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a b s t r a c t 

The solid-state diffusion coefficient of the electrode active material is one of the key parameters in 

lithium-ion battery modelling. Conventionally, this diffusion coefficient is estimated through the galvano- 

static intermittent titration technique (GITT). In this work, the validity of GITT and a faster alternative 

technique, intermittent current interruption (ICI), are investigated regarding their effectiveness through 

a black-box testing approach. A Doyle-Fuller-Newman model with parameters for a LiNi 0 . 8 Mn 0 . 1 Co 0 . 1 O 2 

electrode is used as a fairly faithful representation as a real battery system, and the GITT and ICI exper- 

iments are simulated to extract the diffusion coefficient. With the parameters used in this work, the re- 

sults show that both the GITT and ICI methods can identify the solid-state diffusion coefficient very well 

compared to the value used as input into the simulation model. The ICI method allows more frequent 

measurement but the experiment time is 85% less than what takes to perform a GITT test. Different fit- 

ting approaches and fitting length affected the estimation accuracy, however not significantly. Moreover, a 

thinner electrode, a higher C-rate and a greater electrolyte diffusion coefficient will lead to an estimation 

of a higher solid-state diffusion coefficient, generally closer to the target value. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 

1

t

p

L

p

t

t

f

t

e

l

m

g

i

s

i

n

a

e

t

s

t

l

k

o

d

q

b

c

c

f

i

e

d

t

h

0

. Introduction 

A lithium (Li) ion battery is a complicated electrochemical sys- 

em and its performance is dependent on a multitude of material 

roperties, among which the solid-state diffusion coefficient D s of 

i + is one of the key parameters, since the mass transport in these 

articles is the rate-limiting processes for thin electrodes, and 

he corresponding resistances constitute a major part of the to- 

al battery overpotential. The value of D s is, however, not straight- 

orwardly obtained, which is a major obstacle for more precise bat- 

ery modelling. While the diffusion coefficient can be theoretically 

stimated from density functional theory (DFT) [1,2] or Molecu- 

ar Dynamics (MD) simulations [3,4] , it is more frequently experi- 

entally determined by electrochemical approaches, including the 

alvanostatic intermittent titration technique (GITT), potentiostatic 

ntermittent titration technique (PITT), electrochemical impedance 

pectroscopy (EIS) and cyclic voltammetry (CV) [5] . Of these, GITT 

s arguably the most popular choice due to its comparative robust- 

ess, while still being time-consuming. 
∗ Corresponding author. 

E-mail address: zeyang.geng@chalmers.se (Z. Geng). 
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GITT was original proposed by Weppner and Huggins [6] for 

 Li 3 Sb electrode, and then later generalized for porous insertion 

lectrode materials used in lithium-ion batteries [7–9] . In the GITT 

est, a current pulse is applied when the cell is in an equilibrium 

tate and the voltage response follows a linear relationship with 

he square root of time. The diffusion coefficient can thus be calcu- 

ated from the voltage response, assuming that the particle size is 

nown. Normally the current pulses are applied at different states 

f charge (SOC) as the solid-state diffusion coefficient is a SOC 

ependent parameter. Since an equilibrium initial condition is re- 

uired before the current pulse, a long relaxation time is needed in 

etween each SOC level, which makes the GITT method very time 

onsuming. In recent years, however, the alternative intermittent 

urrent interruption (ICI) technique has been proposed [10] as a 

aster alternative to GITT [11] . Using ICI, the voltage response dur- 

ng a current interruption is monitored, which also follows a lin- 

ar relationship with the square root of time. Since the ICI method 

oes not require the cell to be in an equilibrium state, the most 

ime consuming part in the GITT method, i.e. the relaxation period, 

an thus be omitted. 

Employing the same experimental object and setup, different 

ethods can sometimes provide fairly similar results for the solid 
under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Nomenclature 

T Temperature, K 

n Number of electrons involved in the redox reaction 

F Faraday constant, 96485 s ·A/mol 

i Current density per electrode area, A/m 

2 

j 0 Exchange current density, A/m 

2 

α Transfer coefficient 

η Overpotential caused by the redox reaction, V 

c Lithium ion concentration, mol/m 

3 

c s,sur f Lithium ion concentration on the particle surface, 

mol/m 

3 

k Reaction rate constant 

c s, max Maximum concentration in the intercalation mate- 

rial, mol/m 

3 

c 0 Initial concentration in the intercalation material, 

mol/m 

3 

t Time, s 

j Charge transfer current density per surface area, 

A/m 

2 

ε Volume fraction 

D Diffusion coefficient, m 

2 /s 

t 0 + Transference number of lithium ion 

κ Electrolyte conductivity, S/m 

L Electrode thickness, m 

r s Radius of solid particles, m 

r Radial distance in the particle, m 

I Given current density, A/m 

2 

E Terminal voltage, V 

f A Activity dependence 

x Stoichiometry, x = c s /c s, max 

λ Positive roots of λ = tan (λ) 

