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ABSTRACT: Electrochemical impedance spectroscopy (EIS) consists of plotting so-
called Nyquist plots representing negative of the imaginary versus the real parts of the
complex impedance of individual electrodes or electrochemical cells. To date, inter-
pretations of Nyquist plots have been based on physical intuition and/or on the use of
equivalent RC circuits. However, the resulting interpretations are not unique and have
often been inconsistent in the literature. This study aims to provide unequivocal
physical interpretations of electrochemical impedance spectroscopy (EIS) results for
electric double layer capacitor (EDLC) electrodes and devices. To do so, a physicochem-
ical transport model was used for numerically reproducing Nyquist plots accounting
for (i) electric double layer (EDL) formation at the electrode/electrolyte interface,
(ii) charge transport in the electrode, and (iii) ion electrodiffusion in binary and sym-
metric electrolytes. Typical Nyquist plots of EDLC electrodes were reproduced num-
erically for different electrode conductivity and thickness, electrolyte domain thickness, as
well as ion diameter, diffusion coefficient, and concentrations. The electrode resistance,
electrolyte resistance, and the equilibrium differential capacitance were identified from Nyquist plots without relying on equivalent
RC circuits. The internal resistance retrieved from the numerically generated Nyquist plots was comparable to that retrieved from
the “IR drop” in numerically simulated galvanostatic cycling. Furthermore, EIS simulations were performed for EDLC devices, and
similar interpretations of Nyquist plots were obtained. Finally, these results and interpretations were confirmed experimentally using
EDLC devices consisting of two identical activated-carbon electrodes in both aqueous and nonaqueous electrolytes.

■ INTRODUCTION

Electrochemical impedance spectroscopy (EIS) has been used
extensively to characterize the performance of electrical energy
storage and conversion devices including electrochemical capaci-
tors,1−10 batteries,11−14 and fuel cells.15,16 It has also been used to
characterize individual electrodes used for electrochemical
capacitors,17−19 corrosion tests,20,21 and capacitive deionization.22,23

It consists of imposing a time harmonic oscillating electric poten-
tial ψs(t) of small oscillation amplitude (e.g., less than 10 mV)
around a time-independent “DC potential” at the electrode sur-
faces and measuring the resulting harmonic current density
js(t).

7,8,16 Using complex notations, the imposed electric poten-
tial ψs(t) and the resulting current density js(t) can be expressed
as16,24−26
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where ψdc is the time-independent DC potential, ψ0 is the
amplitude of the oscillating potential at frequency f, jdc is the
time-independent DC current density, j0 is the amplitude of the
oscillating current density, and ϕ( f) is the frequency-dependent
phase angle between the imposed potential ψs(t) and themeasured

current density js(t). Then, the electrochemical impedance Z can
be defined as16,24−26
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where Zre and Zim (expressed inΩm2) are the real and imaginary
parts of the complex impedance, respectively.
Electric double layer capacitors (EDLC) consist of two porous

carbon electrodes separated by liquid electrolyte consisting of a
salt dissolved in an aqueous or organic solvent. The electrodes
typically consist of activated carbon particles with inner pores less
than 2 nm in diameter. Figure 1 shows the schematic of a typical
Nyquist plot presenting the imaginary part, −Zim, as a function
of the real part, Zre, of the complex impedance of an electric
double layer capacitor (EDLC). It consists of a semicircle at high
frequencies between points A and B, a nonvertical line at inter-
mediate frequencies between points B and C, and a nearly
vertical line at low frequencies beyond point C.
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Multiple and often contradictory physical interpretations
of experimental Nyquist plots of EDLCs have been proposed
in the literature.2,27−40 For example, the resistance RA at point A
(Figure 1) has been attributed to (i) the bulk electrolyte resis-
tance27−33 or (ii) the equivalent series resistance (ESR) also
known as the internal resistance defined as the sum of the
resistances of the bulk electrolyte, the electrode, and the contact
resistance between the electrode and the current collector.2,34−37

The diameter of the semicircle RAB = RB− RA (Figure 1) has been
assigned to (i) the electrolyte resistance in the pores of the
electrodes,31,34,35 (ii) the contact resistance between electrode
and current collector,38 (iii) the sum of the electrode resistance

and contact resistance between the electrode and the current
collector,32 or (iv) the so-called charge transfer resistance.27,30

