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Dissolution is a critical challenge in metal oxide battery materials, which affects battery performance across multiple scales. At
the particle level, the loss of active material as a result of dissolution directly results in capacity fade. At the electrode level, the
re-deposition of dissolved metal ions onto the cathode increases cell polarization and hinders lithium transport. At the cell level,
the dissolved ions further transport to and deposit on the anode, which consumes cycle-able lithium and leads to capacity fade.
These processes lead to poor lithium reversibility, diffusivity, and conductivity. In this work, detailed experimental studies from
the particle level up to the cell level are systematically conducted to provide parameters for model input and model validation. A
multi-physics modeling framework is developed to reveal key mechanisms associated with metal-ion dissolution and their impact on
battery performance. We simulate capacity degradation during cycling and compare the results to a series of experimental data such
as cyclic voltammetry, electrochemical impedance spectroscopy, and battery cycling. The integrated study have revealed several key
mechanisms related to dissolution, and quantitatively connected the particle level dissolution and deposition behaviors to the cell
level performance. These can provide useful guidance for battery design and management.
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Rechargeable batteries that use lithium transition metal oxide sys-
tems as the cathode have been studied extensively since the past
decade. In order to charge/discharge the battery by using lithium in-
tercalation reactions, transition metal cations are needed in the lithium
transition metal oxide systems. However, a major issue is that these
systems often experience transition metal dissolution. Especially, bat-
teries that use spinel LiMn2O4 as the cathode material exhibit sig-
nificant capacity fade during long-term cycling or storage at elevated
temperatures. Several mechanisms of capacity fade have been pro-
posed in previous studies.1–4 The dissolution of manganese is one of
the most important causes, especially at elevated temperatures.5–7

Manganese dissolution can be attributed to several possible mech-
anisms. Manganese ions dissolve into the electrolyte when acids, gen-
erated by side reactions, attack the LiMn2O4 material. Acids such as
hydrogen fluoride (HF) can be generated by two major side reactions:
electrolyte oxidation and salt decomposition. Electrolyte oxidation
produces hydrogen ions to form HF at voltages greater than 4.1V.8

Salt decomposition generates hydrogen ions through the interaction
of water and LiPF6 salt in the electrolyte. These reactions are cou-
pled with one another and cause capacity decrease, especially during
cycling. Manganese disproportionation reactions (2Mn3+ → Mn4+ +
Mn2+) become faster especially in the discharged state, where Mn2+

ions can dissolve into the electrolyte.9 The solubility of manganese
ions also increases as a result of phase transformations in high or low
voltage regions during cycling.10 As manganese ions dissolve into the
electrolyte, several corresponding phenomena occur, including struc-
tural instability, the loss of active material, and an increase in ohmic
resistance. All of these mechanisms are directly related to capacity
fade in the LiMn2O4 electrode material.

In addition, dissolved manganese ions redeposit onto the cathode
surface and generate inactive materials. While it is widely reported that
dissolved manganese ions deposit on the anode side,7,11–21 it has also
been observed that they redeposit onto the cathode side and form elec-
trically insulating oxides (Mn-O) or fluorides (Mn-F).3,22 For example,
these Mn-O and Mn-F compounds were detected, using XPS, on the
surface of LiMn2O4 positive electrodes after cycling.22 In particular,
it was observed that Mn-F compounds generated during the later stage
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of storage were highly resistive and led to cell polarization. These find-
ings suggest that the manganese compounds on the cathode surface
layer critically reduce the stability of spinel LiMn2O4 cathodes.3,7,22–26

However, there is a lack of advanced research on the mechanisms of
manganese redeposition and their impact on the performance of the
cathode.

Several studies have used modeling and simulations to help un-
derstand the mechanisms and impacts of manganese dissolution and
deposition. A mathematical model was developed to predict the capac-
ity fade resulting from manganese ion disproportional reactions.27 The
reaction rate constant and the activation energies of manganese dis-
proportionation reactions used in the model were obtained through
experiments conducted under open circuit potential conditions us-
ing a particle electrode.28 It was suggested that disproportional re-
actions cause a loss of active material as well as a decrease in ef-
fective transport properties, which lead to capacity fade. A mathe-
matical LiMn2O4/lithium half-cell model was proposed, which con-
sidered several major side reactions including manganese dissolution
from acid attacks and manganese deposition.2 A LiMn2O4/graphite
full-cell model was developed that coupled side reactions at both the
cathode and the anode: the key degradation mechanisms include SEI
layer formation, manganese dissolution and manganese deposition.29

An explanation was proposed for how consecutive side reactions gen-
erate by-products, such as manganese ions, hydrogen ions and water
molecules, and lead to the loss of cycleable lithium and active material.

Based on previous findings, here we expand our understanding of
cathode degradation by systematically investigating a comprehensive
set of parameter changes caused by dissolved manganese ions, in-
cluding those that have not been well studied before. In order to study
the impact of transition metal dissolution on the cell performance, we
chose LiMn2O4 cathode material in this study, which has the high-
est dissolution rate among various transition metal oxide systems.30

Cyclic voltammetry (CV), electrochemical impedance spectroscopy
(EIS), and capacity characterization were used to assess the effect of
dissolved manganese ions on the performance of the LiMn2O4 cath-
ode. In addition, key parameters such as open circuit voltage, elec-
tronic conductivity, discharge curves, and the amount of manganese
ions were measured experimentally as model inputs in an effort to
provide a quantitative understanding by simulations. We considered
both side reactions and the degradation of the electrode to account for
the overall changes in the performance of the cathode electrode.

The most important contribution of this study is an integrated ex-
perimental and computational study that quantitatively connects the
particle level manganese dissolution and deposition behaviors to the
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cell level performance. In particular, this study compared the degra-
dation of the electrode and the changes in the cell behavior using both
experiments and simulations.

Experimental

Fabrication of the LiMn2O4 composite electrode.—The positive
LiMn2O4 composite electrodes were made from stoichiometric spinel
LiMn2O4 powder (Sigma-Aldrich), carbon black, and PVDF binder
(Kureha KF 7208) in a mass ratio of 90:5:5. LiMn2O4 powder and car-
bon black were added to the PVDF binder and mixed with a Speedo
Mixer (FlackTek Inc.) for 10 min. The mixed slurry (6 mil thick con-
trolled by a doctor blade) was coated onto a 15 μm thick aluminum foil,
vacuum dried at 100°C for 24 h, and then transferred into an Ar-filled
glove box (MBraun) with less than 0.1 ppm of oxygen and moisture
in order to avoid exposure to ambient air. The loadings of the cathode
electrodes ranged from 8.68 to 11.44 mg cm−2. With consideration of
the coating thickness as well as the mass fraction and density of ac-
tive material, binder and conductive additive, the calculated porosity
of the electrode in our experiments was about 39 ∼ 46%. In order to
minimize any variation of porosity between samples for various ex-
periments (e.g., capacity measurement, EIS, CV), we cut small disk
electrodes from the same large piece of composite electrode, so that
all the electrodes used in coin cells experienced the same preparation
condition.

An electrolyte volume to pore volume ratio between 2.5 and 3 is
adequate in most prototype cell systems to ensure enough electrolyte,31

where the pore volume is the sum of the calculated pore volume of
the negative and positive electrodes and the pore volume of the whole
separator used in the cell. The electrolyte to cathode pore volume ratio
is a more direct measurement of electrolyte availability for a half-cell.
It has been shown that an electrolyte to pore volume ratio of 5, or an
electrolyte to cathode pore volume ratio of 12–23 for various loadings,
is way more than enough to ensure consistent electrolyte availability
throughout the life of the cell.31 The electrolyte to cathode pore volume
ratio was approximately 25 in our experiment, which ensured that the
electrolyte was sufficiently provided in the cell.

Conductivity measurement.—The conductivity of the composite
electrode was measured using the four-point probe method. Mixed
slurries of composite electrode were pasted onto a non-conductive
glass substrate, and then dried in vacuum at 100°C for 24 h. A four-
point probe DC method was applied to the composite electrode di-
rectly on the glass substrate using a Bio-Logic VMP3 multi-channel
potentiostat.

