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The impedance behavior of a commercial Nickel-cobalt-aluminum(NCA) cylindrical cell was studied in this work. A series of
impedance experiments was designed to explore the impact of battery state of charge (SOC) and other operating conditions. Our
results indicated the impedance response of this cylindrical battery varies with the state of charge in both charge and discharge
process. Experimental results also showed the SOC dependent impedance existed in different operating temperatures and C-rates.
An impedance model was developed to explore the potential mechanisms behind experimental observations. Model results showed
that the operating temperature and charge-discharge rate could significantly influence the impedance response of the battery but
could not directly cause the variation of the impedance response at different SOC conditions. Results also showed that the contact
resistance variation, resulted from the expansion and contraction of cell electrodes during charge and discharge, could lead to a
SOC dependent impedance behavior of the commercial cell and influence battery output performance.
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The classic 18650 format cylindrical Li-ion battery has been
widely used today by electric vehicles (EVs), which has a wound
jelly-roll structure in a form of an Archimedean spiral."> Comparing
to the stacked electrodes, such wound electrodes can be produced
faster and provide a relatively higher energy density in the limited
given space on the electric vehicles.™* With the help of numerous
research activities by battery makers, an optimized manufacturing
procedure from the material selection through electrode production
to cell fabrication and quality control has been well established,
which gives these commercial cylindrical cells a stable structure and
cycling performance.

The safety issues of Li-ion batteries have always attracted great
interest today especially for EV on-board batteries, which are related
to the charge and heat transport processes and are significantly
influenced by battery cell geometry and configurations. The electro-
chemical impedance spectroscopy (EIS) is widely adopted as an
effective technique for determining the electrochemical behavior and
state of health of the batteries,”® which is typically obtained through
an active interrogation process: an alternating voltage perturbation is
applied to excite the battery cell with frequencies ranging from very
low to extremely high, while the corresponding battery current
output is recorded and used to calculate the generalized battery
resistance. The impedance spectra contain the fundamental informa-
tion of battery internal reaction and transport procedures. If the
battery EIS profiles under different operating conditions can be de-
convoluted properly, it can not only provide insights into the battery
degradation process to facilitate the high safety EV battery designs,
but also benefit the EV battery management through understanding
the fundamentals of battery behavior.

Although numerous EIS testing and measurements have been
carried out to investigate the performance of commercial cylindrical
Li-ion batteries,”'® the interpretation of EIS are typically using
equivalent circuit method along with experimental investigation,
which uses electrical circuits to simulate and predict battery general-
ized resistance.!'™"® The simplicity of the equivalent circuit method
provides fast computations. However, without taking the physico-
chemical principles of lithium-ion batteries into consideration, the
results obtained from equivalent circuit analysis cannot avoid
information loss and has poor accuracy on parameter predictions
under different battery operating conditions.'* Hence, to understand
the behavior of commercial cylindrical cell under different operating
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conditions, we designed a series of EIS experiments and developed
an electrochemical model to analyze the related mechanisms behind
the observed impedance responses.

In this study, we firstly designed and conducted EIS testing on
commercial 18650 cylindrical cells and explored their behavior at
different state of charge, temperature, and C-rate. Then, a mathe-
matical model was developed by considering both transport pro-
cesses and electrochemical reactions inside battery. Together with
the experiments, we used our model to reproduce the experimental
procedure and studied the influence of SOC, temperature and C-rate
on battery impedance response, which eventually could reveal the
mechanisms behind the experimental observations.

