance spectrum at
least at some potentials. However, impedance spectra are
often deceptively simple, and mask the complexity of the
underlying mechanism. This may be because some reac-
tion steps or species do not affect the shape of the spec-
trum or have no significant role to play, e.g., fast steps
after the rate-determining step (RDS). The first system-
atic approach to simplifying EIS spectra was by Sengoku
et al [6], who classified species into those in fast or slow
reactions, and noted that the “measurable kinetic parame-
ters are only those of slow reactions modified by fast re-
actions”. They found conditions under which the species
in fast reactions could be eliminated from the Jacobian
matrix, without specifying the nature of the reactions.

∗Corresponding author.
Email address: dharr@uvic.ca (David A. Harrington)

Here I approach the problem in the framework com-
monly used in general chemical kinetics, where two sim-
plifying methods are common. The first is the steady-state
approximation, also called the Bodenstein approximation
or adiabatic elimination. This sets the time derivatives
of the concentrations of fast intermediates to zero, which
allows these concentrations to be eliminated from the ki-
netics. Since these species are eliminated before lineariz-
ing the equations to find the impedance, they are invisible
in EIS and do not require special treatment. The sec-
ond method uses the concepts of the rate-determining step
(RDS) and preequilibrium steps, and is the topic of this
work. In electrochemistry, this method is widely used to
understand Tafel slopes of steady-state polarization curves
[7, 8], but has not been much used in EIS. For fitting EIS
spectra at a given potential, it is important to reduce the
number of parameters to those that can be reliably fitted,
or the fitting routine will have diffi culty finding a global
minimum. The approach is to find general methods to de-
cide how the spectra simplify. This builds on earlier work
that showed that if a reaction mechanism with multiple ad-
sorbed species has a single RDS, the impedance collapses
to a single semicircle [9].
Understanding how impedances simplify is part of the

wider problem of finding diagnostic criteria for reaction
mechanisms. Aside from understanding the possible shapes
of spectra, it is important also to develop criteria for the
potential dependence of measurable parameters to decide
which mechanisms might be operating. One strategy is to
investigate particular mechanisms and determine ranges
of rate constants or other rate parameters that produce
particular shapes, for example a single semicircle, e.g., Di-
ard, Montella and coworkers produced zone diagrams for
a number of mechanisms [10—15]. These studies give in-
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sights into simple cases where the full behaviour can be
characterized by a small number of parameters. A more
general strategy is to fit data to equivalent circuits, and
then use the potential dependence of the circuit elements
to determine which mechanism might apply. This was the
approach of Kichigin and Shein [16], who produced diag-
nostic criteria for potential dependence of the circuit el-
ements for the hydrogen evolution reaction (HER) under
simplifying assumptions about which steps are rate deter-
mining. They also used the concept of preequilibrium for
the Volmer reaction in some of these cases. Lasia also gave
examples of simplified mechanisms and equivalent circuits
in his recent review of the HER [17].
The concept of the RDS and the simplification of spec-

tra discussed here occur at higher overpotentials. The
spectra generally show the greatest structure near equi-
librium [18]. Of course, maximum kinetic information is
obtained by studying the spectra over a range of potentials
while systematically changing relevant solution concentra-
tions.

1. Results and Discussion

Rather than approach the theory from an abstract point
of view, I take as an example the case of the hydrogen evo-
lution reaction with possible absorption of hydrogen into
the metal electrode, and consider various subcases. The
details of the impedance of this mechanism have been re-
viewed by Lasia [19], and many particular cases have been
discussed in the literature, e.g., [20—23]. Here the emphasis
is on general strategies for simplifying the mechanism.

