
Dynamics of a Blended Lithium-Ion Battery Electrode During
Galvanostatic Intermittent Titration Technique

Z. Mao, M. Farkhondeh, M. Pritzker, M. Fowler*, Z. Chen
Department of Chemical Engineering, University of Waterloo, 200 University Avenue West, Waterloo, Ontario N2L 3G1, Canada

A R T I C L E I N F O

Article history:
Received 20 April 2016
Accepted 29 November 2016
Available online 29 November 2016

Keywords:
model
lithium-ion battery
blended cathode
GITT
NMC
LMO

A B S T R A C T

A multi-particle model is developed and applied to the data from galvanostatic intermittent titration
technique (GITT) experiments with varying pulse currents and relaxation periods on a LiNi1/3Mn1/3Co1/
3O2 �LiMn2O4 (NMC-LMO) blended lithium-ion electrode. The good agreement between the simulated
and experimental potential-time curves shows that the model is applicable for all GITT conditions
considered, but more accurate for the case of small current pulse discharges with long relaxation times.
Analysis of the current contribution and the solid-state surface concentration of each active component
in the blended electrode shows a dynamic lithiation/delithiation interaction between the two
components and between micron and submicron NMC particles during the relaxation periods in the
GITT experiments. The interaction is attributed to the difference in the equilibrium potentials of the two
components at any given stoichiometry which redistributes the lithium among LMO and NMC particles
until a common equilibrium potential is reached.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Blended cathodes have been adopted within the growing
electric vehicle market to further improve the electrode perfor-
mance of lithium-ion batteries (LIB) for hybrid-electric vehicles
(HEVs) and plug-in hybrid-electric vehicles (PHEVs) [1]. The
blending of different crystalline structure materials such as
layered-spinel mixtures (LiNixCoyAl1-x-yO2 �LiMn2O4 (NCA-LMO)
[2,3], LiNixMnyCo1-x-yO2 �LiMn2O4 (NMC-LMO) [4]), layered-
layered mixtures (LiNixCoyAl1-x-yO2 � LiCoO2 (NCA-LCO) [5]),
layered-olivine mixtures (LiCoO2-LiFePO4 (LCO-LFP)[6]), spinel-
olivine mixtures (LiMn2O4-LiFePO4 (LMO-LFP) [7]) allows the best
properties of the individual active materials to be combined to
improve the energy or power density as well as the cycling and
storage durability. If successful, the electrochemical performance
of blended cathodes would be expected to be superior to that of
single material systems.

NMC-LMO blended systems for electric vehicle applications
have been recently developed by several battery companies [1,4].
Cathodes made of spinel LMO have a high operating potential and
good rate capability while NMC cathodes have high capacity and
good capacity retention. Therefore, a mixture of NMC and LMO

yields an electrode with a balanced electrochemical performance
in terms of specific capacity and working potential. However, LMO
is plagued with fast capacity fade (poor cycle life) and low capacity
retention after long-term storage at elevated temperatures. This
behavior is mainly attributed to Mn dissolution and its subsequent
reduction at the anode (e.g., graphite in a full LMO/graphite cell)
[8,9], which causes the interfacial contact resistance [8] and
charge-transfer impedance at the interface between graphite and
electrolyte [10] to rise and a coulombic imbalance to develop [11].
Fortunately, when LMO is mixed with NMC as a blended cathode, a
synergistic interplay between the two materials is observed. The
presence of NMC appears to suppress Mn dissolution and enable
the blended cathode to exhibit cycling or storage performance that
is often better than expected from a LMO electrode [11–13].

The galvanostatic intermittent titration technique (GITT) is a
very powerful electrochemical procedure that has been used to
analyze the dynamics of electrode processes such as material
phase formation, structural transitions or mass transport and
estimate the corresponding parameters. A number of researchers
have applied this method to study lithium-ion batteries. For
example, Dees et al. [14] and Gowda et al. [15] investigated the
polarization and relaxation behavior of lithium- and manganese-
rich layered transition metal oxides to understand the structural
transitions that occur in the cathode. Gallagher et al. [16] used GITT
to evaluate the rate constants for phase formation and consump-
tion of lithiated graphite. Bach et al. [17] carried out GITT* Corresponding author. Tel.:+ 1 519 888 4567, ext 33415, fax: 1 519 888 4347
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measurements to analyze the lithiation and delithiation mecha-
nisms of a gold film serving as a lithium-ion battery anode. Birkl
et al. [18] used GITT to determine the equilibrium potentials of
NMC and graphite electrodes, while Wu et al. [19] estimated the
lithium ion solid-state diffusion coefficient in an NMC electrode
based on a physicochemical model. However, GITT analysis of a
blended electrode to investigate the thermodynamics and dynamic
processes during charge-discharge has still not been reported. This
method is particularly well suited to investigate the effects of the
different size fractions and chemical composition and the
interaction between the active components of a blended electrode,
as will be shown in this work.

