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Abstract We demonstrate the Laplace transform (LT) imped-
ance technique for measuring electrochemical lithiation and
delithiation in the two-phase system of spinel Li; . ,Mn,O4
(0 <x <1). Square constant charge or discharge current pulses
with various current densities are applied to the equilibrated
Li; ,5sMn,0, system, and the response overpotential is record-
ed with various sampling rates. The LT of the current and
overpotential as a function of time gives frequency-
dependent impedance spectra. The results show asymmetric
impedance between charge and discharge. In particular, induc-
tive loop resistance, which may stem from the nucleation and
growth mechanisms, is visible for mainly the anodic
(charging) process. The LT impedance is fitted by a complex
non-linear least squares technique. The resulting separated
resistances decrease with current density in the lower
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frequency region, indicating non-ohmic Butler—Volmer-type
behavior.
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Introduction

Research and development of spinel LiMn,O, for positive
electrode in rechargeable Li-ion batteries are vital; LiMn,Oy
is cheap, and its mineral resources are abundant compared
with widely used LiCoO, and related ceramics [ 1-4]. A major
obstacle to obtaining high energy densities in Li; , \Mn,Oy, is
poor cycle and rate performance in the compositional range of
x = 0 to 1, and thus only half of its theoretical capacity is
available (148 mAh/g for Li; . Mn,O4 (0<(1+x)<1)).In
general, this poor performance arises from the phase transition
from the cubic to the tetrahedral Li,Mn,0,4 phase via a two-
phase reaction and the Jahn—Teller distortion effect of Mn**
ions. Okubo et al. improved the rate performance by control-
ling the particle size, and the two-phase interface of the
LiMn,0, and Li,Mn,04 phases in the particles plays a crucial
role in the kinetics of processes, such as nucleation and growth
[5].

Therefore, quantitative studies of reaction kinetics are es-
sential to understanding and improving the reaction rates, par-
ticularly for the two-phase system. The AC impedance tech-
nique is widely used to evaluate the kinetics of various ele-
mental reactions and processes, such as ohmic resistances
(electronic conduction in electrode composites and ionic con-
ductivity in electrolyte solutions), charge transfer reactions at
the interface between the electrode and the electrolyte and
diffusion of lithium in solid electrode particles or in liquid
electrolyte in the micropores or mesopores of the electrode
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composite [6]. In particular, the mechanism of interfacial
charge transfer reactions is still uncertain. Recently, in a study
using AC impedance measurements and ab initio density
functional theory calculations, we suggested that in Li; ,
Mny,Oy4 (0 < (1 + x) < 1), two processes are involved in the
interfacial reactions, namely desolvation and lattice incorpo-
ration, owing to the chemical potential gradient at the elec-
trode surface [7, 8]. However, there are technical limitations to
typical AC impedance measurements. The method cannot dis-
tinguish charge and discharge reactions because of AC bias,
and it is hard to evaluate the electrochemical polarization de-
pendence as a function of current density. The electrochemical
polarizations of the interfacial charge transfer reaction and
diffusion of Li are non-ohmic. Therefore, direct polarization
measurements under high-rate conditions are necessary, par-
ticularly for electric vehicle batteries, which require high-rate
performance. In addition, the two-phase reaction may include
nucleation and growth (domain boundary moving) processes
that do not occur in solid solution systems. Nucleation and
growth mechanisms may be difficult to distinguish and eval-
uate by AC impedance measurements, because small pertur-
bations of AC voltage amplitude are not sufficient to exceed
oversaturation or to form nucleation embryos. However, DC-
based electrochemical techniques are unconstrained by the
drawbacks of AC impedance measurements. Ohkubo et al.
used the potential intermittent titration technique (PITT) for
the Li,Mn,O4 (1 <x <2) system and evaluated the activation
energy of the moving two-phase boundaries in the particle
based on the core-shell phase separation in the single particle
and considering nucleation and growth mechanisms devel-
oped with the Johnson—Mehl-Avrami model [5, 9—11]. In this
model, the effective overall reaction rate containing the speed
of the domain boundary movement was quantitatively evalu-
ated, which may appear in the low-frequency region.
However, Bai et al. suggested a mathematical model, in which
phase-transforming nanoparticles in porous electrodes consist
of lithiated and delithiated particles as the stable phase and
active particles as the intermediate transition state for the
LiFePO,/FePO, system [12]. Further investigation requires
alternative electrochemical methods because PITT may not
be able to distinguish elemental reactions and processes in
the high- and middle-frequency regions arising from process-
es such as nucleation and charge transfer reactions.