M(site) + H+ + e−
k1
�
k−1

MH(ads) (1)

MH(ads) + H+ + e−
k2
�
k−2

M(site) + H2 (2)

2MH(ads)
k3
�
k−3

2M(site) + H2 (3)

MH(ads)
k4
�
k−4

H(abs) + M(site) (4)

The kinetics, making the usual assumption about Lang-
muir adsorption, are given by Eqs. (5)-(8), where the rate
constants for the electron-transfer steps have the usual
Tafel-like potential dependence. The fractional concen-
tration of H in the metal is X = c/cmax, and X0 is its
value just inside the metal. Subsequently, the absorbed H
diffuses into the metal, and in the case of a Devanathan-
Stachurski cell, is oxidized on the exit side.

v1 = k1(1− θ)− k−1θ (5)

v2 = k2θ − k−2(1− θ) (6)

v3 = k3θ
2 − k−3(1− θ)2 (7)

v4 = k4θ(1−X0)− k−4(1− θ)X0 (8)

Figure 1: Schematic Gibbs energy profiles for the mechanism of Eqs.
(1)-(4). Numbers indicated reaction steps. Step 5 represents un-
specified subsequent steps for absorbed hydrogen, such as diffusion
through the metal and oxidation at the exit side. (a) unsimplified
mechanism, (b) simplified incorporating step 1 as a fast preequilib-
rium step and step(s) 5 as much faster than step 4.

The govening equations (9) and (10) describe the net rates
of production of the adsorbed and absorbed species, where
Γm is the concentration (mol m−2) of adsorption sites on
the clean surface and JX is the flux of X into the metal at
the metal surface. Once these equations are solved for the
conditions of interest, then the Faradaic current is calcu-
lated from Eq. (11).

Γmdθ/dt = rθ = v1 − v2 − 2v3 − v4 (9)

JX = rX = v4 (10)

jf/F = re = −v1 − v2 (11)

1.1. Step 1 preequilibrium

Consider now the simplification where step 1 is consid-
ered as a preequilibrium step, to be followed by the rela-
tively slower steps 2, 3, and 4, which are parallel reactions
that can be considered competitive and jointly rate deter-
mining. That is, there are three pathways, each consisting
of step 1 as a preequilibrium step and one of the other
steps as a following rate-determining step. A schematic of
the Gibbs energy profiles is given in Fig. 1. The fast step
5 after the RDS is dealt with by the steady-state approx-
imation as described earlier [9].
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As a first consequence of the assumption of quasither-
modynamic equilibrium for step 1, the electrochemical equi-
librium constant K1 can appear in a final rate expression,
but not the rate v1 or the kinetic parameters for step 1:
k1, k−1 or the symmetry factor β1. The symmetry factor
cancels in the ratio of rate constantsK1 = k1/k−1, and the
potential dependence of θ is determined solely by the po-
tential dependence of the equilibrium constant, Eqs. (12)
and (13):

K1 = Keq
1 exp

(
−F (E − Er)

RT

)
=

θ

1− θ (12)

θ =
K1

1 +K1
= θ(E) (13)

Therefore a second consequence of this choice is that
θ may be eliminated from the rate expressions in favour
of potential. The derivative dθ/dE from Eq. (12) may
be converted to a pseudocapacitance, Eq. (14), where the
negative sign has been added to make C positive.

C = −ΓmF dθ/dE (14)

Elimination of the rate parameters can be done by elim-
inating v1 from Eqs. (9)-(11), simply by adding Eqs. (9)
and (11). Then the chain rule dθ/dt = (dθ/dE) (dE/dt)
leads to:

jf = C dE/dt+ F (−2v2 − 2v3 − v4) (15)

At steady state, dE/dt = 0, the current density is
jf = F (−2v2 − 2v3 − v4), and so the above just formal-
izes the fact that two electrons flow every time step 2 pro-
gresses, two electrons flow every time step 3 progresses,
and one electron flows every time step 4 progresses. This
combination of rates is an apparent rate of production of
electrons, r̂e, Eq. (16). Here the caret is used to indicate
the use of an approximation (the preequilibrium approxi-
mation) where there is possible ambiguity.

r̂e = −2v2 − 2v3 − v4 (16)

If the coverages are replaced by their expressions in
terms of potential through Eq. (13), e.g., v4 = k4K1/(1 +
K1), then the problem is completely formulated without
explicit mention of θ:

jf = C dE/dt+ F r̂e(E,X0) (17)

1.1.1. Low-concentration absorbed hydrogen
An additional simplification gives the simplest case. If

X0 is assumed to be small, then v4 simplifies to k4θ, with
the consequence that the concentration of absorbed H and
its diffusion do not enter the kinetics: r̂e depends only
on potential and Eq. (10) is not required. The Faradaic
admittance is then found by linearizing Eq. (17) and con-
verting to phasors in the usual way; the time derivative

dE/dt becomes iωẼ.

