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Abstract

CrossMark

Physical modeling helps to acquire fundamental insights from experimental data when
electrochemical impedance spectroscopy is employed for mechanistic understandings of
electrocatalytic reactions. Herein, we report an analytical model for chemisorption impedance
with a consistent treatment of ion transport in the solution and electron transfer on the
electrode surface. Our formulation avoids both a priori decoupling of double-layer charging
and electron transfer reaction, and a strict separation of double-layer charging and ion
transport. lon transport in the entire solution region is described by the
Poisson—Nernst—Planck theory and electron transfer kinetics on the electrode surface by the
Frumkin—Butler—Volmer theory. Surface dipoles caused by partially charged chemisorbates
are considered. The classical Frumkin—Melik—Gaikazyan model for chemisorption is retrieved
as a limiting case. The obtained formula is validated using experimental data of hydrogen
adsorption at Pt(111). Characteristic frequencies and asymptotic behaviors of chemisorption

impedance are analyzed.

Keywords: electrocatalytic interface, electric double layer, electrochemical impedance,

Ershler—Dolin model, partial charge transfer
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1. Introduction

Electrocatalysis provides us with fundamental knowledge and
promising technologies, such as fuel cells and water electrol-
ysers, to meet the grand challenge of securing sustainable and
clean energy. All electrocatalytic reactions have an elementary
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process in common, viz, chemisorption, which refers to the
chemical binding of a molecule or an ion from the electrolyte
solution onto the electrode surface, as shown in figure 1(a)
[1-3]. Chemisorption occurs in the electrochemical double
layer (EDL), a complicated nanoscale interfacial region with
significant distributions of electric potential and ion concen-
tration [4, 5]. On one hand, chemisorption kinetics is influ-
enced by the local reaction condition in the EDL [6-9]. For
instance, employing a cluster model with point charges placed
above and below the cluster surface, Pacchioni and Bagus
showed that electrostatic interactions between point charges
and a chemisorbed CO significantly shift the vibrational fre-
quency of the CO chemisorbed on transition-metal surfaces
[10]. In addition, an experimental study of Climent, Garcia-

© 2021 The Author(s). Published by IOP Publishing Ltd Printed in the UK


https://doi.org/10.1088/1361-648X/abef9d
https://orcid.org/0000-0002-1668-5361
mailto:j.huang@fz-juelich.de
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-648X/abef9d&domain=pdf&date_stamp=2021-4-20
https://doi.org/10.1088/1361-648X/abef9d
https://creativecommons.org/licenses/by/4.0/

J. Phys.: Condens. Matter 33 (2021) 164003

J Huang and C-K Li

Araez, and Feliu showed that the identity of alkali cations
affects the vibrational frequency of (bi)sulphates chemisorbed
on Pt(111)electrodes via regulating the local electric field [11].
On the other hand, chemisorption changes the EDL, in turn,
by forming partially charged chemisorbates on the electrode
surface. As for the latter aspect, recent works have revealed
that chemisorption can lead to nonmonotonic surface charging
behavior of the EDL [7, 12—-14].

Obtaining fundamental parameters of chemisorption is cru-
cial for mechanistic understanding of electrocatalytic reac-
tions and the subsequent rational design of more active elec-
trocatalysts [15, 16]. A principal method for this purpose is
electrochemical impedance spectroscopy (EIS) [17-20]. The
difficulty lies in separating individual contributions from the
partial electron transfer process, the EDL charging process,
and the mass transport process in the electrolyte solution. Reli-
able acquisition of physical parameters from the EIS data
requires a physical model; the prevailing one for chemisorp-
tion being the Frumkin—Melik—Gaikazyan model, which is an
extension of the Ershler—Dolin model by including a War-
burg element to describe diffusion of the adsorbing species
[17-22].

