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ABSTRACT: This study aims to provide physical interpretations of electrochemical

impedance spectroscopy (EIS) measurements for redox active electrodes in a three- | layer  layer ]
electrode configuration. To do so, a physicochemical transport model was used accounting Electrode ¥ Bulk electrolyte
for (i) reversible redox reactions at the electrode/electrolyte interface, (ii) charge ' ; 'R4 ; " .

P ct tmt o

transport in the electrode, (iii) ion intercalation into the pseudocapacitive electrode, (iv)
electric double layer formation, and (v) ion electrodiffusion in binary and symmetric
electrolytes. Typical Nyquist plots generated by EIS of redox active electrodes were
reproduced numerically for a wide range of electrode electrical conductivity, electrolyte R, Re resistances
thickness, redox reaction rate constant, and bias potential. The electrode, bulk electrolyte,

charge transfer, and mass transfer resistances could be unequivocally identified from the Increasing | o | :
. . . . frequency ! ! '
Nyquist plots. The electrode and bulk electrolyte resistances were independent of the bias | :

T
Stern Diffuse

N [ electrode electrolyte charge transfer Re,
resistance resistance +mass transfer Ry,

potential, while the sum of the charge and mass transfer resistances increased with 7z

increasing bias potential. Finally, these results and interpretation were confirmed

experimentally for LiNij;4Coy,Mny,0, and MoS, electrodes in organic electrolytes.

B INTRODUCTION

Electrochemical impedance spectroscopy (EIS) has been used
to characterize electrodes for batteries,' > electrochemical
capacitors,*™*® dye-sensitized solar cells,””**** corrosion
tests,””" " and capacitive deionization.”””® It consists of
imposing a time harmonic oscillating electric potential ;(t)
around a time-independent “dc potential” at the electrode
surfaces and measuring the resulting harmonic current density
j(£).>'7*° The amplitude of the oscillating potential is typically
small and less than 10 mV. Using complex notations, the
imposed electric potential ,(t) and the resulting current
density j(t) can be expressed as*"**7*¢
l//s(t) =yt 2 and js(t) = js,dc + js,O el2Aft=4 ()]
(1)

where Yy, is the bias potential, y; is the amplitude of the
oscillating potential at frequency f, j 4 is the time-independent
dc current density, j;, is the amplitude of the oscillating current
density, and ¢(f) is the frequency-dependent phase angle
between the imposed potential y,(t) and the current density
js(t). Then, the electrochemical impedance Z can be defined

31,34—36
as ,34—3
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w(t) — v Y
_ _%,

- . . . = Zre + iZim
]s (t) - ]s,dc ]s,O (2)

where Z, and Z,, (expressed in Q m?) are the real and
imaginary parts of the complex impedance, respectively.

Nyquist plots present the imaginary part —Z;, as a function
of the real part Z,, of the complex impedance. They typically
consist of one’"* or two'~"'°7**?% semicircles at relatively
high frequencies and a nonvertical line with respect to the real
axis at low frequencies’ > for electrodes consisting of
transition metal oxides or conductive polymers capable of
engaging in reversible redox reactions with ions present in the
electrolyte.">*”~>* Figure 1 shows a typical Nyquist plot for a
redox active electrode. It consists of two semicircles, that is, a
semicircle at high frequencies between points A and B and one
at intermediate frequencies between points B and C, as well as
a nonvertical line at low frequencies beyond point C. Note that
the nonvertical line may be absent for some redox active
electrodes,'~ 7 %2124
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Figure 1. Illustration of typical Nyquist plots obtained for porous
LiNiy¢Coy,Mn,,0, pseudocapacitive electrodes in 1 M LiPF, (EC/
DMC) electrolyte with a bias potential yy. of 3.7 V.?

Multiple and often contradictory physical interpretations of
experimental Nyquist plots have been proposed in the
literature.” >’ For example, the resistance R, at point A
(Figure 1) has been attributed to (i) the bulk electrolyte
resistance”'>*¢ or (ii) the sum of the electrode resistance,
the bulk electrolyte resistance, and the contact resistance
between the electrode and the current collector.”™'*'**%** For
Nyquist plots with one semicircle, the diameter of the
semicircle has been interpreted as (i) the so-called charge
transfer resistance””''~'* or (ii) the sum of the electrolyte
solution and electrode resistances.'> For Nyquist plots with
two semicircles, the diameter of the semicircle at higher
frequencies R, = Ry — R, (Figure 1) has been assigned to (i)
the electrode resistance,'® (ii) the charge transfer resistance
associated with pseudocapacitive charge storage including
redox reactions and/or ion intercalation,'?”*" or (iii) the
electrolyte resistance in the porous electrodes."®'***** The
diameter of the semicircle at lower frequencies Rgc = Rc — Ry
(Figure 1) has been attributed to (i) the ionic or so-called
diffusion resistance of the electrolyte,””*" (ii) the resistance of
the solid—electrolyte interphase layer,"” or (iii) the charge
transfer resistance.'®"*”*>** More conservatively, it has also
been pointed out that “definitive assignment of each arc to a
particular phenomenon is not possible given the probed
data”.”® Finally, the nonvertical line beyond point C (Figure 1)
at low frequencies (if observed) has been assigned to (i) ion
transport limitation in the electrolyte in porous electrode
structures’’ or (i) ion transport limitation in the bulk
electrolyte.' ™"

This study aims to provide a rigorous interpretation of
Nyquist plots obtained by EIS for redox active electrodes
found in batteries and pseudocapacitors. To do so, EIS
measurements of redox active electrodes based on three-
electrode configuration were numerically reproduced for a
wide range of electrode conductivity, electrolyte thickness,
redox reaction rate constant, and bias potential. Then, the
physical interpretation of EIS measurements developed
numerically was validated experimentally.

