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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 (Ey), the equilibrium potential (E,,), and the potential of zero charge (E
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)?2™ + e <> Fe(CN);") 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.

Bl INTRODUCTION

Inductance, widely discussed in the field of electrochemical
impedance spectroscopy (EIS), can occur in both high-
frequency and low-frequency ranges."”” The high-frequency
inductance is usually caused by the electromagnetic interactions
of cables in measurements.” The low-frequency inductance
could be caused by relaxation of adsorbates in multistep
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reactions in electrocatalysis® " and corrosion, as well as

water transport in fuel cells."' ™"

For reactions including only one electron, suchas Li* + e < Li
and Fe(CN);™ + e « Fe(CN){™, no inductive loop has been
reported or is expected since no adsorbate is involved. In our
previous study,'® 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.
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Single-electron metal deposition reaction:
M*+eo M
Nonequilibrium condition: Ey > Eeq > Epge
Correlating EIS and polarization curve
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B MODEL DEVELOPMENT

We consider two one-electron reactions at a one-dimensional
planar electrochemical interface, namely, M* + e < M and
Fe(CN){” + e < Fe(CN)¢", as shown in Figure la)b,
respectively. The electrolyte solution is assumed to be dilute.
Ion transport in the electrolyte solution is described by the

PNP equations,'”~**
% + V=0
a (1
V2¢ — _inzlzici
& )

where ] = —=D,V¢; — %Dizicin) is the flux term, i denotes the
cations (i = +) or anions (i = —), z; is the charge number, c; is the
concentration, D; the diffusion coeflicient, F is the Faraday
constant, R is the ideal gas constant, T is the temperature, and €
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,”® Gavish et
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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)™ + e < Fe(CN)¢™.
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Figure 2. Comparison of electrochemical impedance between the M*/M reaction in (a) oxidation and (c) reduction directions and the Fe(CN);~/
Fe(CN)¢™ reaction in (b) oxidation and (d) reduction directions under the conditions of Ey # Eq # E,uo E.q is taken as the potential reference.
Parameters used in calculation are as follows: ¢, =0.1 mol L™, D, =1 X 107 m*s™, r, = D, /D_ by changing D_ only, ky =3 X 10™* m*s™", x, = 100
um, and a frequency range from 500 kHz to 0.01 mHz.

2627 7 - . 28 2
al,, Liu and Eisenberg,”™ de Souza and Bazant, ? and also

-k CFe(CN)¢™,HP aFn
ourselves.””*" We expect that these more complications will not ]Fe(CN){ I I xp T
CRe(CN)E™ R
change the shape of the EIS curve.
For the left boundary, the flux of ions included in the reaction _ CRe(cN)g HP exp(— (1 — a)Fy )
0 - RT
is correlated with the reaction current density. The reaction rate “Fe(CN); (s)

16,32 with for the Fe(CN)3 /Fe(CN)#™ reaction, where k, is the rate

constant, ¢y, gp, Cre(cn)l, 1py A0d Cre(cn)t, mp are the concen-
tration of M', Fe(CN)3~, and Fe(CN)¢™ at the HP, the

is described using the Frumkin-corrected BV equation,

the current density positive-defined for the oxidation reaction

per the IUPAC convention,” superscript “0” denotes their bulk values, a the transfer
coeflicient, and 7 the local overpotential defined as,
Fi CMm*, 1 — a)F = — -
o = b o o) = ey - L 1= By =t~ B ©
RT Mt RT (3)

where Ey is the electrode potential, E is the equilibrium
potential, and ¢yp is the potential at the HP.
for the M*/M reaction and Ions not involved in reactions have a zero flux,

Je=0 (7)

— i CFe(CN):~,HP aFn
]pe(CN)g* = Ky 673 - exp RT ]K* =0 (8)
e s

where A~ denotes an arbitrary monovalent anion, K* denotes

CFe(CN)}™,HP (1 - a)Fy the potassium ion.
- 0 N €Xp| — RT Here, we assume that the reaction occurs at the HP, and there
Fe(CN)s 4) is no space charge between the electrode surface and the HP.
16368 https://doi.org/10.1021/acs.jpcc.3c02830