The  electrical  circuit  representation  of  the
Frumkin—Melik—Gaikazyan model is depicted in figure 1(b).
In addition to the solution resistance R, the model consists of
a double-layer capacitance Cy and a reaction branch (R,g —
Cyq — W) in parallel connection. The reaction branch includes
a charge-transfer resistance R,, a pseudo-capacitance
of chemisorption C,4, and a diffusion impedance W. A
frequency-dependent capacitance can be derived from the
Frumkin—Melik—Gaikazyan model

; = Cy + Cad
JWw@Z—-R) " juCauRag + W)+ 17

Cw) = ey
where Z is the total interfacial impedance, w the angular
frequency, and W the diffusion impedance, which is often
described by the Warburg formula, W = op(jw) "> with op
being a coefficient as a function of the diffusion coefficient
[23]. C (w)is asymptotic to Cqy when w — o0, and to Cq; + Cyq
when w — 0. In the intermediate frequency range, C (w) is
manifested as an arc which becomes more squashed as the dif-
fusion impedance is more significant [20, 22, 24]. Walters et al
extended the Frumkin—Melik—Gaikazyan model to consider
partial charge transfer [25].

The Frumkin—Melik—Gaikazyan model and the existing
extensions have certain limitations. Firstly, it is assumed a pri-
ori that the EDL charging process and the electron transfer pro-
cess are decoupled. Consequently, the corresponding electrical
circuit elements can be connected in parallel in figure 1(b).
Secondly, the EDL charging process and the mass transport
process, both belonging to ion transport in the electrolyte solu-
tion, are strictly separated and placed in different branches
in the circuit. Thirdly, the EDL capacitance is taken as a
frequency-independent constant, which is, in the strict sense,
problematic as the EDL charging is essentially an ion transport
process which shall manifest frequency dispersion [22, 26].
Fourthly, the ion transport process is described using the
Warburg formula which has well-defined restrictions [27].

In this paper, we present an analytical model for
chemisorption impedance that removes above assumptions.
The Frumkin—Melik—Gaikazyan model is retrieved from the
new model as a limiting case. The analytical model is first
subject to analysis of the asymptotic behavior, then validated
(more precisely, compared) with experimental data, and finally
used as a transparent tool to analyze characteristic frequencies
of the chemisorption impedance. In particular, we explain why
the diffusion signature, a 45° line, is absent in previous exper-
imental studies [16, 20] and reveal under what conditions it
manifests in the low frequency range.

This paper is a part of a series of theoretical works
focused on analytical modeling of the impedance response
of electrochemical interfaces [24, 28] and porous electrodes
[29-33]. In reference [24] which is of closest relevance to
the present work, we have derived an analytical expression
for the impedance response of an ideally polarizable elec-
trode. A remarkable finding there is that the series connec-
tion of the Helmholtz capacitance and a diffuse-layer part,
inherited from the classical Gouy—Chapman—Stern model,
tacitly stipulates a zero potential gradient in the solution
bulk, which is invalid in rigorous sense. The mathemati-
cal techniques involved in the present work are similar to
those in reference [24]. Therefore, a detailed derivation of
the present work is provided in the supporting information
(https://stacks.iop.org/JPCM/33/164003/mmedia) (SI).

2. Theory

We treat a one-dimensional EDL with chemisorption of ions
occurring on the electrode surface, figure 1(a). Microscopic
models of the chemisorption process, considering electronic
and electrostatic interactions and solvent reorganization, have
been developed using the model Hamiltonian approach [8, 9,
34, 35]. Such microscopic models are beyond the scope of this
work; instead, we use the phenomenological Butler—Volmer
theory augmented with the Frumkin correction to describe
the electron transfer kinetics of the chemisorption process
[36, 37].