B NUMERICAL ANALYSIS

Schematic and Assumptions. Figure 2 shows a one-
dimensional (1D) simulated domain consisting of a planar
current collector supporting a planar redox active working

Js(@®) = je(®) +jp(t) = jsac +Jsoe @)
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Figure 2. Schematics of the simulated 1D pseudocapacitive electrode
in a three-electrode setup. The dashed line encloses the computa-
tional domain simulated.

electrode of thickness L, and an electrolyte domain of
thickness L corresponding to a three-electrode configuration.
Note that our model can also be used to simulate porous
electrodes through the use of effective electrical conductivity
and ion diffusion coefficient. However, finding the best suited
effective medium approximation (EMA) to represent actual
porous electrodes falls outside the scope of this study. In
addition, EMAs are often for two-phase systems while actual
electrodes contain multiple constituents of various shapes and
sizes including redox active nanoparticles, binder [e.g.,
polyvinylidene fluoride (PVDF) and carboxymethylcellulose],
and electrical conducting materials [e.g., carbon black,
graphene, carbon nanotube (CNT)]. To make the problem
mathematically tractable, the following assumptions were
made: (1) the electrolyte was binary and symmetric, that is,
it consisted of two ion species of opposite valency +z (z > 0).
(2) The two solvated ion species were also assumed to have
identical effective diameter a and diffusion coefficient D, as
suggested in the literature.”*** (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.**°**” (4) The transport
properties of the electrode and electrolyte were taken as
constant. (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
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 of the electrode was ignored.
Simulations reported in this study for redox active electrodes
were based on the modified Poisson—Nernst—Planck (MPNP)
model for binary and symmetric electrolyte along with the
Frumkin—Butler—Volmer equation for redox reactions.”>>’
The governing equations, initial and boundary conditions, and
method of solution were described in detail in refs 59 and 60
and need not be repeated. They are reproduced in Supporting
Information for the sake of completeness. The MPNP model
[egs S1—S3] governed the spatiotemporal evolution of the
potential y(x,t) in the electrode and electrolyte as well as the
concentrations ¢;(x,t) of cations and c,(x,t) of anions in the
electrolyte. In addition, the concentration clyp(x,t) of ions
intercalated in the electrode was governed by the diffusion
equation [eq $4].°° Moreover, the potential y,(t) at the
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current collector/electrode interface was imposed as (i) a
harmonic function of time t for EIS simulations [eq S7] and
(i) a triangular function of time ¢ for cyclic voltammetry [eq
S8]. The potential and the ion concentrations remained as
their initial values at the centerline (Figure 2).

Constitutive Relationships. In order to solve the coupled
transient 1D equations as well as the initial and boundary
conditions, a total of 21 parameters were necessary including
(i) the electrode properties oy, ko, AWy €1pmav C1po @ and
D, p, (ii) the electrolyte properties c, z, €, 4, and D, (iii) the
dimensions of the simulated electrode and electrolyte domains
Lp and L, along with (iv) the operating conditions y,, W, and
f for EIS simulations and ¥, Wn. and v for cyclic
voltammetry, and (v) temperature T (in K).

The electrical conductivity o of the electrode, the length of
the electrolyte domain L, the redox reaction rate constant k,
and the bias potential . were treated as variables to achieve
various resistances. Most parameters were taken from the
literature. For electrodes consisting of transition metal oxides,
the equilibrium potential difference Ay, can be modeled as a
linear function of the state-of-charge (SOC) defined ad ¢, p/
C1pmaw Where ¢;p... is the maximum intercalated lithium
concentration in the pseudocapacitive electrode.”'~* Note
that for 1006/jm thick MnO, dense films, Al//eq(t) (in V) was
measured as

All/eq(t) = 10.5[4 = ¢; p(t) /€1 p max] — 399

3)
Here, ¢; p 0 Was taken as ¢ p ., & 31.9 mol/L, corresponding
to fully lithiated manganese dioxide LiMnO,.°* The initial
concentration of Li" in the electrode ¢, p, was chosen as the
equilibrium concentration solution for electrode potential
equal to . The transfer coeflicient a was assumed to be 0.5.
This choice was meant to reduce the parameter space of the
problem and to consider the ideal case of identical energy
barriers for forward and backward reversible redox reactions.”
The diffusion coefficient D,p of the intercalated Li" in the
transition metal oxides typically ranges from 107'¢ to 107
m?/s.%” Here, D, p was chosen as 107" m*/s.

As for the electrolyte, we considered 1 M LiClO, salt in
propylene carbonate (PC) solvent such that the bulk ion
concentration ¢, = 1 mol/L and valency z = 1. The dielectric
constant was taken as that of PC, that is, €, = 64.4.°® The
effective solvated ion diameter a and diffusion coefficient D
were taken as those of solvated Li* ions in PC such that a =
0.67 nm and D = 2.0 x 107! m?/s.%’

Finally, for EIS simulations, the oscillating potential
amplitude was set as Y, = S mV and the frequency f varied
between 0.1 and 8 X 10° Hz. For cyclic voltammetry, the
potential window was ¥, = 0 V and y,,,, = 0.5 V and the scan
rate v was very low, that is, v = 0.001 mV/s, to reproduce
conditions with no kinetic limitations. The temperature T was
set as T = 298 K. Table 1 summarizes the values or ranges of
these different input parameters.

