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HIGHLIGHTS

o The impedance performances of LICs have been analyzed using EIS.

o Impedance equivalent circuit model of LICs is established.

o The impedance characteristics of LICs are analyzed with various Uocv and cycle numbers.
o The capacity retention ratio of LICs is 94.5% after 200,000 cycles at 2.2-3.8 V.
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ABSTRACT

As important electrochemical power storage technology, lithium-ion capacitors (LICs) combine the advantages of
both electric double layer capacitors (EDLCs) and lithium-ion batteries (LIBs). The impedance performances of
LICs have been analyzed using electrochemical impedance spectroscopy (EIS), and the impedance equivalent
circuit model (ECM) of LICs is established. Based on the EIS results, the ECM is established to describe the
impedance behavior of LICs. The impedance characteristic variations (the ohmic resistance, charge transfer
resistance and porous diffusion resistance) of LICs are analyzed with various open circuit voltage and different
cycle numbers. The charging-discharging cut-off voltage and the cycle numbers greatly influence the LICs
impedance and thus the capacity retention rate. It is shown that the capacity retention ratio is 73.8% after 80,000
cycle numbers when charging-discharging cut-off voltage is set to 2.0-4.0 V. When charging-discharging cut-off
voltage is set to 2.2-3.8 V, the capacity retention ratio is 94.5% of the initial value after 200,000 cycle numbers.
It provides useful guidance for setting the charging-discharging cut-off voltage of LICs.

1. Introduction

social development is urgent, and new electrochemical energy storage
technology keeps emerging. Electrochemical energy storage technology

Energy storage technology has gradually become a key supporting
technology for smart grids, alternative energy sources to generate
electricity and energy [1,2]. In addition, green transportation, such as
electric vehicles, hybrid electric vehicles and electric power trans-
portation, is actively carried out all over the world [3,4]. For these
reasons, the demand for electrochemical energy storage technology in

with long life, high safety, high power density and high energy density is
increasingly favored by people [5-10]. Among innovative electro-
chemical energy storage devices, lithium-ion capacitors (LICs) are
receiving huge interest from both industry and academia. LICs are
hybrid energy storage systems between electric double layer capacitors
(EDLCs) and lithium-ion batteries (LIBs). The positive electrode is
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activated carbon (AC), and the negative electrode is lithium-ion pre--
doped carbon, such as graphite, soft carbon, hard carbon, MXenes
film-based electrode, etc. [11-20]. LICs utilize a high-surface area AC as
the positive electrode and a lithium-ion doped carbon as the negative
electrode, which support the quick and reversible intercalation of
lithium ions. During the charge/discharge process, the
intercalation/de-intercalation of lithium-ions occurs within the bulk of
negative electrode, whereas the adsorption/desorption of anions occurs
on the surface of the corresponding AC positive electrode. As a result,
the energy density of LICs is 3-5 times higher than that of EDLCs, and the
power density can reach up to 30 kW kg~! [21-24].

As in LIBs and EDLCs, the internal resistance of LICs is one of the
most important parameters to evaluate their electrochemical perfor-
mances, and has an important influence on the effective voltage range,
reliability, cycle life, and cell consistency [25]. It is also an important
technical parameter to accurately judge LICs performance in a timely
manner, and it can reflect the internal state of the device. Therefore, it is
very important to test and analyze the LICs impedance. Electrochemical
impedance spectroscopy (EIS) is a powerful and non-invasive method of
measuring the LICs impedance behavior over a wide frequency rang.
When using EIS, a properly designed equivalent circuit model (ECM) of
LICs is necessary. The data acquired from EIS can be analyzed and used
to populate circuit elements in the ECM in parallel with identifying
high-level electrochemical phenomena, and it can analyze the internal
resistance variation characteristics of LICs by the ECM [26-28]. So, EIS
was used by many researchers to identify model parameters and analyze
LICs impedance characteristics. Dsoke et al. analyzed the effects of
electrodes thicknesses on the power and energy performances of LICs
based on AC and LisTisO15 (LTO) through comparing the EIS profiles of
LICs with different capacity ratios of AC and LTO [29]. Naderi et al.
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proposed a reduced charge transfer and Warburg diffusion resistances to
examine the intermittent EIS results based on the potential at which the
anode was operating [30]. In order to explain the dynamic behavior of
LICs, Barcellona et al. proposed a new electric model, where the pa-
rameters of the proposed model were tuned by means of EIS and inter-
polated to work at any voltage and any temperature [31]. However, LICs
are energy storage systems with very long cycle life, and the impedance
characteristics with different cycle numbers with real-time and oper-
ating conditions are few studied.