Both the optimization of electrode design and fundamental
analysis of the behavior of battery electrodes benefit from physics-
based mathematical models which can simulate the electrode
response to an electrochemical process. Moreover, these models
are able to compute certain quantities that are not easily measured.
However, only few mathematical models of blended cathode
systems have been reported. Albertus et al. [2] presented a model
to describe the influence of NCA-LMO blended cathode composi-
tion on the charge-discharge curves based on a distribution of
contact resistances between the active material and the conductive
matrix. Jung [4] developed a model of an NMC-LMO cathode and
graphite-soft carbon anode to simulate and predict their perfor-
mance.

In our previous work [20], we developed a pseudo-two-
dimensional (P2D) multi-particle model of an NMC-LMO blended
cathode that was able to accurately describe the effect of the C-rate
on the galvanostatic discharge and account for the effect of
multiple particle sizes of the different active materials. In an earlier
study [21], we showed that a simpler version of the model (i.e., no
porous-electrode effects included) gave excellent fits to experi-
mental potential-capacity and differential capacity curves at low
rates and could be used to accurately predict the composition of a
blended cathode. In the current work, the multi-particle model is
adapted to describe the potential response of the same NMC-LMO
cathode to intermittent galvanostatic pulses in order to gain
further insight into the kinetic and thermodynamic parameters of
the system. A particular focus of the GITT experiments in this study
is to investigate the transport characteristics of intercalated

Nomenclature

A cathode area (cm2)
an;m specific surface area of active material n with particle

size class m (m�1)
cn;m Li ion concentration in active material n with particle

size class m (mol m�3)
ce Li ion concentration in electrolyte (mol m�3)
cT total Li ion concentration in electrolyte (mol m�3)
cmax
n maximum concentration of Li within active material

n (mol m�3)
Dn solid-phase binary diffusion coefficient in active

material n (m2 s�1)
De diffusion coefficient of electrolyte based on a

thermodynamic driving force (m2 s�1)
Dn;m Li ion solid-phase diffusion coefficient in active

material n with particle size class m (m2 s�1)
Deff;sep effective diffusion coefficient of electrolyte in sepa-

rator (m2 s�1)
Deff;cat effective diffusion coefficient of electrolyte in cath-

ode (m2 s�1)
De bulk diffusion coefficient in the electrolyte (m2 s�1)
E cell potential (V)
F Faraday constant (96480C mol�1)
f� mean molar activity coefficient of inorganic salt in

electrolyte
I applied current (A)
i0n;m exchange current density for lithiation/delithiation

on active material n with particle size class m (A m�2)
i1 solid-phase current density (A m�2)
i2 liquid-phase current density (A m�2)
in;m faradaic current density on active material n with

particle size class m (A m�2)
i0f exchange current density for charge transfer reaction

on Li foil (A m�2)
kn rate constant (mol m�2 s�1(mol m�3)�3/2)
L electrode thickness (m)
Lsep separator thickness (m)
Q cathode capacity (Ah)
qn practical capacity of type n particle (Ah kg�1)
Rn;m particle radius of active material n with size class m

(m)
R gas constant (8.314J mol�1 K�1)
r radial distance within a particle of active material

(m)
T absolute temperature (K)
t time(s)
t0þ lithium ion transference number
Un;m equilibrium potential for lithiation/delithiation on

active material n with particle size class m (V)
yn;m lithium content in active material n with particle size

class m

Greek
an;m solid state thermodynamic factor of active material n

with particle size class m
bn charge transfer coefficient for lithiation/delithiation

on active material n
bf charge transfer coefficient for charge transfer reaction

at lithium foil electrode
g Bruggeman exponent
j total volume fraction of all cathode active material in

the electrode
jn;m volume fraction of active material n with particle size

class m

j
0

n;m mass fraction of active material n with particle size
class m

ecat porosity of cathode
esep porosity of separator
hn;m surface overpotential on active material n with

particle size class m (V)
k electrolyte ionic conductivity (S m�1)
keff;cat effective ionic conductivity in blended electrode (S

m�1)
rn density of type n particle (kg m�3)
seff effective electronic conductivity in blended electrode

(S m�1)
F1 solid-phase potential of cathode (V)
F2 liquid-phase potential of electrolyte (V)
Ff electrode potential of Li counter electrode (V)

Subscript
n active material type (NMC and LMO)
m particle size class
cat cathode
eff effective
sep separator
s surface
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species between and within the active materials under the
conditions of a small-current or short-time electrochemical
perturbation. On the basis of the model, it is possible to resolve
the separate charge-discharge characteristics of the NMC and LMO
components in the blended cathode during the relaxation period
after a short discharge pulse.

