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Dissolution of active material is one of the primary reasons for capacity fade in lithium-ion batteries, particularly at elevated
temperatures. The effects of the volume fraction changes due to dissolution in both the active and inert material phases in
composite Li-ion electrodes are investigated by a thermal–electrochemical coupled model. The study reveals that the changes in
effective transport properties result in a reduction in the electrochemical reaction rate and an increase in the cell resistance,
reducing capacity. The simulation results are also used to map the nature of the effects of dissolution of the active particles on the
capacity decrease during cycling with different conditions, including temperature and voltage range.
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Dissolution of Mn2O4 and Capacity Fade

Capacity fade in Li-ion batteries is one of the critical problems
that must be resolved to realize practical power sources for electrical
vehicles. Capacity fade is linked to a number of processes and their
interactions, including electrochemical, chemical, and mechanical
degradations, in both cathodes and anodes. The lithium manganese
oxide spinel is a particularly promising cathode material because of
its high voltage, low cost, and low environmental impact, but the
material is apparently more vulnerable to cathode dissolution in an
electrolyte1-4 than other cathode materials. For example, weights of
dissolved metal ions measured by atomic absorption spectroscopy
�AAS� have been reported for LiCoO2, LiFePO4, and LiMn2O4 as
0.8, 0.5, and 3.2%.5 Also, the amount of cobalt and nickel in the
electrolyte was below the limit of detection after four week storage
of lithium–nickel–cobalt mixed oxide in 1 M LiPF6 with �ethylene
carbonate/dimethyl carbonate� �EC/DMC� at 40°C.6 Thus, study of
cathode dissolution in LiMn2O4 is warranted in order to better miti-
gate the cathode dissolution and take better advantage of this high
voltage, low-cost material.

Figure 1 shows a schematic diagram of the dissolution of man-
ganese into the electrolyte, with associated mechanisms. The disso-
lution process occurs according to the disproportional reaction:2,3,7,8

2Mn3+ → Mn4+ + Mn2+. The sequencing of these phenomena is as
follows. Spinel particles begin dissolving, losing their intimate con-
tact with conductive additive particles and increasing contact resis-
tance. Electrode reaction resistance is increased due to the presence
of dissolved Mn2+ ions in the electrolyte. The dissolved Mn2+ ions
may be transported through the electrolyte to be deposited on the
anode side. This phenomenon can deplete the anode by the reduction
of Mn, which would oxidize Li in the anode.9 This would also
accelerate the capacity fade of Li-ion batteries.

The three main factors determining the dissolution rate are tem-
perature, particle size, and operating voltage. The amount of the
dissolved manganese ions has been observed to markedly increase
with increasing temperature.5,10 Particle size also plays an important
role in determining the dissolution process. As the surface area in-
creases for small particles, dissolution becomes more pronounced.3

The elevated temperature performance of the Li/LiMn2O4 cell has
been significantly improved using a spinel cathode with a small
surface area.11 Finally, the operating voltage is another important
factor in determining the dissolution rate. An experiment using ro-
tating ring-disk electrode techniques12 has demonstrated that the dis-
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solution of Mn from spinel LiMn2O4 occurs during charge/discharge
cycling, especially in a charged state �at �4.1 V� and in a dis-
charged state �at �3.1 V�.

This observation in the high voltage region has been confirmed
by in situ X-ray diffraction.13 The two-phase structure coexisting in
the high voltage region persists during lithium-ion insertion/
extraction at low temperature during cycling. By contrast, this two-
phase structure is effectively transformed to a more stable, one-
phase structure, accompanied by the dissolution of Mn and the loss
of oxygen at high temperature. The dissolution acceleration in the
low voltage is due to the formation of a tetragonal phase Li2Mn2O4.
Li2Mn2O4 is a Mn3+-rich spinel, and so is more likely to dissolve
into the electrolyte by the disproportional reaction described
earlier.14-16 While strictly limiting composition of LixMn2O4 within
a range of 0 � x � 1 may prevent the onset of the phase transition,
an experiment17 has observed phase boundaries separating the te-
tragonal phase at the surface of the crystallite from the cubic phase
within the bulk in high voltage regions. At high current density,
some crystallites at the surface can become overlithiated and then
undergo phase transition even above 3 V.14 This phase transition
could be a problem for high power batteries being developed for
electric vehicles.