Experimental

Experimental testing was carried out using six identical com-
mercial 18650 lithium-ion battery cells provided by Samsung. In the
battery cells, NCA electrode and graphite electrode were used as cell
cathode and anode respectively, and the thickness of electrodes is
around 120 um. The electrolyte is 1 M LiPF6 in EC/EMC and the
separator layer applied is a Celgard product with a thickness of 6 um.
Six well-cycled 18650 cells were placed in a temperature-controlled
chamber for testing, which was set at 25 °C and was connected to a
16-channel galvanostat/potentiostat battery cycler (BioLogic
Product). In the BT-Lab platform, the cutoff potentials were set to
be 4.2V (set as 100% SOC) and 2.5V (set as 0%SOC), while the
potential data were recorded every other second. Following the
instruction provided by Samsung (rate limits of this type of cell), a
discharge rate performance test was firstly conducted at 25 °C:
18650 cells were discharged from fully charged state to fully
discharged state at 0.1C, 1C and 4C respectively, then a charge
rate performance test was carried out at 0.1C and 1C, respectively,
from fully discharged state to fully charged state (cell manual
indicates that the charging rate should not exceed 1.6C). Then, a
series of impedance measurement experiments was designed and
carried out.

Our impedance testing protocols are as follows: the cylindrical
cells were firstly fully charged to and maintained at 4.2 V for 30 min,
then the cells were discharged at 0.1C. During this discharge
process, a two-hours open circuit relaxation was applied and a EIS
test (5 mV, 10mHz~10 kHz) was performed after every 30 min. In
this way, the impedance behavior of these commercial cylindrical
cells can be obtained every 10% depth of discharge (DOD). The
same testing protocol was used at 1C and 4C constant discharging
rates. During 1C and 4C testing, the EIS test was carried out after
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Figure 1. Cell structure and model geometry.

every 3 min and every 45 s respectively to make sure the impedance
was measured at the same DOD. After discharge test, we further
performed the charging procedure test. The charge testing protocol
was similar to the discharging test but it was started from a fully
discharge state at 2.5 V, and EIS testing was performed after every
5% depth of charge at 0.1C and 1C respectively. After this group of
discharge and charge EIS testing, we changed the temperature of the
temperature-controlled chamber from 25 °C to 10 °C and repeated
above EIS testing experiments.

Modeling

The commercial 18650 cell has a wound jelly-roll structure. As
shown in Fig. 1, the cross section of the cell consists of positive
NCA electrode, separator, negative graphite electrode and current
collector layers, which are wound through a near Archimedean spiral
locus, and their thickness can be assumed to be uniform based on
Samsung’s cell manufacturing procedure. Since the commercial
electrodes are prepared by double side coating on the foil current
collector, a symmetrical boundary can be assumed on both end
surface of the current collector layer. The influences of cell
anisotropic diffusion, structure, volume changes and other non-
idealities are all neglected. Then, a porous electrode model can be
developed: in the electrodes, the total current transferred between the

solid electrode particles and the electrolyte solution can be for-
mulated as the sum of the Faradaic current and the electrical double
layer current:'®

i;’” = ijF + i;”,j = neg, pos [1]
0 zof F zof F
ij =1 FSj{exp( RT ;| — expl — RT il
i =Cy 'S'i((ﬂ ~ Prp) 21
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where, j stands for negative electrode (neg) or positive electrode
(pos); i](-) is the exchange current density; S; is the specific interfacial
area; Cy; is the electrical double layer capacity; #; is the over-
potential; ¢y is the potential in the SEI film,
P1y = @2t (ijF + ij")Rf; @1 and @, ; are the potentials in solid
phase and liquid phase respectively. All side reaction currents (e.g.,
current of SEI film formation, etc.) are neglected here given the fact
that the reported capacity retention of most commercial 18650 cells
could be 95% after 400 cycles of charge and discharge operation.'®
The governing equations of charge, mass and heat transfer processes
in both solid electrode phase and liquid electrolyte phase are
summarized in Table I. The associated boundary conditions include
constant charge-discharge rate, zero mass flux and heat convection
on the electrodes surface, and continuity boundaries on the interface
between electrodes and separator layer, which are similar to the
settings of our previous impedance model."