The electrolyte solution is restricted to be dilute (<0.1 M);
cations and anions are monovalent and have the same diffu-
sion coefficient D. The electrode surface charge is restricted
to be small (<0.1 C m~?). Under such circumstance, the
Poisson—Nernst—Planck (PNP) theory is valid to describe ion
transport in solution [38, 39]

aCy 9 [0Cy oU
or X ( X C*ax)’ @
oc. 9 [ocC. oU
arzax<ax_c‘ax>’ ®)
U 1
O:W+§(C+—C,), 4)

where C and C_ are dimensionless concentrations of cations
and anions normalized with respect to the bulk electrolyte
concentration ¢g, 7 is the dimensionless time referenced to
M3 /D and X the dimensionless spatial coordinate normalized

with respect to the Debye length, A\p = /€eRT/(2F?cy), with
€ being the dielectric permittivity of the bulk solution.
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Figure 1. (a) Schematic illustration of the EDL with chemisorption. Note that the boundary between the diffusion layer and the diffuse layer
is not strict in real situations. (b) Electrical circuit representation of the Frumkin—Melik—Gaikazyan model. Ry is the resistance of the bulk
solution, Cq the double-layer capacitance, Cy,q the pseudo-capacitance of chemisorption, R,q the charge-transfer resistance of chemisorption,

W the diffusion impedance.

The PNP theory is closed with boundary conditions as fol-
lows. At the adsorbate plane (AP), X = 0, the chemisorption
process of anions A~ takes place

AT+ AL + (1 —79)e, Q)

where * denotes the adsorption site and + the remaining elec-
tron number on the adsorbate, which has been shown to be
dependent on the coverage [40]. The specific adsorption of
cations can be treated in the same manner, thus only the final
result will be given. According to the Frumkin—Butler—Volmer
theory [36, 41], the reaction rate (mol m~2s~!), positive-
defined for the oxidation direction, is written as

Nsite dé CVFU
Jad = — =ko |C_ 1-0 —
W= N @ o { AP ( ) exp ( RT

— 0 exp (—%)] , (6)

where N is the number density of adsorption sites, k the rate
constant, C_ sp the dimensionless concentration of A~ at the
reaction plane which is designated as the AP, § the coverage of

adsorbates, « the effective charge transfer coefficient, and 7 the
overpotential

n =1 -7 (om — ¢dap) — Eo — 1%9, (7N

where ¢y, is the electrode electric potential, ¢,p the electric
potential at the AP, E the standard equilibrium potential of
the reaction, and £ the lateral interaction coefficient. Note that
combination of equation (6) and (7) under the static condition
leads to the Frumkin adsorption isotherm [42, 43],

RT [%
- In <1 —595> + (1 =) oM + YPaps — %95 —Ey=0.
@)
with the subscript ‘s’ denoting the static condition.
At the AP, the cation flux is zero, namely
0C+ ou
ox TCax =0 ®

and the anion flux is given by
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oC- oU  ApJ,
___—— _C == = ﬂ. (10)
19).4 19).4 DC()
Partially charged adsorbates are assumed to rigidly line up
at the AP, forming a surface dipole moment [12, 13], given by

fa = —NgieOeyd, (11)

where ¢ is the thickness of the space between the electrode and
the AP.

As there is no space charge, the electric potential distribu-
tion is linear in the space between the electrode and the AP.
Consequently, the dimensionless electric potential at the AP,
U ap, is given by

€0 B_U F/,LA
éXp OX  eRT’

Uap = Um + (12)
where Uy the dimensionless electrode electric potential, and
¢’ the dielectric permittivity of the space between the elec-
trode and the AP. Equation (12) indicates that chemisorption-
induced surface dipoles introduce an extra potential change in
the space between the electrode and the AP, in addition to the
one caused by the net charge stored in the EDL.

In the bulk solution, X = L = [/ Ap with / being the thick-
ness of the Nernst diffusion layer, we have C,. = C_ = 1 and
the electric potential is taken as the reference, U = 0.

Under the static condition, we can obtain ¢aps =

2RT FApom
F 2RTe

classical result of the Gouy—Chapman model. The surface
charge density oy is found from

2RT . FApo 0
T arcsinh ( 2RDT24> + oMm <6/> = (¢M — ¢pzc) + /g‘.
(13)

A detailed derivation of the static conditions described by
equations (8) and (13) is provided in the SI. Note that the elec-
tric potentials ¢y, ¢, (potential of zero charge, pzc) and Ey
are referred to the reversible hydrogen electrode (RHE) scale.