2. Experimental

In this work, coin cells were fabricated from a fresh and unused
commercial pouch cell containing blended NMC-LMO cathode
sheets coated on both sides of an aluminum current collector. Only
one of these cathode sheets was used to make the coin cells. The
solvent N-methyl-2-pyrrolidone (NMP) was applied to the cathode
sheet on one of the sides to dissolve away the binder and allow the
remaining cathode material to be easily wiped away and discarded.
Electrode discs with 0.712 cm2 area were punched out of the NMC-
LMO material remaining on the other side and then washed in
dimethyl carbonate (DMC) to remove any salt deposited on their
surface. Then, cathode|separator|Li coin cells were fabricated with
a lithium foil as reference/counter electrode and Celgard 2500 as
separator soaked in an electrolyte of 1 M LiPF6 dissolved in a 1:1
(weight basis) EC/DMC solution. The entire process above was
conducted in an argon-filled glove box.

These coin cells were subjected to a series of tests using a
battery cycler (Neware CT-3008-5V10 mA-164-U) at the room
temperature. In order to ensure that each cell had attained the
same stable state at the start of the GITT experiment, it was
subjected to 5 consecutive CCCC formation cycles between a lower
cut-off potential of 3 V and an upper potential of 4.2 V. The specific
experimental waveform of the cycling was described in our
previous study [20]. Following these 5 formation cycles, we
subjected the coin cell to a GITT experiment. Each GITT experiment
consisted of a sequence of 10 galvanostatic pulses at a given
discharge current separated by a fixed relaxation period in which
no current was applied. These pulses involved a discharge current
of either 1C, C/2 or C/5 (corresponding to pulse widths of 6, 12 and
30 min, respectively) and an interval relaxation time of either
15 min or 2 h (1C rate corresponds to 1.38 mA of applied current).
At each discharge current, GITT experiments were conducted at the
two relaxation times in succession. A fresh coin cell was used for
each of the three applied currents. This entire procedure was
repeated a second time with a new set of fresh cells and found to
yield very reproducible experimental data. Through a combination
of each of these discharge currents and relaxation periods, six
different GITT experiments were conducted. For example, the first
GITT consisted of the following steps: i) charge at C/50 until a
potential of 4.2 V was reached, ii) 2 h rest period, iii) discharge at 1C
for 6 min, iv) 15 min rest period, v) repetition of steps iii) and iv) 9

times, vi) discharge at C/50 until a potential of 3.0 V was reached
and vii) 2 h rest period. The purpose of steps i) and vi) was to ensure
the cell was fully lithiated at the start of the GITT experiment and
fully delithiated at the end of each experiment. The applied current
and duration time in step iii) and rest period in step iv) were
changed for each GITT experiment, as discussed above.

3. Mathematical model

To simulate the potential response of the NMC-LMO blended
electrode to the intermittent galvanostatic pulses in the GITT
experiments, the multi-particle mathematical model presented
previously is implemented to describe the lithiation/delithiation
dynamics at the particle and electrode scales [22,23]. The defining
feature of the multi-particle model lies in considering each of the
two active electrode components NMC and LMO to have a non-
uniform particle size distribution consistent with the actual
physical and material characteristics (Fig. 1). The model was
verified in a previous study by successfully fitting it to
experimental galvanostatic discharge curves [20]. The governing
equations and corresponding boundary conditions at both the
particle and electrode levels are shown in Table 1. The numerical
values of the model parameters used are listed in Table 2. All
equations and parameters were taken from Ref. [20] without any
change. The system of equations was solved using the COMSOL
Mutiphysics 4.4 finite element software package.

