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ABSTRACT: The galvanostatic intermittent titration technique (GITT) has been regarded as the go-to method for deter-
mining the diffusion coefficients of Li-ions in insertion electrode materials at various states of charge (SoC). However, the
method is notoriously time-consuming. In this work, the intermittent current interruption (ICI) method, which has previ-
ously been employed to investigate the progression of internal resistances in Li-ion cells, is demonstrated to provide com-
parably accurate measurements of diffusion coefficients with a drastically reduced experimental time. Theoretically, it is
first derived from Fick’s laws that the ICI method renders essentially the same information as GITT. Experimentally, both
GITT and ICI are then compared side-by-side in a three-electrode half-cell of LiNi, sMn,,C0,.,0, (NMC8n). It is shown that
the results from both methods match where the assumption of semi-infinite diffusion applies. Moreover, the benefit of the
comparatively non-disruptive ICI method to operando characterization methods is demonstrated via correlation of changes
in the continuously monitored diffusion coefficient of Li* in NMC8u to structural changes in the material by operando X-

ray diffraction (XRD).

1. Introduction

As the demand for electrochemical energy storage surges,
the research, development and application of new systems
require comprehensive understanding of the electrochem-
ical properties at an ever-increasing pace. A critical param-
eter for the community, from materials chemists to appli-
cation engineers, is the diffusion coefficient of the redox-
active species; i.e., Li*, in the case of Li-ion batteries. The
GITT has been the most widely applied method for deriv-
ing the diffusion coefficient from electrochemical meas-
urements. Derived from Fick’s second law, GITT was first
demonstrated in 1977 for a bulk Li,Sb electrode.’ The tech-
nique consists of two repeating steps. First, a constant cur-
rent is applied for a duration where the assumption of
semi-infinite diffusion holds. Second, the current is
switched off until the voltage becomes invariant, which in-
dicates that equilibrium is reached. Through the analysis
of the electrode potential measured during the current
pulse and the change in the equilibrium potential, GITT
renders the chemical diffusion coefficient of the charge-
carrying ions. (The difference between chemical and tracer
diffusion coefficients is elaborated in the original GITT
manuscript.’ For simplicity, the former will be referred to
as diffusion coefficient in the following text.) Later, the
technique was applied to porous composite electrodes of
Li-ion-insertion materials,” which is the format of the ma-
jority of electrodes in state-of-the-art Li-ion batteries. Alt-
hough practical issues, such as nonuniform current distri-

bution, can occur due to the geometry of composite elec-
trodes,’ the technique serves as a powerful tool for the de-
termination of diffusion coefficients if proper experimental
parameters are chosen,*® e.g. appropriate current and du-
ration of the current pulses.

However, the time required to perform a GITT measure-
ment remains one major drawback. In order to reach the
equilibrium condition, the test cell has to be relaxed sub-
stantially longer than the time spent on applying current.’
This results in an experiment that can be anywhere from 8
to 100 times longer than a typical galvanostatic test cycle.*®
Although the test may be accelerated by increasing the du-
ration of current pulses and selecting only the initial data-
points for the analysis,” this reduces the number of meas-
urements of diffusion coefficient. In addition, such a test
protocol makes it difficult to couple GITT with simultane-
ous materials characterization, e.g. diffraction or spectros-
copy, which can provide valuable structural and/or chem-
ical information at the moment where the process under
investigation takes place. In other words, the length of
time needed for a typical GITT experiment essentially pre-
cludes its use in operando methods, and hence the cou-
pling of operando methods with diffusion coefficient meas-
urements.