For the sake of obtaining an exact analytical formula, we
neglect for the moment static distributions of ion concentration
and electric potential. This assumption is rigorously valid only
at the pzc, but represents a good approximation in the poten-
tial region near the pzc [24]. This assumption was also made
in previous theoretical studies from the Macdonald group [44,
45], the Barbero group [46—48], and the Zola group [49],
where the impedance response of the PNP theory was obtained
in analytical forms, and also in the powerful transmission line
model developed by GaberScek and Moskon [50, 51]. These
literature works did not consider the compact Stern layer, nor
did they consider the chemisorption reaction on the electrode
surface.

The dynamics of the PNP theory in response to a small
potential perturbation applied onto the electrode can be solved
using the Laplace transform technique, as detailed in the sup-
porting information. After obtaining the perturbed C4 and C_
(overtildes denoting perturbed small quantities), we can solve
the total current density Trotal IN response to the potential per-
turbation. iy is the sum of an EDL charging part iy and an

arcsinh ( ) from equations (2) and (4), which is the

adsorption reaction part iq,

rotal = a1 + fad- (14)
i is equal to the change rate of the ionic charge density
stored in solution, which, via the Laplace transform (namely,
replacing % with jw), is given by

L
a= g [ Feo (€1 - ) dodx. a13)

0
Using %;0 as the reference current density, the dimen-

sionless form of iy, denoted ig? (the superscript ‘nd’ denoting
dimensionless quantities), is now written as

L
il = —jw“d/ (C+ - C,) dx, (16)
0

. . . WA
where w" is the dimensionless frequency, w" = 52

The adsorption reaction current density is related to the
change rate of the adsorbate coverage (%), which is expressed

in equation (6). Applying the Laplace transform (namely,

replacing % with jw) and normalization with respect to the

O fD”O, i,q reads

reference current density

“nd __ -Wnd(1 B '7) Nsiteé

jnd _ a=7
ad Apco  Na

A7)

where (1 — ) is due to the partial charge transfer. 0 can be
expressed as a function of the electrode potential and local
reaction conditions, see equation (S45) in the SI.

The dimensionless chemisorption impedance is defined as

Um

>
Ltotal

Zl‘ld —

(18)

where Uy represents the dimensionless potential perturbation
applied onto the electrode. As the voltage is referenced to %

and the current density o fDCO , we know that the reference value

. .2N2 . . .
forimpedance is C—O% . With a step-by-step derivation provided
GC
in the SI, we obtain an exact analytical formula for znd

. tanh (L\ /i1 ) oA,

Te +L+ jond Te + i ond + i nd pnd ~nd

an — 1 / \/]w +1 1+jw Radcad
2 - cnd A ’

1 —SeCh (L ]w“d—|—1) + %
14 jw Radcad

(19)
where r, = ij is the ratio between C% = T Trepresenting

the Gouy—Chapman capacitance at the pzc and the Helmholtz
. < N . .

capacitance (Cy = 5), Ri§ = ,%2%’]) eI~ ig the dimension-

less adsorption resistance with 65 being the adsorbate cover-

age at steady state, and Hy = % the dimensionless overpo-

~1
2N, site 1 _5_ 3
ONAND ( aa— RT) is the
dimensionless adsorption capacitance. Ajand A, are two coef-
ficients taking into account partial charge transfer, and the cou-

pling between electron transfer at the AP and ion transport in
the electrolyte solution, given by

tential at steady state, C"J =
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tanh (L jw“d)

A =17
L

(1 =) jw™ 4/ juwrd
tanh (L Jwnd + 1)

Ly/jwrd + 1

X +jw“d+rzc(jw“d+1)

+ (jw“d+ % (jw“d+7)) (jw™ + )

tanh (L Jownd + 1)

x A=),
Ly/jw™d + 1 R

tanh (L Jownd + 1)

A =(1—7) (jw!+1
2=10 =7 (jw+1) o

+(1=r —<l—sech<L jw“d+1))

x (rc(l — ) (juw" + ) — /jw tanh (L jw“d)).