B DATA PROCESSING

Faradaic and Capacitive Current Densities. The
current density at the electrode/electrolyte interface j(t) [eq
1] can be expressed as the sum of (i) the capacitive current
density jo(t) resulting from the electric double layer (EDL)
formation and (ii) the Faradaic current density j(t) related to
the redox reactions, that is, j(£) = jc(t) + je(t). The capacitive
current density jo(Lpt) can be defined as

24501

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

parameter symbol value unit
electrode conductivity op 107° to S/m
sx 107

maximum jon concentration Cipmax 319 mol/L
in the electrode

initial ion concentration in the  ¢;py 6.38—6.58 mol/L
electrode

reaction rate constant ko 107 to 1078 m!™3* mol™* s7!

transfer coefficient a 0.5

diffusion coefficient in the Dip 1071 m?/s
electrode

bulk ion concentration Coo 1 mol/L

valency z 1

dielectric constant €, 64.4

ion diameter a 0.67 nm

diffusion coefficient in the D 2.0 x 1071 m?/s
electrolyte

electrode thickness Lp 100 nm

electrolyte thickness L 16—64 pHm

bias potential 778 0.1-0.6 A%

amplitude of oscillating Yo S mV
potential

frequency f 0.1 to Hz

5% 10*
potential window Winin 0 A%
ylmax O'S V
scan rate v 0.001 mV/s
temperature T 298 K

. o’y
]C(LPJ t) = —gogr@([,l,, t) (4)

where €, = 8.854 X 107'? F/m is the vacuum permittivity. The
Faradaic current density jp(Lpt) can be defined by the
generalized Frumkin—Butler—Volmer model evaluated at the
electrode/electrolyte interface and expressed as®*

(1 — a)zFy(Ly, t)
R,T

jF(LP! t) = jF,ex(t) eXp

—azFy(Ly, ¢)
R,T

©)

where jg . (t) is the so-called exchange current density, F = eN,
= 9.648 X 10* C/mol is the Faraday’s constant, and R, = 8.314
J mol™ K" is the universal gas constant. The exchange current
density jg.(t) can be written as’""*

]'F’ex (t) = zFkolc,(Lp, t)]l_a[cl,P,max - CI,P(LPJ t)1*

[CLP(LP) t)]a (6)

In addition, the surface overpotential #7(Lp,t) necessary to
drive the redox reactions at the electrode/electrolyte interface
can be expressed as™*

Ly, 1) = Ayyy(t) — Ay (1) (7)

where Ay is the potential drop across the stern layer of
thickness H = a/2 and located between x = Lp and x = L, + H
(Figure 2).

Electrical Resistances. The electrical resistance Rp (in Q
m?) per unit surface area of the planar electrode and the bulk

DOI: 10.1021/acs.jpcc.8b05241
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Table 2. Simulation Parameters and Corresponding Resistances Rp, R, R, and R, Values for 9 EIS Simulations for

Pseudocapacitive Electrodes

case number op (S/m) L (um) ko (m'*3* mol™* s7')

1 1x10™* 64 10~

2 5% 107° 64 1070

3 1x10°° 64 10~

4 5% 107° 32 1070

S 5% 107° 16 1077

6 5% 107° 32 5% 107

7 5% 107° 32 1078

8 5% 107° 8 1078

9 5% 107° 8 0

i (V) Rp (Q cm?) R, (Q cm?) R, (Q cm?) R, (Q cm?)
0.1 10 42 24.3 20.2
0.1 20 4.2 13.5 114
0.1 100 4.2 7.6 6.6
0.1 20 2.1 17.1 149
0.1 20 1.05 199 17.7
0.1 20 2.1 1.4 1.1
0.1 20 2.1 0.6 0.5
0.1 20 0.53 0.7 0.6
0.2 20 0.53 0.7 0.6
0.3 20 0.53 0.8 0.7
0.4 20 0.53 0.9 0.7
0.6 20 0.53 1.2 1.0
0.1 20 0.53
0.3 20 0.53
0.6 20 0.53

electrolyte resistance R, (in Q m?) depend on the thicknesses
Ly and L and the electrical conductivities op and o, of the
electrode and electrolyte according to’*”*

Ry = Ly/op (8)
and
Ry ~ L/q, with o, = (22°F*Dc,)/(R,T) (9)

Moreover, the so-called charge-transfer resistance R (in Q
m?) under EIS simulations can be expressed as”*

’7—’7dc

R

ct

(10)

where 77 (in V) is the surface overpotential [eq 7], 774 is the
time-independent dc overpotential, jp (in A/m?) is the
resulting Faradaic current density, and jp4. is the time-
independent dc Faradaic current density. Here, # and jp can
also be expressed in complex notation as

i2aft—¢,(f)]

jF - jF,dc

n(t) =mny +nye and

I (t) = Jrac 1 ko S (11)
where 1, is the amplitude of the oscillating overpotential, ¢, (f)
is the frequency-dependent phase angle between the imposed
potential y,(t) and the overpotential 5(t), j, is the amplitude
of the oscillating Faradaic current density, and ¢p(f) is the
frequency-dependent phase angle between the imposed
potential () and the Faradaic current density jp(%).