Recently, Huang et al. proposed an improved AC imped-
ance measurement technique under charge (discharge) current
flow and used the technique to measure the electrochemical
reaction of Li; , ,Mn,O4 spinel compounds [13, 14].
However, the method is limited to higher frequency regions
corresponding to the range of the current pulse duration.

Takano et al. proposed impedance spectroscopy using the
Laplace transform (LT) for the time-dependent response current
(voltage) profile to DC voltage (current) perturbation [15, 16].
This technique may be a promising alternative to small-
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amplitude AC sine-wave voltage perturbation. Conventional
fitting procedures based on equivalent circuits can also be used
for the LT impedance spectra, and thus the method can analyze
the electrochemical polarization behavior of the charge or dis-
charge reaction separately as a function of current density.

In this study, the electrochemical polarization of the two-
phase reaction in Li; , \Mn,O4 (0 <x < 1) is evaluated from
the LT impedance spectra as a function of current density (C-
rate) and its dependence on the charge or discharge reaction.
We mainly focus on using the LT impedance method to ob-
serve the electrochemical behavior of the two-phase reaction
phenomenologically; thus, clarifying the elemental reaction
mechanism is beyond the scope of this study.

Experimental

The LiMn,0,4 samples were prepared by a conventional solid-
state reaction. Mn,Os was prepared by preheating MnCOs at
600 °C for 24 h. A stoichiometric mixture of Li,CO3 and
Mn,05 was heated at 820 °C for 3 days in air and then cooled
at a rate of 0.5 °C/min. The phase and the lattice parameters
were determined by powder X-ray diffraction (XRD;
MiniFlex 600, Rigaku Co., Ltd.) with Cu K« radiation.
Particle morphology and size were evaluated by scanning
electron microscopy (SEM) and nitrogen gas adsorption/
desorption isotherm measurements with Brunauer—Emmett—
Teller (BET) theory.

The slow speed galvanostatic electrochemical Li" insertion
and open circuit voltage (OCV) were measured with a three-
electrode cell. The working electrode was a mixture of 70 wt%
sample powder, 25 wt% acetylene black (AB), and 5 wt%
poly (tetrafluoroethylene) binder. Li foil (Aldrich) was used
as the counter and reference eclectrode, and 1 M LiClO, in
ethylene carbonate (EC) and diethylene carbonate (DEC)
was used as the electrolyte (EC/DEC = 1:1, Tomiyama Pure
Chemical, Ltd.). Electrode sheets used for DC galvanostatic
pulse cycle measurements consisted of an active material
(LiMn,0,), AB as an electronic conductive agent, and poly
(vinylidene fluoride) as a binder at a weight ratio of 80:10:10.
The mixture was ball milled at 2000 rpm for 15 min with agate
milling balls. A lithium metal counter electrode and 1 M
LiClO4 in EC/DEC = 1/1 (v/v) electrolyte solution were used.
We assembled airtight three-electrode beaker cells and two-
electrode coin cells in an Ar-filled glove box.

The electrochemical tests were performed at 20 °C with a
multichannel potentio-galvanostat equipped with impedance
modules (VMP3, Bio-Logic). OCV measurements were carried
out with a galvanostatic electrochemical Li insertion at a rate of
0.05 C followed by a sufficient relaxation time of 12 h. DC
galvanostatic pulse cycle measurements for LT impedance mea-
surements were performed by using the method in our previous
study [17]. The composition was x = 1.25 in Li,Mn,O4, which
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was obtained by galvanostatic Li insertion and an 8-h relaxation
under open circuit conditions. Galvanostatic cathodic and anodic
(discharge and charge) square-wave pulses were alternately ap-
plied at various current densities from 0.3 to 2.0 C. The duration
of the square-wave pulse was 20 s (<2 C) or 10 s (for 2.0 C), with
intermittent relaxation for 8 h (galvanostatic cycles). The re-
sponse voltage profile against time, w(f), was recorded by a
four-channel logger with various sampling rates in order to cover
various frequency range. In detail, the sampling rates are 1000,
100, 10, and 1 points per second with a sampling duration of 50,
180, 1200, and 28,800 s, respectively. The electrochemical po-
larization, 7)(¢), was calculated by subtracting OCV from the
response voltage, v(?).

