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This study theoretically and rigorously validates the use of the recently proposed step potential elec-
trochemical spectroscopy (SPECS) and multiple potential step chronoamperometry (MUSCA) methods
and their fitting analysis for determining the respective contributions of electrical double layer (EDL) and
faradaic reactions to charge storage in pseudocapacitive electrodes. The continuum modified Poisson-
Nernst-Planck model coupled with the Frumkin-Butler-Volmer theory were used for simulating inter-
facial, transport, and electrochemical phenomena in pseudocapacitive electrodes. The model accounted
for (i) electron transport in the electrode, (ii) reversible redox reactions, (iii) ion electrodiffusion in binary
and symmetric electrolytes, (iv) ion intercalation into the pseudocapacitive electrode, and (v) steric
repulsion due to finite ion size. First, typical experimental measurements obtained from the SPECS
method were reproduced numerically for a planar pseudocapacitive electrode. The EDL and faradaic
currents retrieved from the SPECS fitting procedure were found to be in excellent agreement with those
defined from first principles and computed numerically. Here, the faradaic current was modeled in the
SPECS method as a diffusion process accounting for interfacial charge transfer kinetics and IR drop. The
resistance obtained by SPECS matched the internal resistance obtained from electrochemical impedance
spectroscopy. Similarly, the EDL capacitance retrieved by SPECS corresponded to the differential
capacitance obtained from cyclic voltammetry (CV). Finally, the CV curves were successfully corrected for
ohmic polarization effect using the MUSCA method. Then, the capacitive and diffusive currents retrieved
from the electrochemical analysis of CV curves corrected by the MUSCA method were in good agreement
with the EDL and faradaic currents reconstructed from the MUSCA method.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

materials, with large specific surface area, immersed in an elec-
trolyte. They store charge physically via electrical double layer

Electrochemical capacitors (ECs) differ from batteries by their
high power density, long cycle life, and high cycle efficiency [1].
Depending on their charging mechanism, EC electrodes can be
classified as electrical double layer (EDL) and pseudocapacitive
electrodes [1,2]. EDL electrodes are typically made of carbon-based
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formation as ions accumulate at the electrode/electrolyte interface
[1,2]. On the other hand, pseudocapacitive electrodes store charges
chemically via reduction/oxidation (redox) reactions at the elec-
trode surface in addition to EDL formation [2,3]. These redox re-
actions may be accompanied by ion intercalation/deintercalation
in/out of the electrode. Transition metal oxides (e.g., Nb,0s, MnO»,
MoO,, MoS,) have been considered as pseudocapacitive electrode
materials due to their high theoretical capacity, chemical stability,
and high redox reaction reversibility [4—6].

Several electrochemical techniques are typically used to char-
acterize EC electrodes including cyclic voltammetry (CV),
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Nomenclature

a Effective ion diameter (nm)

c lon concentration (mol L—1)

c1p Concentration of ion in the electrode (mol L~1)

€10 Initial concentration of ion in the electrode (mol L~1)

C1.p,max Maximum concentration of intercalated ion (mol
LN

Cepr EDL capacitance (uF cm™2)

Caif.i Differential capacitance (uF cm™—2)

Cint Integral capacitance (uF cm™2)

D Diffusion coefficient of ions in electrolyte (m? s—1)

Dyp Diffusion coefficient of ion in the electrode (m? s—1)

e Elementary charge, e= 1.602 x 10-1° C

f Frequency (Hz)

F Faraday's constant, F = eN, = 9.648 x 10% C mol~!

H Stern layer thickness (nm)

i Imaginary unit, i2 = — 1

j Current density (A m~2)

Jro Exchange current density due to faradaic reactions (A
m2)

ko Reaction rate constant (m>°mol %°s~1)

kg Boltzmann constant, kg = 1.38 x 10-23 m? kg
sT2K !

L Total thickness of the electrolyte domain (nm)

Lp Thickness of the diffuse layer (nm)

Lp Total thickness of the pseudocapacitive electrode
(nm)

nNe Cycle number

Ny Avogadro number, N4 = 6.022 x 1023 mol~!

N; Ion flux of species i (mol m™2s~1)

Ds Step number

AQr Total amount of charges stored due to the faradaic
current (C)

Ret Charge transfer resistance (Q m?)

Rept EDL resistance (Q m?)

Rs Internal resistance (Q m?2)

Ry diffuse resistance (Q m?)

Reo Bulk electrolyte resistance (Q m?)

Ru Universal gas constant, Ry, = 8.314 ] mol~'K~!

T Local temperature (K)

t Time (s)

te Equilibration time (s)

t; Transition time (s)

ted Charging discharging cycle period (s)

At Time step (data acquisition time) (s)

z Ion valency

z Impedance, Z = Z + iZ;, (Q m? or Q)

Zre,Zim Real and imaginary parts of the impedance (Q m? or
Q)

Greek symbols

a Transfer coefficient

€0 Vacuum permittivity, eg = 8.854 x 10712 Fm™!

er Relative permittivity of the electrolyte

n Overpotential (V)

v Scan rate for cyclic voltammetry (V s~ 1)

a Electrical conductivity (S m—!)

