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h i g h l i g h t s
� Raising the battery state of charge increased the rate of side reaction.
� A significant amount of lithium was consumed in forming the deposit layer.
� Loss of carbon particles adhesion led to particles isolation in the electrochemical process.
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a b s t r a c t

The breakdown of the protective solid electrolyte interface (SEI) layer formed on lithium ion battery
anodes can initiate further electrolyte decomposition and the formation of non-uniform and electroni-
cally insulating reaction products on the surface of the graphite particles. The results from this study
indicate that raising both the lower and upper ends of the state of charge (SOC) increased the rate of the
electrolyte decomposition side reaction to form a thick deposit surface film. This deposit layer contained
lithium that can no longer participate in the reversible electrochemical reaction. In addition, the high
cycling potential coupled with high charge rate created a large lithium concentration gradient that led to
some particles detachment from the current collector and isolation in the electrochemical process.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Cost effective implementation of lithium ion batteries requires
long operational lifetimes, so various research groups have been
exploring mechanisms that cause the lithium ion battery to lose its
capacity [1e8]. Mechanisms such as loss of accessible lithium ions,
degradation of electrodes, binder, corrosion of current collectors,
and electrolyte decomposition to form an insoluble film between
electrode and electrolyte interface have been reported as some of
the main contributing factors to capacity fade [9e11].

A robust SEI layer prevents the occurrence of further electrolyte
reduction on the carbon electrode, which is formed from the
reduction of the electrolyte salt LiPF6 to produce a strong Lewis acid
þ1 3348443400.
a).
PF5 [12] that undergoes a ring-opening reaction with the solvent
molecules in the presence of the Liþ to initiate its formation. This
SEI layer is a Liþ conductor but an insulator to electron flow.
However, at elevated temperature the metastable species ROCO2Li
within the SEI layer decomposes into more stable compounds
eLi2CO3 and LiF, which distort the SEI layer [13] and create a porous
SEI structure that exposes the graphite surface to more electrolyte
decomposition reaction [14]. The deposited layers lead to the loss/
consumption of recyclable lithium ions at electrode/electrolyte
interface and are one of the major causes of reversible capacity loss
in the lithium ion battery.

In this article, a quantitative analysis of the effect of the state of
charge (SOC) on the growth of the deposit layer on the anode
electrode/electrolyte interface and a direct measurement of the loss
of carbon particles resulting from diffusion induced stress during
the intercalation/de-intercalation of lithium ion into the graphite
structure are presented. The deposition due to solvent reduction
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Fig. 1. Equivalent circuit model.
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was observed only at the graphite electrode that on the cathode
was considered negligible. Understanding the effects of the deposit
layer on the lithium kinetics at the electrode/electrode interface
and performance degradation is important.

2. Experimental

2.1. Battery chemistry

The batteries used in this study were the large format pouch
type-lithium ion polymer batteries from battery manufacturer
LGChem with a Li(Mn,Ni,Co)O2 cathode and the anode material
made of carbon with polyvinylidene fluoride (PVDF) as the binding
material, with a composition of less than 3 wt% of the active
material. The current collectors for anode and cathode electrode
were copper and aluminum metals respectively. The batteries had
a polymer electrolyte that consist of polyethylene oxide with
lithium salt, LiPF6, with co-solvents of ethylene carbonate (EC),
and dimethyl carbonate (DMC). The nominal capacity of each
battery is 15.7 Ah with an operating voltage level of 2.5e4.15 V.
The complete battery were provided by the General Motors
Company Ltd.