4. Results and Discussion

4.1. Comparison of model simulations to experimental discharge GITT
responses

As shown by the experimental and simulated responses in
Fig. 2, the multi-particle model gives excellent predictions of the
GITT curves in an NMC-LMO blended cathode over a wide range of
discharge rates (1C, C/2 and C/5), pulse durations (6 min, 12 min
and 30 min) and interval relaxation periods (15 min and 2 h). At the
higher C-rates of 1C and C/2 and a relaxation period of 15 min
(Fig. 2a and c), the simulated potential evolution during each of the
middle four or five discharge pulses is slightly steeper than that
actually measured. However, in the case of the smaller current of C/
5 (Fig. 2e), the simulated potential remains very close to the
experimental value over the majority of the GITT experiment.
Moreover, the potential drop which becomes progressively smaller
with each successive pulse is accurately tracked by the model. A
comparison of the responses in Fig. 2a, c, e to Fig. 2b, d, f enables
the effect of the length of the relaxation period (15 min to 2 hours)
following each current pulse to be discerned for both the simulated
and experimental responses. This analysis shows that the model

Fig. 1. Schematic diagram showing the cell configuration used for the pseudo-two-dimensional multi-particle model of the NMC-LMO blended cathode.
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becomes more accurate when the relaxation time after the
discharge pulse is extended from 15 min to 2 h. This suggests that
the model is more effective for those experiments with a long
enough relaxation period for the system to return more closely to
its equilibrium state.

It should be acknowledged that the model does not capture the
observed behavior as well during the last two or three pulses in
each of the experiments. When the cell is almost fully discharged,
its measured potential tends to drop very rapidly, making it
difficult for the simulations to closely track it. Also, in several cases,
the simulation terminated early since the potential reached the
lower cut-off value of 3.0 V (Fig. 2a, 2b and 2c). On the basis of the
cases shown in Fig. 2, the model is most accurate for GITT discharge
at lower rates (i.e., C/5, 30 min discharge time) with longer
relaxation periods (i.e., 2 h) (Fig. 2f). Consequently, we restrict
ourselves to these conditions in the subsequent analysis of the
model to explore other aspects of the dynamics of the blended
electrode during intermittent operation.

4.2. Current contribution analysis

The multi-particle model permits the contributions of the two
active materials (LMO and NMC) to the internal dynamics of the
blended cathode to be determined over the ten C/5 discharge
pulses of the GITT experiment shown in Fig. 3, each of which is
followed by 2 h relaxation. The LMO component contributes a
higher proportion of the overall current than NMC during the first
three pulses. Also, the LMO contribution over the first five pulses or
the first half of the GITT process (Fig. 3a) is similar to that obtained
in our previous galvanostatic discharge experiment [20]. When the
operation of the cell is shifted into the relaxation phase after the
discharge pulses, the currents due to both NMC and LMO do not
immediately decrease to zero. In fact, the currents have not yet
reached zero by the end of each of the 2 h relaxation periods that
follow the first five pulses (Fig. 3b). Obviously, the current
generated by LMO is always opposite in sign and exactly cancelled
by the current generated by NMC during the relaxation periods. In

Table 1
Summary of governing equations and corresponding boundary conditions [20].

Particle-level equations
Solid phase mass balance Boundary conditions
@cn;m
@t ¼ 1

r2
@
@r Dn;mr2

@cn;m
@r

� �
Dn;m ¼ an;mDn

an;m ¼ � F
RTyn;m 1 � yn;m

� �@Un;m

@yn;m
@cn;m
@r ¼ 0 at r ¼ 0

in;m ¼ i0n;m exp
1�bnð ÞF
RT hn;m

� �
� exp �bnF

RT hn;m

� �� 	
@cn;m
@r ¼ � in;m

FDn;m
at r ¼ Rn;m

i0n;m ¼ Fkn ceð Þ 1�bnð Þ cs;n;m
� �bn cmax

n � cs;n;m
� �bn

hn;m ¼ F1 � F2 � Un;m yn;m
� �

yn;m ¼ cn;m
cmax
n

Electrode-level equations
Solid phase charge balance Boundary conditions
i1 ¼ �seffrF1

