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ABSTRACT: The low-frequency inductive loop is usually attributed to relaxation of
adsorbed intermediates of multistep reactions in electrocatalysis and corrosion. Herein, we
report a low-frequency inductive loop for a single-electron reaction when the electrode
potential (EM), the equilibrium potential (Eeq), and the potential of zero charge (Epzc) are
different, namely, under nonequilibrium conditions. Interestingly enough, although both
reactions involve only one electron, the metal deposition reaction (M+ + e ↔ M) and the
redox couple reaction (Fe(CN)63− + e ↔ Fe(CN)64−) show different impedance shapes. The
low-frequency inductive loop is observed only for the M+ + e ↔ M reaction in the oxidation
direction because its faradaic current has a negative phase angle due to double layer effects.
Moreover, we find that the low-frequency inductive loop occurs only when the polarization
curve has no diffusion-limiting features.

■ INTRODUCTION

Inductance, widely discussed in the field of electrochemical
impedance spectroscopy (EIS), can occur in both high-
frequency and low-frequency ranges.1,2 The high-frequency
inductance is usually caused by the electromagnetic interactions
of cables in measurements.2 The low-frequency inductance
could be caused by relaxation of adsorbates in multistep
reactions in electrocatalysis3−7 and corrosion,2,4,8−10 as well as
water transport in fuel cells.11−15

For reactions including only one electron, such as Li+ + e ↔ Li
and Fe(CN)63− + e ↔ Fe(CN)64−, no inductive loop has been
reported or is expected since no adsorbate is involved. In our
previous study,16 we found an inductive loop in the low-
frequency range for the metal deposition reaction, M+ + e ↔ M.
This inductive loop is observed only under nonequilibrium
conditions. In our model, the electron transfer reaction is
described using the Frumkin-corrected Butler−Volmer (BV)
equation. Electric double layer (EDL) charging and ion
transport are described uniformly by the Poisson−Nernst−
Planck (PNP) equations. The inductive loop is observed only
with a coupling treatment of the electron transfer reaction and
the EDL charging.

In this work, we study the mechanism of this inductive loop,
explore whether it is a common feature for one-electron
reactions under nonequilibrium conditions, and try to correlate
the inductive loop in the frequency space with the polarization
curve in the time space.

■ MODEL DEVELOPMENT
We consider two one-electron reactions at a one-dimensional
planar electrochemical interface, namely, M+ + e ↔ M and
Fe(CN)63− + e ↔ Fe(CN)64−, as shown in Figure 1a,b,
respectively. The electrolyte solution is assumed to be dilute.

Ion transport in the electrolyte solution is described by the
PNP equations,17−24
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where =J D c D z ci i i
F

RT i i i is the flux term, i denotes the
cations (i = +) or anions (i = −), zi is the charge number, ci is the
concentration, Di the diffusion coefficient, F is the Faraday
constant, R is the ideal gas constant, T is the temperature, and ϵs
is the permittivity of solution. The PNP equations neglect the
ion size effect, short range correlation, and solvent polarization.
Extension of PNP equations with one or several limitations
released have been developed by Borukhov et al.,25 Gavish et
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al.,26,27 Liu and Eisenberg,28 de Souza and Bazant,29 and also

ourselves.30,31 We expect that these more complications will not

change the shape of the EIS curve.
For the left boundary, the flux of ions included in the reaction

is correlated with the reaction current density. The reaction rate

is described using the Frumkin-corrected BV equation,16,32 with

the current density positive-defined for the oxidation reaction

per the IUPAC convention,33

=+

+

+
J k

F
RT

c

c
F

RT
exp exp

(1 )
M 0

M ,HP

M
0

i
k
jjjjj

i
k
jjj y

{
zzz

i
k
jjjj

y
{
zzzz

y
{
zzzzz (3)

for the M+/M reaction and
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for the Fe(CN)63−/Fe(CN)64− reaction, where k0 is the rate
constant, cM+, HP, cFe(CN)d6

3−, HP, and cFe(CN)d6
4−, HP are the concen-

tration of M+, Fe(CN)63−, and Fe(CN)64− at the HP, the
superscript “0” denotes their bulk values, α the transfer
coefficient, and η the local overpotential defined as,

= E EM HP eq (6)

where EM is the electrode potential, Eeq is the equilibrium
potential, and ϕHP is the potential at the HP.

Ions not involved in reactions have a zero flux,

=J 0A (7)

=+J 0K (8)

where A− denotes an arbitrary monovalent anion, K+ denotes
the potassium ion.