For EDLC devices, the charge transfer resistance corresponds to
the sum of the electrolyte resistance in the porous structure of the
electrode, the electrode resistance, and the contact resistance
between the electrode and the current collector.30 Based on this
interpretation along with the previous interpretation of RA as the
bulk electrolyte resistance,27−33 the resistance RB (Figure 1), i.e.,
RB = RA + RAB, can be interpreted as the internal resistance, i.e.,
the sum of bulk electrolyte resistance and the so-called charge
transfer resistance.27,30,32 Furthermore, the existence of the non-
vertical line BC (Figure 1) at intermediate frequencies has
been assigned to (i) ion transport limitation in the electrolyte in
porous electrode structures,27−29,32,34,37 (ii) ion transport limita-
tion in the bulk electrolyte,33 or (iii) nonuniform pathway for ion
transport from the bulk electrolyte to the porous electrode
surface caused by nonuniform electrode pore size and electrode
roughness.2,36,38 Based on the latter interpretation, the resis-
tance RBC (Figure 1) was called the “equivalent distribution
resistance”.2 Finally, the vertical line at low frequencies beyond
point C (Figure 1) was attributed to the dominant capacitive
behavior of the electric double layer formed at the electrode/
electrolyte interface.31,32,34,35,38 The intersection between the
vertical line and the Zre axis, corresponding to RC (Figure 1) has
been termed (i) the internal resistance,30 (ii) the equivalent
series resistance (ESR),33 or (iii) the overall resistance34 of the
electrode or the device. The multiple and contradictory interpre-
tations of the Nyquist plots listed above for RA, RB, RC, RAB, and
RBC are confusing and need clarification.

Figure 1. Schematic of typical Nyquist plots for EDLC electrodes or
devices.

Figure 2. Schematics of (a) the simulated one-dimensional EDLC electrode in a three-electrode setup and (b) EDLC devices consisting of two identical
electrodes. The dashed line encloses the computational domain simulated.
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Moreover, equivalent RC circuit models have been commonly
used to fit and/or interpret Nyquist plots. They consist of repre-
senting EDLC devices or electrodes by an equivalent electric
circuit consisting of an arbitrary number of ideal capacitors and
resistors.41−49 Unfortunately, despite their widespread use, equiv-
alent RC circuit models suffer from serious limitations including
the facts that (i) they neglect ion diffusion and nonuniform ion
concentrations in the electrolyte47−49 and (ii) two different RC
circuit models can produce similarly acceptable impedance
response and/or fit experimental data equally well, as demon-
strated in the literature.50,51

This study aims to provide unequivocal interpretation of
Nyquist plots for individual EDLC electrodes and EDLC cells
without relying on physical intuition or equivalent RC circuits.
To do so, EIS measurements of (i) EDLC electrodes based on
three-electrode setup and (ii) two-electrode EDLC cells were
numerically reproduced for different electrode conductivity and
thickness, different electrolyte domain thickness, as well as for
different ion diameter, diffusion coefficient, and concentration in
the electrolyte. The study also focuses on retrieving equilibrium
differential capacitance and internal resistance from EIS simula-
tions. Finally, the study aims to validate experimentally the phys-
ical interpretations of EIS measurements developed numerically
using EDLC cells consisting of two identical electrodes made of
activated carbon and different aqueous and organic electrolytes.

■ ANALYSIS
Schematic and Assumptions. Figure 2 shows (a) a one-

dimensional (1D) simulated domain consisting of a planar cur-
rent collector supporting a working electrode of thickness Le
and an electrolyte domain of thickness L corresponding to a
three-electrode setup and (b) an EDLC device consisting of two
identical electrodes of thickness Le separated by an electrolyte
domain of thickness 2L. The electrolyte near each electrode
consisted of a Stern layer of thickness H and a diffuse layer of
mobile ions of thickness LD defined such that [ci(x = Le + H +
LD,t) − c∞]/c∞ ≤ 5%, where ci(x = Le + H + LD,t) is the local
concentration of cations (i = 1) or anions (i = 2) and c∞ is the
bulk ion concentration. To make the problem mathematically
tractable, the following assumptions were made: (1) the elec-
trolyte was binary and symmetric, i.e., it consisted of two ion
species of opposite valency ± z (z > 0).52 The two ion species
were further assumed to have identical diameter a and diffusion
coefficient D. (2) The Stern layer contained no free charge and
its thicknessHwas approximated as the radius of the ions, so that
H = a/2, as commonly assumed in continuum simulations
of electric double layer.24,53,54 (3) The transport properties of
the electrode and electrolyte were taken as constant. (4) Bulk
motion of the electrolyte was negligible. (5) No redox reaction or
ion intercalation took place at the surface or within the electrode.
(6) Heat generation was ignored and the temperature was uni-
form and constant in the electrode and electrolyte. (7) Contact
resistance between the electrode and the current collector and
the electrical resistance of the current collector were negligible.
(8) Self-discharge of the electrode or the device was ignored.
Simulations reported in this study were based on the modified

Poisson−Nernst−Planck (MPNP) model for binary and sym-
metric electrolyte for EDLC electrodes or devices. The govern-
ing equations, initial and boundary conditions, and method of
solution were described in detail in refs 55 and 56 and need not
be repeated. The MPNP model governed the spatiotemporal
evolution of the potential ψ(x, t) in the electrode and electrolyte
as well as the ion concentrations c1(x, t) of cations and c2(x, t) of

anions in the electrolyte. In addition, the boundary conditions
varied depending on whether EIS or galvanostatic cycling were
simulated. EIS simulations imposed potential ψs(t) at the current
collector/electrode interface or across the cell as a harmonic
function of time t [eq S.5a]. For galvanostatic cycling, the current
density js(t) imposed at the current collector/electrode interface
or across the cell was a square wave of magnitude jGC with respect
to the cycle period [eq S.6]. In single electrode simulations,
the potential and the ion concentrations remained as their
initial values at the centerline [Figure 2a]. In two-electrode sym-
metric device simulations, the potential at one current collector/
electrode interface was set to zero while the other was at ψs

c(t) =
2ψs(t) [eq S.5b]. All governing equations along with the initial
and boundary conditions, in the 1D coordinate system, shown in
Figure 2, were reproduced in the Supporting Information for the
sake of completeness.