T4 Diffusion time constant (s)

1V Electric potential (V)

Vs min» ¥smax Minimum and maximum of the potential window

V)

Ay Potential step (V)

Aeq Equilibrium potential difference (V)

Superscripts and subscripts

© Refers to bulk electrolyte

0 Refers to the amplitude of oscillations

C Refers to the capacitive component

D Refers to diffuse component

EDL Refers to electrical double layer component

dc Refers to the time-independent DC component
F Refers to the faradaic component

H Refers to Stern layer

i Refers to ion species i

M Refers to the MUSCA method

S Refers to electrode/current collector interface
S Refers to the SPECS method

galvanostatic cycling (GC), and electrochemical impedance spec-
troscopy (EIS) [7]. Several studies have shown that these techniques
provide the same value of supercapacitor metrics [7—13]. For
example, the internal resistance retrieved from IR drop was
numerically and experimentally found to be equaled to that ob-
tained by EIS [8,9,11]. In addition, the differential capacitance Cgjgrat
a given potential can be obtained from CV, GC, and EIS measure-
ments [7,10,12,13]. However, one of the main challenges in char-
acterizing pseudocapacitive electrodes is to discriminate the
contributions from faradaic reactions and EDL formation. To do so,
several empirical and physical models have been developed to
analyze CV measurements including the so-called k;q,k, analysis
[14,15]. More recently, step potential electrochemical spectroscopy
(SPECS) method has been proposed to differentiate the contribu-
tion of faradaic current jg(t) from that of EDL current jgp; (t) to the
total current in pseudocapacitive electrodes [16—18]. Moreover,
Shao et al. [19] have developed a new electrochemical method
termed multiple potential step chronoamperometry (MUSCA) to
minimize the ohmic polarization effect in CV curves. Then, the
k1, ky analysis was applied on the corrected CV curves [19].

This study aims to theoretically validate the use of the SPECS and

MUSCA methods and their corresponding analysis for distinguish-
ing the respective contributions of faradaic reactions and electrical
double layer to charge storage in pseudocapacitive electrodes. To do
so, detailed numerical simulations were performed for a pseudo-
capacitive planar electrode in three-electrode configuration using a
continuum model based on first-principles and predicting the
spatiotemporal evolution of the electric potential and ion concen-
trations in the electrode and electrolyte [20].

2. Background
2.1. kq,k, analysis

The ad hoc semiempirical model known as kq,k, analysis has
been used extensively to analyze CV curves at relatively low scan
rates to characterize the contribution from capacitive and diffusion
currents to the total current measured in pseudocapacitive elec-
trodes [14,15]. It has recently been validated theoretically from
numerical simulations of pseudocapacitive electrodes consisting of
a cylindrical rod scaffold coated with a redox active layer [21]. The
kq,k; analysis is based on the facts that, at a given potential ¥, (i)
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the capacitive current density jc(y) is due to either EDL formation
and/or fast redox reactions and (ii) the diffusional current density
Jp(¥s) is due to diffusion-controlled process in semi-infinite solid,
such as redox reactions involving slow ion intercalation/dein-
tercalation [14]. This model assumes that the total current density
Jr(¥s) is the summation of (i) the capacitive current density jc ()
linearly proportional to scan rate » and (ii) diffusion current density
Jp(¥s) proportional to the square root of scan rate » such that [14],

Jr(W¥s) =Jjc(s) +ip(¥s) = k1 (¥s) v + ka(¥s) /2, (1)

Here, ki(y;) and k() are semi-empirical functions dependent
only on the electrode potential ;. They can be found by rewriting
Equation (1) according to Ref. [14],

09 k) 172 + ha9) )

where kq () and k,(¥;) correspond respectively to the slope and
the intercept of the plot of jr(ys) /»1/% versus »!/2 at a given po-
tential y,. Here, the term “capacitive current” used to designate
Jjc(¥s) may be misleading since it is not limited to EDL formation but
also includes fast redox reactions with or without intercalation/
deintercalation [15]. In other words, this analysis does not explicitly
distinguish the contribution from redox reactions and from EDL
formation.

2.2. SPECS

The recently proposed step potential electrochemical spectros-
copy (SPECS) method [16—18] consists of imposing a series of small
potential steps Ay, within a potential window ranging between
Vs min and Yg mqy. The current response is recorded as a function of
time for each potential step. This method has also been called po-
tential step chronoamperometry and used as a way to evaluate the
contribution of EDL formation and faradaic reactions to charge
storage [16—18]. Dupont and Donne [16—18] suggested that the
total current response j?(t) to an applied potential step across a
pseudocapacitive electrode can be treated as the superposition of

an EDL current 3, (t), a faradaic current j3(t), and a residual current
jf(r) according to [16—18],

O =pr(6) + 750 + 5 (). 3)

Here, jﬁDL(t) was described by the current response of an equivalent
resistance-capacitor (RC) circuit model. The simplest form of RC
circuit consists of an equivalent resistance Rgp; (in @ m?) in series
with an ideal electrical double layer capacitor Cgp; (in F m=2) [7].
Then, the current j3, (in A m~2) associated with EDL formation in
response to applying a potential step Ay, can be expressed as [7],

fio0) = pexp( - L) (4)

EDL TEDL

where Tgp; = Rgp; Cepy is the time constant of EDL formation. The
authors further suggested that the EDL current was due to the EDL
formation (i) at the geometric surface of the electrode (equivalent
to EDL formation on a planar electrode) and (ii) within micropores
and mesopores [16—18]. These two terms were both modeled as a
resistor and capacitor in series and had the same form as Equation
(4) but different fitting parameters.

Moreover, the response of faradaic current density ji(t) (in A
m~2) to an imposed potential step as a function of time t has been
modeled using the Cottrell relationship for semi-infinite diffusion

process in a planar electrode given by [7],

. s AQe
Sty =12 — A 12
Jp(t)=Bt \/W_Tdt . (5)

where AQr and 714 are respectively the total amount of charges
stored due to the faradaic current and the diffusion time constant
expressed as [22,23],

t+At L2
AQF = J ]}S:dt = —FLdAC]‘p and Td = D—d (6)
d

t

Here, F = eN, = 9.648 x 104 C mol~! is the Faraday's constant, D is
the diffusion coefficient of intercalated ion species (Li") in the
pseudocapacitive electrode, Ly is the diffusion length, and Ac; p is
the net change in intercalated ion concentration in the pseudoca-
pacitive electrode caused by the applied step potential Ay, be-
tween two consecutive steps, i.e., Acj p = €1 p(Vs + AYs) — €1 p(¥s).
The Cottrell relationship has been used in several studies to
deconvolute the contribution of EDL and faradaic currents using the
SPECS method [24—27]. However, Montella [23] has shown that

Equation (5) is only valid for estimating jﬁ(t) for short times, i.e.,
[<T7y.

