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Quantitative GITT analysis of a model system with applications to

lithium-sulfur batteries

James W. Dibden®®, Nina Meddings®, John R. Owen®® and Nuria Garcia-Araez*!

Abstract: Galvanostatic Intermittent Titration Technique (GITT) is a
powerful characterization tool for batteries that provides key
thermodynamic and kinetic information about battery performance.
However, the quantitative analysis of GITT measurements of lithium-
sulfur batteries has so far been limited to the evaluation of the
internal resistance of the cell and the equilibrium voltage profiles. In
this work, we provide the mathematical framework to characterize
the mass transport kinetics in lithium-sulfur batteries from GITT data
and we demonstrate the validity of the approach via the application
to a model and well-behaved system, ethyl viologen, whose diffusion
coefficient is corroborated by cyclic voltammetry. The present
approach is also advantageous for the analysis of ion-insertion
electrodes, where non-linearity of concentration and voltage
changes would produce unrealistic evaluations of the diffusion
coefficient by the classical analysis of GITT data.

Introduction

Galvanostatic Intermittent Titration Technique (GITT) is an
electrochemical technique that involves the application of a
series of current pulses, each followed by a relaxation period
where no current passes through the cell. A mathematical
framework for the quantitative analysis of GITT data was
demonstrated in 1977 by Weppner and Huggins,™ who showed
that the technique could be used to characterize the transport
kinetics and thermodynamics in ion-insertion electrodes. The
rate of ion transport in the bulk of the electrode is often the rate-
determining step, and because of that, GITT has been
extensively applied to evaluate the ambipolar diffusion
coefficient of lithium, which ultimately determines the battery rate
capability.

The application of GITT to lithium-sulfur batteries can potentially
provide a rich set of information about the reaction mechanism,
the timescales of the different steps and the unusual properties
of the concentrated polysulfide solutions formed in-situ in
lithium-sulfur batteries. GITT measurements have already been
used to evaluate the internal resistance of lithium-sulfur cells,
demonstrating that cell failure is associated to a rapidly
increasing resistance.*® GITT has also been used to obtain the
(quasi) equilibrium voltage of the cells and it has also been
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shown that GITT data can be used to demonstrate qualitative
differences in the rate of different processes involved in lithium-
sulfur cell reactions, for cells made with different electrolytes,
different electrodes or operated at different temperatures.*®
However, a quantitative analysis of GITT data to evaluate
transport kinetics is still missing. This is because of the
complexity of lithium-sulfur battery reactions, which makes the
mathematical approach developed by Weppner and Huggins®
unsuitable for these batteries.

The following characteristics of lithium-sulfur batteries make the
approach by Weppner and Huggins for ion-insertion electrodes
inapplicable:

1) Redox reactions in lithium-sulfur batteries take place in the
liquid state, and transport of species takes place in solution, as
opposed to the situation of solid state ion diffusion within an
insertion electrode.

2) A variety of polysulfide species are formed during the
operation of lithium-sulfur batteries, which sometimes coexist
with solid sulfur and/or solid Li,S.

3) Polysulfides can shuttle from the sulfur electrode to the lithium
electrode, producing battery self-discharge.

In this work, we demonstrate the use of GITT measurements to
characterize the transport kinetics of species in solution. We
validate the mathematical derivation by using a model, well-
behaved electrochemical system (ethyl viologen (I1), EtV?*). The
diffusion coefficient of EtV** in an electrolyte typical of lithium-
sulfur batteries (1 M LiTFSI in 1,3-dioxolane) is evaluated by
cyclic voltammetry. It is shown that our analysis of GITT data
provides values of diffusion coefficient that are consistent with
cyclic voltammetry, while using the simplified approach
proposed by Weppner and Huggins leads to marked
inconsistencies. Therefore, the approach here developed is
suitable to characterize the rate of transport of soluble species
such as sulfur or polysulfides in lithium-sulfur batteries, as well
as the rate of transport of the electron-lithium ion pair in one-
phase lithium insertion materials. The complications associated
with having solid sulfur and/or Li,S present in the battery will be
addressed in future work. In all the experiments presented here,
shuttling of species from the working electrode to the
counter/reference electrode is avoided via the introduction of a
lithium-ion conductive glass ceramic membrane (LICGC, Ohara
Corporation).