2" (W™ —0) =

1 7e 4 tanh (L) + ~v%r, ng tanh (L)

For a given set of experimental conditions, including the
electrode potential and electrolytic solution properties, we first
solve for the static conditions from equations (8) and (13), and
then calculate the impedance response using equation (19).

3. Asymptotic behaviors

The greatest advantage of the analytical formula in
equation (19) is that it can be used as a transparent tool
to understand the complicated couplings between the EDL
charging process, the chemisorption process, and the ion
transport process. To this end, asymptotic analysis is a
powerful method.

In the high frequency regime, w™ — co, we have A ~

2(L+ 1) (jw)'?, Ay ~ — jwMyre (1 — ), and

re+ L
_ yrel=nre) *
2 e

R =27" (" = 00) = (20)

which corresponds to the solution resistance R; in the
Frumkin—-Melik—Gaikazyan model. In the low fre-
quency regime, we have w" —0, A;~ ~%r tanh(L),
Ay ~ (1 —~)(tanh (L) + r. (1 — 27y + ysech(L))), and

When L >> 1, 2" (w™ — 0) is further simplified to

2" (W™ —0,L > 1)

B 1 re+1+ ’yzrcC:éi
C 2w T+ (=) (A e = 2rey) Cog

(22)

In the ideal case of an one-electron transfer reaction, y = 0,
we obtain

nd nd 1
ZM (W= 0,L> 1,7 =0) = 2 (C 5 C)’ (23)
which agrees with the low-frequency behavior of the classi-
cal Frumkin—Melik—Gaikazyan model with C}¢ = rcﬁ being
the dimensionless double-layer capacitance normalized with
respect to COc. The cautious reader shall not worry the factor
of 2 in the denominator of equation (23), which disappears if
we go back to dimensional quantities using the reference value

. 203
for impedance .
c.D

Equation (23) indicates that the Frumkin—Melik—
Gaikazyan model, a limiting case of equation (19), is
re-obtained under three conditions: (1) an ideal one-
electron transfer reaction (v = 0), (2) a sufficiently thick
Nernst diffusion layer (L > 1), and (3) ‘low’ frequencies
(w" < 1). The second and third conditions are usually

"~ 2jw 1 —sech (L) + (1 — ) (tanh (L) + re (1 — 27 + 7 sech(L))) C"4"

21

met in experiments because the thickness of the Nernst
diffusion layer, ~100 pm, is around five orders larger than
Ap which is ~ 1 nm for a 0.1 M aqueous solution at room
temperature, and because the highest frequency point in
experiments, ~1MHz, corresponds to w" ~ 1073 < 1 for
the common case with A\p ~ 1 nm and D ~ 107° m? s~
On the contrary, the first condition is violated in most
cases [0].

In general, the total interfacial capacitance calculated from
equation (22) is

L+ (1 =) (1 +re —2r7) C

Cigar (W™ = 0,L>> 1) =
a1 >1) re+1+72r.Cyf

(24)

Subtracting C? from C™d

nd » we obtain Clj as

1 — Cy (1 + 3rc — 2rey + rc’yC:g)

d nd nd
Cii = Cioa — Cag =
dl total ad e + 1+ 'erccgg

(25)
As~vy < land 1+ 3r. — 2r.y > 0, asufficient condition for
the occurrence of negative C1 is

1
et (26)
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Figure 2. Comparison between the theory (lines) and experimental data (circles) measured for the hydrogen adsorption at Pt(111) in 0.05 M
NaOH at three temperatures (5, 25, 45 °C) and six potentials (0.05 Vrgg to 0.30 Vgrgg in a step of 0.05 V) [16]. In each subplot, six EIS
curves corresponding to 0.05 Vgyg to 0.30 Vgyg in a row from left to right are shifted on the real axis by 0.01, 0.02 and 0.03 2 m2,
respectively. The frequency range is from 10 kHz to 1 Hz with ten points per decade.