Alternatively, the faradaic current jg(t) can be derived based on
Fick's second law of diffusion for long time range (t>7,) under
finite-space conditions as [17,22,23,28],

) AQr & T2t
J(t) :ZT—d;exp[—(Zn—l)zm . (7)

However, this model ignores the IR drop and EDL formation at the
electrode surface and assumes that the insertion process is solely
diffusion-controlled. Montella [23] formulated a model for the
current response of ion intercalation/deintercalation in a redox
active planar electrode subjected to a potential step Ay. This model
accounts for the interfacial charge transfer kinetics process and the
effect of IR drop and EDL formation on the faradaic current density
according to,

o 2 2
) _2&247@(1)(_%> (8)

Td £ A2+ A+ D] T4
where by, is the n root of the following equation [23].
b, tanb, — 4 = 0. 9)
Here, /4 is a dimensionless resistance expressed as [23],

Ry

AN=-—"—
Rs + Ret

(10)

where Ry, Rs, and R are the diffusion, internal, and interfacial
charge transfer resistances, respectively. The value of 4 character-
izes the charge storage mechanism. For diffusion controlled pro-
cesses, Ry >Rs + R and the value of /4 is very large such that
by = w/2 [23]. In this case, Equation (8) reduces to the first term of
the summation in Equation (7). On the other hand, when processes
are controlled by fast interfacial charge transfer kinetics and/or
ohmic drop 4«1 and b; =+// [23]. Finally, intermediate values of 4
is characteristic of processes controlled by both solid state diffusion
and interfacial charge transfer kinetics [23]. This model has been
used successfully in combination with potentiostatic intermittent
titration technique (PITT) to estimate Lit diffusion coefficient in
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amorphous TiOx nanotubes [29]. However, it has never been used in
combination with the SPECS method for pseudocapacitive
electrodes.

Finally, jf was considered as a constant term to account for the
leakage current and/or residual current associated with electrolyte
decomposition reactions and/or parasitic reactions in the electrode
material [16—18].

2.3. MUSCA

The conventional CV measurements suffer from ohmic polari-
zation, especially at high scan rate [19]. The MUSCA method aims to
correct for the drift of the redox peaks with increasing scan rate
observed in cyclic voltammetry by minimizing the effect of para-
sitic redox reactions (residual current) and ohmic polarization [19].
Thus, the MUSCA method is carried out by imposing a series of
potential steps of Ay across a given potential window (Y min —
Vsmax) and measuring the current response for each step by
allowing the current density to decay to zero under equilibrium
conditions before applying the next step. It is similar to SPECS in the
electrochemical measurements but differs from SPECS in the data
analysis method. In order to reconstruct CV curves at scan rate v
using the MUSCA method, the current measured in SPECS is aver-
aged over a certain time t, defined from the beginning of the po-
tential step to determine the mean current j{-v' at potential ¥ such
that [19],

t,
jf”(ws):tljj,»(t) dt with i =T, EDL, or F (11)
VU

where the superscript “M” refers to the MUSCA method and t, is
chosen based on the desired scan rate v according to [19],

= AYs, (12)

Afterward, the CV curves are reconstructed from the MUSCA

measurements by plotting j’}” vs. Y, [19]. Finally, the reconstructed
CV curves can then be used to characterize the electrochemical
behavior of pseudocapacitive electrodes using the kq,k, analysis
previously described to “separate better diffusion from capacitive
currents” [19]. Note that the MUSCA method has not been used

lrl/s,min + pSA"I/s
Ys(t)=y(0,1) = ns + 1
s,max — ( s 2

explicitly to identify the EDL and faradaic contributions to the total
current.

3. Analysis
3.1. Schematic and assumptions
Fig. 1 shows the coordinate system and dimensions of our

simulated domain consisting of a planar pseudocapacitive elec-
trode supported by a planar current collector in an electrolyte

7)&#5 for (ns+1)/2 < ps <ns

containing Li* ions in a three-electrode configuration. The pseu-
docapacitive electrode and electrolyte thicknesses were denoted by
Lp and L, respectively.

To make the problem mathematically tractable, the following
assumptions were made: (1) the electrolyte was binary and sym-
metric, i.e., it consisted of two ion species of opposite valency +z. (2)
Cations and anions had the same diffusion coefficient D and
effective diameter a [30,31]. (3) The Stern layer contained no free
charge and its thickness H was approximated as the radius of the
ions so that H = a/2 [7,32,33]. (4) The transport properties of the
electrode and electrolyte were taken as constant and independent
of state-of-charge. (5) Bulk motion of the electrolyte was negligible.
(6) Ion intercalation in the electrode was modeled as a diffusion
process. (7) Heat generation was ignored and the temperature T
was uniform and constant in the electrode and electrolyte. (8) The
contact resistance between the electrode and the current collector
and the resistance of the current collector were negligible. (9) Self-
discharge and residual current associated with electrolyte decom-
position reactions and/or parasitic reactions in the electrode ma-
terial were ignored, i.e., j; = 0.

The modified Poisson-Nernst-Planck (MPNP) model coupled
with the Frumkin-Bulter-Volmer theory were used to numerically
reproduce the SPECS method accounting for interfacial, transport,
and electrochemical phenomena in the pseudocapacitive electrode
[20,34]. The governing equations, initial and boundary conditions,
and method of solution were described in detail elsewhere
[9,20,35] and need not be repeated. The governing equations were
reproduced in Section S.1 for the sake of completeness. In brief, the
spatiotemporal evolution of (i) the potential y/(x, t) in the pseudo-
capacitive electrode and in the electrolyte and (ii) the concentra-
tions c; (x, t) of cations and c; (x, t) of anions in the electrolyte were
governed by the MPNP model [Equations (S.1) to (S.3)]. The molar
concentration cq p(x,t) of intercalated cations in the pseudocapa-
citive electrode was governed by the mass diffusion equation
[Equation (S.4)] [35].