Constitutive Relationships. In order to solve the coupled
transient 1D equations as well as the initial and boundary condi-
tions, a total of 12 parameters were necessary including (i) the
electrode electrical conductivity σe; (ii) the electrolyte properties
ϵr, z, a,D, and c∞; (iii) the dimensions of the simulated electrode
and electrolyte domains Le and L; along with (iv) the operating
conditions ψdc, ψ0, and f for EIS simulations and ψmin, ψmax, and
jGC for galvanostatic cycling, and (v) temperature T (in K).
The electrical conductivity σe and thickness Le of the electrode;
the electrolyte properties a,D, and c∞; and the length of the elec-
trolyte domain L were treated as variables to achieve various
resistances and capacitances. On the other hand, the temperature
was set to room temperature (T = 298 K), and the dielectric
constant was taken as that of propylene carbonate, a commonly
used organic solvent, i.e., ϵr = 64.4.57 The valency of the ion
species was z = 1.58 Finally, in EIS simulations, the DC potential
was set arbitrarily as ψdc = 0.3 V, the oscillating potential was
set as ψ0 = 5 mV, and the frequency f varied between 0.1 and
5 × 106 Hz. In galvanostatic cycling, the magnitude of imposed
current density jGC ranged between 10

−3 and 1mA/cm2 while the
potential window was set as ψmin = 0 V and ψmax = 1 V. Table 1
summarizes the values or ranges of these parameters.

Data Processing. Electrical Resistances.The electrical resis-
tance Re (in Ω m2) per unit surface area of the planar electrode
can be expressed as

σ=R L /e e e (3)

To calculate the resistance of the electrolyte, current density due
to ion transport in the electrolyte needs to be considered and is
given by1

= −j x t zF N x t N x t( , ) [ ( , ) ( , )]1 2 (4)

where z is the valency, F = eNA is the Faraday constant, andN1(x, t)
and N2(x, t) are the mass fluxes of cations and anions in the
electrolyte (in mol/m2s) expressed in eq S.3. Note that the local
electric field E(x, t) =− ∂ψ/∂x. Thus, the local ionic conductivity
σ(x) in the electrolyte, defined as j(x, t) = σ(x)E(x, t), can be
expressed as
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where D is the diffusion coefficient, c1(x, t) and c2(x, t) are the
concentrations of cations and anions at location x and time t in
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the electrolyte, ψ(x, t) is the potential in the electrolyte, Ru =
8.314 J /mol K is the universal gas constant, a is the effective ion
diameter, and NA is Avogadro’s number. Here, the diffuse layer
contained mobile ions with nonzero concentration gradients
while the ion concentrations in the bulk electrolyte remained
constant. Thus, the ionic conductivity σ(x) varied with location
in the diffuse layer andwas a harmonic function of time that could
be represented using complex notations. However, it remained
constant and real in the bulk electrolyte. The resistance, i.e., the
real part of the impedance, of the diffuse layer near one electrode
can be expressed as

∫ σ
=

+⎡
⎣⎢

⎤
⎦⎥R Re

x
x

d
( )L

L L

D
e

e D

(6)

Note that the local ion concentrations c1(x, t) and c2(x, t) in
the diffuse layer as well as the diffuse layer thickness LD were
unknown and were determined numerically. Finally, the bulk
electrolyte resistance can be expressed as1

σ σ= − =∞ ∞ ∞ ∞R L L z F Dc R T( )/ with (2 )/( )D
2 2

u
(7)

where σ∞ is the electrical conductivity of the bulk elec-
trolyte.
Moreover, for EDLC cells (referred to by superscript “c”), the

resistances of the electrodes Re
c, the diffuse layer RD

c , and the bulk
electrolyte R∞

c can be expressed as

=R R2e
c

e (8)

Table 2. Simulation Parameters and Corresponding Resistances Re, R∞, and RD and Capacitance Cdiff,eq [eq 13] and Cdiff,eq,EIS
Values for 25 EIS Simulations for Single Electrodes (Cases 1−24) and an EDLC Cell (Case 25)

σe c∞ D L Le a τD/τRC Re R∞ RD Cdiff,eq Cdiff,eq,EIS

case no. (S/m) (mol/L) (m2/s) (nm) (nm) (nm) (Ω m2) (Ω m2) (Ω m2) (μF/cm2) (μF/cm2)