Similarly, the mass-transfer resistance R, (in £ m*) caused
by ion transport in the diffuse layer can be expressed as**

Ay, —

Jg ~

Ay,
R D,dc

mt

(12)

where Ay, (in V) is the potential drop across the diffuse layer
of thickness L and located between x = Ly + Hand x = Lp +
H + Ly, (Figure 2), while Ay 4. is the time-independent dc
potential drop across the diffuse layer. Similarly, using complex
notations, Ay, can be expressed as

ell2t= 5 (f)]

]F,dc

Ay, = AWD,dc + Al//D,o (13)

24502

where Ay is the amplitude of the oscillating potential drop
across the diffuse layer and ¢p(f) is the frequency-dependent
phase angle between the imposed potential w,(t) and the
potential drop across the diffuse layer Ayp(t).

B EXPERIMENTAL METHODS

In order to validate experimentally the physical interpretation
of EIS obtained numerically, a redox active MoS, electrode was
synthesized. First, a slurry was prepared by mixing 70 wt %
MoS, nanoparticles, 10 wt % Super P (Alfa Aesar), 10 wt %
multiwall CNTs (mwCNT, Sigma-Aldrich), and 10 wt %
PVDF (Kynar) in N-methyl-2-pyrrolidinone (Sigma-Aldrich).
The MoS, nanoparticles were synthesized through the
sulfurization of MoO, nanoparticles according to a previously
reported procedure.”” Then, the slurry was drop-cast onto a 1
X 1 cm? carbon-coated aluminum current collector (MTI)
with a weight loading of 0.4 mg MoS, nanoparticles. The
electrode was dried in air overnight and under vacuum at 120
°C for at least 2 h. Finally, the electrode was placed in a three-
neck half-cell with activated carbon counter and (i) Li/Li* or
(ii) Na/Na* reference electrodes, where each electrode was
clipped to and immersed in (i) 1 M LiClO, (Sigma-Aldrich) in
ethylene carbonate/dimethyl carbonate (EC/DMC, 1:1 by
volume) or (ii) 1 M NaClO, (Alfa Aesar) in EC/DMC (1:1 by
volume) electrolyte. MoS, electrodes were conditioned prior
to EIS experiments using a 70 pA current (1C based on the
167 mAh/g theoretical capacity of MoS,) from 0.8 to 3 V vs
Li/Li" and 0.6 to 2.5 V vs Na/Na" for 10 cycles to ensure
conversion of the MoS, from the semiconducting 2H to the
semi-metallic 1T phase. EIS measurements were performed on
the MoS, electrode with a potential amplitude y; of 10 mV,
bias potential y;,. versus reference electrodes ranging between
1.8 and 2.2 V and frequency f ranging between 0.1 and 2 X 10°
Hz. Note that the electrodes were charged/discharged to each
bias potential using a low constant current of about 70 yA. In
addition, each bias potential was held until the current decayed
to half the original value before EIS measurements were
performed to ensure that the electrode was at equilibrium.

B RESULTS AND DISCUSSION

Table 2 summarizes the eight different cases considered to
identify the electrode Ry, electrolyte R, charge transfer R,

DOI: 10.1021/acs.jpcc.8b05241
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Figure 3. (a—c) Faradaic ji, capacitive jc, and total j, = jc + jr current densities as functions of the dimensionless time ft in one oscillating cycle for
frequency of (a) 2, (b) 20, and (c) 2000 Hz. (d) Amplitudes of current density oscillations as functions of frequency. (e) Faradaic current density j;
and overpotential # as functions of dimensionless time ft and (f) j vs # for frequencies f of 2, 20, and 2000 Hz under EIS simulations.

and mass transfer R, resistances from the Nyquist plots of
redox active electrodes in a three-electrode configuration.

Current Densities and Overpotentials. Figure 3a—c
shows the (i) Faradaic current density jp(t), (ii) capacitive
current density j.(t), and (iii) total current density j;(t) = jc(t)
+ jp(t) as functions of the dimensionless time ft during one EIS
cycle for case 1 (Table 2) at frequency f equal to (a) 2, (b) 20,
and (c) 2000 Hz. A phase shift between capacitive and
Faradaic current densities was observed at all frequencies. In
addition, the Faradaic current density jp(t) always dominated
over the capacitive current density jc(t) (i.e., jrac > jca.) and
their amplitudes were dependent on frequency. Figure 3d
shows the amplitudes of oscillations of (i) the Faradaic current
density jg, (ii) the capacitive current density jc, and (iii) the
total current density j,, as functions of frequency f. It indicates
that the amplitude of the Faradaic current density jr, was the
largest at low frequencies while that of the capacitive current
density jc, was the largest at high frequencies. In other words,
the major contribution to the impedance Z was the Faradaic
reactions at low frequencies and the EDL formation at high
frequencies.

