Application Note AN-BAT-016

EIS at different states of charge

with INTELLO

Study the internal components of battery at a range of
conditions with electrochemical impedance spectroscopy

(EIS)

A battery's state of charge (SOC) represents the
percentage of available charge relative to its full
capacity, with 100% SOC indicating a fully
charged state and 0% SOC a fully discharged
one. The SOC is usually estimated by measuring
the voltage of the battery, for example 4.2 V
might indicate 100% SOC, and 3V, 0%. Along
with a number of other parameters, the internal
resistance of a battery varies with SOC, making
electrochemical impedance spectroscopy (EIS) a
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powerful tool for characterizing this relationship.
By monitoring resistance across different SOC
levels, EIS enables the optimization of material
design as well as the tracking of battery aging
mechanisms to enhance performance and
longevity. This Application Note provides a
detailed guide to performing EIS measurements
at different states of charge with INTELLO. The
fitting and analysis of EIS measurements was
done within the fit and simulation tool of NOVA.
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INTRODUCTION

EIS is a powerful nondestructive investigative
tool for explaining a range of phenomena that
can cause damage and premature aging of a

In Figure 1, the typical impedance response of a
battery in the form of a Nyquist plot is displayed.
The insert shows the equivalent circuit that
describes such a response. The high-frequency
region of the plot corresponds to the ohmic
resistance and often contains an inductive
component as well. The mid-frequency region
of the plot usually contains at least two semi-
circles. They often contain contributions from
the two electrodes or processes occurring at the
interfaces. There is a significant amount of detail
in this region that is difficult to unravel as the
semi-circles often overlap each other.

In recent years, DRT (distribution of relaxation
times) has become a more popular and
convenient tool for deconvoluting the
information in this region [1]. The low-frequency
region mainly contains information about the
diffusion of ions.

EIS is most regularly used diagnostically by
measuring and examining the Nyquist and Bode
plots at regular intervals during what's known as
a calendar aging test. Changes in these plots can
indicate a number of things. For example,
depressions in the first semi-circle can indicate
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battery. One of its key uses is estimating the
state of health (SOH) of a battery, which aids in
the prediction of the lifetime of that battery.
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Figure 1. Typical Nyquist plot of a battery. The inset shows
the corresponding equivalent circuit that describes the
response.

loss of anode material (i.e., graphite
degradation) [2]. On the other hand, rising
ohmic resistance can indicate growth of the SEI
layer on the anode [3].

One of the drawbacks of EIS is that the data
interpretation can be quite complex. It is also
important to realize that the impedance of a
battery changes with its SOC. This is another
reason why it is useful to conduct EIS at a range
of different SOC values to ensure that the right
conclusions are made.
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The sample in this Application Note was a Li-ion
2450-coin cell battery with a capacity of 120
mAh. The EIS was measured using the Autolab
Duo Coin-cell holder which allows for 4-point
contact with the battery. The Application Note
AN-BAT-008 describes the benefits of the 4-
point contact mode for measuring accurate EIS
data on batteries [4].

In INTELLO, there is a default procedure which
can be used for conducting EIS at different states
of charge. There are several measurement
parameters in the procedure that can be
adjusted — it can also be modified further to suit
the user needs (for example, to add break-in
cycles). The measurement procedure is
constructed from repeat loops, with each repeat
consisting of a (dis)charge step or pulse, a rest
step, and the actual EIS measurement. In this
way, EIS can be measured with each step
corresponding to a different SOC. Note that in
this procedure the EIS measurement is
configured for galvanostatic mode.

Besides the number of repeats, the main
parameters relevant here are the C-rate,
constant current (dis)charge duration per step,
the (dis)charge potential limits, and the rest
duration. The number of repeats should always
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be more than the expected number of steps to
take the battery from the maximum SOC under
study to the minimum, and vice versa. The
number of steps this takes can be estimated
from the capacity, the C-rate, and the
(dis)charge duration. If the following parameters
are set (capacity is 120 mAh, the (dis)charge C-
rate is 1C, and the (dis)charge duration is 6
minutes), then we can calculate that 12 mAh of
charge are added per step (120 mA x 0.1 h), or
10% of the battery per step.

It is important to also include charge and
discharge potential limits. Once these are
reached, the corresponding repeat loop will be
exited. For example, once 4.2 V is reached, the
charge loop will be exited and the discharge
loop will begin. Then, when 2.8 V is reached, the
discharge loop will be exited and the
measurement finished. The rest duration is also
important, as the EIS measurement should be
conducted only once a new steady-state voltage
is reached after the charge has been extracted
or injected. The parameters of the EIS
measurement itself can also be adjusted from
the main parameters window. The amplitude
and the frequency range are of utmost interest.
The amplitude should be chosen well for the
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RESULTS AND DISCUSSION

Note: In the case below, the procedure was
adjusted such that the battery was fully charged
by a pre-conditioning cycle before being
discharged from 100% SOC in steps of 10% and
then charged again in steps of 10%. The analysis
and discussion will be focused on the discharge.