This work is a first step towards the application of GITT to the
more complex Li-S battery, and complements other approaches
to unravel the fundamental redox and diffusion properties of the
complex polysulfide solutions formed in Li-S cells. For example,
a detailed analysis of impedance measurements of polysulfide
solutions with  well-behaved glassy carbon electrodes,
complemented with UV-vis measurements, demonstrated the
importance of disproportionation reactions, and the use of this
technique to estimate values of the relevant rate constants and
diffusion coefficients.” Impedance spectroscopy has also been
used to evaluate the individual contributions from electrolyte
resistance, charge transfer, ion diffusion and electrode surface
layers,'™**! which in turn has been used to refine mechanistic
models of Li-S cells,"®'"! as well as to investigate capacity
fading.'®*?% Other experimental techniques used to elucidate
redox and diffusion properties in Li-S cells include XAS,?**% in-
operando optical imaging of the temporal and spatial distribution
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of polysulfides,® UV-Vis spectroscopy,?**d  NMR,#*40

EPR/ESR,***1 XRD,"*%%) Raman,®*® HPLC/®**! and gas
evolution,’®™ among other electrochemical studies.®®% The
mechanism and kinetics of Li,S precipitation has been studied
using chronoamperometry.® In terms of the shuttle behavior of
polysulfides, methods to experimentally quantify the rate of the
shuttle process have been proposed, as well as models of the
process and its effect on capacity, charge efficiency and self-
discharge.l’®™ Indeed, there have been efforts to model the
behavior of Li-S cells more generally, including the effect of
reaction kinetics and transport properties.’*"® In this work, we
demonstrate a reliable method to determine the mass transport
kinetics of soluble species, and such information can be used to
validate and complement the other techniques. The advantages
of GITT is that it can be applied to practical cells and provides
an evaluation of the diffusion coefficient that does not require
prior knowledge of the speciation (number of electrons involved
in the reaction) or concentration of species.

This article is organized as follows. First, an evaluation of the
diffusion of ethyl viologen (l1) in the chosen solvent (1 M LiTFSI
in 1,3-dioxolane) by cyclic voltammetry is presented in section 1.
Then, the mathematical background required for the analysis of
GITT is explained in section 2. The results and discussion of
GITT data is presented in section 3. Full experimental details are
provided at the end of the article.

Results and Discussion

1. Evaluation of the diffusion coefficient of ethyl viologen (II)
by cyclic voltammetry

Figure 1 shows cyclic voltammograms measured at different
scan rates at a glassy carbon electrode in a solution containing
5 mM EtV(OTf); in 1 M LITFSI in 1,3-dioxolane. The
voltammograms show the characteristic duck-shape of a
reversible electrochemical system with fast electron transfer.’™
The cathodic peak corresponds to the reduction of EtV?* to EtV",
and the anodic peak to the oxidation of EtV' to Etv?*. These
measurements were done in a Swagelok cell containing a glass-
embedded glassy carbon electrode. The glassy carbon
electrode was separated from the counter/reference electrode
by glass fiber separators soaked in the electrolyte. Therefore,
the measurements accurately reflect the rate of mass transport
of ethyl viologen (I) in the electrolyte-soaked separator. This
allowed a quantitative comparison with the analysis of the GITT
data, which was also obtained in a Swagelok cell containing
ethyl viologen (II) present in the electrolyte-soaked glass fiber
separator.
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Figure 1. Cyclic voltammograms recorded at a glassy carbon electrode in a
Swagelok cell containing three glass fiber separators soaked in 5 mM
EtV(OTf), + 1 M LiTFSI in 1,3-dioxolane.

Figure 2 shows the plot of peak potentials vs. peak current for
the EtV?" to EtV* process, as obtained from the data in figure 1
at different scan rates. Extrapolation to zero current shows a
difference of peak potentials of 69 mV, in reasonable agreement
with the 59 mV expected for a fully reversible system. Therefore,
the Randles-Sevcik equation was used to evaluate the value of
the diffusion coefficient from the peak current:

I, =2.69:10°n*?AD"*c v'* (1.2)

where |, is the peak current, n is the number of electrons, A is
the electrode area, D is the diffusion coefficient, ¢ is the
concentration and V is the scan rate. Note that the constant in
the Randles-Sevcik equation equals 2.69-10° C mol™ V°°.
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Figure 2. Plot of peak potential against peak current for the measurements
shown in figure 1.