This work focuses on the LIC cells prepared in our research group.
The impedance performances of LICs were analyzed using EIS, and the
LICs impedance ECM was established. We further examined these fac-
tors influencing the characteristic parameters. The present study pro-
vides a theoretical foundation for the commercial application of LICs
prepared in the research group. The LICs impedance increases greatly
and capacity decays faster when charging-discharging cut-off voltage is
set to 2.0-4.0 V. While charging-discharging cut-off voltage is set to
2.2-3.8 V, LICs have a long cycle aging, of course with the decrease of
energy density.

2. Experimental
2.1. Preparation of LICs

The LICs used in this study adopted a laminated structure. In the LICs
pilot line of our research group, we produced 900F soft-packed LICs.
Fig. 1 (a) shows a schematic view of the LICs. The device is formed by
stacking positive electrode, separator, and negative electrode. Positive
and negative electrodes laminate, containing porous current collectors,
which are placed and separated alternately by separator panels. Lithium
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Fig. 1. Preparation of LICs: (a) LIC schematic view, (b) photo of LIC cell, (c) LIC charge-discharge curves at different currents, and (d) LIC discharge capacity at

different currents.
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foil is adjacent to the anode and is directly connected through the copper
tabs. The device with this configuration exhibits excellent electro-
chemical performance and a good current charge-discharge capability.
Fig. 1 (b) shows the LICs cell picture and the relevant parameters, Fig. 1
(c) and Fig. 1 (d) show the charging-discharging voltage and capacity
curves of LICs at different currents, respectively. The nominal capaci-
tance is tested to be 900 F using 1 A current at 25 °C. The stored energy is
1.5 Wh and capacity is 500 mA h. Due to polarization, the capacity of
LICs decreases gradually with the increase of charge/discharge current.
When the charge-discharge current is 10 A, the capacity is 450 mA h.
The technical parameters of IEECAS-LIC900F are listed in Table 1.

2.2. Experimental platform and setup

The LICs experimental platform consists of the 5 V/60 A charge-
discharge test system (NEWARE, Shenzhen, China), high-low tempera-
ture incubator, electrochemical workstation (Metrohm, Switzerland),
and personal computer.

The EIS was measured using the electrochemical workstation. The
impedance spectra of LIC were recorded in the frequency range from 10
mHz to 1 kHz at the amplitude of AC signal of 10 mV. NOVA software
was used for the ECM fitting. The test of impedance cycling character-
istics was performed in several steps: a) constant current charge at 10 A
and a cut-off voltage of 4.0 V; b) constant current discharge at 10 A and a
cut-off voltage of 2.0 V; c) steps a) and b) repeated for 20,000 cycle
numbers; d) test the EIS of LICs with various open-circuit voltages
(2.0-4.0 V) at room temperature (25 + 1 °C); e) steps a) and d) repeated
4 cycle numbers.

The voltage between positive and negative electrodes is an open-
circuit voltage (Upcy) during the EIS investigation of LICs. This
assumption was made because the LICs was positioned in the EIS test for
a long time, and the current that passed through the LICs during the test
was minimal. This process exists without polarization voltage. Besides,
there is a linear relationship between the Ugcy and a state-of-charge
(SO0C) [32,33]. Therefore, impedance spectra recorded with different
values of Ugcy correspond to different SOC.