J. Phys. Chem. C 2023, 127, 16367—16373


https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02830?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02830?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02830?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02830?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02830?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02830?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02830?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02830?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c02830?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

Epe =01V, Ey =03V

Epzc =Ev = Eeq

10
0.2t(@) Ziot 10 Hz 0 Enlarged plot (b)
-20 5
-2
~ 0 L Ziot 107“ Hz
g E 0 0 . i
<02 1072 Hz SE 107 Hz
N Zg N -5 f
'04 10* Hz I -0 10tH o,
120 110 LZF
05 1 1.5 2 R0 20 30 40
Z' /Qcm? Z' /Qcm?
1 1 -
V/ ] f=10"Hz / P
0 0"
65;\}[“ =0 HE,'J‘d =0
-1 6].[,.‘% >0, Zy, is capacitive f -1 gfr“‘l >0, Zy, is capacitive
6.4 =6 na <0, Zg is inductive " B4 =6 na <0, Zg is inductive
o LI 1 L .
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
x107* x10*
1 1 —
(e) 7~ f=10"2Hz DY
Jtot
End 0
0Ff M
Opga =05 Byna <O nd 1 {fgga =05 Gna <0 -
Hhrg ~ g/.é\td ~ Hn.,d, inductivi — 9].(.23 ~ gj&d > 0, capacitive

-1

0 20 40

t/s

60

100

0 20 40

t/s

60

Figure 3. Comparison between the total impedance Z,., and Faradaic impedance Z; in (a) and (b), the time-domain signals Exd, jnd ind and ™ at 10*

Hzin (c) and (d), and 107> Hz in (e) and (f) under the conditions of E,,,.

=0.1V,Ey=0.3V,and Ey =E

=E,,,.. Parameters used in calculation are as

follows: D, = D_ =1 X 107 m* s™', others are the same as those used in Figure 2.

Therefore, the electric potential is linear in the space between
the electrode surface and the HP,

€s0up O
¢HP M pzc €HP Ox (9)
where E, is the potential of zero charge (PZC), eyp is the

dielectric permittivity in the space between the electrode surface
and the HP, and 6yp is the distance from the electrode surface to
the HP, respectively.

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

_ 0 _ 0 _ 0 _ 0
EM" = OMh 4 = €Ay Ok = ORT CRe(CN)g = CRe(eN)-

=0 =
7 CRe(CN)§™ = CRe(CN)t ¢ =0

(10)

The total impedance Z, is defined as the ratio of the Fourier-
transformed (FT) electrode potential Ey over the FT total
1634
current density ji,

_ FT(Ey)
“ FT(,,) (11)

where ji,, is the sum of reaction current density j, and EDL
current density jq, jior = je + ja- The workflow of numerical
solution is inherited from our previous work,'® and the
modifications are detailed in Section 1 of the Supporting
Information.

B RESULTS AND DISCUSSION

In this section, we first compare the impedance between the M*
+ e & M reaction and the Fe(CN);™ + e <> Fe(CN)¢™ reaction
under the conditions of Ey # E.q # E,,.. Second, we give a
mechanistic interpretation for the low-frequency inductive loop

16369

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)Z‘/Fe(CN)‘g‘ Reaction. Figure 2
compares the impedance between the M*/M reaction and the
Fe(CN)¢™/Fe(CN)¢™ reaction under the conditions of Ey; # Eq
# E,,.. 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 rp, which is the ratio between D, and
D_, rp = D,/D_. Here, we fix D, and only change D_ when
simulating the effect of rp. 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.*** In their studies, the inductive loop is caused by the
diffusion rate faster than the second electron transfer. Our model
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)?~/Fe(CN){™ reaction, there is no inductive
loop in both oxidation and reduction processes. Since we set E
as a reference, oxidation occurs when Ey > E and reduction
occurs when Ey < E.. The low-frequency semicircle also
represents ion transport in a finite-length space. We notice that
the low-frequency semicircle increases with increasing rp
because we change rp, 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 77 causes a

https://doi.org/10.1021/acs.jpcc.3c02830
J. Phys. Chem. C 2023, 127, 16367—16373
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smallerR , & %exp ( - %n) with j, being the exchange current
0

density.