2 1 × 10−7 0.001 2 × 10−13 160 10 0.66 0.72 0.1 0.105 0.07 94.8 94.8
3 5 × 10−8 0.001 2 × 10−13 160 10 0.66 0.68 0.2 0.105 0.07 94.8 95.0
4 5 × 10−5 0.01 2 × 10−13 160 10 0.66 7.13 2 × 10−4 0.0105 0.009 91.5 91.6
5 5 × 10−5 0.001 2 × 10−13 160 10 0.66 0.68 2 × 10−4 0.105 0.07 94.8 94.6
6 5 × 10−5 0.0005 2 × 10−13 160 10 0.66 0.37 2 × 10−4 0.20 0.14 92.7 94.4
7 5 × 10−5 0.001 2 × 10−13 80 10 0.66 0.38 2 × 10−4 0.05 0.04 94.9 92.2
8 1 × 10−7 0.002 2 × 10−13 160 10 0.66 1.47 0.1 0.05 0.04 95.5 93.5
9 5 × 10−5 0.002 5 × 10−14 80 10 0.66 0.78 2 × 10−4 0.105 0.09 95.6 93.7
10 5 × 10−5 0.002 2 × 10−13 160 10 0.33 0.62 2 × 10−4 0.05 0.05 206.4 197.1
11 5 × 10−5 0.0005 8 × 10−13 320 10 0.66 0.66 2 × 10−4 0.105 0.10 94.7 93.6
12 5 × 10−5 0.0005 2 × 10−13 160 10 1.32 0.91 2 × 10−4 0.20 0.19 38.1 38.4
13 5 × 10−5 0.001 2 × 10−13 80 10 1.32 1.04 2 × 10−4 0.05 0.04 37.1 36.6
14 5 × 10−5 0.001 2 × 10−13 320 10 0.33 0.66 2 × 10−4 0.20 0.19 194.4 197.4
15 5 × 10−5 0.001 2 × 10−13 160 10 1.32 1.84 2 × 10−4 0.105 0.10 37.1 37.1
16 5 × 10−5 0.001 2 × 10−13 160 10 0.33 0.33 2 × 10−4 0.105 0.10 194.9 197.2
17 5 × 10−5 0.001 1 × 10−13 80 10 0.66 0.37 2 × 10−4 0.105 0.09 94.9 93.0
18 5 × 10−5 0.0005 1 × 10−13 160 10 0.66 0.37 2 × 10−4 0.41 0.40 92.7 88.3
19 5 × 10−5 0.001 5 × 10−14 80 10 0.66 0.37 2 × 10−4 0.20 0.17 94.9 94.9
20 5 × 10−5 0.001 1 × 10−13 320 10 0.66 1.39 2 × 10−4 0.05 0.05 92.7 94.4
21 1 × 10−7 0.004 2 × 10−13 160 10 0.66 3.04 0.1 0.03 0.02 95.2 93.4
22 1 × 10−7 0.006 2 × 10−13 160 10 0.66 4.34 0.1 0.02 0.02 94.7 93.0
23 5 × 10−5 0.0075 2 × 10−13 160 10 0.66 5.50 2 × 10−4 0.01 0.01 92.3 92.2
24 5 × 10−5 1 2 × 10−13 1600 100 0.66 2.09 × 104 2 × 10−3 1.06 × 10−3 1.24 × 10−6 66.5 62.0
25** 5 × 10−5 1 2 × 10−13 1600 100 0.66 4.18 × 104 4 × 10−3 2.12 × 10−3 2.48 × 10−6 33.2 31.5

Table 1. Value or Range of Electrode and Electrolyte Properties and Dimensions Used in the Simulations Reported in This Study

parameter symbol value unit ref

electrode conductivity σe 5 × 10−8−5 × 10−5 S/m
dielectric constant ϵr 64.4 57
valency z 1 58
ion diameter a 0.33−1.32 nm
diffusion coefficient D 5 × 10−14−8 × 10−13 m2/s
bulk ion concentration c∞ 0.0005−1 mol/L
electrode thickness Le 10−100 nm
electrolyte thickness L 40−1600 nm
DC potential ψDC 0.3 V
amplitude of oscillating potential ψ0 5 mV 24−26
frequency f 0.1−5 × 104 Hz 2,27−40
magnitude of imposed current density jGC 10−3−0.01 mA/cm2

potential window ψmin 0 V 59
ψmax 1 V 59

temperature T 298 K
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Finally, the internal resistance RGC (in Ω m2) retrieved from
galvanostatic cycling for both single-electrode and device simula-
tions can be expressed as60,61

ψ= Δ
R j

j
( )