s Solid phase 

l Liquid phase 

a Anodic 

c Cathodic 

0 Initial condition 

tate Li + diffusion coefficient D s . For example, Chien et al. obtained 

iffusion coefficient values with the GITT and ICI methods with an 

xcellent agreement with each other [11] , and a similar compar- 

son has been made between the GITT and EIS methods display- 

ng a good match [12] . Nevertheless, the reported D s values from 

ifferent literature of one specific material often vary within sev- 

ral orders of magnitude and this fact makes it challenging to de- 

ide a proper value to use in battery modelling. The reason for this 

arge spread of the reported D s values can be explained by the dif- 

erences in the electrode design, electrolyte composition, current 

agnitude, fitting method, resting period, etc. Moreover, the valid- 

ty of GITT, as well as other techniques employed for this purpose, 

s being questioned and discussed as the underlying assumptions 

re not completely valid when they are applied for porous inser- 

ion lithium-ion electrodes [13,14] . Dees et al. has shown that the 

 s value estimated with the GITT theory is generally lower that the 

alue used in their DC electrochemical model [9] . 

In principle, determining the ′ true ′ solid state Li + diffusion co- 

fficient of an electrode material through electrochemical measure- 

ents on battery cells is associated with large challenges, due 

o the inherent complexity of the system and the abundance of 

ther simultaneous processes taking place. Moreover, the D s value 

s dependent on several inherent materials properties, e.g. par- 

icle shape and grain boundaries. Therefore, to consistently and 

recisely validate the electrochemical approaches for estimating 

he solid-state Li + diffusion coefficient of a battery material in a 
2 
orous electrode is difficult experimentally. Nevertheless, the coun- 

erparts to these methods in detailed continuum models of Li-ion 

atteries are equally valid as the experimental approaches. The 

hilosophy in this work is that, if experiments are designed ac- 

ording to well-established electrochemical methods, and then em- 

lated in simulations with a fully known battery cell model, using 

esults from simulations one should be able to extract the same 

olid-state diffusion coefficient as what was put in the model, as 

 proof of the method validity. Alternatively, if the solid-state dif- 

usion coefficient found from the simulation results would differ 

rom that put into the model, the reasons should be analyzed and 

he deviation shall be quantified, since it is essential to know to 

hat extent these electrochemical methods can be trusted to pa- 

ameterize accurate models. 

Therefore, a theoretical validation is demonstrated in this 

ork for the GITT and ICI method when applying them for a 

orous electrode. The classical Doyle-Fuller-Newman (DFN) model 

15,16] is one of the most commonly employed continuum mod- 

ls for simulating lithium-ion batteries and it is considered to be a 

airly faithful representation of a real battery system. In this work, 

 DFN model previously implemented in MATLAB [17] with pa- 

ameters from Chen et al. [7] for LiNi 0 . 8 Mn 0 . 1 Co 0 . 1 O 2 is used for

lack-box testing. The input is current sequences designed accord- 

ng to the GITT and ICI methods and the output is the battery ter- 

inal voltage which is used to estimate the solid-state diffusion 

oefficient. The advantage is that after the black-box testing, differ- 

nt physical phenomenon in the model can be studied in details 

o demonstrate the origins for any deviations between the esti- 

ated D s value and the true value used in the model. The main 

urpose of the study is thus to reveal how the porous electrode 

tructure will affect the solid-state diffusion coefficient estimation 

hen employing the GITT and ICI methods, which was originally 

roposed for a more uniform electrode material. This work also 

emonstrates the impact on the D s estimation accuracy with dif- 

erent fitting methods, fitting lengths, current magnitude, electrode 

hickness as well as electrolyte properties. 

. Theory 

Following the DFN model, the mass transport process in the 

lectrode particles is modelled by Fick’s law in a spherical coor- 

inate system 

∂c s 

∂t 
= D s ( 

∂ 2 c s 
∂r 2 

+ 

2 

r 

∂c s 

∂r 
) (1) 

here c s is the lithium-ion concentration in the solid active ma- 

erial, t is the time, D s is the solid-state diffusion coefficient of 

ithium ions, and r is the distance from the particle center. When 

he cell is in an equilibrium state 

 s | t=0 = c 0 (2) 

f a constant current j is applied to the surface of a particle at t = 

 s, then the lithium ion flux at the surface is 

∂c s 

∂r 
| r= r s = − j/ (F D s ) (3) 

here F is the Faraday constant. The symmetric shape of the par- 

icle fulfills the condition 

∂c s 

∂r 
| r=0 = 0 (4) 

he analytical solution of (1) with the boundary conditions in (2) –

4) is 

 s,sur f = c 0 + 

jr s 

F D s 
f ( 

D s t 

r 2 
) (5) 
s 
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Fig. 1. The function in (6) is plotted as a solid line (n = 1272 for λn ), while its 

approximations in (7) are plotted as dashed lines. 
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can be ignored. 
f ( 
D s t 

r 2 s 

) = f (τ ) = 3 τ + 0 . 2 − 2 

∞ ∑ 

n =1 

1 

λ2 
n 

exp (−λ2 
n τ ) (6) 

here λn is the positive roots of λ = tan (λ) [8] . The expression in 

6) can be approximated to be 

f (τ ) = 

{
2 √ 

π

√ 

τ τ � 1 

3 τ + 0 . 2 τ � 1 

(7) 