Figure 3 shows the plot of peak current vs. the square of the
scan rate. The slope of the plot gives a value of diffusion
coefficient of 3.2:10° cm?s? for EtV* in the electrolyte soaking
the glass fiber separator. An average value of (2.8+0.4)-10 cm?
s was obtained upon repetition of these measurements. The

formal standard potential of the EtV?*/EtV* process, E” =246V
vs. Li*/Li, has also been obtained from the average in peak
potential of the cathodic and anodic processes:

_ Ep +Ep
2

where E  and E  are the cathodic and anodic peak

E° (1.2)

potentials, as extrapolated to zero current from figure 2.
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Figure 3. Plot of peak potential against the square room of the scan rate, for
the measurements shown in figure 1.

In order to improve the accuracy of the analysis of voltammetric
data, the measurements in figure 1 were done without a lithium
conductive membrane separating the working and counter-
reference electrodes (only glass fiber separators were placed in
between the two electrodes). In this way, the internal cell
resistance of the cell was relatively small (150 Q), despite the
small area of the glassy carbon electrode (0.07 cm?), and hence
the effect of the IR correction was also small, <12 mV. The
counter-reference electrode in those experiments was a partially
de-lithiated LiFePQO, electrode, LigsFePOs4, which has a constant
potential of 3.45 V vs. Li*/Li. EtV*" is stable in contact with this
electrode (80). EtV* is oxidized to EtV?* by LigsFePO,, but the
effect of that reaction on the voltammograms in figure 1 is
negligible, since the EtV"* is only created at the surface of the
glassy carbon working electrode, and the time for EtV" to diffuse
to the LiosFePOs, electrode is around L%D (where L is the
thickness of the three glass fibers separators used in these
experiments, ca. 0.1 cm), which is >1 hour.

2. Background for the GITT analysis

GITT involves the application of a series of current pulses, each
of them followed by a long relaxation step, and this sequence of
current pulse + relaxation step is usually repeated many times
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until the battery is fully charged or discharged. The current pulse
produces a change in concentration of the redox species
according to Fick’s first law:

L [%) ~nFD, (5&)
A ax x=0 ax x=0

where |p is the applied current, A is the electrode area, n is the
number of electrons, F is Faraday’s constant, Do and Dg are the
diffusion coefficients of oxidized and reduced species,
respectively, and co and cg are the concentrations, and x is the
distance from the electrode surface. The variation of the surface
concentrations induced by the current pulse is given by (79):

21t 12

(2.1)

CX0 _ ginitial _ t<<— (2.2a)
° ° ARD.z D
2
CrX<:0 _ Cglitial 2'0\/t- t << L (2.2b)
AnF/D. 7 D
initial

where 't is time, and Cq and CciMtial gre the initial

concentrations of oxidized and reduced species before each
pulse. Figure 4b illustrates the calculation of the variation of the
surface concentrations during one pulse, using the conditions of
the experiments presented in section 3. The surface
concentrations are plotted against the square root of time, and
therefore the plots are linear, as expected from equation (2.2).
Figure 4c shows the calculation of the electrode potential during
the current pulse, as obtained using the Nernst equation:

x=0
E=E" 4+ 30 |nSo_ (2.9)
nF ¢y

where it is considered that all activity coefficients are unity. Note
that the experimental potential will show an additional constant
shift due to the IR drop, as illustrated in figure 4c. It is observed
that the variation of the potential with the square root of time is
not linear, which is the main problem with the application of the
classical analysis of GITT data. This point will be discussed in
more detail.
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Figure 4. Plot of applied current (a), calculated surface concentrations of EtvZ"
and EtV* (b) and calculated electrode potential, with and without IR drops (c),
against the square room of time. Calculations have been done using equations
(2.2 and 2.3) for the experimental conditions corresponding to the 2™ pulse in
the GITT measurements in figure 6 (calculations of the 1% pulse are less
accurate since only trace amounts of EtV" are present initially in the cell):
I°=0.2mA, A= 1.77 cm? n=1, Do=Dr=3-10°cm?s?, co™@ = 511 mM,
cr™@ = 0.04 mM. The duration of the pulse is 5 seconds. The IR drop has
been included considering R=168 Q, as found experimentally in the GITT data.