For both M*/M and Fe(CN)? /Fe(CN)§™ reactions, the
high-frequency solution resistance increases with increasing rp,
which is realized by fixing D, and decreasing D_. 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 ji, is negative, ¢, < 0. In the low-frequency

range, jq < jp which means that the inductive loop comes from
jo For the oxidation reaction with a large positive overpotential
7, the Frumkin-corrected BV equation in eq 3 can be

approximated to J, .+ & koexp(%). Considering the linear

. . - T aF . o s
assumption of impedance, we obtain ], + & J, Z—Tn , with “~
representing small-perturbation variables and

- _ aFiy . .
N koexp(ﬁ) representing the stationary values. There-

fore, we conclude that 6, and 6, are the same in the low-

frequency range.

To validate the above theoretical analysis, Figure 3a,b first
compare the total impedance Z,,, and Faradaic impedance Zy
defined as Z; = 1;1(5“‘)) of the M*/M reaction under the
conditions of Ey; # E, # E,,. and Ey = Ey = E,,,, respectively.
Then, we compare time-domain signals at 10* Hzand 107> Hz to
understand the impedance response.

For the case of Ey # Eq # E,,,., Figure 3a first compares Z,,,
and Z; at 10* Hz and 107 Hz. We find that the low-frequency
regions of Z,, and Z; coincide, and the high-frequency regions
have large differences since jy dominates over j. in a high-
frequency range, which agrees with our theoretical analysis.
Unexpectedly, Z is inductive in the high-frequency range. We
usually regard Zy as a series of charge transfer resistance and
mass transport impedance in the classical Randles circuit
model.* Figure 3¢ compares the time-domain signals of Exg, jid,
4 and ™ at 10* Hz, where the superscript “nd” denotes
dimensionless variables normalized by their maximum values,

respectively. We find that 6 > 0, Z,, is capacitive, while 674 < 0,
Zy is inductive. Similarly, Figure 3e compares the time-domain
signals of Exd, 24, /4 and 7™ at 1072 Hz. We find that Opi m Opi
0, < 0, both Z, and Z are inductive, which also agrees with our
theoretical analysis.

For the case of Ey; = Eq = E,,,,, Figure 3b compares Z,,, and Z.
at 10* Hz and 1072 Hz. Z,,, and Z; also coincide in the low-
frequency range and have large differences in the high-frequency
range. We notice that Z. is also inductive in the high-frequency
range, which is the same as that under the conditions of Ey # Eq
# E,,. Since this feature occurs under both conditions of Ey =
E., = E,,c and Ey # E, # E,,, we conclude that the inductive
feature of Zy is intrinsic and caused by EDL effects.

To validate the above analysis, we derive an approximate
solution of Zg in high frequency under the condition of Ey; = E,
= E,, (the detailed derivation is given in Section 3 of the
Supporting Information),

2 DCqe A2
)(chtTé’“ R e CDGC + 4R
ZF = Rohm + Rct +

DCqc
% F %R (12)

RS . . . .
where R, = DCDGCXb is the bulk solution resistance with

eRT
Ap= =

7 being the Debye length, X, = x,/Ap is the

dimensionless electrolyte thickness, Coc = ;—S is the Gouy—
D

Chapman capacitance at the PZC, R, = % is the charge
0

transfer resistance, and

. nd  nd 1 r.+1

K4 = jo™ (X =) + | Yo" +
jwnd Xb
r.+1
—r,
Xy,

(13)