3. Electrochemical impedance model of LICs

The basic functional components of LICs include positive and nega-
tive current collector, electrode material, electrolyte and separator.
During operation, anions and cations of the electrolyte undergo different
processes. At the negative electrode, insertion and extraction of lithium
ions take place. At the same time, absorption and desorption of ions (Li*
and PFg) happen at the positive electrode. In Fig. 2 (a), the impedance
distribution of LICs mainly can be divided into three parts, in general
[34,35].

(1) The ohmic impedance: it mainly includes the contact resistance
that associates with the electrical contact between active mate-
rials and the current collector, and associates with ionic con-
duction in the electrolyte phase and electronic conduction in the
electrode phase [36].

(2) The interfacial impedance: it mainly includes the charge transfer
impedance and the diffusion impedance of SEI film [37]. The

Table 1
Technical parameters of IEECAS-LIC900F.

SPECIFICATIONS IEECAS-LIC900F

Rated Voltage 2.0-40V
Nominal Capacitance 900 F

Stored Energy 1.5 Wh
Energy Density 22 Wh/kg
Weight 68 ¢g

Dimension 84 x 135 x 5mm (L x W x H)
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charge transfer impedance associates with charge transport of Li*
and LiFs through the charge transfer reactions therein. The
diffusion impedance of SEI film associates with charge transport
of Li* and LiFg through the SEI film [38,39].

Diffusion impedance of the porous electrode: it mainly includes
the dynamic characteristics of the porous electrode material and
the diffusion impedance of Li* and LiFg on the pore electrolyte of
the porous electrode [40,41].

3

-

The impedance characteristics of LICs were analyzed by EIS at Upcy
of 3.4 V. Fig. 2 (b) shows the impedance spectrum from high (left) to low
(right) frequencies. The impedance spectrum shows an almost regular
semicircle and two oblique lines with different slopes in the first quad-
rant. A straight line can be seen in the fourth quadrant, being charac-
teristic for inductance (L) which is mainly the effect of electrode
roughness.

As the frequency decreases, the impedance curve extends from the
fourth to the first quadrant, intersecting the real part of the impedance at
the internal ohmic resistance (R,). This can be defined as the distance of
the first half-circle point from the Y-axis [42]. In the intermediate fre-
quency range (17 Hz ~ 600 Hz), the semicircle in the Nyquist plot
represents the charge transfer between electrolyte and electrode. This
process is slower and occurs in the time range from 1.67 to 58.8 ms. The
physical interpretation of this process corresponds to the embedmen-
t/ejection of internal LIC ions and ion adsorption/desorption, which is
represented as a parallel combination of R.; and Cg in the equivalent
circuit [43]. R is the charge transfer resistance or electrochemical re-
action resistance, and Cy) is the electrical double-layer capacitance. The
low-frequency band (10 mHz-17 Hz) reflects the diffusion process of Li™
and PFg in the porous electrode. In Fig. 2 (a), the impedance spectrum
depicts a Warburg impedance line close to 45° slope (115 mHz —17 Hz)
and a low-frequency impedance line close to the vertical slope (10-115
mHz), which together constitute the LICs diffusion impedance or con-
centration polarization resistance. The Warburg diffusion behavior
observed in the low-frequency range of the impedance spectra can be
represented by the transmission line model (TLM-PSD) proposed by Levi
et al. [44,45]. The model consists of the finite-length-Warburg (FLW)
element of the cell in series with intercalation capacitance (Cy). A
standard Warburg impedance Zyy is a special case of the constant phase
element (CPE), occurring when the angle in the Nyquist plot is equal to
45°. However, the obtained EIS data exhibits a slope higher than 45°.
This may be explained by ion diffusion in the electrodes in a spherical
structure, but not along only one direction. Therefore, the Warburg
impedance Zy is replaced by CPE (Qw). The admittance, impedance, and
constant phase angle element are shown in equation (1). The admittance
is defined as the inverse electrical impedance, Zw:

1 n
%:Yw = Q4 (jw) @

where Yy is admittance, QSV is numerically equal to admittance at ® =1
rad/s refers to the unit [S-s"], and n is the slope of the semi-line from 0 to
1. For n = 1, it represents a capacitor, and for n = 0, it represents a
resistor. The angle ¢ between the low-frequency impedance line is close
to the vertical slope and the real axis is approximately 82.5°. The slight
deviation from the ideal vertical line can be interpreted as the conse-
quence of the pore size distribution of porous materials. At low fre-
quencies, the impedance becomes purely capacitive, because the ions
can no longer diffuse into the material, so the capacity is formed by the
ions surrounding the electrode material [46]. Therefore, the
low-frequency impedance close to the vertical slope is modeled by the
capacitive element Cy. For the development of the equivalent circuit
model, the equivalent elements are connected in parallel for the simul-
taneous steps and in series for the successive steps. The impedance
model is shown in Fig. 2 (d). To verify the accuracy of the impedance
model, we calculated the parameters of the impedance model using
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Fig. 2. (a) Impedance distribution of LICs, (b) the EIS of LIC at 3.4 V, (c) the fitting result and fitting error (inset), and (d) the impedance model used to fit the EIS.

different parameter values. The impedance values at different frequency
points are calculated and compared with the measured impedance data.
The fitting result of the electrochemical impedance model is shown in
Fig. 2 (c) and the fitting parameters are listed in Table 2. We can see that
the curves are measured and fitted in good agreement. The comparison
and error analysis of the experimental and fitted data shows that the
discrepancy between these two datasets is within 2%.

Table 2
The parameters of the impedance model.
Number Parameter Value Description
1 L/H 1.619 x 1077 Pure inductor
2 R,/Q 0.003076 Ohmic resistance
3 R./Q 0.002492 Charge transfer resistance
4 Cal/F 0.4203 Pure capacitance
6 Yw/S- s" 404.9 Admittance
7 nw 0.3586 Dimensionless exponents
8 Cw/F 985.4 Pure capacitance

4. Results and discussion
4.1. EIS characteristics of LICs with various open-circuit voltages

LICs like other energy storage systems, show different behavior at
different frequency ranges. Fig. 3 shows impedance spectra obtained at
various Ugcy from 2.0 to 4.0 V. The left part of the arc lays closer to the
x-axis direction, while the right part is more dispersed. The height of the
arc varies significantly with Upcy, where the ohmic resistance R, does
not change substantially with Ugpcy. However, the charge transfer
resistance R exhibits a significant variation with Upcy. Besides, the
straight lines that represent concentration polarization at various volt-
ages are almost parallel, and the effect of Upcy on the concentration
polarization cannot be determined from the available data.

To analyze further the effect of Upcy on the shape of impedance
spectra, we analyzed the parameters of the ECM represented by different
frequency bands of the impedance spectra. The main conclusions are
given as follows. As shown Fig. 4, the R, and R gradually decreases in
the range of Upcy from 2.0 to 3.4 V and gradually increases from 3.4 to
4.0V, and the Yy is going in the opposite direction. With the continuous
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increase of Ugcy, the volume expansion of positive and negative elec-
trodes yields a shorter distance between separator and solution. At the
same time, the concentration of ions in solution decreases. Volume
expansion will lead to impedance reduction, while ion concentration
reduction will lead to impedance increase. In the case of 2.0-3.4 V, the
degree of impedance reduction is greater than that of impedance in-
crease; however, in the case of 3.4-4.0 V, the degree of impedance
reduction is smaller than that of impedance increase. Since the elec-
trochemical polarization is related to the polarization voltage in the
charging-discharging process, the Upcy should be selected carefully in
the view of the LICs service life. At the same time, the attention should
be paid to overvoltage and undervoltage protection during charging in
the high Upcy range and discharging in the low Ugcy range to prevent
the LICs damage.