Coin cell assembly and preparation of electrolyte with Mn.—
LiMn2O4 composite electrodes were assembled into sealed 2032 type
coin cells (MTI) with a 0.75mm thick lithium foil (Alfa Aesar) counter
and reference electrodes and a separator (Celgard 2320). In order to
reduce any possible impact of manganese ions on the lithium metal,
an excessive amount of lithium foil was used. In this study, we chose
lithium metal instead of graphite as the anode to avoid the complication
generated by a graphite anode with the presence of Mn ions. There
are several previous studies about contamination of SEI layer due to
Mn ions and their impact on the graphite anode. For instance, it was
found that the impedance of graphite in the LiMn2O4/graphite system
significantly increased even when a small amount of Mn was present
in the electrolyte.32 The impedance increase of graphite overwhelmed
the impedance of the positive electrode. In addition, Mn ions have
been intentionally injected in the electrolyte to observe their direct
impact, which showed that Mn ions significantly affected the graphite
anode.33

To investigate the direct impact of manganese ions on the composite
electrode, the desired concentrations of manganese were dissolved in
the electrolyte in advance similar to previous experiments.33 Accord-
ing to the previous literature,8,34–36 the amount of manganese dissolved
from the cathode electrode has been measured under different storage
and cycling conditions. The amount of manganese dissolved is affected

by the applied potential, operating temperature, charge/discharge con-
ditions, calcination temperature, carbon content, surface area of the
cathode particle, and so on.8,34–36 Depending on the operating condi-
tions, the amount of dissolved manganese can vary from 20 ppm8 to
1500 ppm.36 After 50 cycles at room temperature conditions, Jang et
al. measured about 20∼60 ppm of manganese concentration after 50
cycles between 3.6V and 4.3V with differential pulse polarography.8

The amount of manganese was also measured with different applied
potentials during storage conditions (up to 1800 minutes) which mea-
sured up to 41 ppm at 4.2V. However, Xia et al. measured 1540 ppm
of manganese concentration after 50 cycles between 3.5V and 4.5V at
the room temperature and 7000 ppm of manganese at 50°C.36 We care-
fully selected a range of manganese concentrations from 50 to 200 ppm
in our study, which is a reasonable representative range of manganese
concentrations according to most literatures. The target concentrations
of manganese were obtained by dissolving Mn(PF6)2 at concentrations
of 50, 100, 150 or 200 ppm in an electrolyte composed of 1M lithium
hexafluorophosphate (LiPF6, Sigma-Aldrich) in a 1:1 mixture (v/v)
of ethylene carbonate (EC, Sigma-Aldrich) and dimethyl carbonate
(DMC, Sigma-Aldrich). The Mn(PF6)2 salt was synthesized by re-
acting silver hexafluorophosphate (AgPF6, Sigma-Aldrich) with the
manganese chloride (MnCl2, Sigma-Aldrich) in ethanol. The mixture
was distilled to isolate the synthesized Mn(PF6)2. The moisture in
Mn(PF6)2 was removed by heating it in a vacuum oven overnight at
90°C. Exact concentration of manganese in the electrolyte was mea-
sured by using inductively coupled plasma–optical emission spec-
troscopy (ICP-OES). In order to confirm that there is no additional
source of supply of manganese ions, the total amount of manganese
was measured for three samples after disassembly. The total amount
of manganese after disassembly of the cell was very similar to the
amount that was added to the electrolyte.

Electrochemical measurement.—CV, capacity, and EIS measure-
ments were performed using a Bio-Logic VMP3 multi-channel poten-
tiostat to measure the impact of manganese on the LiMn2O4 composite
electrode. By using LiMn2O4 electrodes and different concentrations
of manganese ions in the electrolyte, LiMn2O4/lithium half cells were
constructed to isolate the effect of the dissolved manganese ion on the
cathode.

CV was applied to the Li/LiMn2O4 composite electrode to measure
redox currents and current peak changes immediately following the
addition of different concentrations of manganese ions. CV was carried
out at 0.5 mV/s between 3.0V and 4.5V for the Li/LiMn2O4 cell.
Interfacial currents and current peak changes were measured during
the formation cycles.

Capacity of the assembled Li/LiMn2O4 coin cells was measured by
cycling between 3.5 V and 4.3 V with C/10 rate using the potentiostat.
The Bio-Logic EC-Lab software measured and recorded the capacity
and its evolution with cycle number.

EIS measurements were performed to measure impedance changes
due to different concentrations of manganese ions and to different
potentials of the electrode/electrolyte interface, as well as at different
voltages (3.5, 3.7, 3.9, 4.1 and 4.3V) for each manganese concentration
(0, 50, 100, 150 and 200 ppm) in the electrolyte. To achieve stabilized
potentials before conducting EIS measurements, the cells were rested
in an open circuit voltage (OCV) condition for 2 h. AC impedance
spectra were obtained by applying sinusoidal waves with an amplitude
of 5 mV over frequencies ranging from 100 kHz to 10 mHz.

Effective diffusion coefficient of the LiMn2O4 cathode.—In the
low-frequency region of the EIS spectrum, we have37

− ZIm = δω−1/2 and ZRe = δω−1/2 [1]

where δ is given by

δ = Vm (dEocv/dy)

FS
(

2De f f
Li+

)1/2 [2]
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Figure 1. Configuration of the LiMn2O4/Li half-cell for experiment and
simulation.

where Z is the Warburg impedance, ω is the angular frequency, Vm is
the molar volume of the cathode, Eocv is the open circuit potential, y is
the intercalation level, F is Faraday’s constant, S is the surface area of
the electrode, and De f f

Li+ is the effective diffusion coefficient of lithium
ion in the cathode. With Eq. 2, the effective diffusion coefficient of the
cathode electrode can be calculated using the OCV curve, the surface
area of the electrode and the EIS spectrum.

ICP-OES measurement — dissolution of manganese due to
storage.—LiMn2O4 composite electrodes were stored in 1mL of a
1.0 M solution of LiPF6 in a 1:1 (v/v) mixture of EC and DMC to
measure the dissolved manganese. The positive composite electrodes
were diluted and stored in centrifuge tubes at 0°C, 25°C and 40°C
to observe the effect of temperature. Storage times were 1, 2, 3, 4
and 5 weeks. For each combination, five samples of ICP-OES were
measured using a Perkin-Elmer Optima 2000 DV. Three samples of
LiMn2O4 powders in a separator were also stored in 1 mL of 1.0 M
LiPF6 in EC: DMC (1:1, v/v) for 1 week to compare the dissolution
of composite electrodes and powder.

ICP-OES measurement — dissolution due to cycling using an
electrochemical cell.—The concentration of manganese in the elec-
trolyte was measured to observe dissolution after a series of cycles.
The Li/LiMn2O4 half-cell was made with 150μL of a 1.0M solution
of LiPF6 in a 1:1 (v/v) mixture of EC and DMC. Initial formation
cycling was performed 5 times before the actual cycling. The C-rate
for the formation cycles was C/10 and the C-rate for cycling was 1C.
The LiMn2O4 composite electrode/lithium cell was cycled from 3.5 V
to 4.3 V using a Bio-Logic VMP3 multi-channel potentiostat. After
cycling, the cell was disassembled and ICP-OES measurements were
conducted to measure the concentration of manganese in the elec-
trolyte.

Model Development

The battery cell model used in this study had the same configuration
as the cells used in the experimental work. These cells consisted of a
LiMn2O4 composite electrode, lithium foil, a separator and 1M LiPF6

in EC: DMC (1:1, v/v), as shown in Fig. 1. Experiments were carefully
designed to investigate the degradation of the cathode material. The
model included the side reactions and degradation of the cathodic side.
Table I shows the parameters used in the simulations.

Side reaction modeling.—The major side reactions considered in
this study are solvent oxidation, salt decomposition, hydrogen reduc-
tion, manganese dissolution, manganese deposition and manganese
redeposition.

Mn dissolution.—Acid attack on the active material causes man-
ganese dissolution. The reaction is described by38–40

4H+ + 2LiMn2O4 → 2Li+ + Mn2+ + 3

2
Mn2O4 + 2H2O [3]

Table I. Electrode parameters.

