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Can EIS Measure Self-

Discharge of
Battery Cell?
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Self-discharge is an important parameter to measure in manufacturing. Finding the
right method to make this measurement involves understanding the cause of self-
discharge and the science behind making a self-discharge measurement.

elf-discharge is a normally occurring phenom-

enon in lithium-ion battery cells. A normal cell

may have a self-discharge rate of 1% state of charge

(SOC) per month. The normal self-discharge rate is
determined by the temperature of the cell, the SOC, and the
electrode materials, while excessive self-discharge is indica-
tive of a faulty cell.

This fault could be due to issues with the electrode or elec-
trolyte materials, undesirable metal particles contaminating
the cells, problems with the separator, or the growth of den-
drites. Such faults can be induced poor control of the manu-
facturing process, by over-charging or over-discharging the
cell, or by excessive heating. Click here to view an interest-
ing story regarding an unexpected
root cause of self-discharge.

To achieve a high-quality manufac-
turing process with high yield, factory
operators will screen out cells with ex-
cessive self-discharge. In addition to
checking for self-discharge, other cell
performance parameters, like capacity
and internal resistance, will be mea-
sured and used as part of a complete
set of criteria to judge good versus bad.
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The Traditional Method: delta-OCV

The common method for self-
discharge measurements is called the
delta-OCV method. This technique
measures the cells OCV using a volt-
meter; then the cell is placed in con-
stant temperature storage, also known

as aging, for three to five days during Rg.

which the cell will self-discharge.

The self-discharge will cause a drop in the SOC% of the
cell, which results in a lower OCV. At the end of the storage
period, or aging period, the cell's OCV is measured again.
The difference between the first OCV measurement (enter-
ing aging) and second OCV (exiting aging) will be a drop of
a few millivolts.

A typical delta-OCV is 5 mV, so this could be the thresh-
old amount to determine good versus bad. A cell with a
delta-OCYV of greater than 5 mV means it has a lower-than-
expected SOC% when exiting aging. That’s because it has
discharged more than desired during aging due to excessive
self-discharge.
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1. Simple cell model showing the self-discharge current flow from C;  through
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Figure 1 is a simple cell model that il-
lustrates self-discharge in the cell. Since
the cell isn’t connected to anything, no
current can flow into or out of the cell’s
external terminals. Therefore, the SOC
of the cell isn’t changed through the ex-
ternal terminals. Instead, a current path
inside of the cell goes through the inter-
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nal resistor Ryy. Ryy causes the internal
current flow that discharges C; ;.

Note that in this model, the compo-
nent that stored the energy is modeled
as an extremely large capacitor C;,; with
tens or even hundreds of kilofarads of
capacitance. As the stored energy in 7
Cip¢ is removed through resistor Ry, the
voltage across C;,, drops, and the OCV
drops. Thus, the delta-OCV method
measures the OCV change caused by
the self-discharging of C;, by Ry4.

While the delta-OCV method is
simple to perform, it suffers from the
need to store the cells. In a high-volume
manufacturing process, storing cells for five days means
that there must be a large amount of storage space and high
inventory carrying costs. So, the need arises for a better
method that can make a good versus bad determination in a
much shorter time than three to five days.

Advances in test technology have led manufacturing pro-
cess engineers to consider two potential solutions for mea-
suring a fast self-discharge:

1. Measurement and interpretation of the impedance
spectrum collected with a spectroscope that performs
electrochemical impedance spectroscopy (EIS). These
EIS instruments are sometimes called potentiostats.

2. Direct measurement of self-discharge using a special-
ized instrument called a self-discharge analyzer.
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New Candidate Method: EIS

An EIS instrument works by applying a sinusoidal ac cur-
rent to the cell and then measuring the ac voltage response
of the cell. The ratio of voltage to current is resistance R, if
measured at DC. However, when an ac current is applied,
this measurement is impedance Z. The ac current is swept,
and the voltage response is measured at each frequency in
the sweep. Note that the sweep is often stepped over a wide
range of frequencies, such a 0.1 Hz to 10 kHz.

Sometimes, a more efficient method is employed that just
checks at a few specific frequencies, which simplifies the
EIS instrument, lowering its cost and speeding upthe time
it takes to perform the EIS measurement sweep. Another
variation on EIS is to apply a current pulse and use math-
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2. Shown is a Nyquist plot for a cell (top) and Equivalent Circuit Model gener-
ated from that Nyquist plot (bottom).

ematics, such as a fast Fourier transform (FFT), to extract
the frequency content of the response of the cell.