4.2. LICs resistance characteristics with different cycle numbers

The LIC was tested at the charging-discharging current of 10 A for
80,000 cycle numbers and the relationship between discharge capacity
is shown in Fig. 5. As shown in Fig. 5 (a), the capacity retention ratio is
73.8% of the initial value after 80,000 cycle numbers. According to the
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Fig. 5. (a) LICs discharge capacity with different cycle numbers, (b) LICs
charge-discharge voltage curves with the initial and 80,000 cycle, and (c) LICs
capacity retention ratio with different cycle numbers and simulation
fitting curve.

charging-discharging curve, the LIC charging-discharging time de-
creases, and the polarization increases. As shown in Fig. 5 (b), when the
LICs is charge to discharge conversion, the polarization voltage of the
initial cycle is 0.06 V and increases to 0.14 V after 80,000 cycle numbers.

The capacity retention ratio at different cycling numbers and the
simulation curve are also given as shown in Fig. 5 (c). Using the Matlab
Curve Fitting module, the capacity retention rate is fitted to obtain the
relationship between the LICs capacity retention rate and the cycle
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numbers:

m=4.84 x 1071°N> —6.71 x 107"".N?> —9.81 x 1077-N + 0.998 2)

Where m is the capacity retention rate, and N is cycle number. The
discrepancy between the measured data and the fitting model is within
1%.

With the increasing of the cycle numbers, the surface is partly
covered with electrolyte decomposition products, which induces the
decline of the LICs capacity. Of course, the change in anode potential
will affect the kinetics of the anode, which will affect the overall LICs
impedance. Then, with the increasing of the cycle numbers, SEI for-
mation and growth leads to an impedance rise at the anode. These
mechanisms initiate the decrease of the overall capacitance and the
increase of the resistance. Furthermore, electrode cracks may result af-
terward. Solid products of these reactions may deposit on the surface of
activated carbon and block the pores, which can affect the microstruc-
ture of the electrodes due to the consequent change of pore size [47,48].

Fig. 6 presents the impedance spectra of LICs after different cycle
numbers at the Ugcy values of 2.0 V, 3.4V, and 4.0 V, respectively. The
ohmic resistance R, does not alter substantially different with the in-
crease of cycle numbers. However, the semicircle enlarges with the cycle
numbers at the cost of the straight tail at the low-frequency side. This
shows that Faradaic impedance increases, while the interfacial charge
transfer reaction decelerates. The state of charge also affects the shape
and amplitude of the impedance [49]. The increase of the semicircle
corresponds to the substantial rise of the charge transfer resistance Ry,
especially after 40,000 cycle numbers. With the rise of the cycle
numbers, the radius of the capacitance-reactance arc increases, and the
diffusion part of the impedance spectrum notably changes. This phe-
nomenon is especially apparent at low and high Ugcy values.

The ohmic resistance R, directly affects the power characteristics,
energy efficiency, and thermal behaviors of LICs. Besides, it can also be
used to assess whether the LICs is failure. At a low cycle number, R, does
not substantially change with Upcy. However, with the increase of cycle
number, R, increases, especially at high Ugcy values. Fig. 7 (a) and Fig. 7
(b) show the variation trend and the cumulative growth rate of LICs
ohmic resistance R, with different cycle numbers, respectively. The
ohmic resistance R, changes slightly in the Ugcy range from 2.0 to 3.6 V,
but it increases at 3.6-3.8 V with the increase of the cycle number. The
cumulative growth rate of ohmic resistance R, is 36% after 80,000 cycle
numbers at 4.0 V. This is mainly caused by the decomposition of elec-
trolyte, as described in Ref. [50]. The charging-discharging cut-off
voltage can be appropriately reduced according to the ohmic resistance
variation. The LICs cut-off voltage should be reduced especially in the
high voltage area to ensure long service life. As a trade-off, it will reduce
the energy density.