Parameter Value

brug, Bruggemann coefficient 1.5
c1,0, initial concentration of lithium ions

in the solid phase
6858 mol m−3

c1,max0, initial maximum solid phase
concentration

22730 mol m−3

D1,0, initial diffusivity of lithium ion in
solid

1.31 × 10−12 m2 s−1

DLi+ , diffusivity of lithium in the
electrolyte

7.51 × 10−11 m2 s−1

f±, electrolyte activity coefficient 1
F , Faraday’s constant 96487 C mol−1

kLi+,0, initial reaction rate constant of
lithium at cathode

1 × 10−5 A m2.5 mol−1.5

kLi+,metal , reaction rate constant of
lithium at lithium metal anode

6.1 × 10−6 A m−0.5 mol−0.5

Lpos, cathode thickness 183 × 10−6 m
Lsep, separator thickness 52 × 10−6 m
κ

e f f
1 , effective solid phase electronic
conductivity

9.80 S m−1

R, universal gas constant 8.314 J mol−1 K−1

t0+, lithium ion transference number 0.363
T, temperature 298 K
αa,Li, αc,Li anodic and cathodic transfer

coefficient of lithium intercalation/
deintercalation reaction

0.5

αmetal
a,Li , αmetal

c,Li anodic and cathodic
transfer coefficient at lithium metal
anode

0.5

ε1,0, initial volume fraction of electrode
active material

0.297

ε2, volume fraction of electrolyte,
cathode region

0.444

ε2, volume fraction of electrolyte,
separator region

1

initial voltage 3.6 V

The reaction rate of manganese dissolution due to acid attack can
be expressed as

RMn_dis = kMn_discH+ [4]

where kMn_dis is the reaction rate constant of Mn dissolution due to
acid attack and cH+ is the concentration of hydrogen ions.

Solvent oxidation.—Studies have shown that manganese disso-
lution is accelerated when storing the electrode at a higher voltage,
compared to the dissolution rate during storage at a lower voltage.41

It was proposed that the dependence of manganese dissolution on the
potential arises from solvent oxidation on the positive electrode. Sol-
vent decomposition generates hydrogen ions and electrons, which can
be expressed as8,39,42

solvent → oxidized products + H+ + e− [5]

The reaction current density of solvent decomposition, ioxid , which
is an irreversible reaction, can be described using the Tafel equation42

ioxid = i0,oxid exp

(
αa,oxid F

RT
ηoxid

)
[6]

where i0,oxid is the exchange current density of this side reaction, αa,oxid

is the anodic transfer coefficient of the electrolyte decomposition reac-
tion and R is the gas constant. The overpotential of the decomposition
reaction, ηoxid , can be described as

ηoxid = φ1 − φ2 − Uoxid [7]

where φ1 and φ2 are the potentials of the solid electrode phase and the
electrolyte phase, respectively, and Uoxid is the equilibrium potential of
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the solvent oxidation reaction. The rate of the solvent decomposition
reaction can be described as

Roxid = ioxid

F
[8]

Salt decomposition.—Decomposition of the electrolyte, which
contains the LiPF6 salt, produces H+ ions. LiPF6 initially decomposes
as follows

LiPF6 → LiF + PF5 [9]

and then PF5 reacts with water to form HF,

PF5 + H2O → 2HF + POF3 [10]

The rate of the LiPF6 decomposition reaction, Rdecomp, is given by43,44

Rdecomp = kdecomp(cH2O )2cLi+ [11]

where kdecomp is the reaction coefficient of decomposition reaction,
cH2O is the water concentration in the electrolyte, and cLi+ is the lithium
ion concentration in the electrolyte.

Since the concentration of PF5 is relatively high, the water content
of the cell governs the reaction rate in Eq. 10. However, water is
produced by the attack of HF on the active material by the reaction in
Eq. 3, therefore, manganese dissolution will accelerate continuously
in the cell.

Trivalent manganese ions can disproportionate into divalent man-
ganese ions and tetravalent manganese ions when the portion of Mn3+

is high.9,30,45 While this mechanism is different from the acid attack,
the impact on battery performance is similar; Mn2+ ions dissolve in
the electrolyte and this leads to a loss of active material and additional
reduction on the electrode. In this study we focus on the acid attack.

Mn deposition and H+ reduction on anode.—On the surface of
lithium foil anode (x = 0), Mn2+ and H+ are reduced during charging,
which can be expressed by

Mn2+ + 2e− → Mn [12]

H+ + e− → 1

2
H2 [13]

The reaction currents on the anode surface at x = 0 are given by

iMn_dep = −kMn_depcMn2+ exp
[
− αc,Mn_depF

RT

(
φLi_metal − φ2 − UMn_dep

)](
during charge

)
iMn_dep = 0

(
during discharge

)
[14]

iH_dep = −kH_depcH+ exp
[
− αc,H_depF

RT

(
φLi_metal − φ2 − UH_dep

)](
during charge

)
iH_dep = 0

(
during discharge

)
[15]

The two reaction currents have a linear dependence on the concentra-
tion of the corresponding species. UMn_dep and UH_dep are assumed to
be constant.

Mn re-deposition on cathode.—Mn-F and Mn-O compounds
have been detected, using XPS, on the surface of LiMn2O4 positive
electrodes.22 The impedance of the electrolyte/electrode interface in-
creased dramatically when a higher concentration of manganese was
added into the cell. It can be assumed that manganese ions in the
electrolyte were additionally consumed during film formation on the
cathode particles. Mn redeposition is controlled by a charge transfer
reaction that follows the Tafel equation

iMn_redep = −kMn_redepcMn2+ exp
[
− αc,Mn_redepF

RT

(
φ1 − φ2 − UMn_redep

)](
during discharge

)
iMn_redep = 0

(
during charge

)
[16]

Table II. Side reaction parameters.

Parameter Value

cH+,0, initial H+ concentration 4 mol m−3

cH2O,0, initial H2O concentration 4 mol m−3

cMn2+,0, initial Mn2+ concentration 0 mol m−3

DH+ , diffusivity of H+ 5 × 10−9 m2 s−1

DH2O, diffusivity of H2O 3 × 10−9 m2 s−1

DMn2+ , diffusivity of Mn2+ 0.72 × 10−9 m2 s−1

as,oxid i0,oxid , current of solvent oxidation 10 A m−3

kdecomp, reaction rate constant of salt
decomposition

7.13 × 10−10 m6 mol−2 s−1

kH_dep, reaction rate constant of hydrogen
deposition

3.07 × 10−8 A m mol−1

kMn_dep, reaction rate constant of Mn
deposition

1.3 × 10−9 A m mol−1

kMn_dis, reaction rate constant of Mn
dissolution

4.1 × 10−12 m s−1

kMn_redep, reaction rate constant of Mn
re-deposition

1.3 × 10−9 A m mol−1

n1, adjustment factor of lithium diffusivity 0.12
UH_dep, equilibrium potential of hydrogen

deposition
2.5 V

UMn_dep, equilibrium potential of Mn
deposition

1.5 V

Uoxid , equilibrium potential of solvent
oxidation

4.2 V

αa,oxid , anodic transfer coefficient of
solvent oxidation

0.01

αc,H_dep, cathodic transfer coefficient of
hydrogen deposition

0.5

αc,Mn_dep, cathodic transfer coefficient of
Mn deposition

0.5

The rate of Mn redeposition is given by

RMn_redep = − iMn_redep

F
[17]

Table II summarizes the side reaction parameters used in the sim-
ulations.

Cell level modeling.—The model consists of 8 partial different
equations that were coupled and solved simultaneously to describe
the reaction mechanisms at the cathode:

(a) 2 charge conservation equations for Li+ in the cathode and in
the electrolyte.

(b) 4 equations describing the transport of Li+, Mn2+, H+ and H2O
in the electrolyte.