2GC GC
GC (11)

where Δψ is the potential drop observed at the beginning of
discharge under constant current density jGC.
Equilibrium Differential Capacitance. The differential capac-

itance (in μF/cm2) is defined as1,24,62

ψ
=C

qd

ddiff
s

s (12)

where qs (in C/m2) is the surface charge density. For a given
EDLC electrode under equilibrium conditions, it is denoted by
Cdiff,eq and can be expressed as63,64
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D are the equilibrium differential capacitances
of the Stern layer and diffuse layer near the electrode, respectively.
They can be expressed as63,64
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where λD = [ϵ0ϵrkBT/(2e
2z2NAc∞)]

1/2 is the Debye length, e is the
elementary charge, and kB is the Boltzmann constant, respectively.
The packing parameter ν is defined as ν = 2a3NAc∞. For planar
electrode under equilibrium conditions, the electric potential at the
Stern/diffuse layer interface, denoted by ψD, can be expressed as a
function of the potential ψs imposed at the electrode/current
collector interface according to65

ψ ψ
=
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s
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Figure 3. (a−c) Nyquist plots for EDLC electrode for cases 1−3 (Table 2) featuring electrode resistance Re of (a) 0.05, (b) 0.1, and (c) 0.2 Ω m2, as
predicted by eq 3. (d) Modified Nyquist plots −Zim versus Zre − Re for the three cases.
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Note that for EIS simulations, ψs in eq 15 corresponds to the time-
independent potential ψdc.
Finally, an EDLC cell with two identical electrodes can be

treated as two capacitors in series. Thus, the equilibrium capac-
itance of the EDLC cell can be expressed as Cdiff,eq

c = Cdiff,eq/2.

■ RESULTS AND DISCUSSION

Interpretation of the Nyquist Plot for EDLC Electrodes.
Table 2 summarizes the different cases (cases 1−24) considered to
assess the effects of electrode and electrolyte resistances and elec-
trode capacitance on theNyquist plots of a single EDLC electrode.
Electrode Resistance Re. Figure 3a−c shows the Nyquist plots

for EDLC electrodes of cases 1−3 featuring electrode electrical
conductivity σe of (a) 2× 10−7, (b) 1× 10−7, and (c) 5× 10−8 S/m,
corresponding to electrode resistance Re [eq 3] of (a) 0.05,
(b) 0.1, and (c) 0.2 Ω m2, respectively. All other parameters
remained the same in these three cases. First, Figure 3a−c
resembles remarkably experimental EIS measurements on single
EDLC electrodes.17−19 In addition, they indicate that changing
electrode resistance led to a horizontal shift of the Nyquist plot
along the Zre axis. Moreover, the high-frequency intersection of
the Nyquist plot with theZre axis (corresponding to RA in Figure 1)
was systematically equal to the electrode resistance Re predicted
by eq 3. Note that the present simulations ignored contact resis-
tance between the electrode and the current collector. However,
it can be accounted for as a resistance in series withRe, and its sole

effect on the Nyquist plot would also be to shift the plot along
the Zre axis. Note that the so-called ”charge-transfer” resistance at
the electrode/electrolyte interface associated with redox reac-
tions and sometimes used to interpret EIS measurements for
EDLCs27,30 was absent in our simulations.
Furthermore, Figure 3d shows −Zim as a function of Zre − Re

for the above three cases. It indicates that the Nyquist plots for
cases 1−3 nearly collapsed on the same line regardless of changes
in electrode conductivity σe. In other words, σe had no significant
effects on the Nyquist plots at low and medium frequencies.
In addition, it is interesting to note that the diameter of the semi-
circle in Figure 3 (corresponding to RAB = RB − RA in Figure 1)
was equal to the bulk electrolyte resistance R∞ predicted by eq 7
and equal to 0.105 Ω m2 in all three cases.

Electrolyte Resistances R∞ and RD. To further explore the
effect of electrolyte resistances R∞ and RD, Figure 4a−c shows the
Nyquist plots for EDLC electrodes for cases 4−6 featuring bulk
ion concentration c∞ of (a) 0.01, (b) 0.001, and (c) 0.0005mol/L,
corresponding to bulk electrolyte resistance R∞ [eq 7] and
diffuse layer resistance RD [eq 6] of (a) 0.01 and 0.009, (b) 0.106
and 0.07, and (c) 0.20 and 0.14 Ω m2, respectively. All other
parameters remained the same in these three cases. Figure 4a−c
establishs that the diameter of the semicircle RAB (Figure 1) was
equal to the bulk electrolyte resistance R∞ while the resistance
RBC corresponded to the diffuse layer resistance RD. In fact, the
same observations could be retrospectively made in Figure 3.

Figure 4. (a−c) Nyquist plots for EDLC electrodes for cases 4−6 (Table 2) featuring bulk electrolyte resistance R∞ of (a) 0.011, (b) 0.106, and
(c) 0.212 Ω m2, as predicted by eq 7. (d) Dimensionless Nyquist plots −Zim/R∞ versus (Zre − Re)/R∞ for the three cases.
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In addition, Figure 4d shows the dimensionless Nyquist plot
−Zim/R∞ versus (Zre − Re)/R∞ for the three cases. It indicates
that, unlike σe, the electrolyte concentration c∞ had a significant
impact on the slope kBC (Figure 1) corresponding to inter-
mediate EIS frequencies.
Moreover, Figure 5a shows the dimensionless Nyquist plot

−Zim/R∞ as a function of (Zre− Re)/R∞ for intermediate frequen-
cies ranging between f C and f B for cases 6, 9, and 21 in Table 2.