24503

Moreover, Figure 3e shows the overpotential #(t) and the
Faradaic current density j(t) as functions of the dimensionless
time ft for case 1 (Table 2) at frequency f equal to 2, 20, and
2000 Hz. It indicates that # and jp were in phase at all
frequencies, that is, ¢,(f) = ¢e(f) [eq 11]. Figure 3f shows ji
as a function of # for EIS simulations for case 1. It established a
linear relationship between jz and # for all frequencies
considered. In addition, the amplitude 7, of the overpotential
oscillations were very small. Note that similar conclusions can
be drawn from the plot of j; as a function of Ay, (Figure S1 in
Supporting Information). Thus, the charge transfer resistance
and mass transfer resistance, given by eqs 10 and 12, can be
estimated as

1 _ ]F(t) - jF,dc a]}:
Rct ﬂ(t) - ﬂdc 5’7 n=n, (14)
1 je () = I de 9
Raw A0 = Ay 98, Ay =Ayy, (15)
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In other words, 1/R and 1/R,, correspond, respectively, to
the slope of ji versus 7 and j versus Ay, near the dc operating
points. Figure 3f also indicates that R, was independent of
frequency. Similar observations can be made for the mass
transfer resistance R, [Figure S1b in Supporting Information].

Interpretation of Nyquist Plots. Electrode Resistance
Rp. Figure 4 shows the Nyquist plots for the electrodes of cases

Case 1
RP=16 Qem?
(a) R,=4.2 Q cm?

50 TR =24.34 O cm?
R,,=20.20 Q cm?
40 1R, + R =44.54 O cm? E
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\
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Figure 4. Nyquist plots for redox active electrodes for cases 1-3
featuring electrode resistance R}, equals to (a) 10, (b) 20, and (c) 100
Q cm?

1-3 featuring electrode electrical conductivity o, equal to (a)
1x 107 (b) $ X 1075, and (c) 1 X 107 S/m, corresponding
to electrode resistance R, [eq 8] equal to (a) 10, (b) 20, and
(c) 100 Q cm?, respectively. All other parameters remained the
same in these three cases (Table 2). Note that all values of
—Z;, simulated were positive for all frequencies. Figure 4
indicates that the high-frequency intersection of the Nyquist
plot with the Z -axis (corresponding to R, in Figure 1)

increased with decreasing conductivity op and was systemati-
cally equal to the electrode resistance Rp. Note that the contact
resistance was neglected in the current simulations. However,
it can be modeled as a resistor in series with the electrode
resistance Rp. Its sole effect would be a horizontal shift of the
Nyquist plot along the Z -axis. The same observations have
already been made for simulations of electrochemical double
layer capacitor (EDLC) electrodes.”

Moreover, the diameter of the semicircle at high frequencies
(corresponding to Ryg = Ry — R, in Figure 1) was not affected
by the electrode conductivity and was equal to 4.2 Q cm” in all
cases. By contrast, the diameter of the semicircle at lower
frequencies (corresponding to Rgc = Rc — Rp in Figure 1)
decreased with decreasing electrode conductivity op.

Bulk Electrolyte Resistance R,. Figure S shows the Nyquist
plots for electrodes of cases 2, 4, and S featuring electrolyte

Case 2
50 T

Rp=20 Q cm?
(a) R, =4.2 Q cm?
40 4R=13.5 Q cm? i
R,=11.7 Q cm?
R, +R,,=25.2 Q cm?
—~304 i

— y, =01V

Case 4

R,=20 Q cn?
(b) R,=2.1 Q cm?
[R,=17.1 Q cm?
R,,=14.9 Q cm?
40 4R, + R, =32.0 Q cm? E

mt

60

Case 5
Ry=20 O cm?
(c) R,=1.05Q cm?
F'R.=19.9 Q cm?
R,=17.7 Q cm?
40 4R, + R, =37.6 Q cm? E

Figure S. Nyquist plots for redox active electrodes for cases 2, 4, and
S featuring bulk electrolyte resistance R, equals to (a) 4.2, (b) 2.1,
and (c) 1.05 Q cm*
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thickness L equal to (a) 64, (b) 32, and (c¢) 16 um,
corresponding to bulk electrolyte resistance R, [eq 9] equal to
(a) 42, (b) 2.1, and (c) 1.05 Q cm?, respectively. All other
parameters remained the same in these three cases. Here, the
electrode resistance R, was constant and equal to 20 € cm? for
all three cases. A previous conclusion identifying Ry = Rp was
also valid for these cases. In addition, Figure S establishes that
the diameter of the semicircle at high frequencies (correspond-
ing to Ryg = Ry — R, in Figure 1) was equal to the bulk
electrolyte resistance, that is, Ry = R,. In fact, the same
observations were made for EDLC electrodes.”> Moreover,
increasing the electrolyte thickness L reduced the diameter of
the semicircle at lower frequencies, corresponding to Ryc = R¢
— Ry (Figure 1).

Charge Transfer R, and Mass Transfer R, Resistance. To
further explain the diameter of the semicircle at intermediate
frequencies (Rpc in Figure 1), charge transfer resistance R
and mass transfer resistance R, were varied by changing the
reaction rate constant k,. Figure 6 shows the Nyquist plots for
electrodes for cases 4, 6, and 7 featuring redox reaction rate
constant k, equal to (a) 107, (b) § X 107%, and (c) 107® m**
mol™®® s7'. These cases corresponded to charge transfer R
[eq 10] and mass transfer R, [eq 12] resistances equal to (a)
24.3 and 20.2 Q cm?, (b) 13.5 and 11.7 Q cm?, and (c) 7.6 and
6.6 Q cm? respectively. All other parameters remained the
same in these three cases. In particular, R, and R, were equal
to 20 and 2.1 Q cm’ respectively. Here also, previous
identifications of Ry = Rp and Ry = R, remained valid in these
cases. Figure 6 establishes that the diameter of the semicircle at
lower frequencies Ry (Figure 1) was systematically equal to
the sum of charge transfer resistance R, and mass transfer
resistance R, estimated using eqs 14 and 15, that is, Rgc = Ry,
+ R