The LTs, I(s) and V(s), of the inputted current and response
polarization, i(f) and 7(f), are calculated as

V(s) = / :v(t)e“dt ()

I(s) = / :v(t)eStdt 2)

where s is the Laplace parameter expressed as
s=a+jw (3)

where j is an imaginary unit, (—1)""%, a is a positive real con-
stant, a = 275/T, w is the angular frequency, and T is the ana-
lyzing period according to the literature [15, 16]. As a result,
the Laplace impedance function, Z; (s), is defined as

Zi(s) = V(s)/1(s)- (4)

The frequency-dependent complex impedance, Z(w), is ap-
proximated by a first-order Maclaurin expansion as

aZL(S)

Z(w)~Zy(s) + B

(-a) (5)

The details are described in the literature [15, 16]. Note that
frequency range of LT impedance method, in principle, de-
pends on the sampling rate and total sampling period for
higher and lower frequency ends, respectively. Technically,
increasing of sampling rate leads to scattering of each voltage
response measurement. Since LT impedance technique is sen-
sitive to noise signal, the high frequency end was set as
100 Hz in the present experimental condition, using Li/
LiMn,0, two-electrode coin-type cell. In addition, we set
the minimum current density as 0.1 C in order to obtain suf-
ficiently qualified spectra.

Results and discussion

Figure 1a, b shows the powder XRD patterns and SEM im-
ages of synthesized LiMn,Oy, respectively. The images
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Fig. 1 XRD pattern (a) and SEM images (b) of LiMn,O,

confirm the formation of the spinel structure (space group:
Fd-3m), where Li and Mn ions occupy tetrahedral 8a and
octahedral 16d sites, respectively. The grain size of ~0.5 pm
obtained from the SEM image is also supported by the BET
measurements (0.475 £ 0.02-um diameter, Fig. S-1 in the
supplementary material).

Figure 2 shows the voltage profile of Li; , ,Mn,04
(0 <x <0.8) as a function of composition x obtained by the
galvanostatic intermittent titration technique (GITT) using a
three-electrode cell. OCVs obtained after 12-h relaxation are
constant regardless of composition x, indicating two
coexisting reactions. The electrochemical polarization in-
creases rapidly at x > 0.7, despite the constant OCV. This
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Fig. 2 Variation of the voltage with Li* insertion as a function of
composition x in Li; , ,Mn,O4 by GITT with a three-electrode cell.
Lithium metal is used for the reference electrode. Filled circles
represent the OCV after an 8-h relaxation
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agrees qualitatively with the previous report by Okubo et al.
[5], owing to slow diffusion in the core-shell configuration of
Li-rich and Li-poor phases in the particle. Therefore, we set
the initial composition as x = 0.25 for the galvanostatic pulse
cycles to avoid the slow diffusion effect.

The measured DC electrochemical polarization profiles as
a function of time are presented in Fig. 3a. A coin-type two-
electrode cell is used for the measurement. The duration of the
corresponding galvanostatic square wave is 10 (for 2 C) or
20 s (<2 C). The polarization profiles at various C-rate pulses
are obtained by cycling charge/discharge pulse sequence.
Conventional AC impedance measurements (10 mV for AC
amplitude and 10 mHz-10> Hz for the frequency range after
relaxation) were performed before and after charge/discharge
pulse cycles (Fig. 3b), and no marked difference is observed in
the spectra. Thus, it is confirmed that were no degradation of
electrochemical reaction during the charge/discharge pulse
cycles.

The lower C-rate pulse shows symmetric electrochemical
polarization profiles against the OCV (0.1 C), indicating no
marked difference between charge and discharge polarization
processes. On the other hand, higher C-rate pulse shows
asymmetric electrochemical polarization profiles, i.e., differ-
ent charge/discharge polarization mechanisms. In detail, at a
low rate of 0.1 C, an abrupt increase in the electrochemical
polarization at the beginning of the voltage response is follow-
ed by a monotonic increase in the polarization as a function of
time for both the charge and discharge pulses. This can be
explained by the conventional interpretation of electrochemi-
cal reactions and processes. The initial abrupt increase of elec-
trochemical polarization in Fig. 3 mainly stems from the ohm-
ic resistance, whereas the gradual increase in the polarization
arises from the diffusion process. The ion exchange reaction
covers the region between the ohmic resistance and diffusion
processes, and thus separating the three types of