r:i1 ¼ �j
XN
n¼1

XM
m¼1

jn;man;min;m

XN
n¼1

XM
m¼1

jn;m ¼ 1
i1 ¼ 0atx ¼ Lsep

jn;m ¼ j
0
n;m=rnXN

n¼1

XM

m¼1
j
0
n;m=rn

� � i1 ¼ I=Aatx ¼ Lsep þ L

an;m ¼ 3
Rn;m

E ¼ F1 jx¼LsepþL � Ff

Liquid phase charge balance Boundary conditions
r:i2 ¼ 0 F2 ¼ 0atx ¼ 0

i2 ¼ �keff;seprF2 þ 2keff;sepRT 1�t0þð Þ
Fce

1 þ dlnf�
dlnce

� �
rce

i2 jsep ¼ i2 jcat at x ¼ Lsep

keff;sep ¼ kegsep
r: i1 þ i2ð Þ ¼ 0 i2 jsep ¼ i2 jcat at x ¼ Lsep

i2 ¼ �keff;catrF2 þ 2keff;catRT 1�t0þð Þ
Fce

1 þ dlnf�
dlnce

� �
rce

i2 ¼ 0 at x ¼ Lsep þ L

keff;cat ¼ kegcat
Electrolyte mass balance Boundary conditions

esep@ce@t ¼ r: esepDeff;seprce
� �� i2rt0þ

F esep@ce@x ¼ � I 1�t0þð Þ
FDeff;sepA

at x ¼ 0

Deff;sep ¼ Deeg�1
sep

@ce
@x jsep ¼ @ce

@x jcatat x ¼ Lsep

ecat@ce@t ¼ r: ecatDeff;catrce
� �� i2rt0þ

F þ 1�t0þð Þj
XN

n¼1

XM

m¼1
jn;man;min;m

F

@ce
@x jsep ¼ @ce

@x jcat at x ¼ Lsep

Deff;cat ¼ Deeg�1
cat

@ce
@x ¼ 0 at x ¼ Lsep þ L

De ¼ cT
c0

1 þ dlnf�
dlnce

� �
De

Lithium counter electrode kinetics

I ¼ �Ai0f exp
1�bfð ÞF
RT Ff � F2

� �� �
� exp �bf F

RT Ff � F2
� �� �� 	

Equilibrium potential

UNMC yNMCð Þ ¼ 6:51176 � 8yNMC þ 7:1086y2NMC � 1:55y3NMC � 0:459y6NMC � 5:00034 � 108exp 135:089y2NMC � 118:089
� �

ULMO yLMOð Þ ¼ 0:225 � 0:392yLMO þ 2:2tanh �1010 yLMO � 0:994ð Þ½ � þ 1:9tanh �21:4 yLMO � 1:04ð Þ½ �
þ0:181sech 23:4 yLMO � 0:397ð Þ½ � � 0:175sech 24:2 yLMO � 0:399ð Þ½ �
þ0:0164sech 13:1 yLMO � 0:567ð Þ½ � þ 0:33sech 48:1 yLMO � 1ð Þ½ �
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order to examine the dynamics of this process in more detail, the
responses of two current pulses marked PULSE 1 and PULSE 2 in
Fig. 3a (magnified in Fig. 4) are examined. PULSE 1 shows the
response during the 1st pulse applied during the GITT experiment,
whereas PULSE 2 corresponds to the 5th pulse in the sequence of
ten. Throughout the 30 min of discharge during PULSE 1, more
current flows through LMO than through NMC (Fig. 4a). Once the
current is turned off at the start of the relaxation period, the NMC
current changes instantaneously in the negative direction and then
becomes positive again relatively soon afterward (Fig. 4a, 4b). LMO
continues to be discharged (i.e., positive current), albeit at a
decreasing rate, over the time period marked by points A and B,
while NMC is now being charged (i.e., negative current). This
signifies that lithium is being transferred from NMC to LMO within
the cathode over this relatively short time period. The preferential
discharge of LMO over that of NMC is consistent with the finding
above that most of the discharge current during the first few pulses
flows through LMO. This trend continues until point B is reached,
whereupon the LMO and NMC currents both pass through zero and
a crossover occurs. At this crossover point, the electrode is not
stabilized although the current flowing through component is
zero. Thereafter, NMC is discharged and LMO is charged over the
remainder of the relaxation period. Over this last portion of the
relaxation period, the magnitudes of both currents first rise to a
maximum and then gradually decrease back toward zero.