Recent experiments support these assumptions. Increase in ca-
pacity loss and structural disorder at elevated temperature for small
particles due to the process of manganese dissolution have been
confirmed by AAS.10

Collectively, these efforts link capacity fade to cathode particle
dissolution and strongly imply that small particles dissolve in both
high and low voltage regions. However, a quantitative understand-
ing between dissolution and capacity fade through a physics-based
model has not yet been reported. The present work is focused on
modeling the effect of dissolution on performance degradation in
Li-ion batteries via a physics-based thermal–electrochemical model.
In this study, we have the following objectives:

1. Derive volume fraction changes in electrodes due to dissolu-
tion and extend the porous electrode theory to correlate dissolution
with capacity fade in Li-ion batteries.

2. Map the nature of the effects of dissolution on the capacity
decrease during cycling with different conditions, including tem-
perature and voltage range.

Volume Changes in Cathode due to Material Loss

Figure 2 shows a schematic diagram of the dissolution process
described earlier. The Mn3+ ions residing in the original spinel struc-
ture gradually convert into Mn4+ and Mn2+, whereas the Mn4+ ions
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remain in the solid structure, and the Mn2+ ions gradually dissolve
into the electrolyte. The dissolution process can be modeled via the
noncatalytic reaction of particles with a surrounding medium, which
is referred to as the shrinking unreacted-core model.18 AAS mea-
surement has verified that the model based on the reaction of a fluid
with a solid at the reaction surface holds among three different
mechanisms.10 In that model, the function of dissolution ratio and
reaction time is expressed by

�1 − �1 − Xa�1/3� = kt �1�

where k is constant, t is time, and Xa is the dissolution reaction
defined as two times the amount of Mn2+ ions in the electrolyte
compared to Mn3+ ions in the original powder. From the dissolution
reaction rate, the volume reduction can be derived as

Md
3+

Mi
3+ =

Xa

1 + Xa
, Ma

4+ =
1

2
Md

3+ �2�

where Mi
3+, Md

3+, and Mr
4+ represent the initial Mn3+, dissolved

Mn3+, and remaining Mn4+ molar mass, respectively. From the ex-
pressions of molar mass ratios of Li+, Mn3+, Mn4+, and O2− and
atomic weight ratio �Mn/LiMn2O4 = 0.304�, the volume at time t
can be calculated as

V�t� = Vi�1 −
0.304

2

Xa

Xa + 1
� �3�

where Vi represents the initial volume. Here, we only consider vol-
ume change due to manganese loss and assume that the loss is
compensated via an increase in the inert volume. Consequently, the
changes of the volume fraction of the cathode active material
��active� and inert material ��inert� are

�active = �active
i �1 −

0.304

2
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� �4�
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i + �active

i 0.304

2
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�5�

where �active
i and �inert

i are the initial volume fraction values of the
cathode active material and inert material, respectively. Relative vol-
ume changes in each phase alter the effective diffusivity and con-
ductivity of the electrodes and the specific area of the cathode ma-
terial. As a result, the chemical reaction between the solid and
electrolyte is also affected. As mentioned earlier, the amount of dis-
solved manganese ions is a function of temperature. The standard
Arrhenius representation, k = k0 exp�−Ea/RT�, for reaction rate is
used to include the temperature effect. Here, k0 is the frequency
factor, Ea is the activation energy, T is the temperature, and R is the
gas constant.

The volume fraction changes in composite electrodes can affect
the specific interfacial area and the effective transport properties in

Figure 1. �Color online� Schematic diagram of the effect of dissolution.
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the mathematical modeling of Li-ion batteries. The coupled
thermal–electrochemical model based on the volume-averaged po-
rous theory, which is summarized below, is applied to study the
effect of the volume change due to manganese dissolution. Conser-
vation of charge in the solid and electrolyte phases yields

� · ��s
eff � �s� − JLi = 0 �6�

� · ��e
eff� � �e −

2RT

F
�1 − t+

0��1 +
d ln f�

d ln ce
� � ln ce�� + JLi = 0

�7�

The material balance in the electrolyte yields

���ece�
�t

= � · �De
eff � ce� +

1 − t+
0

F
JLi −

ie · � t+
0

F
�8�

Fickean diffusion describes the transport in the spherical particles

�cs

�t
+

1

r2 � �r2Ds � cs� = 0 �9�

In Eq. 6-9 rate equation is needed to determine the reaction rates for
the insertion and deinsertion reactions. We assume that it follows the
Butler–Volmer equation, namely