j̃f = iωC Ẽ + F
dr̂e
dE

Ẽ (18)

Yf = j̃f/Ẽ = iωC + R̂−1ct (19)

The Faradaic admittance is a parallel combination of the
pseudocapacitance C and the apparent charge-transfer re-
sistance R̂ct. The two-semicircle impedance characteris-
tic of single-adsorbed mechanisms has reduced to a single
semicircle. To understand the apparent absence of ad-
sorbed species intuitively, note that the prequilibrium step
can be combined with the subsequent step to give a single
effective reaction from the reactants to the transition state
for the respective RDS (Fig. 1). For the three pathways
here, this means the impedance is that of the adsorption-
less reactions:

2H+ + 2e−
K1k2→ H2 (20)

2H+ + 2e−
K2
1k3→ H2 (21)

H+ + e−
K1k4→ H(abs) (22)

Here, the effective rate constants above the reaction ar-
rows are the simple ones obtained in the low coverage case
θ ≈ K1 � 1 and will be more complicated for the high-
coverage case. An interesting aspect of this treatment is
that although k4 is usually assumed to be potential inde-
pendent because of the lack of charge transfer in step 4
(Eq. (4)), the effective rate constant in the approximate
treatment is potential dependent through the incorpora-
tion of the potential-dependent coverage into the effective
rate constant.
The true charge-transfer resistance is defined by IU-

PAC to be the reciprocal of the partial derivative of the
Faradaic current density with respect to potential, fix-
ing all concentrations at the interface [24]; in this case
R−1ct = F (∂re/∂E)θ. How is the apparent charge-transfer
resistance of the simplified mechanism related to the true
charge-transfer resistance? Step 1 was eliminated by adding
Eqs. (9) and (11), so r̂e = re + rθ and differentiation with
respect to E gives Eqs. (23)-(25).

R̂−1ct = F
dr̂e
dE

= F

(
∂re
∂E

)
θ

+ F

(
∂re
∂θ

)
E

dθ

dE

+

[
F

(
∂rθ
∂E

)
θ

+ F

(
∂rθ
∂θ

)
E

dθ

dE

]
(23)

= F

((
∂re
∂E

)
θ

+

(
∂re
∂θ

)
E

dθ

dE

)
(24)

= R−1ct + F

(
∂re
∂θ

)
E

dθ

dE
(25)

(The combination of derivatives in square brackets in Eq.
(23) is zero, which may be derived from the fact that the
steady-state θ is found by solving rθ = 0.) The second
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Figure 2: Step 1 and 2 mechanism with step 1 approaching equili-
bium. (a) Full equivalent circuit (left) becomes approximate equiv-
alent circuit (right). (b) Full impedance spectra (Eq. (26), blue)
evolve toward the approximate spectrum (Eq. (19), red). E − Er
= −0.2 V, Cdl = 20 µF cm2, rate constants (mol cm−2 s−1) at -0.2
V: k1/k−1 = 1.20 × 10−4, k2 = 1.03 × 10−6, k−2 = 2.15 × 10−9,
109k−1 = 1, 2, 5, 10, 20, 50, 100.

term in Eq. (25) is the adjustment for the fact that the
coverage θ is not actually fixed but is oscillating too rapidly
to be detected. The two terms of Eq. (25) directly corre-
spond to elements of the the inductive equivalent circuit
that applies for a single-adsorbed intermediate mechanism
[25] (Fig. 2a). This circuit has the admittance of Eq. (26),
where R0 and L are negative for a capacitive adsorption
semicircle.

Yf = R−1ct +
1

iωL+R0
(26)

In the simplified circuit, it is evident that R̂ct is equal to
the zero-frequency resistance (polarization resistance), so
that Eq. (25) may be written in terms of R0, Eq. (27).