The Nyquist plot measured during the discharge
steps is shown in Figure 2. The expected
features from a battery are seen, including three
semi-circles in the mid-frequency region. The
situation where the SOC is estimated to be
100% is shown in purple, and where the SOC is
expected to be around 10% is shown in orange,
with the intermediate plots showing SOC from
between these extremes.

It should be noted that Li-ion batteries are not
supposed be discharged regularly to 0% SOC, as
over time this can prematurely age the battery.
Therefore, most specifications list a discharge
cutoff voltage that corresponds to about 10%
SOC rather than 0%.

RESULTS AND DISCUSSION

The corresponding Bode plot is shown below in
Figure 3. Both plots seem to indicate that only
one of the RC time constants is primarily
affected by the changing SOC, with the
impedance rising as the battery discharges.
Based on sources from the literature, it's likely
that this lowest-frequency semi-circle
corresponds to a slower charge transfer process
at the cathode [6,7]. It is logical that the
resistance of this process rises as a result of more
lithium moving from the anode to be inserted
into the cathode. There appears to be either no
or very limited change in the contribution to the
impedance from the other components in the
battery as it is discharged. During the charge
portion of the measurement, the opposite effect
is seen, with the impedance decreasing as the
battery is recharged. Eventually the original
Nyquist/Bode plot that was measured at 100%
SOC s recovered.
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Figure 2. Nyquist plot during the discharge of a battery
from 100% SOC (purple) to 10% SOC (orange).
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Figure 3. Bode plot during the discharge of a battery from
100% SOC (purple) to 10% SOC (orange).
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The data above was transferred to and fitted in
NOVA, using the equivalent circuit in Figure 4.
To obtain a better fit, the non-ideal capacitance
was modelled using constant phase elements
(CPE). The CDC code for this equivalent circuit is
[LR(RQ)(RQ)([RW]Q)], and consists of an
inductor element, a series resistance element,
and three RQ parallel circuits, with the last also
containing a Warburg element in parallel [8].

In order to fit the data properly, here are some
practical tips. The first is to start from realistic
values for the RQ circuits. These were obtained
by first doing an electrochemical circuit fit and
then pasting the resulting values into the fit and
simulation tool. For the inductor, the value was
set to 100 nH. The serial resistance was set by
reading from the Nyquist plot; in this case it was
60 mOhm. The next tip is to adjust the
boundaries (minimum and maximum values) of
the fitting to realistic values. For example, for
the resistors the boundaries were setto 1 x 107
to 5 Ohm. It can also be helpful to fix all three
RQ circuits and then release each one in turn.
The process of fitting the data allows changes in
the Nyquist plot to be made quantifiable.

In Figure 5, the serial (ohmic) resistance as a
function of the SOC is shown. The ohmic
resistance isn't affected that much, only rising
very slightly over the course of the
measurement.
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Figure 4. Equivalent circuit used in the fitting of the EIS

data.
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Figure 5. Ohmic (serial) resistance vs. the SOC of the

battery.
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YOvs SOC

In Figure 6, Y, (a term containing information s

on the capacitance) vs. SOC is shown. Only the oz eo2
Y, of CPE1 rises as the SOC decreases — the L /
remaining two CPEs are unaffected.
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Figure 6 The values of the capacitance term from each of
the three CPE elements used in the fitting vs. the SOC of
the battery.

Resistance vs SOC

In Figure 7, the corresponding resistances from

each RQ circuit are shown. Like Figure 6, Rp1 is ol =
the only resistance term to be strongly affected 0w e
by the changing state of charge, also rising as o7
the SOC decreases. ioe
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Figure 7. The resistance values from each of the three R
elements used in the fitting are plotted vs. the SOC of the
battery

The values from fitting the data measured at Table 1.
100% and 10% SOC are summarized below in

Table 1. Values from selected circuit elements obtained from fitting data at 100% and 10% SOC.

Element 100% SOC 10% SOC
R,/ Ohm 0.059 0.065
Rp1/Ohm 0.23 0.89
Y,1/0hm! 0.19 0.24
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CONFIGURATION

nova
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VIONIC
VIONIC is our new-generation
potentiostat/galvanostat that is powered by
Autolab’s new INTELLO software.
VIONIC offers the most versatile combined
specifications of any single instrument currently
on the market.

- Compliance voltage: = 50V

- Standard current = 6 A

- EIS frequency: up to 10 MHz

- Sampling interval: downto 1 us
Also included in VIONIC's price are features that
would usually carry an additional cost with most
other instruments such as:

- Electrochemical Impedance Spectroscopy

(EIS)

- Selectable Floating

- Second Sense (52)

- Analog Scan

Advanced software for electrochemical research
NOVA is the package designed to control all the
Autolab instruments with USB interface.

Designed by electrochemists for electrochemists
and integrating over two decades of user
experience and the latest .NET software
technology, NOVA brings more power and
more flexibility to your Autolab
potentiostat/galvanostat.

NOVA offers the following unique features:
- Powerful and flexible procedure editor
- Clear overview of relevant real-time data
- Powerful data analysis and plotting tools
- Integrated control for external devices like
Metrohm Liquid Handling devices
Download the latest version of NOVA
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