The frequency f B corresponded to the intersection between the
semicircle and the nonvertical line (point B in Figure 1) while
frequency f C was such that f C ≈ f B/20 (point C in Figure 1).
These three cases were chosen arbitrarily for illustration pur-
poses. The slope kBC was retrieved by least-squares fitting
between f B and f C for cases 1−23 of Table 2 with coefficient of
determination R2 systematically larger than 0.95. Figure 5b shows
the slope kBC as a function of the ratio τD/τRC, for the 23 cases

Figure 5. (a) Nonvertical line at intermediate frequencies for cases 6, 9, and 21 (Table 2) for illustration. (b) Slope of the nonvertical line as a function of
the time scale ratio τD/τRC.

Figure 6. (a and b) Nyquist plots for (a) case 16 and (b) case 18 (Table 2) and (c and d) corresponding imaginary part of the impedance −Zim as a
function of 1/f for low frequencies. Similar results were obtained for all other cases.
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considered. Here, τD = L2/D is the time scale for ion diffusion in
the electrolyte and τRC = (R∞ +RD)Cdiff,eq is the RC time constant
for the electrolyte domain. Here, only the electrolyte domain was
considered due to the fact that σe or Re did not affect the slope
kBC (Figure 3). Figure 5b indicates that the slope kBC was only
a function of the ratio τD/τRC, regardless of the different param-
eters considered. In addition, the slope kBC increased with
increasing characteristic time ratio τD/τRC. This can be attributed
to the fact that the behavior of the electrolyte deviated from an
ideal equivalent RC circuit consisting of a resistor R∞ + RD in

series with a capacitorCdiff,eq represented by a vertical line starting
from point C (Figure 1). Deviation from such ideal equivalent
RC circuit was due to ion diffusion in the electrolyte featuring
time scale of τD = L2/D. In other words, the slope of the non-
vertical line BC (Figure 1) can be used to indicate whether the
charging process was controlled by EDL formation (large slope)
or limited by ion diffusion in the electrolyte (small slope)

Differential Capacitance Cdiff,eq. To retrieve the equilibrium
differential capacitance from EIS simulations, one needs to first
determine the low-frequency regime corresponding to the verti-

Figure 7. (a) Nyquist plots and (b) potential ψs(t) as a function of time under constant current cycling jGC = 0.01 mA/cm2 for cases 1, 2, 5, and 8
summarized in Table 2. (c−f) Internal resistance RGC obtained from IR drop in galvanostatic cycling as a function of current density jGC and RA, RB, and
RC retrieved from EIS simulations for (c) case 1, (d) case 2, (e) case 5, and (f) case 8.
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cal line in the Nyquist plot. Figure 6a,b show the Nyquist plots of
(a) case 16 and (b) case 18 (Table 2) for illustration purposes.
Here, the vertical line indicates that the electrode can be approxi-
mated by a simplified RC circuit with a resistor in series with a
capacitor.16 Thus, the imaginary part Zim of the complex imped-
ance Z can be expressed as Zim = − 1/(2πCdiff,eq,EIS f) where
Cdiff,eq,EIS is the equilibrium differential capacitance retrieved from
EIS simulations. Figure 6c,d shows −Zim as a function of 1/f for
(c) Case 16 and (d) Case 18, respectively. They confirm that
−Zim was proportional to 1/f with the coefficient of propor-
tionality corresponding to 1/2π Cdiff,eq,EIS. Similar results were
obtained for all 24 cases considered. In fact, Table 2 compares the
equilibrium differential capacitance Cdiff,eq,EIS retrieved from low
frequency EIS simulations, as illustrated in Figure 6c,d, andCdiff,eq

predicted by eq 13 for all 24 cases considered. The relative
difference between the two approaches e = |Cdiff,eq,EIS − Cdiff,eq|/
Cdiff,eq was less than 5% for all cases considered, confirming the
validity of the retrieval method.
Comparison between Resistances from EIS and from

Galvanostatic Cycling. Furthermore, Figure 7a,b shows the
Nyquist plots and the potential ψs(t) as a function of time under
galvanostatic cycling for jGC = 0.01 mA/cm2 for cases 1, 2, 5, and
8 (Table 2). These four cases were chosen to study the effect of
Re and R∞ on the internal resistance such that (i) cases 1, 2, and 5
featured the same bulk electrolyte resistance R∞; (ii) cases 2 and

8 had the same electrode resistance Re; and (iii) the sum Re + R∞
was the same for cases 1 and 8. Moreover, Figure 7c−f shows the
internal resistance RGC retrieved from the “IR drop” estimated
visually in galvanostatic cycling [eq 11] as well as RA = Re, RB =
Re + R∞, and RC = Re + R∞ + RD retrieved from the Nyquist
plot (Figure 1) as functions of imposed current density jGC in
the range of 10−3−0.01 mA/cm2 for (c) case 1 and (d) case 2,
(e) case 5, and (f) case 8. Figure 7 indicates that the internal resis-
tance RGC was nearly independent of the imposed current density
jGC. Moreover, RGC agreed well with the sum of the electrode
and electrolyte resistances, i.e., RGC = Re + R∞, for all four cases.
The same conclusion was drawn from all 24 cases considered.