(c) 1 equation describing the transport of Li+ in the cathode.
(d) 1 equation describing the change in the volume fraction of the

active material in the cathode due to manganese dissolution (see
next section: Degradation of cathode material)

Charge conservation.—Charge conservation in the cathode and in
the electrolyte can be described by

∂

∂x

(
κ

e f f
1

∂φ1

∂x

)
− asitot = 0 [18]

∂

∂x

(
κ

e f f
2

(
∂φ2

∂x
− 2RT

F

(
1 − t0

+
) (

1 + d ln f±
d ln cLi+

)
∂ ln cLi+

∂x

))

+ asitot = 0 [19]

The meaning of symbols is listed at the end of this paper. In the sepa-
rator region (0 < x < Lsep) Eq. 19 applies with itot = 0. In the cathode
(positive electrode) region (Lsep < x < Lsep + Lpos) Eq. 18 and Eq. 19
apply. The corresponding porosity of the separator and of the cathode
is used in each region, respectively.
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Lithium intercalation/deintercalation reactions on the cathode are
governed by the Butler-Volmer equation

iLi+ = i0,Li+

[
exp

(
αa,LiF

RT
ηLi+

)
− exp

(
−αc,LiF

RT
ηLi+

)]
[20]

where i0,Li+ is the exchange current of lithium intercala-
tion/deintercalation reactions, given by

i0,Li+ = kLi+ c0.5
1,sur f

(
c1,max − c1,sur f

)0.5
c0.5

Li+ [21]

where kLi+ is the reaction rate constant in the positive electrode, c1,max

is the maximum concentration of lithium ion in the cathode parti-
cles, and c1,sur f is the concentration of lithium ions on the surface of
cathode particles. The expression of overpotential for lithium interca-
lation/deintercalation, ηLi+ , will be given later.

The total local transfer current density is given by

itot = iLi+ + as,oxid

as
ioxid + iMn_redep [22]

The current density is carried entirely by the electrolyte phase at the
interface between the separator and the cathode, giving the boundary
condition

−κ
e f f
1

∂φ1

∂x

∣∣∣∣
x=Lsep

= 0 [23]

The current density is carried entirely by the solid phase at the right
end of the cathode, giving

−κ
e f f
1

∂φ1

∂x

∣∣∣∣
x=Lsep+Lpos

= Iapp [24]

where Iapp is the applied current density and is defined positive when
the battery discharges, i.e., when lithium ions flow from the anode to
the cathode in the cell.

The lithium current density on the anode surface is given by

iLi+,metal = kLi+,metal c
0.5
Li+

[
exp

(
αmetal

a,Li F

RT

(
φLi_metal − φ2

))

− exp

(
−αmetal

c,Li F

RT

(
φLi_metal − φ2

))]
[25]

The potential at the anode surface is set to zero.

φLi_metal

∣∣
x=0

= 0 [26]

The total reaction current density on the anode surface gives a bound-
ary condition for φ2 at x = 0 in terms of

iLi+,metal + iMn_dep + iH_dep = Iapp [27]

The other boundary condition for the electrolyte phase can be ex-
pressed as

−κ
e f f
2

∂φ2

∂x

∣∣∣∣
x=Lsep+Lpos

= 0 [28]

The current density in the electrolyte phase is continuous across the
interface between the separator and the cathode regions.

Mass transport.—The transport equations of Li+, Mn2+, H+ and
H2O have different forms in the separator and in the cathode regions.
In the following, we consider these two regions separately.

Separator region (0 < x < Lsep)

In the separator region only electrolyte decomposition occurs as
the side reaction. The transport equations of the species are given by

ε2
∂cLi+

∂t
= ∂

∂x

(
De f f

Li+
∂cLi+

∂x

)
− Rdecomp [29]

ε2
∂cMn2+

∂t
= ∂

∂x

(
De f f

Mn2+
∂cMn2+

∂x

)
[30]

ε2
∂cH+

∂t
= ∂

∂x

(
De f f

H+
∂cH+

∂x

)
+ 2Rdecomp [31]

ε2
∂cH2O

∂t
= ∂

∂x

(
De f f

H2O

∂cH2O

∂x

)
− Rdecomp [32]

Note that the concentration of Li+ (1000 mM LiPF6) is significantly
higher than the concentrations of Mn2+ (1.016 mM after 50 cycles,
from experiment results) and H+ (less than 50 ppm). Therefore, the
contributions of Mn2+ and H+ to the electric field in the electrolyte
can be neglected. The boundary conditions for the four species on the
anode surface are given by

−De f f
Li+

∂cLi+

∂x

∣∣∣∣
x=0

= 1 − t0
+

F
iLi+,metal [33]

−De f f
Mn2+

∂cMn2+

∂x

∣∣∣∣
x=0

= iMn_dep

F
[34]

−De f f
H+

∂cH+

∂x

∣∣∣∣
x=0

= iH_dep

F
[35]

∂cH2O

∂x

∣∣∣∣
x=0

= 0 [36]

The flux of the four species are continues across the interface be-
tween the separator and the cathode regions, given by

−De f f
Li+

∂cLi+

∂x

∣∣∣∣
x=L−

sep

= −De f f
Li+

∂cLi+

∂x

∣∣∣∣
x=L+

sep

[37]

−De f f
Mn2+

∂cMn2+

∂x

∣∣∣∣
x=L−

sep

= −De f f
Mn2+

∂cMn2+

∂x

∣∣∣∣
x=L+

sep

[38]

−De f f
H+

∂cH+

∂x

∣∣∣∣
x=L−

sep

= −De f f
H+

∂cH+

∂x

∣∣∣∣
x=L+

sep

[39]

−De f f
H2O

∂cH2O

∂x

∣∣∣∣
x=L−

sep

= −De f f
H2O

∂cH2O

∂x

∣∣∣∣
x=L+

sep

[40]

In the above equations the material parameters and concentrated fields
in the separator region next to the separator/cathode interface (x =
L−

sep) and in the cathode region next to the separator/cathode interface
(x = L+

sep) are used, respectively.

Cathode region (Lsep < x < Lsep + Lpos )

The material balance equations are

ε2
∂cLi+

∂t
= ∂

∂x

(
De f f

Li+
∂cLi+

∂x

)
+ 1 − t0

+
F

asiLi+ − Rdecomp + 2asRMn_dis

[41]

ε2
∂cMn2+

∂t
= ∂

∂x

(
De f f

Mn2+
∂cMn2+

∂x

)
+ asRMn_dis − asRMn_redep [42]

ε2
∂cH+

∂t
= ∂

∂x

(
De f f

H+
∂cH+

∂x

)
+ 2Rdecomp + as,oxideRoxide − 4asRMn_dis

[43]

ε2
∂cH2O

∂t
= ∂

∂x

(
De f f

H2O

∂cH2O

∂x

)
− Rdecomp + 2asRMn__dis [44]
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The boundary conditions for the species at x = Lsep + Lpos are

∂cLi+

∂x

∣∣∣∣
x=Lsep+Lpos

= 0 [45]

∂cMn2+

∂x

∣∣∣∣
x=Lsep+Lpos

= 0 [46]

∂cH+

∂x

∣∣∣∣
x=Lsep+Lpos

= 0 [47]

∂cH2O

∂x

∣∣∣∣
x=Lsep+Lpos

= 0 [48]

In the solid particles of the cathode, the material transport is given
by

∂c1

∂t
= D1

r2

∂

∂r

(
r2 ∂c1

∂r

)
[49]

The boundary conditions for solid phase diffusion can be expressed
as

−D1
∂c1

∂r

∣∣∣∣
r=0

= 0 [50]

−D1
∂c1

∂r

∣∣∣∣
r=rs

= iLi+

F
[51]

Degradation of cathode material.—The cell level model is af-
fected by the cathode material degradation through several mecha-
nisms.

Loss of active material.—Mn dissolution reduces the effective
volume fraction of the solid phase. This effect can be expressed as

∂ε1

∂t
= −asRMn_disVLMO = −askMn_discH+VLMO [52]

where VLMO is the molar volume of the cathode LiMn2O4 material.
The initial volume fraction at t = 0 is noted as ε1,0. An integration
gives the volume fraction at time t.