3.2. Boundary conditions

All initial and boundary conditions necessary to solve the 1D
transient governing equations were reported in Section S.2. The
imposed potential y(t) at the current collector/electrode interface
(x = 0)was imposed as a multi-step function for SPECS simulations
such that,

for0<ps <(ns+1)/2

(13)

where Y and Vg 4, are, respectively, the minimum and
maximum potentials and p;s is the step number with ng is an odd
integer corresponding to the total number of potential steps across
the potential window between Y i, and ¥ gy, 1-€., s = [2(¥s max —
Ysmin)/A¥s] + 1. Here, yg(t) is a function of time t where
(ps — 1)te < t<pste for each potential step and ¢ is the equilibra-
tion time or the period of each step.

Similarly, a harmonic function of time t was imposed at the
current collector/electrode interface (x = 0) for EIS simulations
such that [7],
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Fig. 1. Schematic, coordinate system, and dimensions of the simulated planar pseudocapacitive electrode in a three-electrode configuration. The dashed line encloses the
computational domain simulated.

3.3. Constitutive relationships

Ys(t) =V + Vo™ (14)
where Y, is the time-independent DC potential and vy is the
amplitude of the oscillating potential at frequency f.

Finally, the potential y,(t) imposed at the current collector/

The present study uses realistic material properties taken from
the literature for the electrolyte [36,37] and the pseudocapacitive
electrode [7,38—40]. Table 1 summarizes (i) the electrode thickness
Lp and properties including its electrical conductivity op, reaction

electrode interface (x = 0) was expressed as a triangular function of

Ys min + V{t U 1)tcd}

Ye(t) = Vs max — y[t — (n¢ — 1/2)tcd]

time ¢ for cyclic voltammetry simulations according to [32],
where 1, is the cycle number (integer) and ¢4 is the cycle period.

for(ne — 1)ty <t<(nc—1/2)ty
for(ne — 1/2)teq < t< nc tey

rate constant kg, maximum ¢y p gy and initial c; pg Li* ion con-

(15)

centrations, transfer coefficient «, and Li* diffusion coefficient Dy p,
(ii) the electrolyte thickness L and properties including the bulk ion

Table 1

Value or range of electrode and electrolyte properties and dimensions used in the simulations reported in this study.
Parameter Symbol Value Unit
[on diameter a 0.67 nm
Bulk ion concentration Coo 1 mol L!
Maximum ion concentration in the electrode C1.p.max 31.9 mol L~!
Diffusion coefficient in the electrolyte D 2x 10-11 m?s!
Diffusion coefficient in the electrode Dip 1014 m?s~!
Reaction rate constant ko 10°° m'+3*mol s~
Electrolyte thickness L 8 um
Electrode thickness Lp 20 nm
Temperature T 298 K
Valency z 1
Transfer coefficient [ 0.5
Relative permittivity er 64.4
Electrode conductivity op 104 Sm™!
Potential window Vs min —0.05 \%

‘//s,max 0.85 A
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concentration ¢, valency z, relative permittivity e, ion diameter q,
and ion diffusion coefficient D, and (iii) the operating conditions
including the potential window ¥ ;in — ¥s mqx and the temperature
T (in K).

For electrodes consisting of transition metal oxides, the equi-
librium potential difference Ay, is typically determined experi-
mentally as a function of the state-of-charge (SOC) defined as
€1.p /C1.p,max Dy fitting experimental data for open-circuit potential
[41—-43]. For the sake of simplicity, Ay,, was modeled as a linear
function of SOC as measured for 100 um thick MnO, dense films
[39],

AYeq(t) =10.5[4 — 1 p(t) /C1.pmax] — 39.9. (16)
Here, 1 p max Was taken as ¢q p mgx = 31.9 mol L~! corresponding to
fully lithiated manganese dioxide LiMnO; [21,40]. The transfer co-
efficient « was assumed to be 0.5 to consider the ideal case of
identical energy barriers for forward and backward reversible
redox reactions [7]. The diffusion coefficient D; p of the intercalated
Li* in the transition metal oxides typically ranges from 10716 to
10719 m? s~1 [38]. Here, D; p was arbitrary chosen as 1074 m? s

As for the electrolyte, we considered 1 M LiClO4 salt in propylene
carbonate (PC) solvent such that the bulk ion concentration ¢, = 1
mol L™! and valency z = 1. The relative permittivity was taken as a
constant equal to that of PC, i.e., e = 64.4 [37]. The effective sol-
vated ion diameter a and the ion diffusion coefficient D were taken
as those of solvated Li* ions in PC such that a = 0.67 nm and D = 2x

10~ m? s71 [36].

3.4. Data processing

The total current density at the electrode/electrolyte interface
Jjr(t) can be expressed as the sum of (i) the EDL current density
Jjepr(t) and (ii) the faradaic current density jg(t), i.e., jr(t) =jepr (t) +
Jjr(t). On the one hand, the EDL current density jgp; (Lp, t) is defined
as [44].

2

. 02y
Jepr(Lp,t) = — €0y ot (Lp,t) (17)

where gy = 8.854 x 10-12 Fm™! is the vacuum permittivity. On the
other hand, the faradaic current density jr(Lp,t) can be computed

from the generalized Frumkin-Butler-Volmer model evaluated at
the electrode/electrolyte interface and expressed as [7].

Je(Lp,0) = jiro(0) {exp [%} ~exp {%} }

(18)

where jro(t) is the so-called exchange current density and R, =

8.314 ] mol~! K7! is the universal gas constant. The exchange

current density jgo(t) can be written as [45,46].