In this work, an efficient and non-disruptive alternative
to the GITT is proposed: the intermittent current interrup-
tion (ICI) method. Our group first developed the ICI
method for characterizing the porous carbon electrodes in
lithium-sulfur batteries,”® and the method has more re-
cently been applied more widely for different battery cell
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chemistries.”™ The method introduces transient current
interruptions (usually 1 to 10 seconds) while the cell is un-
der constant-current cycling. By analyzing the potential
change during the current pauses, quantities describing
the time-independent and time-dependent parts of the re-
sistance can be derived, which are termed internal re-
sistance and diffusion resistance coefficient, respectively.’
With the porous electrode model,” it has been shown that
the derived diffusion resistance coefficient is proportional
to the coefficient of the Warburg element used when fit-
ting electrochemical impedance spectra (EIS).? Since the
Warburg element describes both the capacitive behavior in
porous electrodes®* and diffusion processes®™, it is a log-
ical consequence that the ICI method can also characterize
diffusion processes in an electrochemical system.

We here demonstrate mathematically that the ICI
method can render the diffusion coefficient based on Fick’s
second law and requires much less experimental time than
GITT. The theoretical derivations of GITT and ICI are elab-
orated and compared. Three-electrode cells of NMC811 are
then tested following a protocol that enables the direct
comparison of GITT, ICI and EIS. Finally, the combination
of operando XRD and the ICI method is demonstrated to
directly correlate the structural evolution to the Li-ion mo-
bility. This example manifests not only the efficiency of the
ICI method in probing the transport properties, but also its
compatibility with operando techniques. Moreover, it also
indicates the potential of the ICI method as a tool for state
of heath estimation of Li-ion batteries.

2. Theory and procedure

2.1 Derivation of GITT

The derivation of GITT starts from the solution to Fick’s
second law in one-dimension':

ac(x,t) D 0%C(x,t)
at 0x2

where C is the concentration of the diffusing species, x is
the position, t is time and D is the diffusion coefficient. The
boundary conditions with an applied current i(t) and an
initial concentration C, are as follows:

1

ac_i(t)
dx nFA 2
C(x,0) = C,

where n is the charge number of the diffusing species
(whichis1for Liion), Fis the Faraday constant and A is the
area of the surface where the diffusing ions enter. For GITT,
a constant current [ is applied.
it)=1 3
With the above, C(x,t) can be solved for planar diffusion’
or spherical diffusion if transformed to the spherical coor-
dinates,*®*™ which is detailed in Equation S3 in the Sup-
porting Information (SI). In either case, when t << L*/D,
where L is the diffusion length or particle radius in the
spherical case, semi-infinite diffusion can be assumed and
the concentration at the surface can be expressed as:
21Vt

C0,t) = Cy — ——— 4
0.8 =6 FAVD®

dc(0,) 21
dvt  FAVDrm

Supposing that the change in concentration is small and
thus linear to the change in the potential E but in the op-
posite direction (i.e., the electrode potential increases with
decreasing Li-ion concentration), the above expression can
be expanded to:
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With both derivatives of E extracted from experimental

data, which will be elaborated in section 2.3, the diffusion
coefficient can be calculated by reorganizing Equation 6.
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2.2 Derivation of the ICl method

Instead of analyzing the potential change from open cir-
cuit to a constant current load, the ICI method utilizes the
opposite case where the current is switched to zero from a
constant current load. Considering a constant current I be-
ing applied from t = 0 and switched off at t = 7, > 0, Equation
3 is changed to:

i(t)=1—-1H(¢t) 8
where H is the Heaviside function, defined as:
_ (0, t<t
H@®) = {1, t=>1 9

By inserting Equation 8 into Equation 2 as the boundary
conditions, Equation 1 can now be solved as the following
by the Zero-Shift Theorem.”