(@)

Fig. 3 a Typical polarization
profile for a galvanostatic charge—

electrochemical polarization is technically difficult. In addi-
tion to these common features between charge and discharge,
a momentum increase in the electrochemical polarization im-
mediately after the abrupt increase caused by ohmic resistance
is visible as a response to a higher C-rate charge (anodic)
current pulse (>1 C). This momentum increase in the voltage
profile indicates deviation from the lowest energy path based
on bulk thermodynamics. An example is a nucleation-driven
kinetics. Figure 4a shows the LT impedance spectra (100 of
the obtained polarization profiles at the charging current den-
sity of 0.1 C and corresponding AC impedance spectra
(10 mV for AC amplitude and 10 mHz-10° Hz for the fre-
quency range after relaxation). The LT impedance spectra is
slightly scattered above 100 Hz due to inclusion of noisy
signal in response voltage profile at high-sampling rate mea-
surement. The arks at the lower frequency region than 100 Hz
are close each other, indicating almost linear (ohmic) response
of voltage profile for the current density of 0.1 C. On the other
hand, a large difference between LT and AC impedance spec-
tra is indicated at the high current density of 2.0 C as shown in
Fig. 4b, c. In detail, the real part of the LT impedance (2”) at
the highest frequency is similar to that of the AC impedance at
the corresponding frequency for all the current density condi-
tions. Therefore, there are no major differences between the
LT and the AC impedance spectra in the higher frequency
region (>100 Hz). However, the LT impedance in the lower
frequency region (<100 Hz) is smaller than the AC impedance
and decreases with current density. Therefore, the results in-
dicate a non-ohmic effect against current density in the lower
frequency region. The semicircle in the lower frequency re-
gion (0.2-6 Hz) is observed in the anodic and cathodic LT
impedance spectra. These semicircles may arise from the ion
exchange process at the electrode surface, or, more specifical-
ly, the lattice incorporation mechanism, because the frequency
region is the same as that reported in previous studies [7, &,
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Fig. 4 LT impedance spectra around x ~0.25 in Li; . ,Mn,O, at a rate of
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18]. In addition, the inductive loop resistance, which is negli-
gible in AC impedance measurements [13], is visible for the
LT impedance spectra under the anodic and higher current
density conditions. These characteristic inductive loops are
ascribed to the momentum increase in the electrochemical
polarization profile during charging (Fig. 3) due to decreasing
of polarization (response voltage) profile with time, i.e., phase
lead component in impedance spectra [19, 20].

Based on these observations, we propose a model equiva-
lent circuit (Fig. 5a). The resistances, R; and R,, are the ohmic
resistances due to ion or electron conduction, solid electrolyte
interphase (SEI) resistance, and desolvation. In this study,
separating the R; and R, resistance is difficult because the
highest frequency of the LT impedance is 100 Hz, and thus
it is beyond the scope of this study. Therefore, these imped-
ances are fitted as a single variable, R + R,. The semicircles at
0.2—6 Hz are represented by an RQ parallel circuit consisting
of a resistor, R3, and a constant phase element (CPE), 0. The
resistance of the inductive loop is described by the RL parallel
circuit (L4 and R4). The RL parallel circuit is omitted for fitting
the polarization profiles, unless the momentum increase is
observed at the onset of charge. The inductive loops are hardly
visible for the lithiation process. Therefore, we use an alterna-
tive equivalent circuit (Fig. 5b), where CPE O, is used instead
of inductor L, in Fig. 5a. Lastly, the resistance in the lowest
frequency region, Rs, may represent Li* diffusion at the elec-
trode sheet or phase boundary movement for the two-phase
reaction [11], and this is mimicked by the RQ parallel circuit
(Rs and Qs). Based on the equivalent circuits in Fig. 5a, b, the
complex non-linear least squares (CNLS) method [21] is used
to evaluate the parameters of the circuit elements quantitative-
ly. The resulting chi-squared functions (x?) (less than 10> for
all spectra) are slightly higher than for the conventional AC
impedance technique, because the end of the sampling fre-
quency range of each recorder tends to show a high noise
level. However, the measured plots and fitted curves show
reasonable agreement (Fig. 5c, d).