According to the mathematical description above, the diffusion 

oefficient D s could be found from the step response of c s . In most

ases, the concentration is very difficult to measure directly, there- 

ore the terminal voltage E - the experimentally easily measur- 

ble parameter - is used instead. The step response (5) is therefore 

ewritten as 

 = E 0 + 

dE 

dc 

jr s 

F D s 
f ( 

D s t 

r 2 s 

) (8) 

n (8) , d E/d c is often assumed to be a constant within a small SOC

nterval, i.e. the voltage profile is linear 

dE 

dc 
= lim 


c→ 0 


E 


c 
= 


E GIT T 

It pulse / (F Lεs ) 
(9) 

here I is the current density on the electrode, t pulse is the time 

ength of the current pulse, L is the electrode length, εs is the vol- 

me fraction of the solid, and 
E GIT T is the voltage difference be- 

ween two equilibrium states before and after the current pulse. 

urthermore, the local current density on particle j in (8) is j = 

/ (S a L ) , where S a = 3 εs /r s is the specific surface area. Combining

8) and (9) gives 

 = E 0 + 


E GIT T 

t pulse 

r 2 s 

3 D s 
f ( 

D s t 

r 2 s 

) (10) 

hen τ = D s t/r 2 s � 1 , (10) can be approximated as 

 = E 0 + 

2 

3 


E GIT T 

t pulse 

r s 
√ 

t √ 

πD s 

(11) 

nd thus the diffusion constant can be found to be 

 s = 

4 

9 π
( 

r s 

d E/d 
√ 

t 


E GIT T 

t pulse 

) 2 (12) 

he approach in (12) is one of the most commonly used fitting 

ethods employed for GITT, and typically only a chosen region of 

he voltage step response is used to fit d E/d 
√ 

t to fulfill the ap-

roximation condition τ � 1 . The validity of this approximation 

s demonstrated in Fig. 1 . It can be observed that the system re-

ponse follows a linear relationship with 

√ 

τ in the beginning and 

his approximation is considered to be valid when τ < 0.0032 [11] . 

he time axis is shown for two sets of parameters reported for 

iNi 0 . 8 Mn 0 . 1 Co 0 . 1 O 2 : r s = 5.22 μm, D s = 1 . 48 × 10 −15 m 

2 /s [7] and

 s = 3.8 μm, D s = 5 × 10 −13 m 

2 /s [18] . In the first case, τ < 0.0032

orresponds to t = τ r 2 s /D s < 58.92 s and therefore the voltage re-

ponse within this time length can be used to fit d E/d 
√ 

t in (12) for

he diffusion coefficient identification. In contrast, the condition 

< 0.0032 corresponds to t < 0.09 s in the latter case, meaning 

hat the τ � 1 approximation fails to describe the system response 

lmost instantly. For such material properties, the expression in 

10) can be used instead, which is not limited by the time con- 

tant of the system [19] . In this work, both of the two methods

ill be examined. Moreover, it should be acknowledged that there 

xist other less common variants to estimate the d E/d c in (8) , re-

ulting in similar expressions as those described above [8,20,21] , 

ut those variants will not be further discussed here. 

In the GITT method, the solution of voltage response in (8) is 

olved with the initial condition where the cell is in an equilib- 

ium state, meaning that a sufficient relaxation time period needs 
3 
o take place between the current pulses. This generally very long 

ime consumption has been considered to be the main disadvan- 

age of GITT when compared with other methods. Alternatively, 

he more efficient ICI technique [10] can be considered as a pos- 

ible replacement. In ICI, the step response when the current is 

witched off is utilized. When the current is stopped at t = t 0 , the

oncentration on the surface is 

 s,sur f = c 0 + 

jr s 

F D s 
f ( 

D s t 

r 2 s 

) − H(t) 
jr s 

F D s 
f ( 

D s (t − t 0 ) 

r 2 s 

) (13) 

(t) = 

{
0 t < t 0 
1 t ≥ t 0 

(14) 

here t is counted from the time when the current is switched 

n [11] . Similar as in the GITT method, the initial concentration 

esponse when the current stops also follows a linear relationship 

ith 

√ 

t according to the approximation in (7) . In principle, the 

iffusion coefficient D s could be derived in a similar manner as in 

12) , resulting in the expression 

 s = 

4 

9 π
( 

r s 

d E/d 
√ 

t 


E ICI 


t 
) 2 (15) 

here d E/d 
√ 

t is fitted during the zero current period and 

E ICI / 
t is estimated from a pseudo open circuit voltage, which 

s obtained by subtracting the IR drop from the voltage curve, as 

hown in Fig. 2 . Moreover, the ICI method does not require an 

quilibrium initial condition as in the GITT method, and the cell 

an instead be in a dynamic state under a constant current before 

he current interruption. This feature renders the ICI method con- 

iderably less time consuming. 