The charge transfer resistance R reflects the attenuation degree of
the LICs, which gradually increases with charging-discharging cycle
numbers. The variation trend and cumulative growth rate of R, with
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different cycle numbers are shown in Fig. 7 (c), respectively. The charge
transfer resistance R in high and low Upcy ranges increases rapidly
after 40,000 cycle numbers. The charge transfer resistance R .t shows an
overall growth trend with increasing of the cycle numbers. In the low
Uocy range, from 2.0 to 2.4 V, the charge transfer resistance R changes
substantially. As shown in Fig. 7 (d), in the first 40,000 cycle numbers,
the slope of the R growth rate is the same, but after 40,000 cycle
numbers, R increases significantly, exhibiting a high slope. According
to the above analysis, the change of R, during the cycling process
mainly comes from two aspects: polarization characteristics in the low
Upcy range and the side effects caused by the increase in the cycle
number. The R increase may originate from the formation of SEI layer
at the electrode-electrolyte interface, which restricts the lithium-ion
migration pathway, and hinders the transport of lithium ions through
the electrode-electrolyte interface [51,52].

The porous diffusion resistance Yy, reveals the dynamic properties of
porous electrode materials and the diffusion impedance of ions in pores.
It plays a vital role in the optimization of LICs energy density and
maximum power density. As shown in Fig. 7 (e) and Fig. 7 (f), Yw in-
creases with the increasing of the cycle numbers, especially when Ugcy
is 4.0 V. The diffusion coefficients in both electrolyte and solid-phase
decrease remarkably with aging. Moreover, the electrolyte phase
diffusion dominates over the solid-phase diffusion in the low-frequency
diffusion impedance, and the aging-induced increase in the diffusion
impedance is mainly caused by the electrolyte-phase diffusion [53].

Therefore, when the LICs is used, it is not suggested to use high
current charge-discharge in the voltage interval between the two ends,
so it is necessary to control the charge-discharge cut-off voltage prop-
erly, and to carry out overvoltage protection and undervoltage protec-
tion to avoid damage to LICs. As shown in Fig. 8, the cycle life test when
the cut-off voltage of charge and discharge is 2.2-3.8 V. The capacity
retention ratio is 94.5% of the initial value after 200,000 cycle numbers.
The capacity decrease during the cycling is mainly due to the SEI layer
growth at the negative surface, which causes the increase in the LICs
resistance increase and slow-down of the charge transfer and diffusion
processes in anode electrode [54]. It can also be concluded that the
capacity decay and cycle life of the LICs is mainly limited by the negative
electrode. The resistance increase can also be used to explain the
decrease of capacity.

5. Conclusion

EIS measurements and capacity tests, as well as other performance
experiments of LICs, were performed at different cycle stages. Based on
the EIS results, the ECM was established to describe the LICs impedance
behavior. The ohmic resistance, charge transfer resistance, and diffusion
impedance were determined. This approach shows good potential to
indicate capacity degradation behavior. LICs cycle aging, the increase of
cell impedance, and capacity decay were originated from multiple and
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Fig. 6. Impedance spectra of LICs after different cycle numbers at various Upcy: (a) 2.0 V, (b) 3.4 V, and (c) 4.0 V.
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complex mechanisms. Depending on the LICs structure, both high and
low Upcy (i.e., state-of-charge) may deteriorate performance and
shorten the LICs service life. It is necessary to control the charging-
discharging cut-off voltage properly and to provide overvoltage and
undervoltage protection. With the increase of cycle aging, LICs internal
resistance increases, and the difference of internal resistance with
various Upcy increases. Therefore, according to the capacity re-
quirements for an appropriate application, the power and cycle aging
determine the LICs charging-discharging cut-off voltage. Remarkably,
the LICs charging-discharging cut-off voltage is set to 2.0-4.0 V when
high capacity is required, while it is set to 2.2-3.8 V when more
extended cycle life is required. To extend the service life, and reduce the
cycle costs, a gradient utilization can be implemented, i.e., LICs can be
applied in a low-power range after the high-power application is
exhausted. The next step is to compare and analyze the evolution rela-
tion between cycle life, capacity, and internal resistance under condi-
tions of different ratios and temperatures. Based on this, the LICs life
model will be established.
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