The analysis of magnitude shows that C?{ ~ 10 and r, ~ 1
in common experimental conditions. Therefore, the occur-
rence of negative double-layer capacitance in the presence
of chemisorption can be expected when v > 0.1, which is
a mild condition. In a previous work, we have derived an
analytical solution for the double-layer capacitance of the
Pt(111)-water interface in the potential range where OH,q
occurs [13]. The previous work inherited the framework of
the Gouy—Chapman—Stern model and neglected the frequency
dispersion of the double-layer capacitance. Nevertheless, we
also proposed that chemisorption can lead to negative double-
layer capacitance, implying a nonmonotonic surface charg-
ing relation, which was first modeled in 2016 [12]. Although
it remains a frontier challenge to measure the free charge
on the electrode surface and the double-layer capacitance of
solid electrodes in presence of chemisorption, a few exper-

iments suggest the occurrence of a nonmonotonic surface
charging relation with a second pzc, and therefore, negative
double-layer capacitance [7, 14, 52].

4. Comparison with experimental data

‘We now compare the theoretical formula in equation (19) with
experimental data which were measured by Botello, Feliu and
Climent on hydrogen adsorption at Pt(111) in 0.05 M NaOH
(161,

H,O+ (1 +7y)e+" +» H +OH™. 27)

with v < 0, corresponding to a positively charged H_;'.
Different from the oxidative anion adsorption in

equation (5), hydrogen adsorption in equation (27) is a

reduction reaction. The reaction rate, positive-defined for the
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Table 1. List of model parameters.

Symbol Meaning Value Note
co Bulk concentration 0.05 mol L™! Exp. condition in reference [16]
pH Solution pH 12.7 Exp. condition in reference [16]
€ Dielectric constant of 78.5 Constant
bulk solution
l Nernst diffusion 100 pm Common value
layer thickness
D Diffusion coefficient 53x 10 m?s! Reference [56]
Niite Adsorption site density 1.5 x 10" m™2 4/v/3ap? with ap, being
the lattice constant
Ppsc Potential of zero charge 0.28 Vsug Reference [57]
) Thickness of the 0.2 nm Fitted, in
space between the reasonable range
electrode and the AP
€’ Dielectric constant of 2.5 Fitted, in reasonable
the space between the range [55]
electrode and the AP
@ Effective charge 0.45 Fitted, in reasonable
transfer coefficient range [58]
o Charge number on H,qg —0.04 Fitted, close to DFT
calculations [54]
Ey Standard equilibrium 0.28 Vsug Reference [43]
potential of the reaction
13 Lateral interaction coefficient 29.2 kJ mol! Reference [43]
ko Rate constant 2.14 x 1074 exp(—w L wgﬁ)) mol m2s~! Fitted, the activation

barrier is close to
the value in reference [16]

oxidation direction, is now expressed as

aF
Jaa = ko {C,Apt9 exp (R—Yz7>

— (1—0)exp (_(l—a)Fn)] ,

RT (28)

withn = (1 4+ ) (¢m — Pap) — Eo + %9. Therefore, equation
(8) determining 6 is modified to

RT (6,
F \1-8,

) +(1 _7)¢M+7¢AP,5+ %95_E0 :0’

(29)
and the dimensionless adsorption resistance is changed to

nd 2DC()

_ (1—a)Hs
9 ko (1= 69) Ap '

(30)

Nevertheless, the impedance formula in equation (19) and
its two coefficients A; and A, remain unaltered. When fit-
ting experimental data at a range of electrode potentials, we
need to replace C3. limited to the pzc, which appears in