It should be acknowledged that the derivation above is based 

he following assumptions: 

• Fick’s law is applied. 

• The particle has a spherical shape and the diffusion is symmet- 

ric. 

• The voltage profile is linear during a short interval, i.e. d E/d c is 

a constant. 

• The current density at the particle surface is constant. 

• The over-potential caused by other electrochemical processes 



Z. Geng, Y.-C. Chien, M.J. Lacey et al. Electrochimica Acta 404 (2022) 139727 

Fig. 2. The voltage response during one current pulse, comparing the GITT (above) 

and ICI (below) approaches. In the ICI approach, t 0 is the time when the current 

is interrupted in the region of interest, and 
t is the time interval between two 

current interruptions. 
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The first two assumptions are the same as in the general DFN 

odel, and their impact is thus not examined. The impact of the 

atter three assumptions will be studied hereafter to verify the va- 

idity of the GITT and ICI methods when they are applied for a 

orous lithium ion electrode. 

. Simulation setup 

The mathematical model is a DFN model implemented in MAT- 

AB as described in [17] and the parameters are from Chen et al. 

7] , listed in Table 1 . Two values are here adjusted from the orig-

nal values reported in [7] ; one is the electronic conductivity of 

he electrode material and the other is the reaction rate con- 

tant in the charge transfer reaction. The electronic conductivity 

f LiNi 0 . 8 Mn 0 . 1 Co 0 . 1 O 2 (NMC811) is reported to be 0.18 S/m in [7] .

owever, conductive carbon additives are often added in cell man- 

facturing to improve the conductivity of the electrode. Therefore, 

 higher value 10 S/m is used in this work to be closer to real-

ty. The other parameter, the reaction rate constant in the charge 

ransfer reaction, is reduced to increase the charge transfer resis- 

ance and thus improve the stability of the system. Instability is- 

ues appear under a certain parameter combination with solvers 

sed in [17] but can be overcome by slightly adjusting the param- 

ters. This adjustment is considered to not affect the conclusions 

n this study for the solid-state diffusion coefficient identification. 

he value of the target parameter D s is 1 . 48 × 10 −15 m 

2 /s which

as experimentally determined by GITT in [7] . This value is the 

nput of the model and will be used as the reference to compare 

ith the D s values obtained from the GITT and ICI simulations. 

A symmetric cell setup is employed: NMC811 ( x 0 = x min ) - sep-

rator - NMC811 ( x 0 = x max ). When the cell is charged, one elec-

rode NMC811 ( x 0 = x min ) is being lithiated while the other elec-

rode NMC811 ( x 0 = x max ) is being delithiated. For a positive elec-

rode material, x min and x max correspond to 100% and 0% SOC 

espectively. These two stoichiometry limits were obtained from 

he half-cell data in [7] . This setup has the advantage that the 

ithiation and delithiation processes of one electrode material can 

e simulated within one simulation, thereby saving computational 
4 
ime. The electrolyte potential in the middle of the separator is 

sed as the reference potential (ground) to mimic a three-electrode 

ell. The DFN model is a pseudo two-dimensional (P2D) model 

here one dimension is in the cross-section direction of the cell 

o address the current distribution in the electrodes, and the elec- 

rolyte concentration distribution through the electrodes and the 

eparator, while another dimension is in the radius direction of the 

articles for the solid-state diffusion processes. Both dimensions 

re evenly meshed, with 10 mesh elements in each electrode and 

he separator and 100 mesh elements in each particle. The time 

tep is 0.1 s during the region used for fitting, and 5 s for the rest

o shorten the simulation time. 

CV (x ) = −0 . 8090 x + 4 . 4875 − 0 . 0428 

× tanh (18 . 5138(x − 0 . 5542)) − 17 . 7326 

× tanh (15 . 789(x − 0 . 3117)) 

+ 17 . 5842 × tanh (15 . 9308(x − 0 . 312)) (16) 

The applied current is 0.1 C = 0.498 mA/cm 

2 for both the GITT 

nd ICI simulations. In the GITT simulation, the current pulse is 

00 s with 1.5 h of relaxation in between. In reality, lithium-ion 

ells take longer time to reach equilibrium again after the pulse, 

ut 1.5 h is sufficient in these simulations. For the ICI procedure, 

he current is interrupted for 5 s every 5 min. 