2 . d r.+ 1 r.+ 1
=0 =1 =1l —rqj@" )Xy — r—— — + =
1)

o' e

(14)
1 r.+ 1
% = jo™ X, — 1) + — [2(rc +1) —r, °X ]
jw b
1 r.+1
+(1—2r, = 20) + —5—— — jo"rX,
jo™ X, (15)
1+, 1+r 1
)(4=rc+rcz—1— <+ =
Xy Xy, ja)mI
+ ja)"a1
(16)
r.+ 1 r.+1 1
X = Zr{ < + ja)"d] -2|= + \jo™
Xy X jw"d
+2r.+ 2 (17)

with @™ = @D/ 2 being the dimensionless angular frequency, .
is the ratio between Cgc and Helmholtz capacitance Cyy = ;LHI;

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

Figure 3d compares the time-domain signals of Exd, jod jnd
and 5™ at 10* Hz. We find that if Opi & Ot < 0, then Zg is

inductive. For the low-frequency inductive loop, Figure 3f
. s . nd .nd .nd nd -2

compares the time-domain signals of Eyy, jiy jor, and 7™ at 10

Hz. We find that although 6, < 0 and 6¢ ~ 0,4 > 0, Zg and Z,,,

tot

coincide and are capacitive, which indicates that the second term

https://doi.org/10.1021/acs.jpcc.3c02830
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(a) Oxidation reaction

0.6
=201 '
0.5 n=5=0
= 6 =
Z 04 Ey =01V
= 4f Eyge = =01V
Ng 2r 4 ’ 3"& £0c
0.3 ‘Q ol § & ?‘., 3
T 2 .
02} 4
0 5 10 15 20
Z' /Qcm?
0.1
0 2 4 6 8 10
j/Acm™2

(b) Reduction reaction

-0.1 —
b N !
N
-0.2 r,):i:01\\
> \
= 100 \
o pze = O \
£ s ° |
c o e \
o © °
-0.4 D & 9 'l
0 PV S W
) 50 100 150 200 |
7' [Qem? |
-0.5
15 1.6 17 1.8 1.9 2
j/Acm™2 x10°

Figure 4. Comparison of polarization curves between oxidation (a) and reduction (b) processes for the M*/M reaction. The lines and circles with
different colors denote the influence of r, = D,/D_. Other parameters used in calculation are the same as those in Figure 2.

ntHP (1-a)Fy
kO o €xp (_ RT
conditions of Ey = E; = E,,,..

For the Fe(CN)?2~/Fe(CN)¢™ 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)?~/Fe(CN)¢™ reaction, and 0y is always positive in the
whole frequency range. The high-frequency part of Z; 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 the M*/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

aFn

—) ‘We notice
RT

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

) in eq 3 cannot be neglected under the

4

equation can be approximated to J, .+ & koexp<

M, 1—a)F . .
T+ = kg MO‘HPexp _{a-o)Fy . There is a concentration term
M N RT

Mt P
o
diftusion-limiting current density exists in the polarization curve.

For the oxidation reaction, the Nyquist plot in Figure 4a
shows that with increasing rp, 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 rp, the low-frequency resistance is almost unchanged
and the semicircle decreases, which agrees with the analytical
solution under the conditions of Ey = E,, = E,,,. in our previous
work.'® In addition, we find that the polarization curve has a little
difference under different ry, values, while the impedance has a
large difference, which shows that the impedance is more
sensitive to variations in parameters.

For the Fe(CN)? /Fe(CN)¢™ 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

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

16371

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 AgNO; + 0.5 M HNOj, an inductive loop was
also observed under nonequilibrium conditions with a current of
1 mA.”” The inductive loop was ascribed to nucleation and
growth of Ag.’’ 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.

Bl 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)Z™ + e <> Fe(CN)#"). 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 (Ey), equili-
brium potentials (Eeq) , potential of zero charges (EPZC) , namely,
Ey # Eq # E,,,, 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)3™/Fe(CN)¢™ 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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