The impedance response of lithium-ion battery is typically
obtained through an active interrogation process. Strictly following
the same testing protocol of our experiments, the developed battery
model was firstly used to simulate charge and discharge process,
then a voltage perturbation is applied after each 10% depth of
discharge (DOD) or depth of charge (DOC). The corresponding
current output can be recorded through numerical analysis, and the
simulated EIS response can be obtained according to the obtained
model input and output signals:'>

@) =g + exp(jor) (3]

1) =T+ T exp[j(ot — y)] [4]

Table 1. Governing equations.
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where, @ is the normal operating voltage; ¢ is the amplitude of the
harmonic perturbation voltage; j is the square root of —1; w is the

frequency; T is the normal operating current; / is the amplitude of
current perturbation induced by the voltage perturbation; 1 is the
phase shift of the harmonic current perturbation with respect to the
harmonic voltage perturbation. Through this calculation procedure,
the obtained simulated impedance spectra do not only involve the
impact of battery material properties, operation conditions, but also
involve the multi-transport processes and local charge variations
during charge and discharge operation.

The mathematical model is numerically solved using the software
package COMSOL Multiphysics V5.4. A classic pseudo 2D
approach was used,'” where a one-dimensional battery model and
a two-dimensional electrode solid phase model. The battery charge
or discharge operation from fully discharged state or fully charged
state is firstly simulated at constate C-rate applied, which strictly
followed our experimental procedure. Similarly, the EIS simulation
then is carried out by applying a voltage perturbation of 5 mV in
amplitude with frequency ranging from 10mHz to 10kHz on the
positive NMC electrode current collector surface, which also strictly
followed the same protocols as our experimental EIS tests. The
simulated impedance profile can be calculated based on the current
output signal. The related model parameters have been listed in
Table II.

Results and Discussion

Charge and discharge performance—The measured voltage-
capacity curves of the commercial cell at different C-rates are
illustrated in Fig. 2. This is to demonstrate the rate capacity of this
type of commercial cell and monitor the health of the cycled
cylindrical cells before following impedance analysis. Two sets of
experimental data, discharge curves and charge curves, are pre-
sented, which are obtained from two separate experiments: each
discharge curve was obtained from fully charged state (100% SOC),
while each charge curve was obtained from fully discharge state (0%
SOC). It shows the capacity utilization of the cell decreases when the
C-rate increases from 0.1C to 4C at discharge and when the C-rate
increases from 0.1C to 1C at charge: on discharge, the capacity
utilization at 0.1C is about 2500 mAh g~", and it drops to 2250 mAh
¢! and 1900 mAh g~ when the C-rate increases to 1C and 4C
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Figure 2. Charge and discharge behavior of the cell.

respectively. On charge, the capacity utilization is 2550 mAh g~ at

0.1C and decreases to 2200 mAh g~ ' at 1C. Clearly, the decrease of
capacity utilization in the charge processes is slightly more sensitive
to the C-rate rise comparing to discharge process. Besides, higher C-
rate will lead to a higher cell voltage at the same remining capacity.
These phenomena suggest that battery internal processes could
significantly influence the voltage behavior of this NCA commercial
cell, and its performance varies with cell operating conditions. To
explore the behavior of this cylindrical cell at different SOC states, a
series of EIS experiments were design and conducted in the
following sections.

Different SOC conditions.—The state of charge reflects the
amount of charge carriers, Li-ions, stored in two cell electrodes.
Figure 3 illustrates the impedance of the cylindrical cell measured at
different C-rates in both discharge and charge processes. As
described in the experimental section, two separate EIS experiments
were conducted in discharge and charge respectively: the impedance
data was recorded at different SOC states in the discharge process,
then the impedance was collected at different SOCs in the charge
process, while a long relaxation period (2 h) was applied before each
EIS test. As can be seen, the impedance profiles of this commercial
cylindrical cell contain arc(s) at high-middle frequency range, while

Table II. Model parameters.