Three identification approaches are used to identify the diffu- 

ion coefficient D s 

• GITT full expression fitting according to (10) 

• GITT τ � 1 approximation fitting according to (12) 

• ICI fitting according to (15) 

In (12) and (15) , d E/d 
√ 

( t) is fitted within a selected region,

s shown in Fig. 2 . The starting point of the fitting region is one

econd after the current is switched in order to avoid the tran- 

ient period of other electrochemical processes. In reality, this can 

e adjusted to a later point in time to exclude the effect of double 

ayer capacitance. Different fitting lengths are used in the data pro- 

essing. With the full expression fitting in (10) , the fitting length 

s unlimited. However, with the τ = D s t/r 2 s � 1 fitting in (12) and 

15) , the fitting length should not be too long to diverge from the 

onditions of approximation. 

. Results and discussions 

.1. D s estimation through GITT and ICI methods 

The simulated voltage profiles during the GITT and ICI tests are 

hown in Fig. 3 , which resemble the experimental results reported 

n literature [9,11] . With the symmetric cell setup described in the 

revious section, the delithiation and lithiation processes are sim- 

lated simultaneously. In the GITT test, the voltage step response 

s clearly visible under a C/10 current pulse and in total 35 current 

ulses are applied through the entire SOC range. With the simu- 

ation protocol, i.e. 15 min pulse with 1.5 h relaxation, the time 

equired to complete a GITT test in a real experiment will be 63 h. 

n the other hand, 53 current interruptions take place in the ICI 

est, with the corresponding experiment time being merely 9 h. 

he ICI method thereby allows more identification occasions for 

he diffusion coefficient, with less than 15% of the time it takes 

o complete a GITT measurement. 

The derived diffusion coefficient D s is presented in Fig. 4 a. In 

he GITT method, the voltage response between t = 1 s and t = 

1 s (the current is applied at t = 0 s) is used to for the fitting in

12) , and the voltage response between t = 1 s and t = 5 s (the

urrent is interrupted at t = 0 s) is used in the ICI method to fit

ith the expression in (15) . The diffusion coefficient used in the 

odel is 1.48 × 10 −15 m 

2 /s [7] and it is plotted as the ‘true value’
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Fig. 3. Simulated voltage profiles of an NMC811 electrode during lithiation and 

delithiation processes with GITT and ICI methods. 
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n Fig. 4 a. Although in reality the diffusion coefficient of lithium 

ons is SOC dependent for most electrode materials [22] , the pa- 

ameter value used in this work is a constant for simplicity and for 

aking a clear demonstration. It can be seen that the two meth- 

ds can estimate the diffusion coefficient D s successfully, with only 

mall deviations from the value used in the model. Since the true 

alue of D s in the model, as well as other electrochemical parame- 

ers (see Table 1), are constant, ideally the estimated D s value from 

he GITT and ICI methods should be a constant as well. However, 

s it is shown in Fig. 4 a, the estimated D s from the GITT and ICI

ethods has a significant dependence on the SOC. It can be ob- 

erved that the trend of the estimated D s in Fig. 4 a has a good

orrelation with the d E/d x profile in Fig. 4 b, and this is a hint that
Fig. 4. (a) The derived diffusion coefficient D s from the GITT and ICI sim

5 
he deviations are related with the violation of one assumption in 

he mathematical derivation: The voltage profile is linear during a 

hort interval, i.e. d E/d c is a constant . The true value of the d E/d x

erm is calculated from the open circuit voltage profile in (16) . Al- 

hough the SOC interval during a current pulse is relatively small 

1.785% SOC change in a GITT current pulse), the minor variation 

n the d E/d x term cannot be ignored and its impact is directly re-

ected in the D s estimation. This will be demonstrated in the next 

art. One more observation in Fig. 4 b is that the GITT method can 

rovide a better estimation of the d E/d x profile. This is expected, 

ince in the GITT method, the d E/d x term is estimated between 

wo equilibrium states and it is not affected by the current direc- 

ion, taking into account that the open circuit voltage hysteresis is 

ot included in the model. However, the ICI method obtains d E/d x 

uring a galvanostatic charge and discharge, and therefore the es- 

imation is slightly shifted depending on the current direction. As 

an be noted in Fig. 4 a and b, in the beginning of the lithiation and

elithiation processes in the ICI test, both the d E/d x term and the 

stimated D s value have a larger mismatch from the true value, 

ut the agreement improves with the time. Despite some minor 

hifts in the d E/d x estimation, the D s value obtained from the ICI

ethod has a very good agreement with those calculated using the 

ITT method. 