Equation (2.2) is only applicable for current pulse durations
shorter than L%/D, where L is the thickness of the media where
concentration profiles develop and D is the diffusion coefficient.
In the present case, L is the electrolyte thickness, which equals
the thickness of the two glass fiber separators used in the
present GITT measurements. L¥D provides an estimation of the
time involved in the diffusion of species with diffusion coefficient
D over a distance L. Once species reach the other side of the
separator, they will be affected by the boundary condition
established between the electrolyte-soaked separator and the
lithium-ion conductive glass membrane that is placed after it.
Since the flux of viologen species is blocked by the lithium-ion
conductive membrane, the concentration gradient should be
zero. As a result the evolution of the concentration profiles will
be disturbed by this additional boundary condition, and equation
(2.2) will not hold.

Figure 5 illustrates the concentration profiles at the end of the 1%
and 84" pulse using the following equation (79):

1° Dot x?
x=0 0
= — Y
€0 =% nFAD, m exp( 4D0t>

—rerfe( =) (1<h) o
xecmDot D (2.4)
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At the end of the pulses, the concentration profiles have reached
their maximum spread. Thus, figure 5 shows that, for the pulse
duration of 5 seconds employed here, the changes in
concentration during the current pulses take place within 0.01
cm from the electrode surface, which is much shorter than the
thickness of the separator used in the present GITT
measurements (two glass fiber separators: L = 0.07 cm when
fully compressed). This is because the duration of the pulse is
much shorter than L%D, which is around 40 minutes. Figure 5
also shows that the analysis of the GITT data from pulse 84
onwards should be done with more care, since the surface
concentration of the oxidized species effectively reaches zero
during the current pulse. For the case under study, this will
mean that EtV?* will be converted to EtV*, which will then be
converted to EtV° towards the end of the current pulse. Careful
inspection of the experimental results presented in section 3
shows that the effect of conversion of EtV* to EtV° is already
noticeable from around the 75" pulse onwards. This could be
due to small misalignment of the electrodes or to a small
overestimation of the diffusion coefficient in the application of
equation 2.4 (using D=2-10° cm?s™ it is found that the surface
EtV?* concentration drops to zero at the end of pulse 74).
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Figure 5. Calculated EtV?" concentration as a function of the distance from the
electrode, at the end of the 1% and 84™ pulse in GITT measurements, using
equation (2.4). All parameters as in figure 4.

When the change in surface concentration induced by the
current pulse is small, Weppner and Huggins (1) proposed that
the change in potential would be proportional to the change in
concentration:

AEpy e =KACh o (2.5)
where k is a proportionality constant,
ABpyise = Einitir —Epuise where By, is the  potential

before the pulse and Ey, o is the potential during the pulse

(without IR contributions), and ACPULSE = Cinitial —

change in oxidized or reduced species concentration. According
to equation (2.2), and considering for simplicity Do=Dr =D

21t L°

AC = t<<—
PULSE = N F VD2 D

CouLse s the

(2.6)



The proportionality constant k can be obtained experimentally
from the change in the equilibrium potential at the end of the
relaxation:

ABgeiax = kACRELAX @7
where AEce ax = Ejnitiar — Ererax ' and
ACreax = Ciniial — Crevax - Ererax @nd Cggiax are the values

of potential and concentration at the end of the relaxation.
AEqg ax can be obtained from experiments and ACgg 5y CanN
be calculated with Faraday’s law:

7l,
ACpeiax = nEV — (2.8)
electrolyte
where 7 is the duration of the current pulse and Velectmlyte is the

volume of electrolyte (250 pl in the present measurements).
Combining equations (2.5-2.8), the following expression of the
change in potential during the current pulse can be obtained:

2V t L2
AE =AE Z Telectrolyte f 7 t<<—
PULSE RELAX r A D7Z'

(2.9)
Thus, the change in potential at the end of the pulse, whent =17,
will be:

2V

2
electrolyte L

—_— t<<—
AJ7Dx

t=r _
AEPULSE - AERELAX

(2.10)
And the diffusion coefficient can be obtained from
2
D= (ij Velectrolyte AERELAX t << Lz
t=r
T A AEL s D

(2.11)

Note that equation (2.11) only holds if equation (2.9) holds for
the whole duration of the pulse, as pointed out by Weppner and
Huggins.™ This can be checked, in principle, by plotting

AEPULSE VS. \/t_ and checking the linearity of the plot.