The rate constant for manganese dissolution can be experimentally
determined by measuring the amount of manganese dissolved from
the cathode material with time. The concentration of manganese was
measured by ICP-OES. With Eqs. 4 and 42, and considering that the
amount of re-deposited Mn onto the cathode is negligible, the rate of
manganese dissolution, kMn_dis, was estimated using

ε2
∂cMn2+

∂t
= askMn_discH+ [53]

The maximum solid phase concentration decreases proportionally to
the volume fraction of the electrode, giving

c1,max = c1,max0
ε1

ε1,0
[54]

The specific surface area of the cathode also decreases as the Mn
dissolution occurs, which is given by

as = 3ε1

rs
[55]

Increase of resistance.—By separating the frequency regions of
the EIS spectra, reactions and electrochemical characteristics of the
electrode and electrolyte can be identified,46–49 allowing quantifica-
tion of ohmic resistance, charge transfer resistance and lithium dif-
fusion. ohmic resistance is mainly related to the immediate voltage
drop caused by pure ohmic resistance of the electrode. The voltage
decreases further due to changes in the lithium concentration at the
surface of active particles, which causes a change in the electromotive

force that relates to the charge transfer resistance.49 In this paper, the
effect of ohmic resistance is reflected in the overpotential for lithium
intercalation/deintercalation, while the effect of charge transfer resis-
tance change is included by changing the reaction rate coefficient of
positive electrode. The diffusion coefficient, ohmic resistance and re-
action rate coefficient as functions of Mn concentration were used as
input to the simulation.

Ohmic resistance.—The ohmic resistance between the cathode
and the electrolyte increases with cycling as a result of redeposited
manganese compounds and film formation on the cathode surface.
It affects the overpotential for lithium intercalation/deintercalation,
giving

ηLi+ = φ1 − φ2 − ULi+ − iLi+ Rohmic [56]

where Rohmic is the ohmic resistance.
The importance of film resistance on cell performance was noted

in several works.50–52 By measuring the interfacial resistance of the
electrode at several pre-dissolved manganese concentrations (0, 50,
100, 150 and 200 ppm), we were able to determine the resistance at
any manganese concentration using linear interpolation.

Charge transfer resistance.—The ability to transfer lithium ions
at the electrode/electrolyte interface decreases and the charge transfer
reaction slows down with manganese ions in the electrolyte. The inter-
facial resistance at the cathode/electrolyte interface has been proposed
to be53,54

Rct = RT

i0,Li+ F
= RT

FkLi+ c0.5
1,sur f

(
c1,max − c1,sur f

)0.5
c0.5

Li+

= RT

FkLi+ c1,maxc0.5
Li+ y0.5(1 − y)0.5 [57]

where y = c1,sur f /c1,max is the intercalation level.
In order to evaluate the effect of manganese ions on cell perfor-

mance, the change of reaction rate constants is considered in the simu-
lation. This requires measuring charge transfer resistance by using an
experiment at the same voltage. Similar as the case of ohmic resistance,
the charge transfer resistance at representative manganese concentra-
tions was obtained experimentally. Interpolation was then used to give
the charge transfer resistance at any concentration of manganese ions.

Decrease of diffusion coefficient.—The effective diffusion coeffi-
cient of the cathode electrode can be calculated using the OCV curve,
the surface area of the electrode and the EIS spectrum using Eq. 2. As
Mn re-deposition occurs on the cathode surface, the effective diffu-
sion coefficient in the solid decreases because the pores in the cathode
material become clogged.2,55,56 This effect is described by

D1 = D1,0

[
1 −

(
ε1,0 − ε1

ε1,0

)n1
]

[58]

where D1,0 is the initial diffusion coefficient measured using EIS at
different concentrations of Mn in Table V and n1 is an adjustment
factor.

The effective diffusion coefficient of Li+, Mn2+, H+ and H2O in
the electrolyte depend on porosity, which can be described as

De f f
i = Diε2

brug (i = Li+, H+, Mn2+, H2O) [59]

where Di stands for the diffusion coefficient of the species in the bulk
electrolyte and brug is the Bruggeman number.

Similarly, the effective conductivity of Li+ in the electrolyte is
given by

κ
e f f
2 = κ2ε2

brug [60]

where κ2 is the conductivity of Li+ in the bulk electrolyte.
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Figure 2. Schematic diagram to bridge experiment and modeling.

Results and Discussion

Multiple experimental techniques were used to understand the
degradation of the cathode due to manganese ions and to provide
input parameters for simulations. By performing simulations using a
physics-based degradation model and input parameters from measure-
ments, we were able to directly compare the outputs of simulations
and experiments for validation. Fig. 2 shows the schematic diagram to
bridge experiments and simulations. In this study, several experiments
were performed. Some were carried out to understand the degradation
mechanisms, some were used as input parameters for simulations,
while others were used for validation of model predictions. In order to
distinguish the purpose of experiments, different types of boxes were
used in Fig. 2. In addition, inputs, outputs, experimental techniques
and relevant equations, and connection to figures of simulation results
are shown.
Conductivity measurements.—The electrical resistance of a cell comes
from the resistance of electrode particles, conductive additives, perco-
lation networks in the electrode, current collectors, and the electrical
tap.50,57–59 The electronic conductivity of pure LiMn2O4 is about 0.2
× 10−6 – 2 × 10−6 S m−1, while the conductivity of a composite
electrode is highly dependent on the amount of carbon black in the
sample.2,56,59 We used the measured value of 9.8 S m−1 as the input
parameter for the effective solid phase electronic conductivity, κ

e f f
1 ,

in the simulation.
ICP-OES measurements.—Manganese dissolution is coupled with

other side reactions, such as electrolyte oxidation. Manganese deposi-
tion onto both the cathode and anode degrades cell performance. More-
over, the amount of manganese dissolved from the LiMn2O4 spinel
electrode is greatly affected by many other parameters, including tem-
perature, operating voltage, electrolyte, salt, particle size, and C-rate,

which makes the reaction even more complicated. To accurately pre-
dict the change in cell performance due to these side reactions, the
precise amount of dissolved manganese must be determined.

To understand the effects of temperature, storage time, and particle
size on manganese dissolution, the amount of manganese dissolved
from the positive electrode was measured using ICP-OES. Table III
shows the concentration of manganese dissolved from a LiMn2O4

composite electrode during storage in 1 M LiPF6 EC: DMC (1:1)
electrolyte for 1 week to 5 weeks at 0°C, room temperature, and 40°C.
In the table, the Mn dissolution (mM) is obtained by dividing the
measured ppm value of Mn concentration in the electrolyte (mg l−1)
by the molar mass of Mn (54.938 g mol−1). The results show that
high temperature and extended storage time accelerate the dissolution
process. For example, manganese in a porous electrode dissolves 31
times faster at 40°C than at room temperature after 3 weeks.

Fig. 3 shows the average concentration of manganese dissolved
from a composite electrode and a particle powder electrode with

Table III. Concentration of dissolved manganese from LiMn2O4
composite electrode during storage in 1 M LiPF6 EC:DMC (1:1)
electrolyte.

Storage
Dissolved Mn concentration (ppm)

time 0°C RT 40°C

1 week 0.089 (1.620 μM) 0.121 (2.202 μM) 0.864 (0.0157 mM)
2 week 0.158 (2.876 μM) 0.163 (2.967 μM) 3.26 (0.0593 mM)
3 week 0.131 (2.385 μM) 0.169 (3.076 μM) 5.27 (0.0959 mM)
4 week 0.133 (2.421 μM) 0.229 (4.168 μM) 7.87 (0.143 mM)
5 week 0.225 (4.096 μM) 0.298 (5.424 μM) 19.5 (0.355 mM)
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Figure 3. Concentration of dissolved manganese after 7 days
from (a) composite electrode and from (b) particle powder elec-
trode, in 1M LiPF6 in EC:DMC (1:1).

different particle sizes, after storage for 7 days. Electrodes with smaller
particle size tend to dissolve faster than electrodes with larger particle
size for both powder and composite electrodes. This is because the
electrodes with smaller particle size have larger surface area exposed
to the electrolyte, leading to more acid attack. The manganese con-
centration as a result of dissolution from the powder electrode was
about 10 times higher than that from the composite electrode. This
was resulted from the larger surface area in contact with the elec-
trolyte in the powder electrode, which may be caused in part by the
PVDF binder used in the composite electrode. PVDF binder provides
good adhesion for bonding between particles and between particles
and the current collector, which may reduce the surface area of active
material exposed to the electrolyte, resulting in decrease in manganese
dissolution.