Here, we assume that the reaction occurs at the HP, and there
is no space charge between the electrode surface and the HP.

Figure 1. Schematic illustration of the electrochemical interface with a one-electron reaction occurring at the Helmholtz plane (HP), (a) M+ + e ↔ M
and (b) Fe(CN)63− + e ↔ Fe(CN)64−.

Figure 2. Comparison of electrochemical impedance between the M+/M reaction in (a) oxidation and (c) reduction directions and the Fe(CN)63−/
Fe(CN)64− reaction in (b) oxidation and (d) reduction directions under the conditions of EM ≠ Eeq ≠ Epzc, Eeq is taken as the potential reference.
Parameters used in calculation are as follows: c0 = 0.1 mol L−1, D+ = 1 × 10−10 m2 s−1, rD = D+/D− by changingD− only, k0 = 3 × 10−4 m2 s−1, xb = 100
μm, and a frequency range from 500 kHz to 0.01 mHz.
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Therefore, the electric potential is linear in the space between
the electrode surface and the HP,

= +E E
xHP M pzc

S HP

HP (9)

where Epzc is the potential of zero charge (PZC), ϵHP is the
dielectric permittivity in the space between the electrode surface
and the HP, and δHP is the distance from the electrode surface to
the HP, respectively.

For the right boundary, which is located at the bulk solution, x
= xb, all ions have their bulk concentrations, and the electric
potential is zero, namely,

= = = =
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The total impedance Ztot is defined as the ratio of the Fourier-
transformed (FT) electrode potential EM over the FT total
current density jtot,

16,34

=Z
E
j

FT( )
FT( )tot

M

tot (11)

where jtot is the sum of reaction current density jct and EDL
current density jdl, jtot = jct + jdl. The workflow of numerical
solution is inherited from our previous work,16 and the
modifications are detailed in Section 1 of the Supporting
Information.

■ RESULTS AND DISCUSSION
In this section, we first compare the impedance between the M+

+ e ↔ M reaction and the Fe(CN)63− + e ↔ Fe(CN)64− reaction
under the conditions of EM ≠ Eeq ≠ Epzc. Second, we give a
mechanistic interpretation for the low-frequency inductive loop

by decomposing the time-domain signals. Lastly, we correlate
the EIS and polarization curve and then further clarify the
necessary conditions for the appearance of an inductive loop.
Comparison of Impedance between the M+/M

Reaction and the Fe(CN)63−/Fe(CN)64− Reaction. Figure 2
compares the impedance between the M+/M reaction and the
Fe(CN)63−/Fe(CN)64− reaction under the conditions of EM ≠ Eeq
≠ Epzc. We notice that for the M+/M reaction, the low-frequency
inductive loop only occurs in the oxidation process, and its size
increases with increasing rD, which is the ratio between D+ and
D−, rD = D+/D−. Here, we fix D+ and only change D− when
simulating the effect of rD. Therefore, we conclude that
decreasing D− slows down the total transport process and
promotes the occurrence of the inductive loop. Previous works
on anodic dissolution of metals, following a two-electron
mechanism, also observed the anion effect on the inductive
loop.35,36 In their studies, the inductive loop is caused by the
diffusion rate faster than the second electron transfer. Ourmodel
can also be extended to multiple-electron transfer reactions by
considering multistep reaction kinetics. Herein, we focus on the
one-electron reaction. For the reduction process of the M+/M
reaction shown in Figure 2c, there is no inductive loop. The low-
frequency semicircle represents ion transport in a finite-length
space. For both oxidation and reduction processes, the high-
frequency semicircle represents charge transfer reaction.

For the Fe(CN)63−/Fe(CN)64− reaction, there is no inductive
loop in both oxidation and reduction processes. Since we set Eeq
as a reference, oxidation occurs when EM > Eeq and reduction
occurs when EM < Eeq. The low-frequency semicircle also
represents ion transport in a finite-length space. We notice that
the low-frequency semicircle increases with increasing rD
because we change rD by fixing D+ and decreasing D−. Cautious
readers may notice that the high-frequency semicircle in Figure
2b is almost invisible. This is due to the fact that larger η causes a

Figure 3. Comparison between the total impedance Ztot and Faradaic impedance ZF in (a) and (b), the time-domain signals EM
nd, jtotnd, jctnd, and ηnd at 104

Hz in (c) and (d), and 10−2 Hz in (e) and (f) under the conditions of Epzc = 0.1 V, EM = 0.3 V, and EM = Eeq = Epzc. Parameters used in calculation are as
follows: D+ = D− = 1 × 10−10 m2 s−1, others are the same as those used in Figure 2.
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smaller ( )R expRT
Fj