. 202
the reference impedance —2
D

o
with [13, 53]

GC
B cosh (&%)
Coc = Coe; 27 sinh? (&7)

and the capacitance ratio r,

2. sinh? (82)
In (1 + 27 sinh* (7))’
(€29

which is applicable to any potential in the context of the PNP
theory modified by considering the finite ion size effect, with
AU = F (¢m — bprc) /RT, Ye = coNa(d.)’ the volume frac-
tion of counterions (solvated Na™ in our case) in the solu-
tion bulk, and d. the length of the cube of the hydrated
Na™. The finite ion size effect considered in equation (31)
can remedy the well-known Gouy—Chapman catastrophe,
namely unphysically large Cgc at potentials far away from
the pzc.

Figure 2 shows the comparison between the theory (lines)
and experimental data (circles) at three temperatures (5, 25,
45 °C) and six potentials (0.05 Vgyg to 0.30 Vgyg in a step of
0.05 V). In the literature work, each EIS curve was fitted sep-
arately using the Frumkin—Melik—Gaikazyan model [16]. On
the contrary, our model fitting is conducted all at once using
the same set of parameters listed in table 1. In this manner,
the degree of freedom of using different model parameters at
varying temperatures and potentials is eliminated. The tem-
perature and potential dependence of the impedance response
are described consistently by physical theories used to build
the model. As we have less freedom in the model fitting, the
agreement between the model and the experiment is worse.
Yet, we believe more important than the fitting agreement is
the physical consistency.

Our theoretical formula captures essential features of exper-
imental data, namely, a semicircle in the high frequency range
and a capacitive line in the low frequency range. It is notewor-
thy that the well-known signature of the Warburg impedance,
namely a 45° line, is missing, which will be explained at a
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Figure 3. EIS of hydrogen adsorption at Pt(111) in x M NaOH at 0.15 Vryg at room temperature. The concentration of NaOH is varied as
follows: (a) 1 mM, (b) 0.1 mM, (c) 0.01 mM, and (d) 1 uM. Model parameters are listed in table 1. The frequency range is 10°—10~2 Hz

with ten points per decade in (a)—(c) and 10°~10~3 Hz in (d).

later stage. Generally, the size of the semicircle grows at higher
potentials, which is the consequence of more positive values
of 1 according to equation (30), and at lower temperatures,
which is the consequence of a lower k) with an activation
energy of 30.2 kJ mol~' (cf 32 kJ mol~! in reference [16]).
The remaining electron number on H,q is —0.04, which is
close to the value obtained from DFT calculations conducted at
Pt(111) [54]. Nevertheless, we shall have in our mind that the
remaining electron number is difficult to obtain accurately and
depends on the theoretical method used, e.g. figure 7 in refer-
ence [40]. The parameters of the space between the electrode
and the AP also fall into reasonable ranges [55]. The deviation
between experiment and theory varies at different potentials,
and it can be quite noticeable at some potentials. The main
reason is ascribed to the inadequacy of the presented descrip-
tion of potential-dependent EDL structure and chemisorption
kinetics.

5. Characteristic frequencies

Analyzing the characteristic frequencies of different processes
is an integral part of grasping the EIS. To make life eas-
ier, we consider the ideal case of one-electron transfer reac-
tion (7 = 0). Nonzero values of v complicate the expressions,
but do not change physical insights. Under the well-justified

approximation of L > 1 and in the usual frequency range of
w" < 1, the general formula in equation (19) is simplified to

1

tanh(L jw“d)

1
an R;ld -
jwrdcnd

LR

iond cnd
Jw G

LR

JjwrdCad (1 +

where R™ is given in equation (20). Three characteristic fre-
quencies can be identified

nd __ 1

nd __ 1 w
ad = ~ndpnd’
CadRad

nd
¢ C EERZEI ’

1
Wy —E,

(33)
corresponding to the EDL charging process, the chemisorption
process, and the ion transport in the Nernst diffusion layer,
respectively. w' can be transformed to dimensional quanti-
ties using w; = w™D/A3. In most cases, we have Ci¢ < C1,
thus, wi! > wid. However, the relation between w?§ and wj¢
is uncertain and subject to change by tuning experimental
conditions.