Table IV shows the concentration of dissolved manganese from
the composite electrodes with particle size of 5 μm in 1 M LiPF6

in EC:DMC (1:1) after different number of cycles. Three formation
cycles were performed with C/10 before the actual cycles. Cycling
the cell causes more manganese ions to dissolve from the LiMn2O4

electrode than storing the electrode in the electrolyte. A previous
study that used the rotating ring disk electrode method showed that
16.5 ppm (0.3 mM) of manganese dissolved after 50 cycles.35 An-
other study reported that 60 ppm (1.092 mM) of manganese dissolved
after 55 cycles.60 In this study, 1.017 mM of manganese dissolved
after 50 cycle, which falls within the range observed in previous
studies.
CV and EIS measurements.—Fig. 4 shows the results of CV mea-

surement of LiMn2O4 electrodes with different concentration of man-
ganese in the electrolyte. Increasing the concentration of manganese
to 200 ppm caused a 5.37% decrease in the cathodic current peak of
the LiMn2O4 electrode. The ability to transfer currents between elec-
trolyte/electrode interfaces decreased as a result of manganese ions.
Fig. 5a shows the EIS spectra of LiMn2O4 electrodes at different volt-
age. By using EIS, we can separate the sources of impedance such
as the electrolyte, the SEI layer, the interface, and diffusion through
the LiMn2O4 electrode. Typical impedance spectra for a composite
electrode is composed of a semicircle with an inclined slope, as can
be seen in Fig. 5. The left end point of the semicircle in the higher
frequency domain relates to the ohmic resistance of the electrolyte
within the separator, while the radius of the semicircle in the mid-
range frequency zone relates to the charge-transfer reaction at the elec-
trolyte/electrode interface. The inclined line connected to the semicir-
cle on the right indicates the diffusion of lithium into the electrode. We

Table IV. Concentration of dissolved manganese from LiMn2O4
composite electrodes in 1 M LiPF6 in EC:DMC (1:1) after different
number of cycles.

Number of cycles Dissolved Mn concentration (ppm)

15 9.79 (0.178 mM)
30 13.53 (0.246 mM)
50 55.88 (1.017 mM)

adopted a model from the previous literature49 to quantify the ohmic
resistance and charge transfer resistance. This model contains an ele-
ment composed of a resistor (charge-transfer resistance) and a capac-
itor (double layer capacitance) connected in parallel. This element is
further connected to a resistor (ohmic resistance) in serial. The EIS
spectra in Fig. 5 were fitted by using the Bio-Logic EC-Lab software
to extract the ohmic resistance and charge-transfer resistance shown
in Fig. 6.
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Figure 4. (a) CV curves of LiMn2O4 electrodes with different concentration
of manganese in the electrolyte. (b) Magnified view of the high current area
near 4.2V (the box region in (a)).
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Figure 5. (a) EIS spectra of LiMn2O4 electrodes at different voltage. (b) EIS
spectra of LiMn2O4 electrodes with different manganese concentration in the
electrolyte.

Ohmic resistance and charge-transfer resistance were plotted sep-
arately to observe the effect of voltage, as shown in Fig. 6a. The
change in charge transfer resistance is related to lithium concentration
in the electrode, and its dependence on voltage follows Eq. 57. This
equation predicts a decrease of charge transfer resistance with y when
y < 0.5, and an increase of charge transfer resistance with y when y
> 0.5. The minimum charge transfer resistance is reached at y = 0.5
in the LiyMn2O4 electrode. This is consistent with our experimental
data. In Fig. 6a, the lowest charge transfer resistance occurs at 4.1V,
which is known to correspond to an intercalation level of y = 0.5 for
the LiyMn2O4 material.

Fig. 5b shows the EIS response of the LiMn2O4 electrode with
different manganese concentration in the electrolyte. Fig. 6b plots the
ohmic resistance and charge-transfer resistance separately to show the
impact of manganese. As expected, both ohmic and charge transfer re-
sistance increased with higher concentration of manganese. The ohmic
resistance of LiMn2O4 electrodes increased due to the additional layer
formation induced by manganese re-deposition. Charge-transfer re-
sistance also increased remarkably in LiMn2O4 electrodes due to the
manganese ions in the electrolyte. These increases are probably caused
by the Mn-F and Mn-O compounds, which are generated due to Mn

Figure 6. Ohmic resistance and charge-transfer resistance as (a) a function of
voltage and (b) a function of manganese concentration in the electrolyte.

re-deposition on the cathode and are highly resistive. Their formation
leads to cell polarization and hinders the charge transfer process.22

Fig. 7 shows the effective diffusion coefficient of Li in the LiMn2O4

composite electrode as a function of voltage and manganese concen-
tration from the EIS measurement. This value varied from 10−8 to
10−12 m2 s in existing studies, depending on the measurement tech-
nique and experimental conditions.60 Since the diffusion coefficient
varies dramatically depending on the specific cell condition, it is im-
portant to measure the value of the lab-made cell to compare between
experiments and simulations. The diffusion coefficient has a depen-
dence on voltage, as shown in Fig. 7a. The voltage changes during
cycling. For simplicity, the average value of the diffusion coefficient
was used as input to the simulation.

The diffusion coefficient of LiMn2O4 electrodes was also measured
after adding different concentration of manganese in the electrolyte,
as shown in Fig. 7b and Table V. Manganese ions in the electrolyte
substantially decrease the diffusion of lithium into the electrode. Af-
ter adding 200 ppm manganese to the electrolyte, the diffusion co-
efficient dropped from 1.3 × 10−12 m2 s−1 to 1.51 × 10−14 m2 s−1.
Dissolved manganese and electrolyte decomposition products gen-
erate additional inactive film growth, as reflected by the increase in
ohmic resistance and charge transfer resistance. This blocks lithium
ion transport to the electrode.
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Figure 7. Effective diffusion coefficient of Li in the LiMn2O4 composite elec-
trode as (a) a function of voltage and (b) a function of manganese concentration
in the electrolyte.

Capacity measurements.—The change in LiMn2O4 electrode capac-
ity with cycle number with different concentration of manganese is
shown in Fig. 8. The discharge capacity decreased continuously with
cycles. It was obvious that higher concentrations of manganese caused
greater capacity decrease. The capacity decreased significantly, up to
about 15% in 16 cycles, due to dissolved Mn ions. Presumably, the
deposition of manganese and electrolyte decomposition products on
the electrode surface hinders the lithiation/delithiation process dur-
ing cycling, which contributes to the decline of discharge capacity.33

Moreover, the cell capacity kept decreasing as the cycle number in-

Table V. Li diffusion coefficient with different manganese
concentration in the electrolyte, measured with EIS.

Mn concentration (ppm) Diffusion coefficient (m2 s−1)

0 1.31 × 10−12

50 5.05 × 10−13

100 1.72 × 10−13

150 5.31 × 10−14

200 1.51 × 10−14
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Figure 8. Capacity change with cycle number of LiMn2O4 electrodes with
different manganese concentration in the electrolyte.

creased, which suggests that a passive cathode film layer was not fully
established. The cathode electrolyte interface layer is relatively thin
compared to the solid electrolyte interphase (SEI) layer of a graphite
electrode, so it has less passivation effect. More capacity decrease
was observed when there was a higher concentration of dissolved
manganese. The low electronic conductivity of the manganese com-
pounds formed on the cathode surface might be one reason for this
lack of passivation effect. It is suggested that manganese ions dis-
solved from the cathode continuously form manganese compounds
on the cathode surface. These manganese compounds hinder charge
transfer reactions and diffusion of lithium ions, resulting in a contin-
uous capacity fade. This result is similar to those of previous studies
performed by adding manganese additives to a graphite anode. These
studies also showed a continuous decrease in the capacity of the neg-
ative electrode.15 Lithium reversibility in the graphite was found to be
degraded by adding just a small amount of manganese. These reac-
tions, in addition to loss of the cathode material, contribute to capacity
fade.
Simulation results.—Key input parameters, including open circuit

voltage, electronic conductivity, discharge profile and active material
dissolution rate, were measured using different experimental tech-
niques. OCV curve and electronic conductivity were used as input
to the simulation. Predicted discharge curves from simulations were
compared to experiments for model validation.