.2. Analysis of the deviations of D s estimation 

.2.1. Non-linear voltage profile d E/d x 

To demonstrate how the d E/d x term affects the D s estimation, 

wo cases at different SOC levels are studied in detail. In the first 

ase ( x = 0.35), d E/d x is changing rapid during the current pulse,

hile in the second case ( x = 0.8) d E/d x is comparatively constant,

hich in turn fulfills the assumptions of the GITT derivation to a 

igher degree. Moreover, results with different fitting approaches 

nd different fitting lengths are demonstrated as well. For the GITT 

ethod, the full expression fitting in (10) and with the τ � 1 ap- 

roximation fitting in (12) are applied with a fitting length varying 

rom 20 s to 900 s. When it comes to the ICI method, the expres-

ion in (15) is used to find the diffusion coefficient, and the fitting 

ength is from 1 s to 4 s. The voltage response in the first second

s always excluded in the fitting to avoid the transient behaviours 

n other electrochemical processes in the system. The voltage re- 

ponse and its fitting are presented in Fig. 5 and the estimated 
ulations. (b) Estimated d E/d x from the GITT and ICI simulations. 
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Fig. 5. The voltage response of LiNi 0 . 8 Mn 0 . 1 Co 0 . 1 O 2 and its fitting to obtain its diffusion coefficient D s in the GITT and ICI methods. The voltage response in black is the 

numerical solution simulated with a DFN model, and voltage response in colors are the analytical solutions with the fitted D s , described in Eq. (10) as dashed line for the 

GITT method, (12) as the solid line for the GITT method and (15) as the solid line for the ICI method, respectively. 
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iffusion coefficient are compared with the true value used in the 

FN model. 

It can be observed that the analytical solutions of Fick’s law 

colored lines) cannot capture the voltage response accurately 

hen x = 0.35 in Fig. 5 a, due to the relatively large variation of

he d E/d x term at this SOC level, as indicated in Fig. 4 b. As a con-

equence, the estimated D s when x = 0.35 has a larger deviation 

rom the true value of 1.48 × 10 −15 m 

2 /s, for both the full expres-

ion fitting (dashed lines) and τ � 1 fitting (solid lines). It is seen 

n Fig. 5 a that this estimation can be improved with a longer fitting 

ength. On the other hand, the analytical solutions (colored lines) 

ighly resemble the numerical solution with a DFN model (black 

ines) when x = 0.8 in Fig. 5 b, since the voltage profile is more lin-

ar during the current pulse, i.e. the d E/d x term is close to a con-

tant. Under these conditions, the estimated D s is closer to the true 

alue, especially using the full expression fitting. The validity of 

he τ � 1 approximation was discussed in conjunction with Fig. 1 , 

ith the upper time axis calculated with the r s and D s values used 

n the model. The approximation is considered to be valid when 

< 0.0032, i.e. t < 58.92 s. Therefore, the estimation discrepancy 

ncreases when the fitting length is increased from 20 s to 50 s and

00 s in Fig. 5 b, as this approximation is losing its validity. When

he fitting length is increased even longer, the overpotential con- 

ributions from the charge transfer reaction and electrolyte mass 

ransportation plays a role in the fitting, causing an opposite effect 

o the invalidity of the τ � 1 approximation, and improves the es- 

imation in this case. Based on Fig. 5 a and b, it can be concluded

hat the diffusion coefficient D s can be estimated more accurately 
t

6 
hen the voltage profile is more linear. The same conclusion can 

e made with the ICI simulation results in Fig. 5 c and d, that the

stimated D s with the ICI method is closer to the true value at x =
.8 with a constant d E/d x . Moreover, it can be observed that in the

CI method, it is preferable to keep the fitting length short to better 

ulfill the τ � 1 approximation. Despite the fact that the diffusion 

oefficient D s is slightly underestimated in most of the presented 

ases, this is considered as a fairly accurate estimation, with the 

aximum error only being 66%. 

.2.2. Uneven current distribution through the porous electrode and 

verpotential 

However, even when the voltage profile is linear at x = 0.8, it is 

till not possible to obtain exactly the true value of D s irrespective 

f the fitting method and fitting length used. This can be explained 

ith the violations of the other two assumptions in the derivation 

isted in the theory section: The current density at the particle sur- 

ace is constant and the over-potential caused by other electrochem- 

cal processes can be ignored . To address these two issues, the cur- 

ent distribution in the electrode during one GITT pulse and the 

verpotential development are studied in detail in Fig. 6. In this 

nalysis, the local current density and the overpotential at the par- 

icle closest to the current collector are studied, as it directly de- 

ermines the measured terminal voltage. The current distribution 

uring a current pulse in the GITT method at x = 0.8 is shown in

ig. 6 a. When the current is applied at t = 0 s, the current den-

ity is higher at the separator side, since the electronic conduc- 

ivity is much higher than the ionic conductivity and the current 
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Fig. 6. During a current pulse at x = 0.8, (a) the current distribution in the electrode during one GITT pulse and (b) Overpotential at the current collector side. 
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Fig. 7. The voltage response during a current pulse simulated with a black-box con- 

figured according to Table. 2 (solid lines) and its fitting with analytical expressions 

with (10) (dashed lines). 
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ends to flow via the least resistive path. With time passing, the 

urrent density becomes more even through the porous electrode. 

he actual local current j at the current collector side is presented 

n Fig. 6 a, and as can be seen, it is increasing with time. For the

ITT fitting, the current is assumed to have an even distribution 

nd the local current density j is estimated to be j = I/ (S a L ) =
.17 A/m 

2 during a C/10 current pulse (plotted as the black line). It 

an be observed that in the beginning of the pulse, the actual cur- 

ent density at the current collector side is lower than 0.17 A/m 

2 , 

eaning that 0.17 A/m 

2 is an overestimation of the local current 

ensity. This is one of the reasons for the disagreement between 

he estimated D s value and the true value. 