However, deviations at short times will always be observed due

to the formation of an IR drop as the current changes from zero

(before the pulse) to a constant value (during the pulse). At

longer times, deviations can also be observed as  the

concentration profiles spread over a distance greater than the

thickness of the separator, which means that the condition of
2

<< B does not hold. More importantly, deviations can also

be observed at longer times when the change in concentration
and the change in potential are not proportional, as required by
equation 2.7. Despite these complications, it is possible, in
principle, to obtain an accurate evaluation of the diffusion

coefficient, provided that the plot of AE,, o vs. «/t- is linear at
intermediate times, by using the value of the slope of the plot,

dAE,,  /dWt :

2
D — (ij Velectrolyte
V4 TA

However,

AEge ax
d ABpyise /d \/t_

in practice, ascertaining the linearity of plot of

(2.12)

AE & Vs. \/t_ is rather subjective and dependent on how
the plot is made. We will show here that unphysical values of the
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diffusion coefficient can be obtained, with unphysical variations
of the magnitude of the diffusion coefficient of over two orders of
magnitude.

It will be shown that a more accurate analysis of GITT data can
be done using the Nernst equation in order to establish the
relationship between concentrations and potential. In this way,
the variation of potential during the pulse can be obtained by
combining equations 2.2 and 2.3:

initial _ 2'0 \/E
0

RT AnF/D,7
AEPULSE :FInT
initial + 2'0\/f
R
AnF./D.7 2
RO ARDE ()
nF Cx D
where Cgmial and C,;n ! are the concentrations of oxidized and

reduced species before the current pulse, which can be obtained
by taking into account the initial concentration of species and
the change in concentration induced by previous pulses, which
is given by equation (2.8).

3. Analysis of GITT data

Figure 6 shows the results of the GITT measurements of a cell
containing 5 mM EtV?* in the working electrode compartment,
which is separated from the counter-reference electrode by a
lithium-ion conductive glass membrane (Ohara). From pulse 75
onwards, the variation of the potential during the pulses is much
greater than in earlier pulses. This is due to depletion of EtV?* at
the electrode surface (see figure 5), which results in the
transition from the EtV?* to EtV* conversion to the EtV* to EtV°
process, which takes place at around 2V vs. Li'/Li. In the
following, the analysis will be focused on the first 75 pulses,
where this complication does not take place.
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Figure 6. GITT measurements of a cell containing two glass fiber separators
soaked in 5 mM EtV(OTf), + 1 M LIiTFSI in 1,3-dioxolane in the working
electrode compartment with a carbon coated aluminium foil working electrode,
a lithium-ion conductive glass membrane (LICGC, Ohara Corporation), and
one glass fiber separator soaked in 1 M LiTFSI in 1,3-dioxolane with lithium
metal as counter-reference electrode. In each pulse, a current of 0.11 mA cm?
was applied for 5 s, followed by a rest period of 1 hour. All experimental
parameters are the same as in the calculations in figures 4-5 and 7-8.



In each pulse, a fraction of EtV?* is converted into EtV'. At the
end of each of the relaxation steps, the concentrations of Etv?*
and EtV" have equilibrated within the separator in the working
electrode compartment, and the cell voltage reaches a steady-
state potential which corresponds to the equilibrium potential of
the cell. The experimental steady-state potential can be
compared with the calculation of the equilibrium potential using
the Nernst equation:
2+
£ 4 AT BV Tea
F [EtV ]RELAX

3.1)
where [EtV* logax and [EtV e are the equilibrium

concentrations of EtV?* and EtV* at the end of the relaxation,
and they are calculated using Faraday’s law, taking into account
that in each pulse, the change in concentration is given by

equation (2.8). Under the present conditions ACqg , is around

0.04 mM (that is, each pulse produces a decrease in [EtV?] of
0.04 mM and an increase in [EtV'] of 0.04 mM). The state of
charge (SOC) of the cell can be defined as:

SOC = molezs+ of EtV i
moles of EtV<" + moles of EtV

_ [Etv+]RELAX
[Etv2+]RELAX + [Etv+]RELAX (3.2)

where [EtV*]ooa + [EtV ] €Quals the initial ethyl

viologen concentration (5 mM in the present case). Figure 7
compares the experimental and calculated equilibrium potentials
as a function of the state of charge of the cell, evidencing an
excellent agreement.
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Figure 7. Comparison of equilibrium potential values as obtained
experimentally from the GITT measurements in figure 6 (black) and from
calculation using the Nernst equation (equation 3.1, red). All parameters for
the calculation are taken directly from the experimental values, and the value
of E® = 2.42 V vs. Li"/Li has been used, in good agreement with voltammetric
experiments, which give E® = 2.46 V vs. Li*/Li.
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Figure 8. Comparison of experimental (black) and calculated (red: using
equation 2.9, blue: using equation 2.13) values of the change in potential
induced by the current pulse, for the pulse number indicated. All parameters
for the calculations have been taken directly from the experimental values, and
D = 3-10° cm? s has been used, in agreement with the analysis of
voltammetric data, which give D = (2.8 + 0.4)-10° cm?s™.

The change in potential induced by the current pulse (AEF,ULSE ,

without IR contributions) can be calculated using equations (2.9)
or (2.13). The main difference between these two equations is
that equation (2.9) is derived considering that the change in
potential is proportional to the change in concentration, whereas



equation (2.13) is based on the Nernst equation. Both equations
use the same approach (i.e. equation 2.2) to calculate changes
in surface concentration induced by current pulses. Figure 8
compares the experimental response with calculated values for
a few pulses (pulses 2, 30 and 70). The values are plotted

against \/t_ because this plot would be linear (at least at

intermediate times) if the change in potential was proportional to
the change in concentration. It is clearly observed that the plots
are not linear, except in the case of intermediate pulse numbers
(in the present case, for pulses between 20 and 40,
corresponding to SOC between 15% and 35%). Deviations
between the experimental data and calculations using equation
(2.9) are obvious, due to the fact that the changes in potential
and concentration are not proportional, except for intermediate
pulse numbers. The calculations using equation (2.13) give a
better agreement with the experimental data, but still some
deviations are clearly visible which can be attributed to some
simplifications in the calculations (for example, trace amounts of
EtV* might be present initially in the cell).

For intermediate pulse numbers, it is possible to make a linear fit

of AEp ¢ Vs \/f in the region where the plot is reasonably

linear, as illustrated in figure 9. With that, the slope of the plot
can be used to evaluate the diffusion coefficient using equation
(2.12). For other pulse numbers, the plot is non-linear. In that
case, one can take the total change in potential induced by the
pulse, without IR contributions, as illustrated in figure 9, and use
that value to calculate the diffusion coefficient using equation
(2.11). This latter approach is equivalent to forcing a linear fit to
a plot that is not truly linear. For the correction of IR effects, we
have considered that the resistance of the cell should not
depend on the state of charge, since the reduction of EtV>" does
not lead to formation of any insoluble products. Therefore, the
resistance has been evaluated for pulses that show the

expected linear behavior of AE, o vs. x/t_ at longer times,

when the IR drop formation is complete (see figure 9, which
shows R = 168 Q), and we have considered the same value of
resistance for all the pulses.
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Figure 9. lllustration of how the values of AEp; sz and dAEpy;sp/\t have
been obtained for one pulse in GITT data (pulse 30) for the evaluation of the
diffusion coefficient in figure 10.

Figure 10 compares the evaluation of the diffusion coefficient
from GITT data using equations (2.11) and (2.12) and from
voltammetric data using equation (1.1). A marked variation of
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the value of the diffusion coefficient with the state of charge is
observed upon application of equation (2.11), and also equation
(2.12) but to a smaller extent. The cause for these unrealistic
variations is illustrated in figure 11, where the equilibrium
potential (as obtained from the rest potential in GITT
measurements) is plotted vs. concentration (where
concentrations are calculated using Faraday’s law). For the
present GITT experiments, the change in surface concentration
induced by each current pulse is ca. 1.7 mM at the end of the
pulse (see equation (2.6) and figure 4). On the other hand, the
change in the bulk concentration, which is reached at the end of
the relaxation state, is only 0.04 mM. Therefore, the change in
surface concentration, and corresponding change in potential, at
the end of each current pulse is equivalent to the change in bulk
concentration, and corresponding change in equilibrium potential,
attained by ca 1.7/0.04 = 42 pulses. This is illustrated by the
arrows or “pulse trajectories” in figure 11, for pulses 2, 30 and 70.