Fig. 9 shows a comparison of the voltage profiles obtained by ex-
periment and simulation. The experimentally measured OCV curve
was used as input in the simulation. In Fig. 9a, the black line shows
the voltage profile output using the OCV curve from a previous study61

while the red line shows the voltage profile predicted by simulation
using the measured OCV. The output voltage profile obtained in the
simulation using the measured OCV curve (red line) matches the ex-
perimental result (blue circles) seamlessly. The difference between
our experiment and that in the literature arises mainly from the 4.1 V
plateau during discharge. The experimental OCV curve shows a volt-
age drop near 4.1 V mainly due to the impedance of the cell. We used
our experimentally measured OCV so that we can include all cell
impedance information. Fig. 9b shows the comparisons of discharge
curves between experiment and simulation. The predicted discharge
profile was similar to the experiment value over cycling. The model
has considered the loss of active material, the increase of ohmic and
charge transfer resistance, and the decrease of diffusion coefficient
due to Mn dissolution.

Fig. 10 shows the simulation results of a charge and discharge
cycle of the Li/LiMn2O4 half-cell for different values of ohmic resis-
tance and charge transfer resistance. We can observe that higher ohmic
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Figure 9. (a) Comparison of voltage profile as a function of state of charge
(SOC) between simulation, experiment, and data from literature.61 (b) Com-
parison of discharge curve between experiment and simulation.

resistance mainly shifts the voltage profile higher, while higher charge
transfer resistance leads to unbalance in charge and discharge curves.
Since the resistance increases with the cycle number, the voltage pro-
file changes during cycling. The increase of resistance negatively im-
pacts capacity.

The change of volume fraction in the cathode mainly comes from
Mn dissolution. As given by Eq. 52, the reaction rate constant of
Mn dissolution and the concentration of H+ are the major parameters
that determine the volume fraction change. The concentration of H+

is mainly affected by the LiPF6 decomposition reaction, giving by
Eq. 11.

Reaction rate constant of salt decomposition was first determined
by using the previous literature value. Kawamura et al. measured the
reaction rate constant of different solvents with LiPF6 and the order
of magnitude was about 10−4 to 10−6 (mol/l)−2 s−1, which is highly
dependent on the environmental temperature.44 We used the value of
3.56 × 10−4 (mol/l)−2 s−1, which falls in the range. Fig. 11a shows
the volume fraction of cathode material as a function of cycle number
with different reaction rate constants of salt decomposition. It can be
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Figure 10. Charge and discharge voltage profile with (a) different ohmic re-
sistance and (b) different charge transfer resistance.

seen that the decrease of volume fraction is not sensitive to the reaction
rate of salt decomposition.

Decrease of cathode volume fraction is directly related to the re-
action rate constant of Mn dissolution. Fig. 11b shows the volume
fraction as a function of cycle number for different reaction rate con-
stant of Mn dissolution. We can observe that the reaction rate constant
of Mn dissolution significantly affect the volume fraction.

The effective volume fraction of the active material changes con-
tinuously due to the dissolution of manganese. A 1.87% reduction in
the volume fraction of active material after 50 cycles was predicted by
using a calculated reaction rate constant for manganese dissolution, as
shown in Fig. 12. Similarly, the change in volume fraction of the active
material from the experiment was calculated by measuring the amount
of dissolved manganese ions in the electrolyte using ICP-OES. Experi-
ments and simulations show similar trends. Previous manganese disso-
lution experiments based on sample weights from a powder electrode
showed about 3.2% Mn dissolution.30 Larger amounts of manganese
dissolution seen in previous studies probably resulted from the use of
powder electrodes, whereas a composite electrode was used for the
experimental work in this study. As the cycle number increases, the
volume fraction of the active material decreases and the amount of
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Figure 11. Volume fraction as a function of cycle number for different reaction
rate constants of (a) salt decomposition and (b) Mn dissolution.

Figure 12. Comparison of simulation and experiment of volume fraction of
LiMn2O4 composite electrode as a function of cycle number due to manganese
dissolution.
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Figure 13. Simulation shows diffusion coefficient and reaction rate coefficient
as a function of cycle number.

dissolve manganese ions increases. The acceleration of these reac-
tions results primarily from solvent oxidation, along with the gener-
ation of H2O molecules due to the acid attack. While hydrogen ions
are generated through solvent oxidation, they also react with LiMn2O4

electrodes and generate H2O molecules that constantly regenerate HF.
These reactive species continuously attack the active materials and are
critical to the decrease in cell capacity.

Fig. 13 shows the changes in diffusion and reaction rate coefficients
with cycle numbers from simulations. Note that the model inputs of dif-
fusion and reaction rate coefficients are functions of Mn concentration
(Table V). Therefore, along with cycling simulation and the change
of Mn concentration in the electrolyte, the diffusion and reaction rate
coefficients evolve with the cycle number. The diffusion coefficient of
lithium ions decreases from 1.26 × 10−12 to 4.81 × 10−13 m2 s−1

after 50 cycles. Experimental results showed changes of diffusion
coefficient with voltage and manganese concentration (Fig. 7). The
ICP results showed that approximately 55 ppm (1.016 mM) of man-
ganese dissolved after 50 cycles. The diffusion coefficient, measured
using the EIS method, decreased to 5.05 × 10−13 m2 s−1 after adding
50 ppm of manganese to the electrolyte. This is consistent with our
model prediction. The diffusion coefficient continuously decreases
during the tested 50 cycles. Similar trends have been observed by
several groups using EIS.62–64 It was suggested that a passive layer
formed on the electrode surface and clogged the pores of lithium
ion path.62 This effect continuously reduces the lithium ion diffusion
coefficient.

Fig. 13 also shows that the reaction rate coefficient decreases from
9.48 × 10−6 to 5.63 × 10−6 A m2.5 mol−1.5 after 50 cycles. Previous ex-
perimental and computational studies have revealed a linear relation-
ship between resistance and cycle number. Impedance measurements
from a previous study40 showed a linear increment of ohmic and elec-
trode reaction resistance. It can be argued that a change in the contact
area between the active material and the carbon black resulting from
Mn dissolution is the main reason for the resistance increase. Park et
al.27 also predicted a linear increase in relative resistance with cycle
number due to the manganese disproportion reaction. It is proposed
that one of the main reasons for the increase in resistance comes from
the loss of contact between spinel particles and the carbon conductor
as the spinel dissolves into the electrolyte.

Our impedance and CV study reveal an increase in ohmic resis-
tance, an increase in charge transfer increase, and a decrease in the
reaction rate coefficient due to an increase in the concentration of
manganese ions in the electrolyte. It is proposed that the growth of
electrochemically generated inactive material on the surface of the
cathode material contribute to this effect. Studies have shown that
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capacity of LiMn2O4 composite electrodes as a function of cycle number.

active material particles are covered by pristine surface films com-
prised primarily of Li2CO3 at initial cycles.65 After repeated cycling,
the electrode impedance will increase further due to the precipitation
of LiF, which is derived from HF, on the surface. Additionally, Mn-F
compounds generated at a later stage of storage due to manganese
ions in the electrolyte aggravate electrode performance even more, by
increasing resistance that leads to cell polarization.22

Fig. 14 shows the comparison between experiment and simula-
tion of normalized capacity as a function of cycle number. The ex-
periment shows approximately 10.5% capacity loss. The simulation
shows about 10.9% capacity loss after 50 cycles. There have been many
studies, using experiments and simulations, to describe decreases in
the capacity of LiMn2O4 spinel electrodes under different conditions,
such as temperature, cycle number, voltage range, preparation method,
calcination temperature and surface area.2,29,36,66–70 The range of ca-
pacity decrease also varies significantly, depending on the conditions.
Previous literature has measured about 10.7%,71 11.03%72 and 12%66

decrease in capacity after 50 cycles. Our study shows an approximately
10.5% decrease in capacity, which is consistent with previous studies.
Dai et al.2 predicted 16% decrease in capacity after 50 cycles between
3.5 V and 4.3 V, at 55°C, with a C/3 rate, using a physics-based model.

Capacity loss resulting from the loss of active material in our sim-
ulation is only 1.87%. This indicates that active material loss due to
manganese dissolution plays a small role. Degradations of electrode
performance, such as ohmic resistance increase, charge transfer resis-
tance increase, and diffusion coefficient decrease, are major cause of
capacity decrease.