Anode Cathode
Active material Graphite NCA
Electrode thickness: 1.2 x 10~*m 1.2 x 10™*m
Particle size (radius) 1.25 x 10°m 5% 10°m
Li diffusivity: 3.9 x 107 m%™! 12 x 107 Pm?%™!
Exchange current density: 2 x 10"Am™? 5% 10"Am™?
Electrical double layer capacity: 0.35"F 03°F
Electrical conductivity: 100Sm™! 4Sm™!
Volume fraction of solid phase: 03 0.47
Separator thickness: 2 x 10°m
Electrolyte salt diffusivity: 7.5 x 107 'm?%s™!
Cationic transport number: 0.37
Max solid phase concentration: 27,000 mol m

Initial passive film resistance:
Contact resistance parameter (a, b):
Initial electrolyte salt concentration:

Bruggeman coefficient:
*

1 x 1072#Qm2

2x 10731 x 107%

1 x 10°mol m~3

1.5

(Adjusted/Assumed value)
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Figure 3. Impedance response of the cylindrical cell at different SOC conditions during: (a) discharge process at 0.1C; (b) charge process at 0.1C.

a pure capacitive behavior can be seen in the low frequency section.
In the discharge (Fig. 3a), it is interesting to see that: the high-middle
frequency arc of the impedance profile decreases its size at first
when the SOC of battery decreases from 100% to around 60%.
When the cell is further discharged from 60% SOC to 0% SOC, the
size of the high-middle frequency arc increases its size back.
Meanwhile, the low-frequency branch of the impedance profile
does not show any change in different SOCs. Similarly, such a “SOC
dependent” behavior of impedance can also be observed in the EIS
tests during charge process (in Fig. 3b). As known, the charge and
mass transport process are typically represented by the high-mid
frequency arcs on impedance curve, while low frequency branch
stands for the solid-state diffusion process.'®!'” These observations
suggest the cell internal resistance and capacitance are influenced by
the state of charge, and cell performance will vary with different
SOC conditions.

Different C-rates.—Figure 4 shows the impedance profiles of the
cylindrical cell during the discharge process when the discharge C-
rate is set at 1C and 4C respectively. The obtained impedance curves
show that the high-mid frequency arc of the impedance decreases its
size first and then increase as the SOC drops from 100% to 0% in
both 1C and 4C experiments. Although the magnitude of the changes
is slightly different, the “SOC dependent” impedance exists in all
tested C-rates. Besides, we also found this SOC dependent im-
pedance behavior is reproduceable by repeating the EIS tests at
different C-rates three times on six cells. Since the charge-discharge
rates represent the flux of lithium ions moving between two
electrodes and reflect the intensity of mass transport inside battery
cell, these observations imply that the mass transport should not be
the primary reason leading to the SOC dependent behavior of the
cell impedance response.
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Temperature impact.—To explore the impact of operation
temperature on the cylindrical battery behavior and impedance, we
conducted the same EIS tests (same testing protocol) at 0.1C and 1C,
respectively, under different SOCs at a low temperature condition,
10 °C. As illustrated in Fig. 5, the obtained impedance curves at 10 °
C (both 0.1C and 1C) are slightly larger than these of 25 °C in
magnitude. This is because a low operation temperature could
significantly reduce the intensity of both charge and mass transport
process inside cell and also influence the solid-state diffusion
process. However, at 10 °C, it is interesting that cell impedance
curves still have the SOC dependent behavior even though it is not
as obvious as that under 25 °C condition. These observations suggest
that operating temperature could influence the significance of the
SOC dependent impedance behavior of this type of commercial cell
but should not be the main cause of this phenomenon.

Modeling analysis.—Modeling is always an important tool to
assist in understanding the mechanism behind experimental observa-
tions. As described in above modeling section, an impedance model
was developed to reproduce the experimental procedure and analyze
the experimental observations. Figure 6 illustrates the modeled
impedance profiles of the cell at different SOC conditions when
the operation temperatures were set at 25 °C and 10 °C respectively.
It shows that the impedance arcs in the high-middle frequency range
at 10 °C are larger than that at 25 °C. This is because the modeled
transport processes are all temperature dependent, and a higher
temperature could directly lead to a different parameter value (e.g.,
charge conductivity, diffusion coefficient, etc). These results are
consistent with our above experimental data. Meanwhile, it is
obvious that the impedance profiles are nearly the same (overlapped)
under the same operation temperature. Besides, we also simulated
the influence of charge-discharge C-rate in Fig. 7, in which a
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Figure 4. Impedance response of the cylindrical cell at different SOC conditions when the operating temperature is 25 °C and charge-discharge C rate is: (a) 1C;

(b) 4C.