C(0,t) =Cy+ F(t)—H(@)F(t —1,) 10
where C, + F(t) is the full solution of Equation 1 when i(t)
= I, shown in Equation S3. F(t - t,) can be approximated by
the semi-infinite diffusion case (t << L?/D) since the ICI
method only analyzes the potential change in a short pe-
riod At after the current is switched off, which means At =
t -7, << L’/D. Thus, when t = 7,, Equation 10 can be written
as:

2INt—1
€@0,t) = Cy — F(t) + —— 11
FA\Dn
So, the surface concentration at t = r, + At is:
21VAt
C(0,7, + At) = Cy — F(t, + AD) + 12

FAVDr

Assuming that t,is so much larger than At that F(z,+At)
= F(t,) and thus independent of At, which is a criterion for
the ICI method and is discussed in the SI, the following is
obtained:

dc(o,t) 21 3
dvht  FAVDn

This expression is similar to Equation 5 and if the change
in concentration is small, it can be expanded to:
dE 21 dE

T 4VAt  FAYDzdC(0,0)
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In the analysis of the ICI method,*® which will be elabo-
rated in section 2.4, dE/dvAt is readily obtained. How
dE/dC(o,t) can be obtained with the ICI method will be dis-
cussed in section 2.4. With both dE/d+/t and dE/dC(o,t)
obtainable from the ICI method, the diffusion coefficient
can then be calculated from Equation 7.

2.3 Experimental execution of GITT

To employ Equation 7 in a conventional GITT measure-
ment, the two derivatives of E (dE/dC and dE /d+/At) have
to be determined. For dE/dC, the change in concentration
of the charge carrier is not directly measured but can be
calculated under constant current.

dC = — 15

where Vis the volume of the electrode and dt; is the dura-
tion of the applied current. Assuming that dE/dC changes
relatively slowly and thus can be interpolated by AE/AC,"®
Equation 7 can be rewritten as follows.

AE,-\?
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where AEocis the change in the open-circuit potential
(OCP) from the rests before and after the current pulse,
and At; is the period of the current pulse (denoted as 7 in
the original paper’). It is worth noting that Equation 15 ap-
plies to the concentration of the entire electrode. In order
to relate the measured electrode potential, which reflects
the surface concentration, to the bulk concentration, the
measurement should ideally be done when the concentra-
tion is uniform throughout the electrode. This is indicated
by the fully relaxed electrode potential, i.e. dE/dt = o, also
known as the open-circuit condition. In practice, it takes
long time to achieve equilibrium in the electrode, which is
the reason for the substantial time consumption of GITT.?

dE /d+/t is the slope on the plot of E against v/t. In the
original GITT paper,’ Equation 16 is further reduced by as-
suming that E is linear to vt during the whole current
pulse. However, this assumption is less likely to hold for
electrode particles in a composite electrode since the du-
ration for the semi-infinite diffusion condition, t << L*/D,
is reduced by the shorter L, compared to the bulk electrode
used in the original paper. Two solutions to solve the issue
are: 1) selecting only the data lying in the linear region on
the E-V/t plot or 2) fitting the data with the full solution
(Equation S3) to Fick’s second law (method P3 and P5 in
the reference, respectively).* In this work, we will proceed
with the first solution and examine the effect of data selec-
tion on the GITT analysis.

2.4 Experimental execution of the ICI method

The change in the potential after the current has been
switched off (At = 0) can be expressed as the following.

AE(At) = E(At) — E; = —IR — [kVAt 17
where E; is the potential right before the current is

switched off, and R and k are termed internal resistance
and diffusion resistance coefficient, respectively.” R and k

are acquired through the linear regression of AE against
VAt. For repetitive current pauses, the regression can be
automated by a script in a common programing languages;
R* has been used in this work.

Comparing Equation 14 and 17, it can be observed that

dE. 21  dE

dVAt  FAVDrdC(0,t)
which can be reorganized into the form of Equation 16 with
Equation 15.

Ik = 18

19

Without the relaxation step, dEoc/dt;, can be 1) obtained
from existing OCP data of the electrode material or 2) ap-
proximated by the slope of iR-corrected pseudo-OCP. The
iR-drop and pseudo-OCP, referring to the measured po-
tential under low constant current,’ are readily available in
the ICI analysis. From two neighboring current interrup-
tions, the change in OCP can be approximated by the
change in E(At=0), which is the potential right before the
current pause subtracting the iR-drop, as shown in Equa-
tion 17. The validity of using A[E(At=0)]/At; as dEoc/dt; will
be examined in Section 3.