JLi = ask�c̄se��c�cs,max − c̄se��a�ce��a�exp��aF

RT
	� − exp�−

�cF

RT
	��
�10�

where c stands for the volume-averaged lithium concentration and
subscripts e and s refer to the electrolyte and solid phases, respec-
tively. c̄se represents the area-averaged solid state lithium concentra-
tion at the solid-electrolyte interphase, and the specific interfacial
surface as can be written as

as =
3�active

Rs
�11�

The decreased active material volume fraction results in an increase
of the effective resistance in the solid phase as follows

�s
eff = ��active�1.5�s �12�

Thermal energy conservation can be expressed by

Figure 2. �Color online� Schematic diagram of the dissolution process: two
Mn3+ cations convert into one Mn4+ and one Mn2+, then Mn2+ ions leave the
solid phase.
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp



A16 Electrochemical and Solid-State Letters, 14 �2� A14-A18 �2011�A16
��
cpT�
�t

= � · � � T + q �13�

Here, the heat generation rate includes heat effect due to the elec-
trode reaction, joule heating, and entropy change of the electrode
reaction, which is expressed by

q = J��s − �e − Uj + T
�Uj

�T
� + �s

eff � �s · � �s

+ ��e
eff � �e · � �e + �e

D � ln ce · � �e� �14�
Here, the first term of the right-hand side of Eq. 14 represents the
heat sources due to charge transfer at the electrode/electrolyte inter-
faces and the entropy change. The last two terms arise from the joule
heating in the solid active and electrolyte phases, respectively.

Results: Volume Change, Dissolution, and Temperature
Linkages

To study the effect of the volume change due to manganese
dissolution, a Li-ion battery composed of graphite anode �100 �m�
and manganese oxide �LiMn2O4� cathode �183 �m� is studied. The
electrolyte contains 1 M of LiPF6 in EC:DMC solvent. The particle
size in the cathode material is 19.9 �m in diameter. The other pa-
rameters used here are the same as those used in prior work.19,20 The
dissolution rate is obtained experimentally10 using the Arrhenius re-
lation. The activation energy, Ea, is 72.84 kJ/mol, and the reference
rate is k0 = 3.41 
 105 s−1. To include the voltage effect during
cycling above 4.1 V and below 3.1 V, an elevated reaction rate of
2.8 times is used, as observed experimentally.13

By varying the temperature and the upper and lower voltage
limits during cycling, the effect of volume fraction changes on the
capacity fade is determined. Figure 3 shows the volume changes due
to the dissolution during storage. At 50°C, the volume change in-
creases seven times more than that at 20°C. The results here are
quite consistent with an experimental observation13 in which the
volume increased by 7.5 times. To elucidate the battery capacity
changes during battery cycling, galvanostatic charge/discharge
simulations with a limited voltage range are conducted. Figure 4
shows the representative discharge profiles. The battery is cycled at
a C/2 rate between 3.3 and 4.3 V at 40°C. The capacity is around
13 Ah/m2 at the first cycle, which is lower than the value
�15 Ah/m2� given in the reference. The larger active material par-
ticle size in the present work results in a lower capacity utilization
due to diffusion limitations; the particle size in the present work is
19.9 �m, whereas the particle size in the reference20 is 17 �m. After
50 cycles, the capacity decreases by 15%.

Figure 3. �Color online� Volume change due to dissolution at different tem-
peratures.
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The active material loss causes a delay in the reaction rate for
insertion and deinsertion at the solid and electrolyte phase boundary,
which results in an increase in resistance. To verify the increase in
resistance, the discharge resistances are calculated using �V/�I cal-
culation after applying a short current pulse �120 s�. We compen-
sated for voltage shift by removing the contribution of the voltage
drop due to state of charge �SOC� change. The voltage drop due to
the SOC change was calculated from the relaxation voltages before
and after applying the short current. Figure 5 shows the relative
resistance for different cycle numbers. The resistance increases 1.2
times after 50 cycles. The results of an ac impedance study3 re-
vealed that the manganese dissolution resulted in an increase in the
contact resistances and also in the electrode reaction resistance for
Li-ion �de�intercalation. In the study the resistance doubles after
35 cycles, which is a larger increase than that in the current results.
This difference may come from the authors’ explanation that the
manganese dissolution is related to carbon content in the composite
cathodes; the Mn dissolution increased with increasing carbon con-
tent in the composite electrode. It was proposed that the solvent
molecules were electrochemically oxidized on the carbon surface
and the by-product promoted the Mn dissolution. Also, the experi-
mental temperature may have been different from that of our simu-
lation, because it was not revealed in the reference. An increase in
resistance will cause a high polarization, resulting in apparent ca-
pacity losses.