Since PULSE 2 occurs midway through the GITT, LMO has
reached close to a fully lithiated state, whereas NMC has not (Fig. 8
in Ref. [20]) when this pulse begins. Not surprisingly, the LMO
current is much lower than the NMC current during the 30 min
discharge period of PULSE 2, as shown in Fig. 4c. The subsequent

charge-discharge behavior during the segments DE and EF of the
relaxation period (Fig. 4d) follows the same trend as that during
the segments AB and BC, respectively, that follow PULSE 1 (Fig. 4b),
i.e., first discharge and then charge of LMO and the opposite for
NMC. The main difference between the electrode dynamics during
the relaxation periods of PULSE 1 and PULSE 2 is the change of
current and the relative length of time in which LMO and NMC are
discharged and charged, which is associated with the degree of
lithiation of LMO and NMC. Since LMO is much more fully lithiated
by the time PULSE 2 starts, the change in discharge current is
relatively small and the first charge-discharge period DE takes
more time than the corresponding segment AB in PULSE 1.

As found in our previous study [20], the particle sizes of the
NMC component in this commercial blended cathode can best be
described in terms of two separate particle size distributions
(PSDs) – a submicron group with d50 of 0.87 mm and a micron
group with d50 of 9.29 mm. Therefore, the overall current due to
NMC can be broken down into contributions from these two size
groups. Fig. 5 presents the breakdown of the current contributed
from these two groups over the course of the same GITT
experiment shown in Figs. 3 and 4.

Fig. 5a shows that the current due to the NMC submicron
particles far exceeds that of the NMC micron particles throughout
all 30 min of each discharge pulse during the GITT experiment.
During each of the following 2 h relaxation periods, the submicron
particles are always charging while the micron particles are
discharging, albeit at ever diminishing rates with each pulse. This
behaviour is clearly evident during PULSE 1 and 2 (Fig. 5b and c). In
the absence of an external current, the losses associated with
reaction kinetics at the surface and species transport within the

Table 2
List of model parameters [20].

Parameter Symbol LMO NMC

Cathode area (cm2) A 0.712m

Electrode thickness (m) L 5.7 � 10�5m
Cathode capacity (Ah) Q 0.002m

Total active-material volume fraction j 0.558 [21]
Radius of type n particle in size class m (m) Rn;m 8.7 � 10�7m 4.65 �10�6m

(micron group)
4.35 �10�7m (submicron group)

Mass fraction of type n particle among total active materials j
0
n;m

0.3 [21] 0.22 [20]
(micron group)
0.48 [20]
(submicron group)

Rate constant for charge transfer on type n cathode particle (mol/[m2s(mol m�3)1.5]) kn 3 � 10�11 [20] 3 � 10�11 [20]
Binary diffusion coefficient of Li in type n particle (m2 s�1) Dn 1.0 � 10�16 [20] 1.1 �10�16 [20]
Capacity of type n particle (Ah kg�1) qn 100 [2] 151[19]
Maximum lithium concentration in type n particle (mol m�3) cmax

n 23339 [2] 49761[19]
Density of type n particle (kg m�3) rn 4220 [21] 4770 [21]
Charge-transfer coefficient for charge transfer on type n cathode particle bn 0.5 [20] 0.5 [20]
Electrode porosity ecat 0.35 [20]
Initial electrolyte concentration (mol m�3) ce 1000m

Separator thickness (m) Lsep 2.5 �10�5 Celgard
Lithium ions transference number t0þ 0.36 [20]

Bulk diffusion coefficient in the electrolyte (m2 s�1) De 5.2 � 10�10 [24]
Bulk ionic conductivity of the electrolyte (S m�1) k 1.3 [24]
Charge-transfer coefficient for charge transfer on Li foil electrode bf 0.5 [20]

Separator porosity esep 0.55Celgard

Bruggeman exponent g 1.5 [20]
Effective electronic conductivity (S m�1) seff 10.10m

Exchange current density on Li foil electrode (A m�2) i0f 20 [20]

Faraday constant (C mol�1) F 96478
Gas constant (J mol�1 K�1) R 8.314
Temperature (K) T 298

m: measured.
Celgard: Celgard product data sheet.
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active particles diminish. The electrode dynamics which is
controlled by an external current during the on-time is now
determined by the deviation of the active particle equilibirum
potentials Un;m ys;nm

� �
from a “common potential” throughout the

electrode during the relaxation period. The smaller “over-lithiated”
NMC submicron particles with a lower surface equilibrium

potential give away a fraction of their content to the larger
“under-lithiated”micron-sized NMC particles with a higher equi-
libirum potential to compensate the lithiation lag during the on-
time. Since the two particles have the same chemical nature, they
must have identical Li concentrations at their surfaces in order to
reach a common equlibirum potential. On the other hand, the

Fig. 2. Comparison of the experimental and simulated responses to the GITT pulses consisting of the following discharge currents and rest intervals: (a) 1C (6 min), 15 min (b)
1C (6 min), 2 h (c) C/2 (12 min), 15 min (d) C/2 (12 min), 2 h (e) C/5 (30 min), 15 min rest (f) C/5 (30 min), 2 h.