EDLC Devices. Simulations. Figure 8a,b compares the
Nyquist plots for (a) an EDLC electrode (case 24) and (b) an
EDLC device (case 25) consisting of two electrodes identical
to that of case 24 separated by twice the electrolyte domain
thickness. All electrode and electrolyte properties were identical
for both cases, as summarized in Table 2. The Nyquist plots for
a single electrode or for the EDLC device showed the same
behavior. The real and the imaginary parts of the complex
impedance of the device [Figure 8b] were equal to twice the
values for the individual electrode [Figure 8a], for all frequencies
considered. In addition, the resistance RA

c of the device cor-
responded to twice the resistance of an individual electrode, i.e.,
RA
c = Re

c = 2Re. Similarly, the resistance RAB
c for the device was

Figure 8. (a and b) Nyquist plots for (a) an EDLC electrode corresponding to case 24 (Table 2) and (b) an EDLC device (case 25) consisting of two
identical electrodes described in case 24. (c) Potential ψs(t) as a function of time for imposed current density jGC of 0.1, 0.2, and 0.5 mA/cm2 and
(d) corresponding internal resistance RGC

c obtained from IR drop in galvanostatic cycling as a function of current density jGC and RA
c , RB

c , and RC
c retrieved

from EIS simulations for case 25.
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such that RAB
c = R∞

c = 2R∞. In addition, the overlap of points B
and C in both cases 24 and 25 was due to the small diffuse layer
resistance RD compared with R∞. Indeed, the diffuse layer was
thin compared with the relatively thick electrolyte domain due to
the large ion concentration (c∞ = 1 mol/L).
Moreover, Figure 8 also shows (c) the potential ψs(t) as a

function of time under galvanostatic cycling for jGC = 0.01mA/cm
2

and (d) the internal resistance RGC retrieved from the “IR drop”
in galvanostatic cycling [Figure 8c] as well as RA, RB, and RC

retrieved from theNyquist plot [Figure 8b] as functions of imposed
current density jGC (0.1−1 mA/cm2) for case 25. Figure 8d indi-
cates that, here also, RGC was in good agreement with resistance
RB
c = Re

c + R∞
c for simulations of two-electrode devices. Moreover,

Table 2 compares the equilibrium differential capacitances
Cdiff,eq,EIS retrieved from EIS and Cdiff,eq predicted by eq 13.
The relative difference e = |Cdiff,eq,EIS−Cdiff,eq|/Cdiff,eq was less than
5% for both cases considered. Overall, this section confirmed that
all interpretations of the Nyquist plots for single electrodes also
apply to EDLC devices. In addition, the interpretations discussed
previously should also be valid for EDLC devices with asym-
metric electrolyte and/or nonidentical electrodes. Then, the resis-
tances RA, RAB, and RBC (Figure 1) would correspond to (i) the
sum of the resistances of the positive and negative electrodes,
(ii) the bulk electrolyte resistance, and (iii) the sum of the
resistance of the two different diffuse layers near the positive and
negative electrodes, respectively.

Experiments. Finally, Figure 9a shows experimental Nyquist
plots for three different EDLC devices with footprint surface area
of 1 cm2 consisting of two identical electrodes made of 80 wt %
activated carbon, 5 wt % TX100 as surfactant, 1.5 wt % carboxy-
methyl cellulose as thickening agent and binder, and 13.5 wt %
styrene-butadiene rubber as binder with different electrolytes
namely (i) 1 M LiPF6/EC:DMC (1:1), (ii) 1 M citric acid/DI
water, and (iii) 1 M TEATFB/acetonitrile. Note that different
types of binders and surfactants can affect the resistance of the
electrodes by changing particle-to-particle contact of activated
carbon and affect the capacitance of the electrodes by changing
the available carbon surface area. Details of the synthesis and
characterization of the electrodes and of the EDLC devices were
reported in ref 59 and need not be repeated. In brief, Table 3
summarized (i) the materials used for the electrode and elec-
trolyte, (ii) the electrode Re

exp and (iii) bulk electrolyte R∞
exp resis-

tances retrieved from the Nyquist plot based on the interpreta-
tions discussed previously, (iv) the internal resistance RGC