Jro(t) = zFko[c1 (Lp, )] [C1,p.max — C1.p(Lp, 1)]“ [c1,p(Lp, )] .
(19)

In addition, the surface overpotential 7(Lp, t) necessary to drive

the redox reactions at the electrode/electrolyte interface can be
expressed as [7].

n(Lp, t) = Ayy(t) — A‘//eq(t) (20)

where Ay is the potential drop across the Stern layer of thickness
H=a/2 and located between x=1Lp and x= Lp+ H, ie,

Ay(t) = Y(Lp.t) — ¥(Lp + H, 1) (Fig. 1).

The theoretical values of electrode Rp and electrolyte R,, re-
sistances can be expressed as functions of the electrode thickness
Lp and conductivity ¢p and of the electrolyte thickness L and con-
ductivity ¢, according to [1,8].

Rp:Lp/O'p and

Re~L/osw  with (21)

oo = (222F2Dcoo> / (RuT).

The integral capacitance (in uF cm™2) of pseudocapacitive
electrodes associated with EDL formations G gpy or faradaic Gy p
reactions can be evaluated by integrating the area enclosed by the
CV curves respectively plotting the simulated currents jgp; () and
Jjr(Ys)versus the potential imposed (t) for a given scan rate v
[Equation (15)] according to [47],

Ji ‘ps

dy, with
2V ws max WS mll’l) s

Cintj(v) = i=T, EDLorF.

(22)

The total integral capacitance Cj,; r of the electrode can be written
as Cinr1(¥) = Cinegpr(v) + Cinep(v). Finally, the differential capaci-
tance Cyi; (in uF cm™2) is expressed as [10],

(1//3) with

Caifri = i=T, EDLorF. (23)

3.5. SPECS

3.5.1. SPECS fitting model
Combining Equations (3), (4) and (8), in absence of residual

current (i.e., jr = 0 A m™2), yields the total current response j?(t) in
a planar (i.e., non-porous) electrode for each potential step of the
SPECS method [17,28],

)

. . A t
it (0) 50 = s exp -
EDL

———— | + P; exp(—P,t).
REDLCEDL) 1 eXp(—Fat)

(24)

Here, the last term on the right hand side corresponds to the 1%
term of the summation in Equation (8) that was retained since the
higher terms were negligible [23], i.e.,

2 2
2 A& B and P, 7b71.

P =
T4 A% 4+ A+ bi Td

(25)

The superscript “S” refers to the SPECS fitting model to differentiate
from the theoretical expressions of jgp; (t),jr(t), and j7(t) used in the

numerical simulations [Equations (17) and (18)] and from j%L(t),

M(t), and j¥(t) determined from the MUSCA method [Equation
(11)]. Equation (24) involves two time constant including (i) the
EDL time constant 7gp; which is relatively short and accounts for
fast EDL formation and (ii) the diffusion time constant 74 which is
relatively long corresponding to slow diffusion process [16,23].

3.5.2. Fitting procedure

The nonlinear least-square regression was used to fit j%(t) to the
numerical predictions of j(t) obtained from the continuum MPNP
model [48]. The four fitting parameters Rgp;(¥s), Cepr(¥s), and
Py (¥5) were positive and real numbers and Pq(y,) was positive
during charging and negative during discharging. They were found
for each potential y; by minimizing the sum 6 of the squared



0. Munteshari et al. / Electrochimica Acta 321 (2019) 134648 7

residuals for a given potential step as,

s 2
6= lirt) ()] - (26)
i=1
Note that providing reasonable initial estimates of the fitting pa-
rameters was essential to find the global minimum of the objective
function 6. Here, the initial guesses of Rgp; and Cgp; were respec-
tively estimated as the internal resistance Rs obtained from EIS
[Equation (21)] and as the total integral capacitance G, t obtained
from CV [Equation (22)] simulations for the same electrode and
electrolyte properties and thicknesses.

4. Results and discussion
4.1. Electrochemical impedance spectroscopy

Fig. 2 shows the numerically predicted Nyquist plots for the
simulated pseudocapacitive electrode for bias potential ;. = -0.03
and 0.03 V. The oscillating potential amplitude was set as Yo = 5
mV and the frequency f varied between 0.1 and 8x 108 Hz. Note
that, for practical porous electrodes, f usually varies between 0.1
and 1 x 10° Hz. However, the present study considered only a 1D
planar electrode where relatively higher frequencies were required
to capture the physicochemical phenomena associated with high
frequency oscillations. Note also that the two semi-circles observed
in the Nyquist plot were slightly depressed corresponding to the
non-ideal capacitive behavior of the pseudocapacitive electrode
due to redox reactions [49]. Based on the physical interpretation
established by Mei et al. [9], the electrode resistance Rp was found
to be 2 Q cm? corresponding to the high-frequency intersection of
the Nyquist plot with the Z.-axis [8,9]. In addition, the electrolyte
resistance R., was 0.46 Q cm? corresponding to the diameter of the
semi-circle at high frequencies [8,9]. Both Rp and R, were inde-
pendent of bias potential .. Moreover, the theoretical values of Rp
and R, predicted by Equation (21) were 2 and 0.5 Q cm?

4.0 e

354 0f— v, =003V ]

0.0 i
00 05 10 15 20 25 3.0
Zm(Qcmz)

35 40

Fig. 2. Nyquist plot for the simulated pseudocapacitive electrode for bias potential
Vge = -0.03 and 0.03 V and frequency f varied between 0.1 and 8x 108 Hz.

respectively. The results confirm that EIS can predict the theoretical
values of Rp and R, relatively accurately. Finally, the internal
resistance R is the summation of the electrode and bulk electrolyte
resistances such that Rs = Rp + Re = 2.5 Q cm?. Here, 2.5 Q cm? was
used as an initial guess for Rgp; in the fitting of the SPECS data, as
previously mentioned.