Fig. 3. (a) Variation of the LMO and NMC currents with time over the course of the ten GITT discharge pulses conducted at C/5 (30 min) followed by 2 h relaxation. The circled
region in (a) is shown at higher resolution in (b).
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concentration gradient within each particle is expected to
disappear during the relaxation period depending on its initial
value, particle size and solid-state chemical diffusion coefficient.
As a result, the relaxation dynamics at the particle level involves
two distinct mechanisms simultaneously: i) intra-particle relaxa-
tion of the concentration gradient toward a flatter profile over time
and ii) inter-particle exchange of lithium to reach a common
equilibrium potential at the surfaces of the two types of NMC
particles. Given enough relaxation time, the final concentration of
Li is expected to be identical in the submicron- and micron-sized
NMC particles. Similar effects should operate between NMC and

LMO particles except for the fact that the lithium contents of the
two types of active materials are not identical at equilibrium state
but determined in accordance with the individual equilibirum
potential curve of each material.

4.3. Surface lithium stoichiometry analysis

The variation of lithium stoichiometry at the surface of each
particle group over the ten pulses in the blended cathode
simulated by the model is presented in Fig. 6a. The responses
during PULSE 1 and PULSE 2 are shown at a higher resolution in

Fig. 4. (a) Variation of the LMO and NMC currents with time for (a) PULSE 1 and (c) PULSE 2. The circled regions in (a) and (c) are shown at higher resolution in (b) and (d),
respectively.

Fig. 5. (a) Current contributions of the NMC submicron and micron groups over the course of the same GITT experiment presented in Figs. 3 and 4. Magnified views of current
contributions during PULSE 1 and PULSE 2 are shown in (b) and (c), respectively.
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Fig. 6c and d, respectively, including the same segments AB, BC, DE
and EF defined in Fig. 4b and d. The maximum lithium
concentration is always reached on the surfaces of both LMO
and NMC submicron particles by the end of each discharge pulse.
However, over the subsequent relaxation period, the surface
concentration decreases gradually until the beginning of the next
discharge pulse. The relaxation of the surface concentration is
smaller (less than 10% for LMO and 5% for NMC comparing
concentrations at the beginning and end of relaxation), indicating
the relatively weak driving forces in effect for both inter- and intra-
particle relaxation. On the other hand, the lithium concentration
remains almost constant at the surface of the NMC micron particles
during the first few relaxation periods, but then eventually begins
to rise during the later relaxation periods. In addition, the lithium
stoichiometry at the surface of the LMO particles reaches close to
1.0 after 5 or 6 discharge pulses which is close to the midpoint of
the entire GITT experiment. Interestingly, the lithium stoichiome-
try at the surface also reaches close to 1.0 midway through the
continuous galvanostatic discharge of the blended cathode at the
same rate of C/5 (Fig. 6b). The electrode dynamics in the first half of
the GITT and continuous discharge experiments is mostly
dominated by LMO lithiation. As a result, LMO becomes fully
lithiated prior to and faster than NMC due to thermodynamic
reasons (i.e., a higher equilibrium potential of LMO compared to
NMC, as seen in Fig. 3 of Ref [21]). During the second half of the
GITT experiment, however, NMC submicron and micron particles
carry most of the Li flux during the current pulse and exchange
matter mostly with each other (i.e., little interaction with LMO)
during relaxation (Fig. 6a and d). Unlike the first half of the GITT
experiment, NMC particles do not completely reach an equilibrium
state (i.e., identical surface concentration) in the second half of the
experiment although the deviation from a final equilibrium state is
very small (i.e., only less than 3%). Overall, analysis of the surface
concentrations confirms that the lithium lost from the surfaces of
the LMO and NMC submicron particles either diffuses into the

interior of these particles or to the NMC micron particles, which is
consistent with the results shown in Fig. 5.

Fig. 7 shows a comparison between continuous and intermit-
tent galvanostatic discharge data both at C/5. No significant
difference in the end-capacity of the electrode is observed between
the two operating conditions. In other words, solid-state diffusion
is relatively fast (more specifically, diffusion of Li in NMC particles)
and the relaxation steps in the GITT experiment, which permit
redistribution of matter within each and among all of the active
particles, have little or no impact on diffusion barriers towards the
end of discharge. This is in line with the surface concentrations
shown in Fig. 6a and 6b all having reached close to unity at the end
of discharge under both operating conditions. It should be noted
that NMC particles mainly determine the end of the discharge
process since LMO particles are already fully lithiated midway
through discharge.