Regardless of which EIS stimulus scheme is used, the fun-
damental concept is the same: Apply a range of frequencies
of current to the cell and measure the voltage response of the
cell at each frequency.

Once the stimulus is applied and the response captured,
a chart known as a Nyquist plot is generated by plotting the
real impedance on the horizontal axis and the inverse of the
imaginary impedance on the vertical axis (Fig. 2, top). The
software that controls the EIS will generate the Nyquist plot
from the raw sweep data. The Nyquist plot is a common way
to represent the electrochemical impedance.

Explaining how to interpret a Nyquist plot is beyond the
scope of this article, but fundamentally, the shape of the Ny-
quist plot reveals characteristics of the cell. Click here for a
white paper that delves into EIS for battery testing.

The physical processes are distributed at different fre-
quencies:

« Inductance of wires and cell structure (at high frequen-

cies).

« Double-layer charging at mid frequencies (100 Hz) is
followed by the resistive charge-transfer process at lower
frequency (1-100 Hz).

o At low frequencies (<1 Hz), the materials diffusion pro-
cesses at the electrode are observed.

The EIS data and the Nyquist plot can be further manipu-
lated using equivalent circuit modeling to extract an electri-
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3. Keysight’s BT2152B Self-Discharge Analyzer directly measures the self-discharge current of lithium-ion
cells, thus eliminating the need to wait days for a change in the cell OCV.

cal equivalent circuit model (ECM) of the cell (Fig. 2, bot-
tom). This ECM will show specific features in the cell, such
as the cell’s internal resistance. Click here for an example of
software to create an ECM from EIS data.

Purpose Built-Method: Self Discharge Analyzer

Another way to measure self-discharge is to use a spe-
cialized instrument called a self-discharge analyzer (SDA),
which is designed specifically for the single task of mea-
suring self-discharge (Fig. 3). The SDA basically micro-re-
charges the cell as the cell self-discharges, thus preventing
cell self-discharge.

While the SDA is making a measurement, it supplies suffi-
cient current into the cell’s external terminals to hold the cell
OCV constant (i.e., potentiostatic). The SDA directly mea-
sures the required current that it’s supplying, which is pre-
cisely the self-discharge current flowing through Ry, in the
cell model of Figure 1. Using this method, a self-discharge
measurement can be made in as little at 15 minutes.

Comparing EIS to SDA for Self-Discharge Measurement

EIS can be used to learn a great deal about the processes in-
side the cell (like charge transfer and double-layer charging).
It can be manipulated via ECM software to create an equiva-
lent circuit that describes specific elements inside the cell.

However, the self-discharge resistor R 4 can’t be identified
using typical EIS techniques. Here’s why: Recall that EIS ap-
plies a stimulus frequency (current) that causes a response
from the cell (voltage). Effectively, the stimulus frequency
causes the relevant processes in the cell to resonate at that
frequency. That's why the equivalent circuit model is often
composed of a series of RC circuits, which are also known
as resonant or tank circuits, where each RC circuit will be
stimulated at a specific frequency.

In the case of self-discharge, the self-discharge process
takes many days to become detectable. For EIS to mea-
sure self-discharge and then create an equivalent circuit
model that shows the Ry, the stimulus frequency would

need to be extremely slow.

Conceptually, for EIS to measure a a self-discharge be-
havior that’s five days (432,000 seconds) in duration, the
stimulus signal would need to have a period of 432,000 sec-
onds or a frequency of 2.3 pHz. This is an impractical mea-
surement to make.

Alternatively, an SDA can make this measurement in as
little as 15 minutes, so this is a practical way to measure cell
self-discharge.

While EIS isn't a good option for self-discharge measure-
ment, its a great tool for understanding whats happening
inside a cell. With EIS variants that can quickly and effi-
ciently measure the cell’s impedance spectrum, and with AI/
ML software to interpret the results, EIS is suitable for fast
determination of good versus bad cells in manufacturing.

But if one of the decision criteria is self-discharge current,
EIS can’t be solely deployed. Instead, the manufacturing test
process must include both SDA and EIS.
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