Journal of The Electrochemical Society, 2021 168 090548

]
-’

=4
o
5]
al

E 0015 & O —c o
S 0000 h: Yy
= 0.01 '
8
E o005 Qy ) 0
2 g 0.2
0L 0, rg p
& W, & 0.4
0.01 - v@) .
0.02 > 0.6
s . SocC
0.03 — 0.8

Re(Z) (ohm) 004

Im(Z) (ohm)

0.02
0.015 - & L S
o2y O ol
0.01 i Y ~d
Q W "o
= 0.005 - oA v
. Yok 02
0 G 0, % sf-\ “ o4
0.01 o e
0.02 y sS0C
0.03 . 0.8

Re(Z) (ohm) 0.04 g
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Figure 6. Modeled the impedance response of the cylindrical cell at
different SOC conditions and different operating temperature.
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Figure 7. Influence of charge-discharge rate and the relaxation impact on
the modeled impedance response.

relaxation period was simulated by temporarily removing the
charge-discharge operation. As shown, without relaxation, the

impedance profile of 0.2C at 50%SOC has a smaller high-middle
frequency arc than that of 1C at 50%SOC. However, when a 2-h
relaxation was applied (before the EIS test), two impedance profiles
are overlapped. These interesting results indicate that the operating
temperature and charge-discharge rate could significantly influence
the impedance response of the battery but should not directly cause
the variation of the impedance response at different SOC conditions.

As known, the intercalation and deintercalation of lithium ions
could inevitably lead to the expansion and contraction of electrode
active materials.”® Since the state of charge of a battery cell
represents the amount of stored lithium, the contact resistance
between the active material particles and the conductive matrix
could vary with SOC state. Hence, to further explore the potential
reasons leading to above SOC dependent impedance response, a
particle-conductive contact resistance, R.,, was introduced into the
developed model.?" Since the contact resistance of this commercial
cell is unknown (data is not available), we assumed a linear
relationship between contact resistance and lithium concentration
to capture and simplify the expansion or contraction of electrodes
during the intercalation or deintercalation of lithium in the modeling,
where the variation of capacitance was neglected:

Ry = Ry sgr + Rerjs Rerj = accrij + b, j = neg, pos [6]

where, a and b are constants. Modeling results are shown in Fig. 8,
in which the modeled impedance response varies with SOC: the size
of high-middle frequency arc decreases when SOC changes from
20% to 50% then increases when SOC changes from 50% to 80%.
This successfully reproduced the SOC dependent impedance re-
sponse observed in our above experiments. These results demon-
strate the contact resistance is one of the factors that could lead to the
observed SOC dependent impedance. Meanwhile, modeling results
also suggest that if the expansion and contraction of commercial cell
electrodes were not well controlled in charge or discharge, cell
performance will have a clear variation at different SOC conditions
and will directly influence cell output performance during both
charge and discharge.

Conclusions

In this study, a series of EIS experiment was carried out to
explore the behavior of a commercial cylindrical cell at different
SOC conditions. We found this type of commercial cell had a SOC
dependent impedance response. After conducting impedance test at
different operating conditions, experimental results showed that such
SOC dependent impedance behavior existed in different tempera-
tures and C-rates, which suggests the mass transport should not be
the primary reason leading to this phenomenon. To explore the
potential reasons and mechanisms behind experimental observations,
an impedance model was developed to simulate battery impedance
responses. Modeling results showed that the operating temperature
and charge-discharge rate could significantly influence the
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Figure 8. The impact of contact resistance on the modeled cell impedance
response at different SOC conditions.

impedance response of the battery but could not directly cause the
variation of the impedance response at different SOC conditions. By
considering the contact resistance between the active material
particles and the conductive matrix, which could vary with SOC
state due to the inevitable expansion and contraction of electrode
active materials, we found contact resistance could lead to a SOC
dependent impedance behavior of the commercial cell. These results
also indicate the expansion and contraction of commercial cell
electrodes during charge and discharge have a direct influence on the
battery output performance.
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