R̂−1ct = R−1ct +R−10 (27)

For the usual case of negative R0, the apparent charge-
transfer resistance is larger than the true charge-transfer
resistance. Consideration of Eqs. (26) and (27) suggests
the simplification results in decreasing L. This is verified
in the series of plots in Fig. 2b for the impedance of the
mechanism with only steps 1 and 2. The ratio k1/k−1
is fixed at 1.2 × 104, and then k1 and k−1 are increased,
making step 1 tend toward a true equilibrium. As the rate
constants increase by a factor of 100, the value of −L de-
creases from 1.3× 10−4 to 9.0× 10−7 H cm2, and the two
semicircles merge to agree with the approximate treatment
(red curve). In this range of rate constants, Rct changes
only by 20% (from 0.28 to 0.24 Ω cm2) and R0 changes
only by 60%, while their parallel combination changes only
by 2%. The high equilibrium constant means that the

coverage is very close to unity, which makes the pseudo-
capacitance comparable to or smaller than a double layer
value. Therefore, the measured capacitance, which is the
sum C +Cdl, might be mistaken for a double-layer capac-
itance. In other words, the simplified mechanism could be
easily confused with an adsorptionless mechanism, despite
there being full coverage of intermediate on the surface.

1.1.2. High-concentration absorbed hydrogen
Consider now the case of where the kinetics for step

4 depend on the absorbed hydrogen concentration, while
still retaining the preequilibrium assumption for step 1.
Eqs. (10) and (16) still apply, with r̂e and r̂X depending
now on both E and X0, and the governing equations are
therefore Eqs. (17) and (28).

JX = r̂X(E,X0) (28)

where as before the carets indicate the θ-dependence has
been converted to potential dependence using Eq. (13).
Converting to impedance, C dE/dt will generate a pseudo-
capacitance in parallel to the Faradaic admittance of the
simpler problem fomulated without θ. The apparent charge-
transfer resistance, Eq. (29), will be calculated fixing the
concentrationX0, but not the coverage θ whose time varia-
tion has already been incorporated into the rate constants.
It can be related to the true charge-transfer resistance in
the same way as before, though it is no longer equal to the
polarization resistance.

R̂−1ct = F

(
∂r̂e
∂E

)
X0

= F

(
∂re
∂E

)
θ,X0

+ F

(
∂re
∂θ

)
X0,E

dθ

dE

(29)

= R−1ct + F

(
∂re
∂θ

)
X0,E

dθ

dE
(30)

As an specific example, H diffusion through a metal
foil in a Devanathan-Stachurski cell with rapid oxidation
of H at the exit side leads to a finite-length diffusion ele-
ment (short Warburg) [19]. Explicit calculation of the im-
pedances for the full and approximate cases by the usual
methods [1—4] gives the equivalent circuits of Figs. 3a and
3b, where the circuit elements are related to the kinetic
parameters as described in appendix A.
As before, the simplification removes the inductor and

adds the pseudocapacitance. The semicircle corresponding
to adsorption disappears from the impedance spectrum, a
case already discussed by Lasia (Fig. 6, Ref. 19) though
not explicitly in terms of equivalent circuits.

1.1.3. Step 4 preequilibrium
A common case in the literature is to consider the hy-

drogen ingress as an equilibrium step. Then steps 1 and
4 are preequilibria and the diffusion is rate limiting. The
equilibrium coverage θ is still given by Eq. (13) and the
equilibrium concentration X0 can be calculated as in Eqs.
(31)-(33). Both X0 and θ will now oscillate in phase with
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Figure 3: Equivalent circuits with finite diffusion of absorbed H. (a)
Full equivalent circuit, (b) Approximate equivalent circuit with step
1 preequilibrium, (c) Approximate equivalent circuit with steps 1
and 4 as equilibria.

the potential. Although K4 is potential independent, the
oscillations in θ cause oscillations in X0 in order to main-
tain K4 constant, explaining the presence of K1 in Eq.
(33).

K4 =
X0 (1− θ)
θ(1−X0)

(31)

K4/K1 =
X0

1−X0
(32)

X0 =
K4/K1

1 +K4/K1
(33)

The governing equations need to be rewritten without v1
and v4, which can be achieved by using Eq. (10) in Eq.
(15)

jf = C dE/dt+ F (−2v2 − 2v3)− FJX (34)

= C dE/dt+ F r̂e − FJX (35)

This leads to the Faradaic impedance of Eq. (36), which
is a parallel combination of the pseudocapacitance, an ap-
parent charge-transfer resistance, and the finite Warburg
element (Fig. 3c).