F
RTct

0
with j0 being the exchange current

density.
For both M+/M and Fe(CN)63−/Fe(CN)64− reactions, the

high-frequency solution resistance increases with increasing rD,
which is realized by fixingD+ and decreasingD−. This is because
the solution conductivity decreases at reduced D−. The
mechanistic interpretation of the inductive loop for the M+/M
reaction will be given in the next section.
Mechanistic Interpretation for the Low-Frequency

Inductive Loop. The low-frequency inductive loop means that
the imaginary part Z′ is larger than zero, and the phase angle of
impedance is positive. If the applied electrode potential is a zero-
phase angle signal, then we conclude that the phase angle of total
current density jtot is negative, θjdtot

< 0. In the low-frequency
range, jdl ≪ jct, which means that the inductive loop comes from
jct. For the oxidation reaction with a large positive overpotential
η, the Frumkin-corrected BV equation in eq 3 can be

approximated to + ( )J k exp F
RTM 0 . Considering the linear

assumption of impedance, we obtain + +J J F
RTM M , with “∼”

r e p r e s en t i n g sma l l - p e r t u r b a t i on v a r i a b l e s and
=+ ( )J k exp F

RTM 0 representing the stationary values. There-

fore, we conclude that θjdtot
and θη are the same in the low-

frequency range.
To validate the above theoretical analysis, Figure 3a,b first

compare the total impedance Ztot and Faradaic impedance ZF

defined as =Z E
jF

FT( )
FT( )

M

ct
of the M+/M reaction under the

conditions of EM ≠ Eeq ≠ Epzc and EM = Eeq = Epzc, respectively.
Then, we compare time-domain signals at 104 Hz and 10−2 Hz to
understand the impedance response.

For the case of EM ≠ Eeq ≠ Epzc, Figure 3a first compares Ztot
and ZF at 104 Hz and 10−2 Hz. We find that the low-frequency
regions of Ztot and ZF coincide, and the high-frequency regions
have large differences since jdl dominates over jct in a high-
frequency range, which agrees with our theoretical analysis.
Unexpectedly, ZF is inductive in the high-frequency range. We
usually regard ZF as a series of charge transfer resistance and
mass transport impedance in the classical Randles circuit
model.4 Figure 3c compares the time-domain signals of EM

nd, jtotnd,
jctnd, and ηnd at 104 Hz, where the superscript “nd” denotes
dimensionless variables normalized by their maximum values,
respectively. We find that θj dtot

nd > 0, Ztot is capacitive, while θjdct
nd < 0,

ZF is inductive. Similarly, Figure 3e compares the time-domain
signals of EM

nd, jtotnd, jctnd, and ηnd at 10−2 Hz.We find that θj dtot
nd ≈ θjdct

nd ≈
θηnd < 0, bothZtot and ZF are inductive, which also agrees with our
theoretical analysis.

For the case of EM = Eeq = Epzc, Figure 3b compares Ztot and ZF
at 104 Hz and 10−2 Hz. Ztot and ZF also coincide in the low-
frequency range and have large differences in the high-frequency
range. We notice that ZF is also inductive in the high-frequency
range, which is the same as that under the conditions of EM ≠ Eeq
≠ Epzc. Since this feature occurs under both conditions of EM =
Eeq = Epzc and EM ≠ Eeq ≠ Epzc, we conclude that the inductive
feature of ZF is intrinsic and caused by EDL effects.

To validate the above analysis, we derive an approximate
solution of ZF in high frequency under the condition of EM = Eeq
= Epzc (the detailed derivation is given in Section 3 of the
Supporting Information),
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with ωnd = ωD/λD
2 being the dimensionless angular frequency, rc

is the ratio between CGC and Helmholtz capacitance =CH
HP

HP
.

In conventional wisdom, the third term in eq 12 should be
zero. However, in the present analysis, it is a complicated
combination of Rct, CGC, and other factors, which causes a high-
frequency inductance. Figure 3b compares the results of Ztot
(blue solid line), ZF (orange dash line) and eq 12 (yellow
circles). Equation 12 and ZF coincide in high frequency, which
agrees with our theoretical analysis. This is a fingerprint of
couplings between the charge transfer reaction and EDL
dynamics.16

Figure 3d compares the time-domain signals of EM
nd, jtotnd, jctnd,

and ηnd at 104 Hz. We find that if θjdct
nd ≈ θηnd < 0, then ZF is

inductive. For the low-frequency inductive loop, Figure 3f
compares the time-domain signals of EM

nd, jtotnd, jctnd, and ηnd at 10−2

Hz. We find that although θηnd < 0 and θjdtot
nd ≈ θjdct

nd > 0, ZF and Ztot

coincide and are capacitive, which indicates that the second term
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+