2.4 Experimental procedure

Two three-electrode half-cells, termed cells 1 and 2, were
made for the validation of the theoretical derivation. The
working electrode (213 mm) was a tape-cast composite
electrode consisting of 9o wt% NMC8u powder (Cus-
tomcells Itzehoe GmbH), 5 wt% of carbon black (Super
C65, Imerys) and 5 wt% poly(vinylidene difluoride) (PVdF,
Solvay), whose fabrication procedure can be found in the
previous work.” According to the supplier, the NMC8u
particles have a median diameter of 4 pm and specific sur-
face area of 1.5 m* g”, determined by the Brunauer-Em-
mett-Teller (BET) analysis of the nitrogen adsorption iso-
therm. The specific volume was calculated from the molec-
ular mass and the previously reported (rhombohedral) unit
cell parameters obtained through X-ray diffraction (XRD)
to be 0.63056 cm® g".”® The areal loadings of NMC8u were
211 and 2.13 mg cm™ in cells 1 and 2, respectively. Both the
counter (215 mm) and reference electrodes (ring with inner
and outer diameters of 16 and 22 mm, respectively) were
metallic lithium (Cyprus Foote Mineral, 125 pum thick). The
reference electrode was placed between the working and
counter electrodes with separators (Celgard 2325) on both
sides according to a previously reported cell geometry.”
The cells were assembled in an Ar-filled glove box with 1 M
LiPFs in a mixture of ethylene carbonate/diethylene car-
bonate (EC/DEC 1:1 by volume, Solvionic, purity: 99.9%) as
the electrolyte and sealed in pouch bag material. Assem-
bled cells were rested for 12 hours before 3 pre-cycles at 20
mA g~ between 3.0 and 4.3 V. Electrochemical tests were
carried out using a Biologic MPG 2.

A slightly modified GITT protocol was designed here to
compare the GITT, ICI and EIS at the same SoC, which is
schematically shown in Figure 1. A constant current of 20



mA g~ (corresponding to C/10, where C is here defined as
200 mA g for NMC81u) was applied for 10 minutes, which
was followed by a 1-hour rest. During the first minute of
the rest, potential was recorded every 0.1 second for the ICI
analysis. After the rest, an EIS measurement was per-
formed from 20 kHz to 10 mHz with an amplitude of 10 mV.
Another 10-minute rest followed the EIS measurement be-
fore the next current pulse. The modified GITT protocol
was applied between 3.0 and 4.3 V for two cycles. In the
second discharge, the cutoff was lowered to 2.0 and 2.5 V
for cell 1 and 2, respectively. For both GITT and ICI analysis,
the electrode volume and area were approximated by the
volume and surface area of the NMC particles stated above.
The impedance spectra, where a Warburg element is pre-
sent, were fitted to the equivalent circuit model in Figure
S2 by a modified Levenberg-Marquardt algorithm provided
by the “minpack.Ilm” package in the R-programming lan-
guage.™
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Figure 1. Electrode potential (E) plotted against time (t) during
a current pulse (I = 20 mA g™') and a rest period (I = 0) of the
modified GITT program used in this work for the comparison
of the results from the GITT, ICI method and EIS.

After the above-described test, the cells went on to be
cycled with the standard ICI protocol. Both cells were
charged to 4.3 V and discharged to 3 V at a constant current
of 20 mA g™. A 10-second current interruption every 5 and
15 minutes was introduced to cells 1 and 2, respectively.
During the 57" discharge of cell 1, an operando XRD exper-
iment was performed on the cell as it was charged up to
4.3V and subsequently discharged to 3.7 V at 20 mA g~
with a 10-second current interruption every 5 minutes, as
in the previous cycles. Patterns were recorded by a STOE
STADI P diffractometer in transmission setup with mono-
chromatic Cu-K,, radiation every 15 minutes using a Dectris
Mythenz 1K detector setup. Rietveld refinements’>*° were
performed against the XRD data using the Topas-Aca-
demic software (V6).”” Further details of the refinements
and the results are provided in the SI (Section 5).