2.2. Cycling test

The charge/discharge cycles were performed using a in-house
designed test station that comprised of a programmable charging
system, a programmable electronic load system, a data acquisition
system that are controlled by LabVIEW™ residing in a PC. The
testing system allowed for the input of various charging conditions,
such as C-rate, state of charge (SOC), and was located in an envi-
ronmental chamber to allow for control of the external tempera-
ture. The batteries were charged by a constant current-constant
voltage (CCeCV) charging protocol at room temperature. In each
cycle, the cell was discharged with a constant current until the
terminal voltage decreased to the voltage corresponding to the
desired lower SOC and then charged with a constant current up to
the voltage corresponding to the upper SOC followed by a constant
voltage (CV) charge. A 4C charge and discharge current were used
to accelerate the aging process. After every 20 cycles, a 1C dis-
chargeerestingecharge profile was applied to the cell to measure
its capacity. The capacity (Qmax) was calculated by integrating the
current when the cell was being discharged from 100% to 0% SOC
using 1C current (15.7A) at room temperature. The Qmax data for
each battery were recorded every 20 cycles. The battery was rested
for 10 min before and after the Qmax measurement. The SOC levels;
5e70%, 15e80% and 25e90% were chosen to maintain a constant
capacity of 65%. The pre-test terminal voltage for the desired SOC
was determined by coulomb counting.

2.3. Electrochemical impedance spectroscopy (EIS)

A Gamry electrochemical impedance spectroscopy (EIS) frame-
work in galvanostatic modewas used to apply different frequencies
(1 mHze1 kHz) of small AC excitation current (1 A) to battery and
voltage responses were collected at 25 �C. The battery state of
charge was maintained at 50% during the EIS test. A bipolar power
supply was used to amplify the signal from EIS signal board. The
measured impedances of the batteries were fit using the equivalent
circuit model shown in Fig. 1 to find parameters such as the SEI film
resistance, the Ohmic resistance, the charge transfer resistance, the
double layer capacitance andWarburg impedance of the battery. In
the model, R0 presents the Ohmic resistance caused by electrolyte,
deposit layer, separator, current collector and electrode, which
equals to the left intercept between impedance spectrum and the x-
axis at high frequency (z1 kHz) [2]. Rsei and C1 indicate SEI resis-
tance and constant phase element (CPE) at anode [3], which
dominate the shape of the first semi-circle in high frequency
domain from 1 kHz to several Hz [4]. While Rc and C2 indicate
charge transfer resistance and double layer capacitance, respec-
tively. They affect the shape of the second semi-circle, which is less
obvious in the lower frequency range (several Hz to several mHz)
[3]. On the other hand, Wa is the Warburg admittance represents
ion diffusion in the solid electrode and C3 is the intercalation
capacitance that indicates the process of ion intercalation [3]. Both
Wa and C3 dominate the impedance spectrum in the low frequency
region (<several mHz). To extract these parameters, the EIS-ECM
was fitted to the impedance spectrum measured by EIS using
simplex algorithm.
2.4. Materials postmortem analysis

After cycling the batteries for 600 cycles and measurement of
capacity and impedance, the battery was discharged to 0% SOC and
dismantled in an argon atmosphere in glove box. The anode elec-
trodes were harvested, cleaned in DMC and dried. A quantitative
analysis of the thickness of the formed deposit layer was carried out
by taking a cross sectional view (the samples were mounted on an
epoxy and the edges polished) of the deposited surface layer and
measuring its thickness using a scanning electron microscope
(SEM) (Fig. 2). Four anode electrodes (out of a total 13 electrodes)
from each condition were selected by visual examination to
represent the range of the amount of deposit and area of carbon
particles loss. Specifically, one electrode (out of 4) with heavy
amounts of deposit/large area of carbon loss, one electrode (out of
3) with light amounts of deposit/small area carbon loss and two
electrodes (out of 6) in-between these two extremes. Four samples
were taken from each of the four selected electrodes, and for each
sample, six different thicknesses of the deposited layer for each
sample were measured. Therefore for each electrode, the thickness
of the deposited layer was calculated by taken the mean value of
the 24measured thicknesses. Similarly, for the carbon particles loss
area, the same numbers of electrodes and samples were used. The
areas were measured by fitting the loss area with discrete circles or
rectangles using annotate/measurement tool on the SEM. These
areas were then calculated by averaging the areas of either the
circles of the rectangles.