Besides the local current density, another factor causing this 

iscrepancy is the overpotential caused by other electrochemical 

rocesses. As shown in Fig. 6 b, the measurable voltage response E

s the sum of the stoichiometry based voltage and the overpoten- 

ial. In a DFN model, the overpotential is a consequence of three 

rocesses: the charge transfer reaction, electrolyte mass transport 

nd the diffusion in the solid state. The charge transfer and solid 

iffusion overpotential are presented for the particle closest to the 

urrent collector, and the electrolyte mass transport overpotential 

s the difference between the electrolyte potential at the current 

ollector point and electrolyte overpotential at the middle of the 

eparator (the reference potential). Although it is only the solid 

iffusion overpotential that is the desired to use for the D s estima- 

ion, in reality it is not possible to separate it from the other two 

verpotentials. It can be observed in Fig. 6 b that both the charge 

ransfer and electrolyte overpotential show a transient behaviour 

n the beginning of the pulse, which shall be avoided in the fit- 

ing. This is why the voltage response in the first second has been 

xcluded in the previous demonstrations. These two overpotentials 

tabilize with time, and a higher electrolyte diffusion coefficient D l 

nd a faster reaction rate will speed up the stabilization. In the 

ater part of the current pulse, these two overpotentials constitute 

n offset in the voltage response while the solid diffusion overpo- 

ential is still developing with time. This offset will still impact the 

tting result as it introduces errors in the d E/d 
√ 

t fitting. 

So far, the origins of the deviation of D s estimation have been 

nalysed and the difficulties in the estimation is found to be 
7 
aused by the violations of the assumptions in the GITT method. 

his analysis and explanations are applicable also for other meth- 

ds, for instance for PITT, which is derived based on similar as- 

umptions as GITT. 

.3. Special model setup with simplifications 

To further demonstrate how the violations of the last three 

ssumptions in the theory section can affect the result, four se- 

ups are studied, from the most simplified scenario to a more re- 

listic system. Four black-box models are configured according to 

able 2 and the simulated voltage responses are plotted as solid 

ines in Fig. 7 . The simulated voltage response are then fitted with 
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Table 1 

Parameters used in the simulation [7] . ∗Adjusted . 

Parameters Values 

L 75.6 μm 

r s 5.22 μm 

εl 0.335 

εs 0.665 

Bruggeman constant 2.43 

Open circuit voltage (OCV) (16) 

σs 10 S/m (original value 0.18 S/m) ∗

D s 1.48 × 10 −15 m 

2 /s 

c s, max 51.77 mol/dm 

3 

x min - x max 0.266-0.908 

k a = k c 7 × 10 −12 (original value 3.54 × 10 −11 ) ∗

αa = αc 0.5 

c l, 0 1 mol/dm 

3 

εl 0.47 

D l 1.77 × 10 −10 m 

2 /s 

κ 0.95 S/m 

t 0 + 0.26 

f A 0 
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he analytical solutions, both with the full expression in (10), plot- 

ed as dashed lines, and the τ � 1 approximation in (12), not 

hown in the figure. The first setup is an ideal scenario, where the 

oltage profile of the electrode material is perfectly linear, with a 

onstant local current density and excluding the rest of the system. 

ith this setup, the analytical solution of Fick’s law can precisely 

epresent the voltage response, as shown in Fig. 7 , and the true 

 s value can be accurately estimated without any deviations using 

he full expression fitting (10) . However, the τ � 1 fitting method 

eads to a 7.9% underestimation, since the approximation is condi- 

ionally valid. In the next setup, the voltage profile is a function of 

OC, described in (16) at x = 0.35. The instant observation is that 

he analytical solution does not match the numerical solution any- 

ore and the estimated D s values differ more than 40% compared 

o the true value. To complicate the system further, an uneven cur- 

ent distribution in the electrode is included in Setup 3. With this 

ore realistic current distribution, the local current density at the 

urrent collector side is lower than the average value, as demon- 

trated in Fig. 6 a, and the voltage response in Setup 3 is therefore

lightly lower than what is simulated with Setup 2. In the final 

etup, the overpotential caused by other electrochemical processes 

re included in the terminal voltage. This setup has the same con- 

ition as in a DFN model and the simulated voltage profile is iden- 

ical to what was presented in Fig. 5 a. Based on the fitting results

n Table. 2 , it can be noted that more violations of these assump-

ions do not necessarily lead to a worse estimation. The exact im- 

act depends on the combination of the parameters in the system, 

s well as the current magnitude, which will be demonstrated in 

he next part. 