Raw data from both the electrochemical and operando
XRD experiments, the R-scripts used for the GITT, ICI and
EIS analyses and the results of the Rietveld refinements can
be accessed via Zenodo.”®

3. Results and Discussion

Since cells 1and 2 are identical and thus show similar be-
haviors in both cycles of the modified GITT protocol, the

results of cell 1 in first cycle are discussed in detail while
the rest is presented in the SI.

As shown in Equations 7, 16 and 19, to derive the diffu-
sion coefficient, two measurements are required: dE/d\t
during semi-infinite diffusion and the slope of OCP. There-
fore, the following text will first compare the two values
obtained by the GITT and ICI method. Then, the diffusion
coefficients calculated from the two methods will be pre-
sented. The data acquired during the current pulses and
the rest periods are analyzed by the GITT and ICI methods,
respectively, as indicated in Figure 1. For the GITT, two
data selection intervals, 5-40 and 50-150 s, were utilized
because they contain the linear region of the E-+/t plot
above and below 3.7 V, respectively. An example of each
case is plotted in Figure Si1. For the ICI method, the interval
was chosen to be 0.2-5 s for the same criteria applied on
the data during the rest periods.

Figure 2 displays the k values, which are dE/d+/t nor-
malized by the current (Equation 18) from GITT and ICI,

and the Warburg coefficients (o) multiplied by ,/8/m from

EIS fittings. This linear relationship of k = a\/8/_r[ has
been demonstrated in previous work.® Above 3.7 V, the k
values determined by ICI and GITT with 5-40 s interval are
close to each other, which confirms the theoretical deriva-
tion in section 2.2 and is corroborated by the EIS results.
The GITT results collected from the 50-150 s interval show
higher k values and two local maxima between 3.7 and 4.2
V while the k values from other three analyses fluctuate
less and are more consistent with each other. This is ex-
pected from the data beyond the time scale of semi-infinite
diffusion, as the surface concentration and thus the poten-
tial E then becomes linear with ¢, instead of vz, (Equation
S5), leading to an overestimation of dE /d+/t.

Below 3.7 V, the linear region on the E-V/t plots shifts to
50-150 s, as demonstrated in Figure S1. This means that
only the GITT result from the 50-150 s interval properly
provides diffusion coefficients below 3.7 V. This phenome-
non is also manifested by the expansion of the second
semi-circle on impedance spectra (Figure S4), which do
not show a Warburg element within the frequency range
(20 kHz-10 mHz) and thus cannot render accurate k values.
The increase in charge transfer resistance represented by
the enlarged semi-circle has been reported for NMCim
(LiNio33Mn0.33C00530.) at low SoC.*” In summary, Figure 2
illustrates the consistency of EIS, GITT and ICI method
within their respective limitations and the importance of
selecting the proper time interval where dE /d/t is linear
when conducting the GITT analysis.

The other quantity experimentally determined in these
methods used in the calculation of the diffusion coefficient
(Equations 16 and 19) is the OCP slope. Figure 3 presents a
comparison between the slopes of the OCP obtained from
the relaxed potential at the end of the rest period in the
GITT protocol and the iR-corrected pseudo-OCP in the ICI
analysis. The difference between the values from two
methods are minimal above 3.65 V. The deviation at low
SoC is presumably linked to the high resistance discussed
above, which interferes with the resistance determination