Fig. 6. Simulated variation of the lithium stoichiometry at the surfaces of particles (a) over the course of the GITT experiment and (b) during galvanostatic discharge at the rate
of C/5 in the NMC-LMO blended cathode. PULSEs 1 and 2 in (a) are shown at higher resolution in (c) and (d), respectively, including the segments defined in Fig. 4b and d.

Fig. 7. Comparison of the experimental GITT (C/5, 2 h) and continuous discharge
data at the same rate of C/5.
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A schematic diagram describing the flow of lithium between
the LMO and NMC submicron and micron particles during the
relaxation period can be developed by combining the results from
these simulations (Fig. 8). Fig. 8a shows the lithium flows into the
NMC micron particles from LMO and NMC submicron particles as
the former are discharging and the latter are charging. This is
consistent with the variation of surface lithium concentration
during each of the relaxation periods in Fig. 6a, the current
contributions of the blended cathode components in Fig. 5 and the
behavior observed during periods BC in Fig. 4a and EF in Fig. 4b.
Based on the currents during periods AB in Fig. 4a and DE in Fig. 4b,
another mode of internal charge-discharge dynamics is observed
during the initial portions of the relaxation period of the first few
GITT pulses and is shown in Fig. 8b, i.e., lithium flows into LMO and
NMC micron particles from NMC submicron particles. However,
despite this change in mode of internal electrode dynamics during
the relaxation period, the surface lithium stoichiometry on the
LMO and NMC micron particles decreases monotonically through-
out this period (Fig. 6). This is possible due to the rapid internal
diffusion of lithium within the particles which prevents any build-
up on their surfaces.

The multi-particle model reveals that the different active
materials and size groups in the NMC-LMO blended cathode
interact strongly during operation. More specifically, lithium can
flow between the LMO and NMC particles, which may influence
their surface stoichiometries when the test cell is at open-circuit.
Equilibrium may not be attained in time due to the differences in
lithiation/delithiation kinetics of the two components. Another
factor may be the different diffusion rates within the different
sized NMC particles. However, no direct experimental evidence
currently confirming this internal charge-discharge phenomenon
predicted by the model has been reported in the literature, to the
best of our knowledge.

As previously shown, Mn dissolution from LMO is the primary
reason for its capacity loss and the formation of a secondary Li-rich,
low-capacity phase at the surface of LMO particles [11,25–27].
Furthermore, the synergistic interplay between LMO and NMC has
been experimentally confirmed [11–13], i.e., the presence of NMC
lowers the LMO fade rate in NMC-LMO blended cathodes
compared with that of single-component LMO electrodes.

The simulations indicate that the interaction between the
electrode components has a balancing effect on the lithium
concentration at the surfaces of LMO and NMC particles and tends
to prevent the accumulation of excess lithium on the surface of
LMO particles. This has the important effect of lowering the
likelihood of the irreversible generation of a secondary Li-rich
phase that could be the cause of LMO fade. These results can also
form the basis of a future experimental study of the mechanistic
interplay between LMO and NMC in these blended cathodes.

5. Conclusions

In this work, the multi-particle mathematical model presented
previously [20] has been applied to simulate six sets of discharge
GITT curves with varying pulse currents and relaxation periods
obtained from an NMC-LMO blended lithium-ion electrode. The
simulation results show that the model is applicable for all cases
and more accurate for the case of small current pulse discharge
rate with a longer relaxation time. An analysis of the current
contribution and surface lithium stoichiometry of each component
reveals that a complex interaction between the two active
materials NMC and LMO and between micron and submicron
NMC particles occurs during electrode operation. It has a balancing
effect on the lithium concentration at the surfaces of LMO and NMC
particles. The present analysis suggests that such interaction arises
mainly from thermodynamic factors where the potentials of the

Fig. 8. Schematic diagram showing the flow of lithium between particles during the BC and EF in Figs. 4 b and 6 c, and AB and DE in Figs. 4 d and 6 d, of the relaxation period of
GITT experiment, corresponding with: (a) from LMO and NMC submicron particles to NMC micron particles and (b) from NMC submicron particles to LMO and NMC micron
particles, separately.
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two components are driven away from (or toward) a common
equilibrium potential during the on-time (or off-time).
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