In addition, Figures 4 and 5 indicate that R, and/or R,
decreased with (i) decreasing electrode conductivity op and
(i) increasing electrolyte thickness L. To explain the trend in
R, Figure 7a,b shows (i) jr versus 7 and ji versus Ay, under
cyclic voltammetry at very low scan rate (v = 0.001 mV/s),
where there are no kinetic limitations and (ii) the points (774,
jeac) and (Awp g jpa.) obtained from EIS simulations and
averaged from all frequencies considered for difterent values of
(a) op in cases 1-3 and (b) L in cases 2, 4, and S. The figures
indicate that the j;—#n curve remained nearly the same for
different values of op and L. In addition, the slope of the jz—7
curve at (74, jrgc), corresponding to 1/R,, [eq 14], decreased
with increasing dc overpotential 74, which increased with
increasing op and decreasing L. Similar observations were
made for j;—Ayy, curve and 1/R .

To further explain the trend in the overpotential 7y =
Ayyge — AWeqqc and potential drop across the diffuse layer
Ay 4., Figure 7¢,d shows the dc potential drops across (i) the
electrode Ayp gy, (ii) the stern layer Aygg, (iii) the diffuse
layer Ay 4., and (iv) the bulk electrolyte Ay, 4. for different
values of (c) op in cases 1—3 and (d) L in cases 2, 4, and S.
Note that the imposed dc potential yy at the current collector
is such that

l‘l{ic = All/P,c]c + Al//H,dc + AU/D,c]c + Al//oo,dc (16)

Figure 7c indicates that the potential drops Ay g, Ayp 4o
and Ay, 4 increased with increasing op to compensate for the
decrease in the potential drop across the electrode Ayp 4. so as
to maintain the imposed yg. Similarly, Figure 7d establishes
that the potential drops Ayp g, Ay g, and Ay 4. decreased
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(a) R,=2.1 Q cm?
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R,,=14.86 Q cm?

‘mt
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2:
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5TR,=0.63 Q cm? ]
R,,=0.51 Q cm?
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B
a 3T R, . R Rm + Rm‘l ]
= e e >
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Figure 6. Nyquist plots for redox active electrodes for cases 4, 6, and
7 featuring charge transfer R, and mass transfer R, resistances of (a)
24.3 and 20.2 Q cm?, (b) 13.5 and 11.7 Q cm? and (c) 7.6 and 6.6 Q
cm?, respectively.

with increasing electrolyte thickness L to compensate for the
increase in the potential drop across the bulk electrolyte
Ay, 4o while yy  remained constant. In other words, both
potential drops Ays 4. and Ay 4 increased with increasing op
and decreasing L. In addition, under EIS simulations, the
variation of SOC of the electrode was negligible, resulting in
nearly constant Ay, 4.. Thus, the dc overpotential 775 = Ay 4
— Aygqc and the charge transfer resistance R varied like
Ay g, that is, they increased with increasing electrical
conductivity and decreasing electrolyte thickness L. Note
that the potential drop across the diffuse layer Aysp, 4. and the
potential drop across the stern layer Ay 4. were related © (see
detailed derivation in Supporting Information). Therefore, the
charge transfer resistance R, [eq 10] and the mass transfer
resistance R, [eq 12] were coupled and could not be
separated in the Nyquist plot.
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Figure 7. (a,b) Faradaic current j; as a function of overpotential # and of potential drop across the diffuse layer Ay, under cyclic voltammetry at
very low scan rate (v = 0.001 mV/s) as well as (14, jgac) and (Ap 4o jrac) (averaged from all frequencies considered) from EIS simulations and
(c,d) dc potential drops from EIS simulations for different values of (a,c) op in cases 1—3 and (b,d) L in cases 2, 4, and S.

Effect of Bias Potential yy. Figure 8a shows the Nyquist
plot for cases 8 and 9 with bias potential g ranging from 0.1
to 0.6 V. All parameters were identical in cases 8 and 9 except
for ky equals to ky = 107 m** mol™®° s™! in case 8 (redox
active) and k, = 0 in case 9 (EDLC) (Table 2). Two
semicircles were observed for case 8, whereas only one
semicircle and a nearly vertical line were observed for case 9. It
is important to note that the high frequency semicircle AB for
cases 8 and 9 overlapped. In addition, the intercept of the
Nyquist plot with the Z,, axis (point A) and the semicircle AB
at high frequency were independent of yy. Indeed, the
resistances of the electrode Rp and bulk electrolyte R, are
properties of the electrode and electrolyte. They were both
independent of redox reactions and of i, as indicated in eqs 8
and 9. Moreover, the nearly vertical lines (diffusion tail)
observed for case 9 were also nearly independent of dc
potential yy,, as previously observed for EDLC electrodes.”
The slope of the line indicated whether the charging process
was controlled by EDL formation (large slope) or limited by
ion diffusion in the electrolyte (small slope).”* Here, the slope
of the nonvertical line was very steep, indicating that the
charging process was controlled by EDL formation in absence
of Faradaic reactions.