of the ICI method. Nevertheless, the good agreement be-
tween the slopes of OCP and iR-corrected pseudo-OCP in
most SoC intervals indicates that the ICI method alone can
deliver the required electrochemical parameters for the
calculation of the diffusion coefficient above 3.7 V. By skip-
ping the time-consuming relaxation periods, the ICI
method can save around 9o% of the time spent on com-

mon GITT protocols, such as the one used in this work.
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Figure 2. The diffusion resistance coefficient (k) in NMC8u(D)
in cell 1 at various OCP of the electrode (E) against Li/Li* de-
rived from the GITT with data selection interval 5-40 s and
50-150 s, the ICI method and the EIS fitting (k = 0,/8/m, o:
Warburg coefficient). The maximum of the y-axis is set to 30
Q 57 to show the differences of the data above 3.7 V. Due to
a technical issue, the spectra below 3.8 V in the first charge
were not properly collected, but it was solved afterwards.

With both experimental inputs verified, the diffusion co-
efficients of Li* in NMC8nu at various SoC obtained by the
GITT and ICI method are exhibited in Figure 4. Overall, the
results from the three analyses are close to each other and
previously reported Li" diffusion coefficients in NMC811.>*
Above 3.7 V, the match is especially close for the values
from the GITT with 5-40 s interval and the ICI method.
This is expected since the dE/d+/t values derived from
both GITT and ICI method are in good agreement in Figure
2 and the slopes of OCP from both methods are basically
the same above 3.65 V. Below 3.7 V, differences between
three analyses are obvious. In principle, the GITT results
from the 50-150 s interval is the most credible one among
the three because the interval contains the linear region of
the E-/t plots at these SoC values. However, the extension
of the data selection interval requires the increase in the
time limit of semi-infinite diffusion (¢ << L’°/D). The as-
sumption is satisfied upon discharging due to the much
lower diffusion coefficients, but not on charging. This issue
will be discussed in details in Section 1 of the SI.

It is mentioned in section 2.5 that the BET-surface area
is used as A in Equations 16 and 19, which may differ from
the electrochemically active surface area. However, the ob-
jective of this work is to compare the GITT and ICI method,
both of which are equally affected by this factor.

Other valuable information provided by the ICI method
is the internal resistance (R), as shown in Figure 5. R values
derived from the iR-drop in the GITT and ICI method are
compared with the sum of Ro, Rt and R2 from EIS (Figure

S2). The results from ICI and EIS are almost identical
across the whole range of SoC. The GITT with 5-40 s inter-
val yields similar R values during discharge but larger val-
ues upon charging. The results from the GITT with 50-150
s interval are scattered compared to the other methods.
Nonetheless, all four methods confirm the high internal re-
sistance below 3.7 V, which changes the linear region of E-
\t plots, as discussed above. The internal resistance has
been reported to be an important indicator for ageing of
NMC811*° and utilized for detecting Li-plating in commer-
cial Li-ion cells.”
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Figure 3. The slope of the OCP (dEoc/dtr) obtained from the
relaxed potentials at the end of each rest period (GITT) is com-
pared with the slope of the potential under constant-current
load subtracting the iR-drop derived from the ICI method
(A[E(At=0)]/At;, marked as ICI).
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Figure 4. The Li-ion diffusion coefficient in NMC8u (D) in cell
1 at various OCP of the electrode (E) against Li/Li* derived
from the GITT with data selection interval 5-40 s and 50-150 s,
the ICI method with the OCP slope from GITT and the
pseudo-OCP slope at 20 mA g .