+ ( )k exp
c

c
F

RT0
(1 )M ,HP

M
0 in eq 3 cannot be neglected under the

conditions of EM = Eeq = Epzc.
For the Fe(CN)63−/Fe(CN)64− reaction, the analysis of time-

domain signals is provided in Section 2 of the Supporting
Information. There is no low-frequency inductive loop for the
Fe(CN)63−/Fe(CN)64− reaction, and θjdtot

nd is always positive in the
whole frequency range. The high-frequency part of ZF also
shows an inductance for both oxidation and reduction processes,
which is the same as that in the M+/M reaction.
Correlating the EIS and Polarization Curve. Herein, we

want to know whether there is a signal of the inductive loop in
the polarization curves. Figure 4 compares the polarization
curves between oxidation and reduction processes for theM+/M
reaction. We recall that the inductive loop is found only in the
oxidation direction, see Figure 2. We find that the polarization
curve has no diffusion-limiting current density for the oxidation
process, while for the reduction process, there is an obvious
diffusion-limiting current density.

For the oxidation reaction, the Frumkin-corrected BV
equation can be approximated to + ( )J k exp F

RTM 0 . We notice
that there is no concentration term in the front of the
exponential terms, and there is no diffusion-limiting current
density in the polarization curve. For the reduction reaction, the
Frumkin-corrected BV equation can be approximated to

+
+

+ ( )J k exp
c

c
F

RTM 0
(1 )M ,HP

M
0 . There is a concentration term

+

+

c

c
M ,HP

M
0

in the front of the exponential terms, which means that the

diffusion-limiting current density exists in the polarization curve.
For the oxidation reaction, the Nyquist plot in Figure 4a

shows that with increasing rD, the low-frequency resistance is
even lower than the high-frequency solution resistance. For the
reduction reaction, the Nyquist plot in Figure 4b shows that with
increasing rD, the low-frequency resistance is almost unchanged
and the semicircle decreases, which agrees with the analytical
solution under the conditions of EM = Eeq = Epzc in our previous
work.16 In addition, we find that the polarization curve has a little
difference under different rD values, while the impedance has a
large difference, which shows that the impedance is more
sensitive to variations in parameters.

For the Fe(CN)63−/Fe(CN)64− reaction, the comparison of
polarization curves between oxidation and reduction processes
is provided in Section 3 of the Supporting Information. There is
an obvious diffusion-limiting current density in the polarization
curve for both oxidation and reduction. This is because there is

always a concentration term in the front of the exponential terms
in eqs 4 and 5.

In an experimental study on Ag+ + e ↔ Ag, with an electrolyte
solution of 1 M AgNO3 + 0.5 M HNO3, an inductive loop was
also observed under nonequilibrium conditions with a current of
1 mA.37 The inductive loop was ascribed to nucleation and
growth of Ag.37 Herein, our model provides an alternative
interpretation, which attributes it to the couplings between the
charge transfer reaction and ion transport under nonequilibrium
conditions. A combination of both the coupling and the
nucleation-growth process will be helpful to explore the
contribution of each contribution under a wide range of
conditions.

■ CONCLUSIONS
In this work, we present a theoretical analysis of the impedance
response of both oxidation and reduction processes of the metal
deposition reaction (M+ + e ↔ M) and the redox couple
reaction (Fe(CN)63− + e ↔ Fe(CN)64−). The electron transfer
reaction is described using the Frumkin-corrected BV theory.
EDL charging and ion transport are described uniformly using
the PNP theory. Different electrode potentials (EM), equili-
brium potentials (Eeq), potential of zero charges (Epzc), namely,
EM ≠ Eeq ≠ Epzc, and diffusion coefficients for cations and anions
(D+ ≠ D−) are considered.

We find that the low-frequency inductive loop only occurs in
the oxidation process of the M+/M reaction where the
polarization curve has no diffusion-limiting features. The
decomposition of time-domain signals shows that the negative
phase angle of Faradaic current density causes the inductive
loop.

In addition, we find that the Faradaic impedance always shows
the inductance feature in the high-frequency range for both M+/
M and Fe(CN)63−/Fe(CN)64− in both oxidation and reduction
directions, which is revealed to be a fingerprint of EDL effects on
the electron transfer reaction. However, the EDL current density
dominates in the high-frequency range, muting the inductance
in the total impedance.
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