In summary, these results suggest that two key mechanisms crit-
ically impact cell performance. The first is loss of active material.
The second is the increase in impedance and decrease in diffusion co-
efficient due to degradation of the electrode material. When cycling
a battery with a cathode containing transition metal, transition metal
ions can continuously dissolve from the cathode material30 and deposit
onto the positive and negative electrodes. This process not only causes
a loss of active material, but also a reduction in lithium reversibility,
diffusivity, conductivity and other transport properties.

The developed model can be applied to various transition metal
cathodes. Studies have compared the dissolution of transition metal
ions of several cathode materials,30 showing that 3.2% of Mn ions
dissolved for the LiMn2O4 cathode material whereas 0.4% of Mn ions
and 0.7% of Ni ions dissolved for the LNi0.5Mn0.5O2 cathode mate-
rial. Although the degree of metal ion dissolution and degradation are
different for various transition metal cathodes, the dissolution mech-
anism was active in all of these cases. Our model aims to account for
the degradation mechanisms of cathode material due to loss of active

material, increase in impedance and decrease in diffusion coefficient.
By using the developed model, the degradation of different transition
metal cathodes can be predicted after measuring a few key parameters.

Conclusions

The degradation of LiMn2O4 composite electrodes and the impact
on cell performance were systematically investigated in this study,
using both experiments and simulations. Specifically, we focused on
parameter change of the cathode due to manganese ions. Key input
parameters were measured using various techniques. We also proposed
an improved electrochemical model that considered side reaction and
degradation of the electrode.

Electrochemical measurements were conducted by using a
LiMn2O4/Li half-cell with electrolyte containing different concen-
trations of manganese in order to elucidate the impact of dissolved
manganese on the cathode. Based on CV, EIS and cycling results,
we found that manganese ions negatively impact the cathode through
re-deposition. For instance, the capacity of LiMn2O4 composite elec-
trodes decreases up to 15% after 16 cycles with 200 ppm concentration
of Mn-ions dissolved in the electrolyte.

Key parameters related to battery cell performance, including sur-
face area, electronic conductivity, impedance, and the amount of man-
ganese dissolution, were directly measured. For instance, it was ex-
perimentally observed that 1.016 mM (55 ppm) concentration of man-
ganese dissolved into the electrolyte after 50 cycles. The increase
of ohmic resistance, decrease in diffusion coefficient due to clog-
ging of the porous structure, and decrease in reaction rate constant
due to manganese ions were calculated and used as inputs in our
simulations.

The experimental observations suggest that manganese dissolution
and the subsequent impact on cathode degradation should be consid-
ered in order to fully account for battery performance. A physics-
based, side-reaction coupled electrochemical model with key input
parameters was used to explain the magnitude and mechanisms of
electrode degradation. The simulations and experiments showed ca-
pacity decrease of 10.9% and 10.5% after 50 cycles, respectively, due
to side reactions. Our studies suggest that loss of active material and
parameter change due to degradation are key factors that affect cell
performance. Decline in lithium reversibility, diffusivity, conductivity
and other transport properties are the most significant cause of cathode
degradation.
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Appendix

Electronic conductivity measurement –Four point probe method.— Potential differ-
ence is measured from the inner two probes while the current is supplied and extracted from
the outer two probes. The electronic conductivity of the composite electrode is calculated
as

κe f f
s = ln(2)

πte

(
I

E

)
= 0.221

te

(
I

E

)

where te is the electrode thickness, κ
e f f
s is the electronic conductivity of the electrode, I

is the applied current and E is the electric potential difference between two probes.

List of Symbols

as specific surface area of positive electrode, m−1

as,oxide specific surface area for solvent oxidation reaction, m−1

brug Bruggemann coefficient
c1 concentration of lithium ions in the solid phase, mol m−3

ci concentration of species i in the electrolyte (i = Li+, Mn2+, H+, H2O),
mol m−3
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c1,0 initial concentration of lithium ions in the solid phase, mol m−3

c1,max maximum solid phase concentration, mol m−3

c1,max0 initial maximum solid phase concentration, mol m−3

c1,sur f lithium concentration at particle surface, mol m−3

D1 diffusivity of lithium ion in solid, m2 s−1

D1,0 initial diffusivity of lithium ion in solid, m2 s−1

Di diffusivity of species i in the electrolyte (i = Li+, Mn2+, H+, H2O),
m2 s−1

De f f
i effective diffusivity of species i in the electrolyte (i =

Li+, Mn2+, H+, H2O), m2 s−1

EOCV open circuit potential, V
f± electrolyte activity coefficient
F Faraday’s constant, C mol−1

i0,Li+ exchange current density of lithium intercalation/deintercalation at cath-
ode, A m−2

i0,oxid exchange current density of solvent oxidation at cathode, A m−2

iH_dep current density of hydrogen deposition at lithium metal anode, A m−2

iLi+ current density of lithium intercalation/deintercalation at cathode, A m−2

iLi+ ,metal current density of lithium reaction at lithium metal anode, A m−2

iMn_dep current density of Mn deposition at lithium metal anode, A m−2

iMn_redep current density of Mn re-deposition at cathode, A m−2

ioxid current density of solvent oxidation at cathode, A m−2

itot sum of all the current density at cathode, A m−2

Iapp applied current density, A m−2

kdecomp reaction rate constant of salt decomposition, m6 mol−2 s−1

kH_dep reaction rate constant of hydrogen deposition at lithium metal anode, A m
mol−1

kLi+ reaction rate constant of lithium at cathode, A m2.5 mol−1.5

kLi+ ,metal reaction rate constant of lithium at lithium metal anode, A m−0.5 mol−0.5

kMn_dep reaction rate constant of Mn deposition at lithium metal anode, A m mol−1

kMn_dis reaction rate constant of Mn dissolution due to acid attack, m s−1

kMn_redep reaction rate constant of Mn re-deposition at cathode, A m mol−1

Lpos cathode thickness, m
Lsep separator thickness, m
n1 adjustment factor of lithium diffusivity
r radial coordinate, m
rs particle radius, m
R universal gas constant, J mol−1 K−1

Rct charge transfer resistance of the electrode, � m2

Rdecomp reaction rate of salt decomposition, mol m−3 s−1

RMn_dis reaction rate of Mn dissolution due to acid attack, mol m−2 s−1

RMn_redep reaction rate of Mn re-deposition at cathode, mol m−2 s−1

Rohmic ohmic resistance of the electrode, � m2

Roxid reaction rate of solvent oxidation at cathode, mol m−2 s−1

S cathode surface area, m2

t0
+ lithium ion transference number

T temperature, K
UH_dep equilibrium potential of hydrogen deposition, V
ULi+ equilibrium potential of lithium intercalation/deintercalation reaction, V
UMn_dep equilibrium potential of Mn deposition, V
UMn_redep equilibrium potential of Mn re-deposition, V
Uoxid equilibrium potential of solvent oxidation, V
VLMO molar volume of cathode active material, m3 mol−1

VM molar volume of cathode, m3 mol−1

x coordinate along the electrode thickness, m
Z Warburg impedance

Greek

αa,Li anodic transfer coefficient of lithium intercalation/deintercalation reaction
αmetal

a,Li anodic transfer coefficient at lithium metal anode
αa,oxid anodic transfer coefficient of solvent oxidation
αc,H_dep cathodic transfer coefficient of hydrogen deposition
αc,Li cathodic transfer coefficient of lithium intercalation/deintercalation reac-

tion
αmetal

c,Li cathodic transfer coefficient at lithium metal anode
αc,Mn_dep cathodic transfer coefficient of Mn deposition
αc,Mn_redep cathodic transfer coefficient of Mn re-deposition
δ Warburg prefactor
ε1 volume fraction of electrode active material
ε1,0 initial volume fraction of electrode active material
ε2 volume fraction of electrolyte
ηLi+ overpotential for lithium intercalation/deintercalation reaction, V
ηoxid overpotential of the solvent oxidation reaction, V
κ

e f f
1 effective solid phase electronic conductivity, S m−1

κ2 bulk electrolyte phase conductivity, S m−1

κ2
e f f effective electrolyte phase conductivity, S m−1

φ1 solid phase potential, V
φ2 electrolyte phase potential, V
φLi_metal potential at lithium metal anode, V
ω angular frequency, rad s−1

y intercalation level
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