The convenience of the ICI method is further illustrated
by the results in Figure 6, which show the change in Li-ion
diffusion coefficient and internal resistance over more than
50 cycles. In the upper two panels, a clear decrease in the
Li-ion diffusion coefficient can be observed above 4.2 V.
The rate of decrease is higher in the first 10 cycles than in
the following cycles. This SoC range, 4.2-4.3 V, corre-
sponds to the drastic shrinkage of the c lattice parameter
of the rhombohedral (R3m) unit cell, which has also been
reported in several operando XRD studies of NMC81u1.***"%
On the other hand, the internal resistance increases more



uniformly in all SoC above 3.7 V and the rate is faster in the
initial cycles.
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Figure 5. The internal resistance (R) of NMC8u in cell 1 at var-
ious OCP of the electrode (E) against Li/Li* derived from the
GITT with data selection interval 5-40 s and 50-150 s, the ICI
method and the EIS fitting (Ro+R1+R2). The maximum of y-
axis is set to 200 £ to show the differences of the data above

3.7 V.

tively. The reverse can be observed during discharge. In ad-
dition, by comparing the patterns taken above 4.2 V with a
previous operando XRD study on the same material in the
first cycle,” it can be observed that in the degraded cell
here, the 003 reflection is composed of two rhombohedral
phases with dissimilar c lattice parameters (Figure S16).
The exact mechanism for this phase separation is still de-
bated, but most models attribute this to the ramifications
of the formation of the degraded rock salt phase.?"*** Nev-
ertheless, it is shown here that the ICI method can be easily
combined with operando XRD and track the diffusion co-
efficient and internal resistance in real time, which consti-
tutes a valuable method for further studies of the degrada-
tion mechanisms of this and other materials.
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Figure 6. The Li-ion diffusion coefficient in NMC81u(D) and
internal resistance (R) of cell 1 at various electrode potential
(E) against Li/Li" derived by the ICI method in cycle 6, 15, 25,
35 and 55. Note that the electrode potential here is obtained
while cycling, not the OCP. Only values with E = 3.7 V, where
the ICI method is applicable as discussed above, are shown.

To further demonstrate the flexibility of the ICI method,
an operando XRD experiment coupled with the ICI method
was performed on cell 1 after 56 cycles. As depicted in Fig-
ure 7, when the 003 reflection (R3m) shifts to higher 20
values, the diffusion coefficient drops over an order of
magnitude and the internal resistance tripled. The shift of
the oo3 reflection starts at 4.1 V and accelerates at 4.2 V,
which coincides with the start of the increase in internal
resistance and the decrease in diffusion coefficient, respec-

Figure 7. The evolution of the 003 (first panel) reflections (Cu-
Kou) as a heat map, electrode potential (E), Li-ion diffusion co-
efficient in NMC8u (D) and the internal resistance (R) from
the combination of operando XRD and the ICI method con-
ducted on cell 1 after 56 galvanostatic cycles between 3.0 and

43 V.

4. Conclusions

This work establishes the theoretical foundation and ex-
perimental validation for the application of the ICI method
as an efficient alternative to GITT. Provided that 1) the dif-
fusion process under investigation exhibits the semi-infi-
nite diffusion behavior within the maximum time allowed
for the current interruption and that 2) the pseudo-OCP
slope is a good approximation of the true OCP slope, the
ICI method can yield the diffusion coefficient with a much
shorter experimental time. In the case of our validation ex-
periment with NMC811, more than 9o% of the time re-
quired for a typical GITT experiment can be saved. Moreo-
ver, the internal resistance and diffusion resistance coeffi-
cient (or equivalently, the Warburg coefficient) deter-
mined by the ICI method are also verified by EIS for
NMC8u1. The efficient determination of diffusivity and re-
sistance unlocks new applications which GITT and EIS are



deemed too time- or resource-consuming, such as online
cell parameterization for adaptive charging protocol and
simultaneous observation of operando spectro-/diffrac-
tometry and electrochemical impedance/resistance. When
exemplified by a combination of operando XRD and the ICI
method, the rapid decrease of the Li-ion diffusion coeffi-
cient above 4.2 V over cycling could be correlated to the
increasing irreversibility of the contraction and elongation
of the c lattice parameter of the NMC structure. To our
knowledge, it is the first report of concurrent characteriza-

tion of the crystal structure and the Li* diffusion coefficient.
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