According to equations (2.5) and (2.7), the change in potential
during the current pulse should be proportional to the change in
surface concentration, and likewise the change in equilibrium
potential should be proportional to the change in bulk
concentration. Moreover, the proportionality constant should be
the same for both cases. In other words, for each pulse, the
gradient dEpuise/dcpuise should be equal to the gradient
dEgreax/dcsuk. Visually, this condition requires that the
“trajectories” illustrated in figure 11 span a region where the
variation of potential with concentration is linear and overlaps
with the arrow. In view of figure 11, it is clear that only for pulse

30 is this true. For the other pulses, dAERELAX /ACRELAX (i.e.
the variation of equilibrium potential with bulk concentration) is

greater than dAEPU'—SE/ACPU'—SE (i.e. the variation of pulse
potential with surface concentration) for the first pulses, and it is

less than dAEPULSE /ACPULSE for the latest pulses. Thus the
classical GITT analysis produces an overestimation of the
diffusion coefficient for the first pulses, and an underestimation
for the latest pulses.

In conclusion, it is essential to check the condition of potential-
concentration linearity in order to validate the results of the
evaluation of diffusion coefficients using GITT. This can be done
as follows. First, a plot of equilibrium potential vs. bulk
concentration can be made, as illustrated in figure 11.
Alternatively, if the evaluation of bulk concentration is uncertain,
the analysis can be done by plotting potential vs. pulse number,
for example. Then, by reference to this curve, an arrow or
“trajectory” for each pulse can be drawn, even where the change
in surface concentration induced by the pulse cannot be
calculated (which, indeed, will normally be the case, since
equation (2.6) requires prior knowledge of the diffusion
coefficient). The displacement in the y-axis of the “trajectory”, is
simply defined by the change in potential at the end of the pulse

(that is, the value of AEPULSE at t = 7, without IR effects), and

the corresponding displacement in the x-axis can then be found
by using the experimental potential vs. pulse number curve. If
the trajectory occurs within a region where the potential varies
linearly with pulse number, then the evaluation of the diffusion
coefficient is reliable. It should also be noted that the precision in
the evaluation of the diffusion coefficient is probably limited to an
order of magnitude estimation, since, as in many other
electrochemical techniques, the value of the diffusion coefficient
depends on the square of a combination of experimental values,
and hence uncertainities in the experimental data are amplified.
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Figure 10. Diffusion coefficient of ethyl viologen as evaluated from GITT data
applying equation 2.11 (red points) or equation 2.12 (blue points) and
voltammetric data (black dashed line, using equation 1.1).
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Figure 11. Plot of equilibrium potential vs. Etv?" bulk concentration, and
arrows llustrating the changes in potential and concentration induced by
pulses 2,30 and, 70. The graph also illustrates the strategy to draw trajectories
when only AEPIJTLSE is known experimentally.

Conclusions

GITT is a powerful tool to evaluate the transport kinetics of
species in complex media. Advantages with respect to other
electrochemical techniques, such as cyclic voltammetry, include
the fact that GITT can provide an evaluation of the diffusion
coefficient without any knowledge about the number of electrons
or concentration of the species (equations 2.11 and 2.12).
However, the analysis of GITT data should be done with care,
since unrealistic values of diffusion coefficient can be obtained if
the assumptions behind the classical analysis proposed by
Weppner and Huggins™ are not fulfilled. In particular, the
condition of proportionality between potential and concentration
is difficult to meet experimentally and often neglected. In this
work, we provide a rigorous testing of the approach using a well-
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behaved electrochemical system, we demonstrate that the
analysis of GITT data can provide a reliable evaluation of the
diffusion coefficient, and we propose a method to validate the
result, which requires only the experimental rest potentials
obtained in the same GITT measurements.