X-ray diffraction (XRD) spectra for the graphite anode electrode
were obtained using a Bruker D8 to investigate the changes in the
graphite crystal structure and the formation of any new phases.
The composition of the deposit layer was also analyzed using
Fourier transformed infra-red spectroscopy (FTIR) and X-ray
photoelectron spectroscopy (XPS). For FTIR analysis, a Bruker op-
tics equipped with single-reflection attenuated total reflection
(ATR) accessory was used. The electrode samples were adjusted
such that the beam was directly on the deposit layer area to
ensure maximum absorbance. Each spectrum was recorded by
accumulating 128 scans with a resolution of 4 cm. For XPS anal-
ysis, a VG ESCA scientific theta probe spectrometer was used.



Fig. 2. Lateral and cross sectional view of the deposited surface layer.
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Samples were prepared according to XPS sample standard
(1 mm � 1 mm) and transferred to the XPS spectrometer inside
an argon-filled sample box. The carbon 1s peak at 285 eV was used
as the binding energy scale reference, and the Ag 3d5/2 line at
368 eV with full width at half maximum (FWHM) of 0.66 eV was
used to calibrate the spectrometer. To achieve high-resolution
spectra, a constant pass energy of 50 eV was used and the pres-
sure in the analysis chamber was maintained at 6 � 109 mbar. Data
analyses were performed using Gaussiane Lorentzian curve fitting
with Shirley background subtraction.
Fig. 3. Capacity fade of batteries cycled at over different states of charge.
3. Results and discussion

3.1. Electrochemical

The measured Qmax values of the batteries for up to 600 cycles
are plotted in Fig. 3. The Qmax values for both 25%e90% and 15%e
80% SOC levels were similar and loss of the capacity was 17% after
600 cycles, while the capacity fade for 5%e70% was only 7.8%. The
high irreversible capacity loss at high battery cycling potential is
consistent with the findings of Jiang et al. [15]. However, the ca-
pacity loss in their study was attributed to structural changes in
both electrodes and large entropy change. To elucidate the causes of
these irreversible capacity losses in this study, materials analysis of
the harvested anode electrode were carried out.
3.2. Anode electrode materials characterization

3.2.1. Deposit layer formation
SEM micrographs of the surface morphology of anode elec-

trodes before and after aging are shown in Fig. 4a. On the surface of
the aged anode electrodes are the decomposition reaction products



Fig. 4. a: Morphology of deposit surface film layer on the anode electrode for cells cycled at 600 cycles over different SOC ranges. b: Morphology of the baseline and aged cathode
electrode after 600 cycles.
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deposited on the surface of the graphite particles. The morphology
of the aged cathode (Fig. 4b) did not differ from the baseline (fresh
cell), therefore the deposition due to solvent reduction reaction on
the cathode/electrode interface was considered negligible. Various
studies [16,17] indicate that the highly reactive electrolyte solvent,
ethylene carbonate (EC), undergoes a two electron reduction. In a
mixture with other carbonate solvents, the ethylene carbonate (EC)
is preferably reduced due to its high polarity and dielectric constant
[18]. The reduction of EC thus involves a two-electron transfer to
one mole EC molecules and reactionwith Liþ to produce Li2CO3 and
C2H4 gas (Eq. (1))

ECþ 2e� þ 2Liþ/ðCH2OCO2Li 2Yþ CH2 ¼ CH2ðgÞ[
�

(1)

The species (CH2OCO2Li)2 on the graphite particles surface, can
readily react with traces of H2O in the solution to produce Li2CO3,
(CH2OH)2 and CO2 gas (Eq. (2)) [19,20].

ðCH2OCO2Li 2þH2O/Li2CO3YþðCH2OH 2Yþ CO2ðgÞ[
��

(2)

These species form the solid electrolyte interface (SEI) on the
anode electrode. However, the distortion of the SEI layer structure
due prolong cycling exposes the graphite surface to more electro-
lyte decomposition reaction [8,9]. In particular, the decomposition
species of POF3 and PF6- from the unstable salt LiPF6 reduction react
with EC to produce various species on the anode electrode (Eq. (3))
[21].