Furthermore, for case 8, the diameter of the semicircle BC at
lower frequency, that is, the charge and/or mass transfer
resistances R and R, increased with increasing ;.. Indeed,
Figure 8b plots the Faradaic current density jg versus
overpotential # and ji versus potential drop across the diffuse
layer Ay, under cyclic voltammetry at very low scan rate (v =

0.001 mV/s), that is, without kinetic limitations. It also plots
the corresponding points (74, jg,a.) and (Ayp 4o jia.) averaged
from all frequencies under EIS simulations for the different bias
potential gy, considered. It indicates that (i) the dc
overpotential 7,. increased with increasing bias potential yg,
and (ii) the slope of the jz—# curve at point (74, jg,4.), that is,
1/R., decreased with increasing 74.. A similar conclusion can
be drawn for Ayp and thus for 1/R,,.

Comparison with Experimental Data. Figure 9a shows the
Nyquist plots reported in the literature and obtained
experimentally for the LiNi,¢Coy,Mn,,0, electrode in 1 M
LiPF4 in EC and ethyl-methyl carbonate (EC/EMC, 3:7)
electrolyte for a bias potential wy. of 3.7—42 V.> The
experiment was performed in coin-type cells with lithium foil
as the counter and reference electrode.® Here, the lithium foil
electrode was not expected to contribute to the semicircles of
the Nyquist plot due to strong redox activity, while the Ohmic
resistance of the Li electrode could cause a horizontal shift of
the Nyquist plot along the Z -axis. The Nyquist plots featured
two semicircles and closely resembled numerically generated
Nyquist plots illustrated in Figure 8a. Note that similar trends
were observed in the Nyquist plots obtained for other material
systems including corrosion test of SiC composite in sodium
hydroxide solution®® and dye sensitized solar cells.'**>*** In
addition, neither the high-frequency intersection of the
Nyquist plot with the Z-axis R, nor the diameter of the
high frequency semicircle Ry was affected by yy. Similarly,
the resistance Rpc, interpreted as the charge R, and/or mass
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Figure 8. (a) Nyquist plot for cases 8 (redox reactions) and 9 (no
redox reactions) with bias potential wy. of 0.1-0.6 V. (b)
Corresponding Faradaic current density jp as a function of
overpotential # and of potential drop across the diffuse layer Ayy
under cyclic voltammetry at very low scan rate (v = 0.001 mV/s) as
well as (74 jgac) and (Ayp gy jra.) (averaged from all frequencies
considered) from EIS simulations for case 8.

R, transfer resistances, increased with increasing yy,, as also
observed in the simulations.

Figure 9b,c shows the Nyquist plots obtained experimentally
for MoS, mesoporous electrodes in a three-electrode
configuration in (b) 1 M NaClO, (EC/DMC) and (c) 1 M
LiClO, (EC/DMC) electrolytes for bias potential . ranging
between 1.8 and 2.2 V. For both systems, the experimentally
measured Nyquist plots feature two partially overlapping (or
depressed) semicircles at high frequencies as well as a
nonvertical line at low frequencies. The fact that the two
semicircles overlapped could be attributed to the fact that ion
transport in the electrolyte (corresponding to R,,) and ion
intercalation into the MoS, electrode (related to R, and/or
R,.) took place simultaneously throughout the porous
electrode. In addition, for both systems, the high-frequency
intersection of the Nyquist plot with the Z,.-axis (point A) and
the high frequency arc AB were not affected by y,. These
experimental observations agreed with numerical simulations
presented earlier. Moreover, the resistance R, was identical in
both experimental systems. This was consistent with the
interpretation that R, corresponded to the electrode resistance
and the fact that both electrodes were nearly identical. In fact,
the electrode resistance was equal to 10 € and similar to that
of activated carbon electrodes (5—10 Q) of similar dimensions
reported in our previous study.”” On the other hand, the
resistance R, for the system with NaClO, electrolyte [Figure

9b] was larger than that for LiClO, electrolyte [Figure 9c].
This was in line with the fact that R,y corresponded to the bulk
electrolyte resistance and that NaClO, in EC/DMC feature
lower ionic conductivity (~5 mS/cm)”’ than LiClO, in EC/
DMC (~8.4 mS/cm)78 at room temperature.

Furthermore, for both systems, the diameter of the second
arc BC, that is, the resistance Rpc, increased with increasing
W4 This was consistent with numerical simulations in the
presence of redox reactions (case 8, Figure 8). In addition, for
any given bias potential, the resistance Rzc for NaClO,
electrolyte was larger than that for LiClO, electrolyte. Note
also that the pseudocapacitive charge storage mechanism for
MoS, electrode is mainly due to ion intercalation.”” However,
the kinetics of Na* intercalation into the MoS, electrode was
slower than that of Li" because of the larger radius and heavier
mass of Na* compared with Li*.””*" This resulted in larger
charge and mass transfer resistances in the NaClO, than in the
LiClO, electrolyte.

Moreover, the nonvertical line beyond point C could be
assigned to ion transport limitation in the electrolyte in the
porous electrodes or in the diffuse layer of the EDL. This
feature was not observed (i) in numerical simulations for
planar redox active electrodes [case 8, Figure 8a] or (ii) in
experiments for electrodes made of battery-type Li-
Nip¢C0g,Mn,,0, material shown in Figure 9a.” The latter
can be attributed to the dominance of Faradaic reactions at low
frequencies (beyond point C). However, a similar nonvertical
line was observed in numerically generated Nyquist plots for
EDLC electrodes [case 9, Figure 8a], as previously discussed.
In fact, by contrast with planar pseudocapacitive electrodes or
battery electrodes,” the current contribution from EDL
formation was likely large in the highly porous MoS, electrodes
due to the large surface area offered by other constituents of
the electrodes (e.g, mwCNTs).