Ŷf = R̂−1ct + iωC + Ẑ−1W (36)

It is interesting that the pseudocapacitance is the same
as before: only the adsorbed species "stores charge" at
the interface. This is because in this conventional formu-
lation of the kinetics the subsurface absorbed hydrogen
is not considered as a separate species from the diffusing
species. The apparent charge-transfer resistance is still re-
lated to the true charge-transfer resistance through Eq.
(30), but now r̂e = −2v2− 2v3 and it seems as though the
electron associated with generating the absorbed species
is not counted. In fact the subsurface diffusing species
cannot truly be in equilibrium with the adsorbed species
unless there is no diffusion gradient, so the expression for
the equilibrium constant in Eq. (31) can only be an ap-
proximation. A resolution to this issue is to elevate the
subsurface absorbed species with concentration X0 to the
status of an "adsorbed" species with its own governing
equation Γ′mdX0/dt = v4 − v5, where new step 5 "des-
orbs" X0 into the bulk metal, with JX = v5. Considera-
tion of this case (still with step 4 at equilibrium) leads to
r̂e = −2v2−2v3−v5 and inclusion of X0 into the pseudoca-
pacitance, but the equivalent circuit of Fig. 3c still applies.
In either formulation, the impedance shows little hint of
adsorption, with the possible exception that C + Cdl may
be large enough to suggest a pseudocapacitance. There-
fore, it may be confused with the case of direct absorption,
in which hydrogen ingress occurs without passing through
an adsorbed state.

2. Conclusions

Some example cases have been used to illustrate a gen-
eral strategy for inclusion of preequilibrium steps into the
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govening equations in order to simplify derivation of the
impedance and related equivalent circuits. The charge-
transfer resistance is an apparent one that differs from the
true charge-transfer resistance found from the unsimpli-
fied kinetics. The cases presented show examples where
adsorption may be operating, but this is not evident in
the impedance spectrum. Aside from giving a deeper in-
sight into the nature and meaning of impedance for reac-
tion mechanisms, directly deriving simplified impedances
with fewer parameters facilitates fitting of impedance to
experimental data.

3. Acknowledgements

I thank the Natural Sciences and Engineering Research
Council of Canada (Discovery grant RGPIN-2017-04045)
for financial support of this work.

Appendix A

The equivalent circuit in Fig. 3a differs from the pub-
lished circuit given by Lasia [19] (Fig. 5). The relation-
ships between the circuit elements and the kinetic partial
derivatives may be derived from Eqs. (9) - (11) in the
usual way [1—4] and are given by Eqs. (37) - (42), where
d is the thickness of the foil through which absorbed H
diffuses with diffusivity D.

R−1ct = F

(
∂re
∂E

)
θ,X0

(37)

R0 = −F−1
(
∂rθ
∂θ

)
E,X0

[(
∂rθ
∂E

)
θ,X0

(
∂re
∂θ

)
E,X0

]−1
(38)

L = F−1Γm

[(
∂rθ
∂E

)
θ,X0

(
∂re
∂θ

)
E,X0

]−1
(39)

τ−1 = R0/L = −Γ−1m

(
∂rθ
∂θ

)
E,X0

(40)

R = F−1
(
∂rX
∂θ

)
E,X0

(
∂rθ
∂X

)
E,θ

×[(
∂rX
∂X

)
E,θ

(
∂rθ
∂E

)
θ,X0

(
∂re
∂θ

)
E,X0

]−1
(41)

ZW = −R
(
∂rX
∂X

)
E,θ

c−1max tanh
(
d
√

iω/D
)
/
√

iωD

(42)

For the simplified circuit of Fig. 3b, the governing

equations Eqs. (17) and (28) lead to:

R̂−1ct = F

(
∂r̂e
∂E

)
X0

(43)

R̂−1 = −R̂−1ct + R̂−11 (44)

ẐW = −R̂1
(
∂r̂X
∂X

)
E

c−1max tanh
(
d
√

iω/D
)
/
√

iωD

(45)

R̂1 = FR̂2ct

(
∂r̂e
∂X

)
E

(
∂r̂X
∂E

)
X

(
∂r̂X
∂X

)−1
E

(46)
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