Experimental Section

For the electrolytes, ethyl viologen triflate (EtV(OTf),) was prepared in-
house according to the literature®™ from ethyl viologen di-iodide (EtVIy,
99%, Sigma-Aldrich) and silver triflate (AgOTf, 299%, Sigma-Aldrich).
1,3-dioxolane (Sigma-Aldrich, 99.8% purity, anhydrous) and lithium
bis(trifluoromethane)-sulfonamide salt (LiTFSI) (99.95%, Sigma-Aldrich)
were dried and deoxygenated under vacuum at 120 °C for 24 hours. The
electrolytes (1 M LIiTFSI in 1-3 dioxolane with and without 5 mM
EtV(OTf), were prepared inside an argon filled glovebox (< 1 ppm water
content, < 10 ppm oxygen content, M-Braun). Cells were assembled
inside the same glovebox.

The cell used for cyclic voltammetry is shown in Figure 12. A glassy
carbon working electrode or ‘probe’ (3 mm diameter, type 2, Alfa Aesar)
is embedded in a 1-inch diameter glass disc attached to a glass tube. A
thin copper rod in contact with the back face of the glassy carbon serves
as the current collector. Prior to use, the glassy carbon electrode was
polished with 25, 3.0 and 0.3 ym alumina powder in deionised water and
dried under vacuum at 80 °C for a minimum of 30 minutes. LigsFePO4
electrodes were prepared by mixing LiFePO, (battery grade, Tatung),
FePO, (prepared in-house by delithiating LiFePO,)®?, carbon black
(acetylene, 100% compressed, Chevron Philips) and PTFE (6CN,
DuPont) in the ratio 4:4:1:4 (wt%) in a pestle and mortar. The composite
material was roll-pressed to a thickness of 100 ym and punched to a
required diameter of 12 mm. LiosFePO4 electrodes and glass fibre
separators (GF/F, Whatman, 350 uym thickness, punched to 12 mm
diameter) were dried under vacuum at 120 °C for 24 hours. Three
separators and 150 pL of electrolyte were used for each cell.

The cell used for GITT measurements is shown in Figure 13. The cell
comprised (in order) a lithium metal negative electrode (25 mm diameter),
one. glass-fibre separator (GF/F, Whatman, 350 um thickness, punched
to 25 mm diameter, dried) soaked with 1 M LiTFSI in DOL electrolyte
(0.25mL), a piece of lithium ion conducting glass-ceramic (Ohara
Corporation, 1 inch diameter, 150 um thickness, rinsed with acetone and
dried under vacuum at 80 °C overnight), two glass-fibre separators (GF/F,
Whatman, 350 um thickness, punched to 18 mm diameter, dried) soaked
with 5 mM EtV(OTf), in 1 M LiTFSI in DOL electrolyte (0.25 mL), and a
carbon-coated aluminium foil positive electrode (15 mm diameter, 1.5-
2 um coating thickness, dried under vacuum at 120 °C for 24 hours).

All electrochemical measurements were carried out using a Bio-logic
VMP2 variable multichannel potentiostat/galvanostat controlled by EC
Lab software. All measurements were carried out at a controlled
(external) temperature of 25 °C.

For the cyclic voltammetry (CV) measurements, scan rates of 200, 150,
100, 70, 50 and 20 mV s were applied. Cells were allowed to rest for
2 hours at 25 °C before commencing the experiments. Prior to each scan
rate, cells were held at 3.25 V vs Li*/Li for 15 minutes to ensure 100%
concentration of EtV?*. The potential was then scanned to 2.2 V vs Li*/Li,
and back to 3.25 V vs Li*/Li. Two cycles per scan rate were measured
(results presented are from the first cycle). Measurements were done
using ECLab’s ‘manual IR compensation’ function, which automatically
applies a IR correction during the measurements, using a manually-
inputted value of resistance of 150 Q, as obtained from the high
frequency intercept in impedance measurements, and a correction factor
of 80%.

For the GITT measurements, the open circuit potential was measured for
60 minutes, followed by 5 seconds of discharge at 0.2 mA (0.11 mA cm™),
then 60 minutes of rest and so on. During the current pulse, data points
were recorded every 1 mV or 0.1 s; during the rest period, data points
were recorded every 1 mV or 600 s.
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