POF3 þ ECþ PF�6/CH2FCH2OCOOPF3O
� þ PF5 (3)

The EC reduction process continue to produce a Lewis acid or
salt anion (Eq. (4)) at each subsequent reduction step that perpet-
uate the electrolyte reduction process.

CH2FCH2OCOOPF3O
� þ PF5/CH2FCHOCOOPF2Oþ PF�6 (4)

Therefore at high SOC, these electrolyte decomposition reactions
resulted in the formation and growth of the deposit layer on the
surface of the graphite electrode (Fig. 5) to form a non-uniform ag-
glomerates. The presence of these reaction products on the surface
could block the pores of the anode electrode and impact negatively
on the intercalation kinetics at the electrode/electrolyte interface.
Fig. 4a shows that the sizes and amounts of these agglomerateswere
dependent upon SOC and higher for the higher SOC levels, which
could be due to the increased electrolyte decomposition at the



Fig. 5. Thickness of deposit layer as observed from an aged anode electrode at 600 cycles.
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higher potential during charging. At the low SOC level 5%e70%, the
deposit layers were isolated. A physical examination of the elec-
trolyte between the separator/electrolyte interfaces showed a drier
separator for the cells tested at 25%e90% SOC compared to those
tested at 5%e70% SOC,whichwas also an indication of the depletion
of electrolyte used in the decomposition reaction. The surface
analysis of the deposit layer from the XPS analysis showed that the
deposit layer contained lithium that was not available for further
electrochemical reaction. Therefore a continuous electrolyte
decomposition will result in the depletion of recyclable lithium.
Fig. 6. a: Experimental and simulated Impedance plots of aged batteries for the
different state of charge range for batteries cycled at 600 cycle. b: Resistance of the LiB
for different SOC extracted from the equivalent circuit model.
3.2.2. Effects of deposited surface layer
Lithium ion batteries employ particles with pores to increase the

active area between the electrolyte and the electrode to facilitate
the electrochemical reaction process. A deposit layer on the surface
of the active carbon materials will block the electrode pores and
also decrease the active surface area of the electrode. This inad-
vertently the lithium kinetics at the electrode/electrolyte interface,
which increased the overall battery impedance. The Nyquist plots
Fig. 7. Thickness of the deposit layer measured from SEM micrographs of aged anode
electrode after 600 cycles.

Fig. 8. X-rays diffraction spectra for aged and baseline for the anode electrode.



Fig. 9. FTIR of surface compounds of the deposit surface layer for aged anode electrode
after 600 cycles.
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of the experimental impedance spectroscopy along the equivalent
model fits results for the different SOC levels are shown in Fig. 6a.

The plots consist of two parts, a semicircle and a linearly
increasing slope. The radius of the semicircle presents the SEI
resistance, while the slope is mostly determined by diffusion effects
of ions in solid. The increase in radius of the semicircles with
cycling implies a growth of SEI layer and the amount of this growth
is larger as the SOC level increases. At the same time, the high
frequency intercept, which corresponds to the Ohmic resistance,
increases with cycling due to the decrease of ion conductivity of the
electrolytes. The overall battery impedance is comprised of many
specific battery component/interface resistances; the Liþ charge
transfer resistance between graphite/electrolyte interface (Rc), the
Ohmic resistance (Ro) and the SEI layer resistance (Rsei). To extract
Fig. 10. a: High resolution XPS spectra over the C1s, O1s, and Li1s portions regions from the
from aged 25e90% SOC at 4C cell.
these resistances, an equivalent circuit model (Fig. 1) based on the
impedance characteristics was used to extract these parameters
that represented different electrochemical properties of the bat-
tery. The extracted parameters of resistances are plotted in Fig. 6b.
The resistances tend to increase as the lower and upper end of the
SOC were raised. Particularly, the increase in the charge transfer
resistance was the largest. The increases with increasing SOC level
could be due to the formation of the deposited surface layer on the
graphite particles, which formed greater amounts for the higher
SOC level.

