Galvanostatic intermittent titration
technigue (GITT) for Li-ion batteries

operating conditions, making it an essential tool for

The galvanostatic intermittent titration technique
(GITT) is a powerful electrochemical method widely
used for characterizing the kinetics and
thermodynamics of battery materials.

GITT has three major applications for lithium-ion (Li-
ion) batteries: the determination of the diffusion
coefficient, open-circuit voltage (OCV) analysis, and
overpotential/internal resistance analysis. Ultimately,
this technique provides valuable insights into the
electrochemical behavior of materials under realistic
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researchers and engineers involved in battery
development and optimization.

This Application Note presents an overview of GITT,
detailing its principles, procedural steps, and
applications in the field of energy storage. The
following sections will outline the methodology and
data analysis. INTELLO and its powerful suite of

battery-oriented commands will be shown.

L2 Metrohm



INTRODUCTION

A GITT procedure consists of a series of fixed current
pulses that correspond to a known C-rate. Each
current pulse is followed by a relaxation time, during
which time no current passes through the cell. The
current is negative during the discharge and positive

MEASUREMENT

Some assumptions are made during the analysis of
data that influence the experimental conditions we
apply to the cell during the measurement. The first is
that each pulse step produces only a very small
potential change. For that to be true, the current must
be small relative to the capacity of the battery, which
means that C-rates of C/10 and C/20 are common for
the current pulses. The length of the current pulse is
also kept relatively short, usually between 5 and 30
minutes.

The next assumption is that an equilibration state is
reached during the relaxation step. Since the time for
this to occur is different for every cell and system, the

In Figure 1, a typical GITT plot on a two-electrode
battery is shown. There are two branches in the plot,
corresponding first to when the cell is discharged to a
lower cut-off voltage, and second to when the cell is
charged to an upper cut-off voltage. An enlarged
section of the discharge part of plot is shown in the
insert of Figure 1. It's clear from this insert that the
plot is made of a series of active (blue) and rest
(orange) steps. Charging and discharging the battery
in this manner, with a series of current pulses, has
some interesting consequences that allow
researchers to extract some extra information from
the battery. These are described below.
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during the charge. Most often, GITT is performed on a
three-electrode battery (i.e., one containing a
reference electrode), although it can also be a
valuable exercise to perform it on a two-electrode

battery.

length of the relaxation step varies more. In some
cases it can be minutes, in others it can be
longer—around 1-2 hours—and in extreme cases,
more than 10 hours. It isimportant to take note of this
when investigating new materials and to adjust the
relaxation time accordingly. Since a complete GITT
measurement requires that the battery is taken from
fully charged to fully discharged and back again, it can
take longer than a month in some cases to complete a
full measurement. As a galvanostatic technique, it is
the E vs. time signal which is analyzed at the end of
the measurement.
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Figure 1. Complete GITT potential profile of a two-electrode
battery being discharged and charged with current pulses that
last 10 minutes, followed by a 60-minute rest period.
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During a negative current pulse, the cell potential
quickly decreases to a value proportional to the /R
drop, where R is the sum of the uncompensated
resistance R, and the charge transfer resistance R;.
Afterwards, the potential slowly decreases, due to the
galvanostatic discharge pulse, in order to maintain a
constant concentration gradient. When the current
pulse is interrupted (i.e., during the relaxation time),
the composition in the electrode tends to become
homogeneous by Li-ion diffusion. Consequently, the
potential first suddenly increases to a value
proportional to the jR drop, and then it continues to
slowly increase until the electrode is again in
equilibrium (i.e., when dE/dt = 0 ) and the open
circuit potential (OCP) is reached. Then, the
galvanostatic pulse is applied again, followed by
current interruption. This sequence of a discharge
pulse followed by a relaxation time is repeated until
the battery is fully discharged. During a positive
current pulse, the opposite holds, which is repeated
until the battery is fully charged.

Shown in Figure 2 are the first five current pulses of
the sequence; highlighted is the /R drop and AE, - the
voltage change during the current pulse, and AE, -
the change in the equilibrium or steady-state voltage
due to the current pulse. All are useful in analysis of
the GITT plot.