4.2. Cyclic voltammetry

Fig. 3(a) plots the numerically predicted CV curves for the
pseudocapacitive electrode with potential window between
Vs min = —0.05 V and Y e = 0.85 V and scan rate ranging from» =
0.1 to 5V s~ L First, Fig. 3(a) shows that the overall shapes of
numerically simulated CV curves were similar to those experi-
mentally measured for pseudocapacitive electrode consisting of
nanocrystal film of orthorhombic niobium pentoxide (T-Nby0Os) in
1M LiClO4 in PC, as previously discussed in Ref. [50]. Note that,
unlike actual porous electrodes, the simulated 1D planar electrode
required relatively larger scan rates to exhibit Li* ion starvation and
diffusion limitation [20]. Fig. 3(a) also indicates that the CV curves
featured redox peaks during both charging and discharging. In
addition, no significant drift with increasing scan rate was observed
in these peaks suggesting that the redox reactions were highly
reversible.

Fig. 3(b) shows the numerically simulated current densities jr,
Jjepr, and jg versus potential ¥ at oscillatory steady state for the
pseudocapacitive electrode with potential window
between —0.05V and 0.85V at scan rate » = 2.5 V s~ Fig. 3(b)
indicates that the pseudocapacitive electrode featured two distinct
regimes namely (i) a faradaic regime between —0.05V and 0.25V
when jr(¥s) > jepr (¥5) and (ii) a capacitive (or EDL) regime between
0.25V and 0.85V when jgp; (¥s) >jr(¥s). Note that the transition
from faradaic to capacitive regime occurred at a potential ranging
from 0.22 to 0.36V as the scan rate decreases from 5 to 0.1V s~
(see Supplementary Materials).

The so-called b-value characterizes the power law evolution of
the total current jr(y,) with respect to scan rate » for a given po-
tential ¥, in cyclic voltammetry. Fig. 3(c) shows the b-value as a
function of potential y calculated by the least-squares method
fitting jr(y;) vs. v obtained from Fig. 3(a) to the expression [35],

Jr(Ws) = a(ys) W) (27)

where a(y,) and b(y) are fitting parameters. The dip in the b-value
around ¥, = 0.25 V corresponds to the transition between the
capacitive and faradaic regimes, as established by Girard et al. [35].
Fig. 3(d) plots the EDL Gy gpy, faradaic Gy r, and total Gy 1 in-
tegral capacitances [Equation (22)] for the pseudocapacitive elec-
trode as functions of scan rate » ranging from 0.1 to 5V s~ . Here,
Cint,epr(v) was independent of scan rate corresponding to quasi-
equilibrium conditions, as previously observed in simulations of
planar [32] and porous [51] electrodes. On the other hand, the
faradaic capacitance Cj, r(v) decreased with increasing scan rate
due to relatively slow Lit intercalation in the electrode compared
with fast EDL formation. Similar behavior was observed experi-
mentally for other pseudocapacitive electrodes [50,52—54]. Finally,
the average of Cj,; r over the different scan rates was used as initial
guess for Cgp; in the SPECS method, as previously discussed.

4.3. SPECS validation

Fig. 4(a) shows the imposed potential as a function of time used
in numerical simulations of the SPECS method and consisting of a
series of small potential steps of Ay, = 0.02V with equilibration
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Fig. 3. (a) Numerically predicted CV curves for the simulated pseudocapacitive electrode with potential window between V ,;, = —0.05 V and Y .oy = 0.85 V for scan rate ranging
from » = 0.1 to 5V s~ . (b) Total jr, EDL jgp;, and faradaic jr current densities versus potential , at scan rate » = 2.5 V s~ . (c) b-value as a function of potential y;. (d) Integral
capacitance Cj,; for the pseudocapacitive electrode as a function of scan rate » ranging from 0.1 to 5V s,

time t. = 0.2s. Here also, the equilibration time t. of the SPECS
simulations was much smaller than that of the actual measure-
ments for porous pseudocapacitive electrodes [16,17,24]. This was
due to the fact that the charging/discharging processes reached
equilibrium much faster in the simulated planar electrode than in
actual porous pseudocapacitive electrodes. To avoid discontinuity
in the potential y/(x, t) and the associated numerical instabilities at
the transition from one step to another, the potential step was
smoothed using a polynomial function with a continuous second
order derivative during a transition time t; = 50 us, as illustrated in
the inset of Fig. 4(a).

Fig. 4(b) plots the computed current density response jr(t) to
the potential steps of Fig. 4(a) as a function of time. It also plots the
numerically predicted current densities due to EDL formation
Jjepr(t) [Equation (17)] and faradaic reactions jr(t) [Equation (18)]
such that jr(t) = jepr(t) + jr(t). Here, the current densities were
recorded at each time step At = 10 us to provide sufficient data

points for the fitting procedure [29]. It is interesting to note that the
behavior of jr(t) simulated was remarkably similar to that
measured experimentally [16,17,24].

Fig. 5 plots the temporal evolution of the numerically predicted
total current density jr(t) [Equations (17) and (18)] and of the
mathematically fitted SPECS model ji |Equation (24)] for potential
step Ay, =0.02 V at (a) ¥ =0.09 V and (b) y5 = 0.51 V. These
values of cell potential were chosen to fall in the faradaic and
capacitive regimes, respectively. It is reassuring to note that j%(t)
obtained after fitting the SPECS simulations was in good agreement
with the simulated current j(t) for both potential values. The insets
display the data in log scale to highlight the good agreement be-
tween jr(t) and ﬁ(t) over a large temporal window. The results
show that 95% of the SPECS model data fell within +0.2 A m~2 of
the simulated current density confirming the quality of the fit.

However, good fitting between jr(t) and j%(t) does not guarantee
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Fig. 4. (a) Imposed step potential as a function of time for step size Ay = 0.02V and
relaxation time t, = 0.2 s. (b) Total j(t), EDL jgp; (t), and faradaic j(t) current densities
in response to the step potentials as functions of time.

that jgp; (t) and jr(t) were predicted accurately.