Finally, Figure 9d shows the internal resistance R retrieved
from the “IR drop” in galvanostatic cycling (see Supporting
Information) as a function of the imposed current igc (1—8
mA) as well as Ry = R, + Ry retrieved from the Nyquist plots
for the two systems considered in Figure 9b,c. It indicates that
Rec was nearly independent of the imposed current I and
was approximately equal to Rp. Note that Rgc has been
attributed to the Ohmic resistance of the system®' and is equal
to the sum of the electrical resistance of the electrode R, and
the ionic resistance of the electrolyte Ry,.>*”**'~* This result
confirms the physical interpretation developed from the
numerical simulations establishing that Rz = Rp + R,

B CONCLUSIONS

This study presented physical interpretations of EIS results for
redox active electrodes. The Nyquist plots presenting the
imaginary and real parts of the complex impedance of
individual electrodes were numerically reproduced based on
the MPNP model along with the generalized Frumkin—
Butler—Volmer equation for redox reactions and closely
resembled experimental measurements. This study established
that intercepts with the real axis, Rs, Ryp, and Ryc (shown in
Figure 1) can be interpreted as the electrode resistance, the
electrolyte resistance, and the sum of charge and mass transfer
resistances, respectively. Furthermore, the electrode and bulk
electrolyte resistances were independent of the bias potential,
while the sum of the charge and mass transfer resistances
increased with increasing bias potential. Finally, these results
and interpretations were confirmed experimentally for
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LiNij 4C0,Mng,0, and MoS, electrodes in organic electro-
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B NOMENCLATURE

a effective ion diameter (nm)

c ion concentration (mol/L)

C1p concentration of intercalated ion in the pseudocapa-
citive layer (mol/L)

C1po initial concentration of intercalated ion in the

pseudocapacitive layer (mol/L)

maximum concentration of intercalated ion, ¢, p ., =
mp/M (mol/L)

D diffusion coefficient of ions in electrolyte (m?/s)

Cl,P,max

ORCID Dyp diffusion coefficient of intercalated ion in the
o 2

Sarah H. Tolbert: 0000-0001-9969-1582 pseudocapacitive electrode (m®/s) 1o
Bruce S. Dunn: 0000-0001-5669-4740 ¢ elementary charge, ¢ = 1.602 X 107~ C
L t Pilon: 0000-0001-9459-8207 s frequency (Hz)

aurent Frion: “0001-9459- F Faraday’s constant, F = eN, = 9.648 X 10* C mol™
Notes H stern layer thickness (nm)
The authors declare no competing financial interest. i imaginary unit, i* = —1

24508 DOI: 10.1021/acs.jpcc.8b05241

J. Phys. Chem. C 2018, 122, 24499—24511


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jpcc.8b05241
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b05241/suppl_file/jp8b05241_si_001.pdf
mailto:pilon@seas.ucla.edu
http://orcid.org/0000-0001-9969-1582
http://orcid.org/0000-0001-5669-4740
http://orcid.org/0000-0001-9459-8207
http://dx.doi.org/10.1021/acs.jpcc.8b05241

The Journal of Physical Chemistry C

I imposed current (A)

j current density (A/m?)

JEex exchange current density due to Faradaic reactions
(A/m?)

ko reaction rate constant (mz‘5 mol~%* s

kg Boltzmann constant, kg = 1.38 X 107 m* kg s> K

L total thickness of the electrolyte domain (nm)

Ly thickness of the diffuse layer (nm)

Ly total thickness of the pseudocapacitive electrode
(nm)

f. cycle number

N, Avogadro number, N, = 6.022 X 10** mol™’

N, ion flux of species i (mol m™ s™")

R, charge transfer resistance (Q m?)

R mass transfer resistance (Q m?)

Rp pseudocapacitive electrode resistance (£ m?)

R, bulk electrolyte resistance (Q m?*)

R, universal gas constant, R, = 8.314 J mol™' K™

T local temperature (K)

t time (s)

tq cycle period for cyclic voltammetry (s)

v scan rate for cyclic voltammetry (V/s)

z ion valency

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

Zies Zim real and imaginary parts of the impedance (Q m* or
Q)

B GREEK SYMBOLS

a, transfer coeflicient; €, vacuum permittivity, €, = 8.854 X
1072 F m™Y; ¢, dielectric constant of the electrolyte; 7,
overpotential (V); v, packing parameter; o, electrical
conductivity (S/m); ¢, phase difference between y, and j;
(rad); ¢bp, phase difference between y, and Ay (rad); ¢y,
phase difference between v and ji (rad); ¢, phase difference
between y, and 7 (rad); y, electric potential (V); Wiy Winaw
minimum and maximum of the potential window (V); Ay,
potential drop (V); Ay, equilibrium potential difference V)

B SUPERSCRIPTS AND SUBSCRIPTS

oo, refers to bulk electrolyte; 0, refers to the amplitude of
oscillations; C, refers to the capacitive component; D, refers to
diffuse layer; 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; P, refers to pseudocapacitive electrode;
s, refers to electrode/current collector interface
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