.4. Impact of electrolyte diffusion coefficient and current magnitude 

n D s estimation 

In the studies above, the estimation accuracy of D s is affected 

y the fitting approach and fitting length. Besides, the battery de- 

ign, current magnitude and the rest of the system can have a 
Table 2 

Four setups to investigate the impact of violations of assumptions. 

d E/d x Local current 

Overpotential caused 

by other processes 

Setup 1 Constant Constant Excluded 

Setup 2 Varying Constant Excluded 

Setup 3 Varying Varying Excluded 

Setup 4 (DFN model) Varying Varying Included 

8 
arge impact on the results as well. To illustrate such effects, the 

esult of the estimated D s with a variation in the electrode thick- 

ess and current magnitude is presented in Fig. 8 a. The scenario 

nvestigated is that a current pulse is applied at t = 0 s at x =
.8, and the voltage response between t = 1 s and t = 21 s is 

sed for fitting with the τ � 1 approximation in (12) . The same 

tudy is then performed when the diffusion coefficient in the elec- 

rolyte D l in Table 1 is increased by 10 times; the results of this 

pproach is shown in Fig. 8 b. For both sets of parameters, the es- 

imated value of D s is higher when employing a thinner electrode 

nd a higher current magnitude. With a 40 μm thick electrode and 

/10 current, the estimated D s is 32% lower than the true value in 

ig. 8 a, while the D s estimation becomes only 5% lower than the 

rue value in Fig. 8 a, meaning that an increased electrolyte diffu- 

ion coefficient D l can result in a higher estimation of the D s value. 

his does not necessarily mean that this can improve the estima- 

ion, since it can lead to an overestimation under some conditions. 

hen the GITT method is used for estimating lithium-ion battery 

ging, a decreasing trend in the D s can be observed with the in- 

rease of the cycling numbers [11] . The result in Fig. 8 implies that 

part from the active material degradation being the main reason, 

he decrease in D s could also be partly due to the degradation of 

he electrolyte and a decreased D l . 

. Conclusions 

A theoretical validation of the GITT and ICI methods was 

emonstrated with a porous lithium-ion NMC811 electrode em- 

loying a DFN model. The deviations of the estimated D s are ex- 

lained with a focus on the violation of the assumptions in GITT, 

ncluding the non-linear voltage profile, uneven current distribu- 

ion in the porous electrode, as well as the overpotential caused 

y the charge transfer and electrolyte mass transport. Although the 

heoretical derivation of the GITT and ICI methods are based on 

ultiple assumptions which are most likely not entirely valid for 

his type of lithium-ion battery electrode, both methods can still 

rovide a very good estimation of the D s value, with the maxi- 

um deviation being an underestimation of 66%. The estimation 

s more accurate when the voltage profile has a more linear shape, 

ince the voltage response can then be better described with the 

nalytical solution of Fick’s law. For the GITT method, a longer fit- 

ing time can sometime provide a better estimation, while for the 

CI method it is preferred to keep the fitting length short. With 

he parameter set used in this work, the solid-state diffusion co- 

fficient is underestimated in most of the case. A higher current 

agnitude, a thinner electrode and a higher electrolyte diffusion 

oefficient can lead to a higher estimation for the D s value, but 

an also render an overestimation. For the purpose of identifying 

he solid-state diffusion coefficient, the ICI method has a signifi- 

ant advantage of being time-effective. It should be acknowledged 

hat GITT can be used to study also other properties of an elec- 

rode material, including the open circuit voltage and hysteresis. 

owever, the ICI technique is much more convenient and powerful 

nd it is suitable to be incorporated as part of a reference perfor- 

ance test for aging diagnostics. 
Fitted D s with (12) between 1–20 s Fitted D s with (10) between 1–900 s 

1.36 × 10 −15 m 

2 /s (-7.9%) 1.48 × 10 −15 m 

2 /s (0%) 

0.85 × 10 −15 m 

2 /s (-42.6%) 2.15 × 10 −15 m 

2 /s (+45.3%) 

0.98 × 10 −15 m 

2 /s (-33.6%) 2.53 × 10 −15 m 

2 /s (+70.6%) 

0.57 × 10 −15 m 

2 /s (-61.7%) 1.73 × 10 −15 m 

2 /s (+16.6%) 
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Fig. 8. The difference between the estimated D s value and the true value with a variation in the electrode thickness and current magnitude with (a) the parameters listed 

in Table 1 (b) the diffusion coefficient in the electrolyte D l is increased by 10 times. 
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