ANALYSIS
Diffusion Coefficients

The following equation is used to calculate the
diffusion coefficient at each step (pulse plus

p=t(iay (%/45)
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Figure 2. The first five current pulses are shown here. The pink
bars across the top of the figure relate to the current applied to
the cell during each step. Highlighted are the iR drop, the voltage
change during the current pulse, and the voltage change in
steady-state voltage due to the current pulse.

relaxation) in the GITT procedure. Its derivation from
Fick’s laws of diffusion is explained elsewhere [1-3].

(dE/dﬁ>

www.metrohm.com

L2 Metrohm



Here, / (A) is the current, v (cmE/mo/) is the molar
volume of the electrode, z, is the charge number, Fis
Faraday's constant (96485C/mol), and S (cm?) is the
electrode area. Additionally, dE/d6 is the steady-state
voltage change and dE/d,/tis the transient voltage

change during one galvanostatic titration step.

If sufficiently small currents (e.g., C/20) are applied for
short time intervals (e.g., 10 minutes) then dE/d./t can
be considered linear. With these additional
conditions, the previous equation can be simplified to:

4 MV, \* (AEG\*

D =
T

AE,

Here, 7 (s) is the duration of the current pulse, Ny,
(mol) is the number of moles, v (cm>/mol) is the
molar volume of the electrode, S (cm?) is the
electrode area, AE, (V) is the steady-state voltage
change due to the current pulse, and AET (V) is the
voltage change during the constant current
pulse—eliminating the iR drop.

Typically, after the diffusion coefficient at each step is
determined, it is then plotted as a function of either

Open Circuit Potential

The OCP of a material at different states of charge is
determined very accurately during the GITT procedure
and contains some interesting thermodynamic
information about the battery material [1].

Cathode
Ui

the state of charge (SOC) or capacity of the battery.
The changing state of charge is accompanied by
physical changes in the electrode which can affect the
diffusion of lithium ions. Monitoring the diffusion
coefficient in this manner gives important insights
into battery performance across the full
charge/discharge cycle and helps researchers to
optimize the performance of materials.

In this context, the OCP can also be defined as the
chemical potential difference (u) of lithium ions in the
cathode and anode:

() — prete @)

V(x) =

e

In this equation, x is the amount of lithium in the
battery and e is the magnitude of the electronic
charge.
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Plotting this also as a function of SOC or capacity is a
useful tool to reveal changes in the electrochemical
reaction of the battery as it is cycled.
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Overpotential and Internal Resistance

In addition to the OCP, it can also be useful to look at voltage at the end of the current pulse (Emeas> and the
the overpotential at each step. The overpotential is voltage at the end of the relaxation step (Eeq) [1].
defined as the difference between the measured cell

77 _ |Emeas eq
Considering the overpotential as a function of the also possible to instead consider changes in the
SOC as well as the OCP can reveal kinetic and internal resistance, which is essentially normalizing

thermodynamic changes that are sometimes hidden the overpotential to the applied current:
by just looking at the overpotential in isolation. It is

Internal Resistance (Q) = L

lapplied
Table 1. Details of the battery samples measured in this study.
Sample Number of electrodes Form Capacity / mAh
1 Two Cylinder 3270
2 Three Pouch 4150
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EXPERIMENTAL

To illustrate the principle of a GITT measurement, the
technique was performed on two batteries with two
and three electrodes, respectively, using VIONIC
powered by INTELLO. There are two default
procedures within the INTELLO library which are
meant for GITT: one on a two-electrode battery and
one on a three-electrode battery. The main
parameters are C-rate, pulse, and rest durations,
appropriate choices for which are discussed in the
measurement section above. Also quickly available

Table 2. Experimental details used in this Application Note.

are the voltage cut-offs, which are related to the
battery under study (keep reading for some
examples). For the 3-electrode procedure, cut-offs on
both the WE-Second Sense (S2) and WE. potential
signals are provided. Finally, parameters for adjusting
the dynamic sampling rate are available. The standard
plots are pre-built for convenience. Although we
focus primarily on INTELLO in this Application Note,
the same approach would be possible with an
Autolab instrument and NOVA.