Fig. 6 shows the simulated EDL jgp, (t) and faradaic jg(t) current
densities as functions of time at (a) Y3 = 0.09 Vand (b) 5, = 0.51 V
for Ay, = 0.02 V. It also plots the predictions of jﬁDL [Equation (4)]
and j,S: [Equation (8)] based on the parameters obtained by fitting
J3(t) to jr(t). It is interesting to note that both current densities j3,;

and j,S: retrieved from the SPECS method were in good agreement
with the numerically computed current densities jgp; (t) and jg(t)
using Equations (17) and (18), respectively. In fact, the associated
maximum root-mean-square-error was +0.2 A m~2 and +0.1 A
m~2, respectively. At the beginning of each step, the current

()

P = 0.09 V (faradaic regime)

_ 10°  10°
14 Time, 7 (s)

Total current density, j,. (A m’)
W

0.00 0.05 0.10 0.15 0.20

(b)

10° 100 10 3
Time, 7 (s) ]

Total current density, j,. (A m?)

04+ : : : |
0.000 0.002 0.004 0.006 0.008
Time, 7 (s)

0.010

Fig. 5. Numerically predicted total current density jr(t) [Equations (17) and (18)] and
mathematically fitted SPECS model ﬁ(t) [Equation (24)] for potential step Ay, = 0.02V
at (a) yg = 0.09 V (faradaic regime) and (b) ¥ = 0.51 V (capacitive or EDL regime).

densities featured spikes due to fast ion transport in response to the
sudden potential step Ay, = 0.02 V. The spike in jgp; (t) was always
higher than that in jg(t). However, jgp; (t) decayed faster than jg(t)
corresponding to a shorter EDL time constant 7gp; compared with
diffusion time constant 74 since EDL formation/dissolution was
much faster than the redox reactions and Li* intercalation.

Finally, note that the Cottrell relation [Equation (5)] was also
used to fit the total current density jy(t). Unfortunately, the results
show a substantial disagreement between jg(t) and ji confirming
that the Cottrell relation was not valid for long time (i.e., t>>7,) [23]
(see Supplementary Materials).
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4.4. SPECS parameters interpretation

Fig. 7 plots the fitting parameters (a) Rgpy, (b) Cgpy, (c) |P1], and
(d) P, as functions of imposed potential y for potential steps Ay, =
0.01, 0.02, and 0.04 V. First, Fig. 7 establishes that the values of all
fitting parameters during charging were identical to that during
discharging for a given potential step. In addition, Rgp;, Cgpy, |P1,
and P, were nearly continuous functions of y; and consistent from
one potential step to the next. They were also independent of po-
tential step Ay, except for |P;| which increased with increasing Ay.
However, the ratio P} = |P; |/Ay; was independent of Ay (see inset
of Fig. 7(c)). This observation can be attributed to the fact that AQr

was proportional to Ay;.

Fig. 7(a) indicates that the resistance Rgp; was nearly indepen-
dent of the imposed potential y,. In addition, its average value of
RepL = 2.86+0.4 Q cm? was in satisfactory agreement with the in-
ternal resistance of the electrode (Rs = 2.5 Q cm?) theoretically
predicted by Equation (21) and with the value retrieved from EIS
simulations (Rp +Rs = 2.45 Q cm?). Here, the error associated with
Rgpy corresponds to two standard deviations or 95% confidence
interval estimated by averaging Rgp; for Ay, = 0.02 V.

Fig. 7(b) shows that Cgp; decreased from 100 to 40 uF cm ™2 with
imposed potential ¥ increasing from —0.05 to 0.85V. The fitted
capacitance Cgp; was in excellent agreement with the differential
capacitance Cgy gp; [Equation (23)] computed from CV simulations
[Fig. 3(b)]. In fact, during charging, the anion concentration c;(t)
increased due to EDL formation approaching its maximum value
C2.max = 1/NAa§ =5.52 mol L™! [55]. Then, the ion accumulation
rate at the electrode/electrolyte interface decreased with increasing
imposed potential y. As a result, the EDL current density jgp; also
decreased with increasing imposed potential y; corresponding to
the narrowing region observed in the CV curve of jgp; at high po-
tential [Fig. 3(b)]. Note that Cyy gp; Was independent of scan rate v
(quasi-equilibrium regime). Finally, the averaged value of Cgp; over
the entire potential window Cgp; = 68 uF cm 2 retrieved using the
SPECS method was in good agreement with the integral capaci-
tance Cie g = 65 wF cm~2 predicted by CV simulation and inde-
pendent of » (Fig. 3(d)).

Finally, Figs. 7(c) and 7(d) indicate that |P;| and P, were strongly
dependent on the charging/discharging regime. In fact, they
decayed quickly with increasing potential and reached zero around
the transition potential y;=0.25 V separating the faradaic from the
capacitive regime. Indeed, |P; | is a function of stored charges due to
the faradaic reaction contributions AQr which vanishes in the
capacitive regime for y,>0.25 V. In addition, P, is a function of the
parameters b, and of the diffusion time constant 7,. Equation (6)
establishes that 7,4 is independent of potential. On the other hand,
b, is a function of 4 [Equation (9)] which strongly depends on the
charge storage mechanism, as discussed earlier. Thus, the value of
P, decreased as the charge storage mechanism varied from diffu-
sion controlled (i.e., 4>>1) in the faradaic regime to interfacial
charge transfer kinetics controlled (i.e., 41<1) in the capacitive
regime. These results provide further evidence of the existence of
the capacitive and faradaic regimes first elucidated by Girard et al.
[35]. It is also consistent with the physical interpretation of the dip
observed in the b-value [Fig. 3(c)] [21,35].