Let us first examine the case of w™ > w. Three types
of impedance behaviors are obtained in different frequency
ranges. In the high frequency range of w™ > w?!, we have
7 = R" as given in equation (20). At frequencies around
wil, namely w™ &~ wid > Wi > w4, equation (32) is simpli-
fied to
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1 R

2 jwrCHRY + 17
which corresponds to the high-frequency semicircle, with a
width of R" and a characteristic frequency of wj, in the EIS
plot in figure 2. In the low frequency range of w™ < wnd,
equation (32) is simplified to

1 1

2 (G + C) + 0 ()’

ZM =RM + (34)

an — de +

(35)

which corresponds to the low-frequency capacitive line in the
EIS plot in figure 2. O (jw™') means that the remaining part is
less than the order of jw"®. Note that the salient feature of the
Warburg diffusion impedance, namely a 45° line in the low
frequency region, is absent in this case, which has not been
explained before [16, 19, 20].

Let us then examine the other case of w? < wi’. The
impedance behaviors in the frequency range of w™ > w1 and
W x> Wi > WM are the same as in the previous case.
In the frequency range of wj > w™ > wWi? > w2, we obtain
an _ R?d + l R;g ,

T 214yl jwrd
implying a 45° line in the Nyquist plot. At even lower frequen-
cies, equation (35) is re-obtained.

The above analysis explains the absence of diffusion sig-
nature in the chemisorption impedance in figure 2. It is sim-
ply because the experimental condition falls into the regime
of wM > wi. One can lower the bulk concentration ¢y in
order to observe the 45° line in the low frequency region, see
figure 3. We note that measuring EIS at very low concentration,
say <10 mM, is a frontier challenge for experimentation.

As for the ion transport process, wq = D/I* is independent
of ¢o. As for the adsorption process, substitution of R"$ and C"§

into equation (33) leads to wyg e“;algm. When the elec-
trode potential is fixed and when the electrode is negatively
charged, which is the case for Pt(111) in alkaline solutions
in the potential range of hydrogen adsorption, ¢,p becomes
more negative at lower cgs. Therefore, w,q will decrease at
lower cgs. In figures 3(a)—(d), waq approaches wq to a greater
extent as increasing co. Consequently, the diffusion signature
tends to disappear. It is interesting to note that the concentra-
tion dependence of w,q is a manifestation of the surface charge
effects (Frumkin corrections [5, 36]). In addition, the diffu-
sion impedance manifests as a semicircle in figure 3(d). This
is a salient feature of the bounded diffusion, which cannot be
described by the Warburg formula [27].

(36)

6. Conclusion

In conclusion, an analytical formula of chemisorption
impedance, exact at the pzc, has been derived from the one-
dimensional PNP theory for the ion transport process in the
solution region coupled with the Frumkin—Butler—Volmer the-
ory for the partial electron transfer at the electrode surface.
The chemisorption-induced surface dipole moment is consid-
ered. Characteristic frequencies and asymptotic behaviors of

the obtained formula are obtained in analytical forms. The
classical Frumkin—Melik—Gaikazyan model is retrieved with
three additional clearly-defined assumptions. The absence of
the signature of the Warburg impedance in experimental data
is explained. It is important to note that the analytical for-
mula is valid only for a dilute solution made of monovalent
ions with equal diffusivity in the presence of a weakly charged
electrode surface. One may have to resort to numerical solu-
tions in more general situations. However, we hope the readers
can agree on the value of analytical models in obtaining physi-
cal insights that are instrumental to a wide range of conditions
and systems.

Associated content

In the supporting information, we provide a detailed deriva-
tion of the chemisorption impedance, and changes made for
the case of cation specific adsorption.
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