Figure 5. �Color online� Resistance changes for different numbers of cycles.

Figure 4. �Color online� Discharge voltage profiles for different numbers of
cycles.
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Figure 6 shows the cycling results with different temperature and
voltage ranges. Due to a higher temperature and a wider range of
voltages, greater dissolution of cathode particles was shown to result
in a severe capacity fade using the models derived here. The capac-
ity fade increases by a factor of 5 when the temperature increases by
30°C after 60 cycles, and the cycling with a wider voltage range
results in a 25% increase in the capacity fade after 60 cycles. These
tendencies have already been demonstrated from several experimen-
tal observations. The capacity decreases 19% from
130 to 105 mAh/g after 50 cycles at 50°C for a Li/LiMn2O4 coin
cell at a current rate of C/3 between 3.5 and 4.5 V.13 In another
experiment,21 the capacity decreases about 23% from
118 to 90 mAh/g after 50 cycles at 50°C for a sample
Li�Li0.01Mn1.99�O4 operated in voltages between 3.5 and 4.5 V at a
rate of 1 mA/cm2. The capacity decrease in the present simulation is
about 20% after 50 cycles at 50°C, which is similar to the above
experimental observations.

Conclusions

Capacity fade occurs due to several mechanisms, including ac-
tive material dissolution, passive film formation, and electrolyte de-
composition. In this work, capacity fade due to the dissolution of
cathode particles was studied numerically, using experimentally de-
rived parameters. By evaluating the volume fraction changes in the
solid phase due to dissolution, the changes in effective transport
properties and electrochemical kinetics were incorporated into a
one-dimensional thermoelectrochemical model. This provides a
quantitative relationship between the volume fraction change and
capacity fade. As simulation results demonstrate, the material loss of
the active particle alone cannot fully account for the capacity loss.
The material loss of the active particle results in decreased effective
transport properties in the solid phase, which in turn results in a
reduction in the electrochemical reaction rate, reducing capacity.
Also, cycling simulations demonstrates that the capacity fade is ac-
celerated with a higher temperature and a wider voltage range,
which have been observed separately in several experiments.

The current results can be extended by including the resistance
changes due to dissolution and other degradation mechanisms such
as gas evolution,22 which would provide a more comprehensive
guide for studying capacity fade in Li-ion batteries. In the future,
resistance change due to dissolution, if it is incorporated into this
model, would provide a clear understanding of the effect of the
dissolution of active particles on battery performance. We further
aim to combine this work with simultaneous studies of other capac-
ity degradation mechanisms in order to reduce the capacity losses in
Li-ion batteries by an improved design of structures and materials.
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List of Symbols

as surface area of active material per volume of electrode, �m−1�
ce concentration of salt in the electrolyte, mol/m3

cp specific heat, J/kg K
cs concentration of lithium in the solid electrode, mol/m3

cs,max maximum concentration of lithium in the solid electrode, mol/m3

De diffusion coefficient of lithium in the electrolyte, m2/s
Ds diffusion coefficient of lithium in the solid electrode particle,

m2/s
f� mean molar activity coefficient of salt
F Faraday’s constant, 96,487 C/mol
ie ionic current density in the electrolyte phase
k reaction rate constant

M molar mass, Kg/mol
q volumetric heat generation rate, J/m3 s
r radial position across a spherical particle, m
R universal gas constant, 8.3143 J/mol K

Rs radius of a solid particle, m
t time, s

t0 transference number of Li-ion with respect to the solvent velocity
T temperature, K
V volume, m3

Xa dissolution reaction rate

Greek

�a anodic transfer coefficient
�c cathodic transfer coefficient
� volume fraction
	 potential difference at the solid-electrolyte interphase, V
� ionic conductivity of electrolyte, S/m
� thermal conductivity, W/m K
� electronic conductivity of solid matrix, S/m
� electric potential, V

Subscript

a anodic
c cathodic
d dissolved ion
e electrolyte �i.e., solution phase�
r remaining ion
s solid phase

Superscript

0 solvent
D diffusional property

eff effective material properties accounting for porous medium
i initial value
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