4.5. MUSCA method

Fig. 8(a) plots jepr (¥s) and jr () computed numerically as well
as jc(¥s) and jp(ys) obtained using the kq, k; analysis on CV simu-
lations versus potential y, for scan rate v =2.5 V s~! shown in
Fig. 3(b). It indicates that the shape of j-(y;) and jp (¥;) estimated by
performing the kq,k, analysis on the numerically predicted CV
curves were inconsistent with jgp; (¥) and jg(y,) predicted by the
MPNP model. In other words, the kq, k, analysis cannot distinguish
between contributions from EDL formation and faradaic reactions
directly from CV curves which suffer from ohmic polarization.

Fig. 8(b) plots the calculated CV curves j’}/’ (¥5) obtained from
previous SPECS simulations [Fig. 4(b)] and processed using the
MUSCA method [Equation (11)] for scan rate v [Equation (12)]
ranging from 0.1 to 5V s~ L Here, it is interesting to note that the
redox peaks were almost aligned regardless of the scan rate
considered. In addition, the CV curves were more symmetric

around j¥ = 0, compared with Fig. 3(a). This confirmed that the
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effect of ohmic polarization and residual current were minimized
by allowing the current density to fully decay to the equilibrium
conditions. These results have also been observed experimentally
for Ti3C,Ty MXene electrode in 3 M HySO4 electrolyte [19].

Moreover, the kq, k, analysis was used to estimate the capacitive
jg/’ and diffusion jg current density contributions to the total cur-
rent density j’}” corrected using the MUSCA method. Fig. 8(c) plots
M W), M), ¥, and j¥ obtained using the MUSCA method
versus potential  for scan rate v = 2.5 V s~ . It shows thatjé” and
¥ were similar to /4, (t) and j¥(t) reconstructed from the MUSCA
method. The same results were observed for other scan rates (see
Supplementary Materials).

Finally, the integral capacitance can be defined by Equation (22)
for all currents predicted numerically (e.g., jgpy, jr) Or retrieved from
the MUSCA method [Equation (11)] (e.g.,jEMDL,jQ/') or from the kq, k;
analysis (e.g.,jc.jD,j’g’,jg) [Equation (2)]. Fig. 8(d) plots, as functions

of scan rate v, the ratios of (i) the integral capacitive capacitance to
EDL capacitance Ciy; ¢ /Cintgpr and diffusive capacitance to faradaic
capacitance Ciyp /Ciner evaluated using the CV curves obtained
numerically [Fig. 3(a)] and of (ii) the capacitive capacitance to EDL
capacitance C%t,c /C%’LEDL and diffusive capacitance to faradaic

capacitance C%’w /C%’LF evaluated using the CV curves generated
by the MUSCA method [Fig. 8(b)]. It indicates that Gy gp; and Cipe r
were significantly different from capacitive Gy, ¢ and diffusive Cip; p
capacitances estimated from the k1, k, analysis directly from the CV
curves. However, for all scan rates considered, the capacitances
Chic and Ci, , were in good agreement with Ci; gp; and Chi p,
respectively, based on CV curves generated by the MUSCA method.
Therefore, the kq, k, analysis provided good estimates of the EDL
contribution (i.e., jc =jgp;) and faradaic reactions contribution (i.e.,
jp=jr) when it was applied to the CV curves reconstructed using
the MUSCA method.

Note that the present study considered planar electrodes while
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practical pseudocapacitive electrodes are porous. First, our simu-
lations for planar electrodes qualitatively reproduce experimental
cyclic voltammogram for pseudocapacitive electrodes. This in-
dicates that the model accounts for the key physical phenomena.
The physical model discussed in the present study can be extended
to porous electrodes in three-dimensional simulations but at sig-
nificant computational cost [51]. Alternatively, the present study
could be used to develop volume-averaged continuum models for
porous electrode with some effective transport properties. Also,
note that the present physical model accounts for faradaic current
involving (i) surface redox reactions governed by the generalized
Frumkin-Butler-Volmer model [Equation (S.11)] and (ii) ion inter-
calation/deintercalation governed by Fick's law of diffusion [Equa-
tion (S.4)]. The two mechanisms were captured in the numerically
simulated jr which was successfully determined by the SPECS and
MUSCA methods. Thus, the SPECS and MUSCA methods apply to
pseudocapacitive electrodes involving fast surface redox and/or ion

. (d) Ratios of integral capacitances G ; /Cinr; as functions of scan rate ».

intercalation/deintercalation.

5. Conclusion

In this paper, the SPECS and MUSCA methods were theoretically
and rigorously validated using a continuous model based on the
modified Poisson-Nernst-Planck model coupled with Frumkin-
Butler-Volmer theory. The model was solved numerically to pre-
dict the current density response to a series of potential steps
across a realistic potential window so as to reproduce the SPECS
method for a 1D planar pseudocapacitive electrode in three-
electrode configuration. First, the numerically predicted total cur-
rent density jr was qualitatively similar to the typical experimental
measurements obtained from the SPECS method. Moreover, the
capacitive and faradaic current densities estimated from the SPECS
fitting procedure were found to be in excellent agreement with
those defined in the continuum model and computed numerically.
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In addition, the internal resistance R; and the differential EDL
capacitance Cgiypp; Obtained from CV and EIS simulations,

respectively, were also in good agreement with those obtained by
the SPECS method to model the EDL current based on resistor and
capacitor in series. Moreover, the SPECS method was capable of
identifying the faradaic and capacitive (or EDL) regimes during
charging via the fitting parameters used to model the faradaic
current. The results were consistent with the analysis of the b-value
obtained from CV curves at different scan rates. Finally, the MUSCA
method was found to successfully minimize the effect of ohmic
polarization on CV curves by correcting for the redox peak drift
observed experimentally. In addition, the capacitive and diffusive
current densities retrieved from the kq,k, analysis on CV curves
produced by the MUSCA method was in good agreement with EDL
and faradaic current densities reconstructed from the MUSCA
method.
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