obtained from galvanostatic cycling as well as (v) the resistances
RA
exp, RB

exp, and RC
exp, and (vi) the equilibrium differential capaci-

tance Cdiff,eq,EIS of the cell obtained from EIS measurements.
The IR drop was visually estimated from the potential-time curve
in galvanostatic cycling. In addition, the resistance RC

exp was larger
than the resistance measured at the lowest frequency due to the
lack of a clear “vertical line” for low frequencies. Table 3 indicates
that the sum of the electrode resistances Re

exp was small and did

Figure 9. (a) Nyquist plots for the three experimental EDLC devices with activated carbon electrodes and different electrolytes (Table 3).59 (b−d)
Internal resistance RGC

exp obtained experimentally from galvanostatic cycling as a function of current IGC and RA
exp, RB

exp, and RC
exp obtained from EIS

measurement for (b) device 1, (c) device 2, and (d) device 3.
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not vary significantly among the three devices. This is consistent
with the fact that the electrodes of all three devices were nearly
identical and made of activated carbon with a CMC binder.59

In addition, the electrode resistance Re
exp was small compared

with that of the bulk electrolyte resistance R∞
exp, which con-

tributed the most to the internal resistance. Moreover, the bulk
electrolyte resistance R∞

exp for device 2 was much larger than that
for devices 1 and 3. This can be attributed to the fact that citric
acid is a weak electrolyte featuring low ionic conductivity.59

Furthermore, Figure 9b−d shows the internal resistance RGC
retrieved from “IR drop” in galvanostatic cycling [eq 11] as a
function of the imposed current IGC (2−6 mA) as well as RA

exp,
RB
exp, and RC

exp retrieved from Nyquist plots for (b) device 1,
(c) device 2, and (d) device 3. Figure 9 indicates that here also,
RGC was nearly independent of the imposed current IGC and in
good agreement with RB

exp = Re
exp + R∞

exp. These results were con-
sistent with numerical simulations discussed previously.
Note that the present study considered only planar electrodes

while practical EDLCs consist of porous electrodes. First, our
simulations for planar electrodes could qualitatively reproduce
experimental Nyquist plots for EDLCs with porous electrodes.
This indicates that the model accounts for the key physical
phenomena in EDLCs. However, accounting for porous elec-
trodes is beneficial (i) to quantitatively reproduce experimental
results and (ii) to investigate the effects of electrode architec-
ture. The physical model discussed in the present study can be
extended to porous electrodes in three-dimensional simulations
but at significant computational cost.66 Alternatively, the present
study could be used to develop volume-averaged continuum
models for porous electrodes accounting for the effects of EDL
formation. Such models could identify the optimum operating
conditions that maximize the capacitance and minimize the
resistance of existing EDLC devices with porous electrodes. Note
that for all cases, the continuummodel is valid for pore or particle
size larger than 5 nm, where the electrical and transport prop-
erties can be defined based on continuum theory. For pores less
than 5 nm in diameter, the continuum model needs to be couple
with (i) quantum mechanical models, such as density functional
theory (DFT), and/or (ii) atomistic models, such as MD simula-
tions for quantitative predictions. However, this falls outside the
scope of the present study.

■ CONCLUSION
This study presented unequivocal physical interpretations of
Nyquist plots from electrochemical impedance spectroscopy
(EIS) for EDLC electrodes and devices without using an equiv-
alent RC circuit. The Nyquist plots presenting the imaginary and
real parts of the complex impedance of individual EDLC elec-
trodes and devices were numerically reproduced based on the
modified Poisson−Nernst−Planck model and closely resembled
experimental measurements. This study established that the elec-
trode resistance, bulk electrolyte resistance, diffuse layer resis-

tance, and equilibrium differential capacitance can be retrieved
directly from Nyquist plots. In addition, the internal resistance
retrieved from the sum of electrode and bulk electrolyte resis-
tances in EIS simulations showed good agreement with the
internal resistance retrieved from the so-called “IR drop” in gal-
vanostatic cycling. Finally, the above results and interpretations
were confirmed experimentally for EDLC devices with electro-
des made of activated carbon and various electrolytes.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpcc.7b10582.

Nomenclature of the variables used, governing equations,
and initial and boundary conditions of the model. (ZIP)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: pilon@seas.ucla.edu. Phone: +1 (310) 206-5598. Fax:
+1 (310) 206-2302.
ORCID
Bruce Dunn: 0000-0001-5669-4740
Laurent Pilon: 0000-0001-9459-8207
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The computation for this study was performed on the Hoffman2
cluster hosted by the Academic Technology Services (ATS) at
the University of California, Los Angeles, U.S.A. This material is
also based upon work supported, in part, by the China
Scholarship Council (CSC). J.L. and B.D. greatly appreciate
the support of this work by the Office of Naval Research.

■ REFERENCES
(1) Conway, B. E. Electrochemical Supercapacitors: Scientific Funda-
mentals and Technological Applications; Kluwer Academic/Plenum
Publishers: New York, 1999.
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