Sample C-rate Pulse duration / min Rest duration /min
1 C/10 10 60
2 C/10 10 10

In both cases studied, the samples were fully charged
with a constant 0.5C before the GITT measurement
was made. In the case of Sample 1, it was then
discharged from 4.2 VV to 3 V and then charged again

RESULTS AND DISCUSSION

The GITT profile of Sample 1 (the two-electrode
battery) is presented in Figure 3. The conditions were
satisfied such that it would be possible to calculate
the OCP, overpotential, and internal resistance, and
then plot this data vs. the SOC. However, since this a
two-electrode battery it is not possible to separate
the diffusion contributions from the anode and
cathode—therefore calculating the diffusion
coefficient is impossible.
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to 4.2 V. Sample 2, which has a different chemical
makeup, was discharged from 3.65 V to 2.5 V and
then charged again to 3.65 V.

Figure 3. GITT profile of sample 1, a two-electrode battery with a
capacity of 3270 mAh.
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The GITT profile of Sample 2 is shown in Figure 4.
There are three potential signals in INTELLO:
WE potential, S2.potential, and WE-S2 potential. The
standard connection to the three-electrode battery
was made where the WE+S connected to the positive
terminal, the CE+S2 connected to the negative
terminal, and the RE connected to the reference
electrode. The WE.potential (S to R) signal is the
potential at the cathode, and the S2.Potential (52 to
R) signal is the potential at the anode. If the
S2.potential is subtracted from the WE potential, the
voltage across the whole battery is calculated (i.e., the
WE-S2 potential signal). Hence, in this case, the GITT
profile is the WE-S2 potential vs. t. But the described
analysis can also be performed independently on
each potential signal, WE-RE and S2-RE, giving
information about the diffusion of one or two half-
cell materials.

Even though the experimental data would allow us to
carry out further analysis and to calculate the diffusion
coefficients, unfortunately it was not possible in this
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Figure 4. GITT profile of sample 2, a three-electrode battery with
a capacity of around 4150 mAh.
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CONFIGURATION
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Autolab PGSTAT302N

This high end, high current potentiostat/galvanostat,
with a compliance voltage of 30 V and a bandwidth
of 1 MHz, combined with our FRA32M module, is
specially designed for electrochemical impedance
spectroscopy.

The PGSTAT302N is the successor of the popular
PGSTAT30. The maximum currentis 2 A, the current
range can be extended to 20 A with the
BOOSTER20A, the current resolution is 30 fA at a
current range of 10 nA.

Autolab DuoCoin Cell Holder

The Autolab DuoCoin Cell Holder has 4-point Kelvin
gold-plated contacts to assure the highest precision
measurements for your battery research. A versatile
accessory that can accommodate all standard cells
sizes with capacity for smaller and larger non-
standard cells and two cells can be processed at one
time.

Autolab DuoCoin Cell Holder gold plated contacts
and gold plated PCB provide protection from
corrosion and damage to the accessory in your busy
laboratory.

Experimental set up is simplified with the Autolab
DuoCoin Cell Holder with visible electrode labels and
cable connections that correspond to the Autolab
potentionstat/galvanostat cable colors. Autolab’s
attention to detail is reflected in the silicon surface
grippers on the bottom of the Autolab DuoCoin Cell
Holder to provide stability in a complex experiment
set up.
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https://www.metrohm.com/products/a/ut30/aut302n_s.html
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nova

POTENTIOSTAT
GALVANOSTAT
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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

Autolab PGSTAT204

The PGSTAT204 combines the small footprint with a
modular design. The instrument includes a base
potentiostat/galvanostat with a compliance voltage
of 20 V and a maximum current of 400 mA or 10 A'in
combination with the BOOSTER10A. The potentiostat
can be expanded at any time with one additional
module, for example the FRA32M electrochemical
impedance spectroscopy (EIS) module.

The PGSTAT204 is an affordable instrument which
can be located anywhere in the lab. Analog and
digital inputs/outputs are available to control
Autolab accessories and external devices are
available. The PGSTAT204 includes a built-in analog
integrator. In combination with the powerful NOVA
software it can be used for most of the standard
electrochemical techniques.
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