Figure 6 plots the fitted polarization, 7,—1, as a function of
the current corresponding to the current density range of 0.2—
1.2 C. The polarization, n;—4, corresponds to the product of
the current and resistances, R|—Ry, respectively. As mentioned
before, R| and R, cannot be separated, because the sampling
rate for the response voltage recording did not cover the cor-
responding frequency range. Therefore, the sum of R; + R, is
used for the plots. The polarization of 1; + 7, shows a linear
ohmic relationship with the current. This implies that the main
part of Ry + R, arose from the electronic or ionic conduction in
the electrode sheet or SEI resistance. However, the AC imped-
ance measurement (Fig. 4) shows a single semicircle in the
high-frequency region (>100 Hz), which corresponds to the
desolvation process [7, 18]. Because desolvation proceeds in
the liquid phase regardless of the chemical potential of Li at
the solid-state electrodes, we infer that the resistance shows

@ Springer

Polarization 7/ V

meO

L

0 L il il il
0 02 04 06 08 1 1.2

Current / mA

Fig. 6 Decomposed polarizations, 7,—74, by LT impedance analyses
(Fig. 5) as a function of current for the galvanostatic pulse cycles with
polarization under an anodic (a) and cathodic (b) current. Solid lines are
fitted lines or curves. n; + 1, is linear, indicating ohmic behavior, whereas
the polarizations of 1); and 7, are fitted based on Butler—Volmer kinetics

roughly ohmic behavior in the present current density range.
However, R; and R4 decrease non-linearly with the current
density, indicating deviation from ohmic behavior.
According to the literature [14] and Butler—Volmer kinetics,
the relationship between current density, i, and polarization, 7,
can be described by

= = o (k)Y

where « is the transference coefficient, iy is the exchange
current density (surface area dependent), n is the number of
electrons for the elemental electrochemical reaction (n = 1 for
Li insertion/removal), F' is the Faraday constant, kg is the
Boltzmann constant,  is the Avogadro number, and T is the
temperature. CNLS fitting is used, and a typical example of a
fitted curve is compared with the experimental results in
Fig. 6, which show reasonable agreement for polarizations
13 and 7. In addition, the fitted transfer coefficients, «, for
Rz and R, are ~0.3 and ~0.2 for charging, respectively and that
of R; and R, are ~0.4 and 0.6 for discharging, respectively.
Since it is empirically known that transfer coefficients are
typically converged to a ~0.5 in many measurements, the
transfer coefficients for charge reaction indicate strong asym-
metry in their reaction mechanism. So far, the electrochemical
reaction mechanism for R; and R, is uncertain yet, which is
beyond the scope of this study as mentioned in the introduc-
tion section. However, we think that the observation of induc-
tive loop for charging process may be a clue to precise under-
standing of the reaction mechanism. For example, Oyama
et al. [11] and we [17] proposed nucleation and growth
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processes, whereas Bai et al. [22] explained the phenomena by
the simulation assuming the intermediate phase formation in
the porous cathode composite morphology, for LiFePO4-pos-
itive electrode. Further investigations for various electrodes
are planned to clarify the origin of asymmetry.

Summary

Electrochemical measurements using an LT impedance tech-
nique at various current densities were used to analyze the
reaction dynamics in a Li-ion battery to separate the charge
and discharge reactions and to evaluate non-ohmic behavior
under high-rate conditions quantitatively. The lithiation and
delithiation processes in the two-phase system of spinel
Li; , .Mny,O4 (0 < x < 1) were investigated. We confirmed
the asymmetry of the charge and discharge reactions, and the
momentum increase in the electrochemical polarization may
be caused by the nucleation and growth mechanisms. Good
fitting results for the current density dependence of the ob-
served resistance based on Butler—Volmer kinetics indicated
a thermal activation process for resistance R4, which shows an
inductive loop. It is still controversial whether R4, which cor-
responds to the momentum increase in the electrochemical
polarization in Fig. 6, is the nucleation/growth mechanism in
intraparticle or interparticle phase separation [11, 23] or the
phase transformation kinetics in a porous electrode containing
active particles [22]. We plan to investigate the elemental re-
action process in the two-phase reaction by measuring the LT
impedance dependence on the electrolyte solution, lithium
composition, doping effect, and temperature.
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