3.2.3. Growth of the deposited surface layer
The thicknesses of the deposited surface film layer observed

among the different SOC levels were measured from cross sectional
views of the anode electrode as shown in Fig. 5 and are plotted in
Fig. 7 for the various SOC levels. The measured deposit layer
thickness showed an average thickness of 53 mm for the most
affected deposit electrode for the high SOC range (25e90%)
compared to 39 mm for the 15e80% SOC range, and 27 mm for the
low SOC range (5e70%). For the least deposit affected electrodes,
the 25e90% SOC range recorded an average of deposit thickness of
36 mm, 27 mm for the 15e80% SOC, and 21 mm for the low SOC range
(5e70%). The growing deposit layer created a barrier for charge
transfer at the graphite/electrolyte interface [22] and cause the
observed increase in charge transfer resistance.

3.2.4. Composition of the deposited layer
X-ray diffraction for the aged anode indicated a new phase with

a peak at 2q 64� (Fig. 8) in addition to those peaks patterns for the
carbon and the copper current collector, which was attributed to
the presence LiF species from the analysis of JCPDS card from Ref.
[23]. The deposited surface film was analyzed further with FTIR to
identify the surface compounds constituting the deposited surface
baseline cell. b: High resolution XPS spectra over the C1s, O1s, and Li1s portions regions



Table 1
XPS elemental surface layer composition for the baseline/aged battery (At %).

Condition Li C O F

Baseline cell 40 26 33 1
Aged cell 44 26 28 2
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film layer. As shown in Fig. 9, the absorption bands at 1750 cm�1

represent the stretching vibration of C]O in EC, while those at
1300 cm�1 and 1450 cm�1 are the asymmetric stretching vibration
of the CeOeC and CH2 bending vibration of decomposition prod-
ucts of the electrolyte solution, respectively [24]. The main chem-
ical constituents of the SEI layer in the LiPF6eEC/DMC solution are
ROCO2Li and Li2CO3 [25], which generally have spectra at
1600 cm�1 and 1300 cm�1 for ROCO2Li and 860 cm�1 and
1375 cm�1 for Li2CO3. The FTIR analysis indicates that the chemical
constituents of the deposited surface film layer are the same as
those in the SEI layer from the electrolyte decomposition reaction
lithium on the surface of the anode electrode.

From the XPS analysis, the baseline spectrum for the carbon
anode clearly shows a graphite peak at 284.5 eV (Fig. 10a). A small
peak in the 290e291 eV range corresponds to the CeF bond in the
PVDF binder materials. The peak at 533 eV was themost prominent
peak in the O1s spectra for the aged anode electrode (Fig. 10b).
Furthermore, Li2CO3 (expected at 531.5 eV), and species like Li2O
and LiOH (expected <530 eV) were detected in the O1s spectra. An
increase in the peak of the Li 1s at 55.1 eV for the aged electrode
Fig. 11. a: Loss of carbon particles adhesion on the surface of the graphite anode after 600 cy
different SOC.
was consistent with the existence of LiF species on the deposit
layer. The electrolyte contains impurities such as H2O and oxygen,
which can lead to the formation of LiOH and Li2O. The lithium
amount in the baseline and the aged battery were similar as shown
in Table 1, The XPS signal is limited to 1e2 nm, so this composition
represented the outer surface of the deposit layer.
3.2.5. Loss of carbon particles
Fig. 11a shows that the carbon particles were detached from the

carbon electrode indicating that there was a loss of adhesion be-
tween carbon particles and between carbon particles and the cur-
rent copper collector on the anode electrode. The volume changes
associated with lithium intercalation/de-intercalation into the
graphite structure results in particle expansion/contraction [26]
which could generate diffusion induced stresses and cause loss of
adhesion of the binding material between the particles and particle
and the current collector. As a result, some of the active carbon
particles could be isolated from the electron-conducting matrix of
the electrode and thus became inactive in the electrochemical
process. The loss area of these isolated carbon particles were
measured and plotted for the different SOC levels for the largest
loss electrode in Fig. 11b. The higher SOC range (25e90%), in
particular had the largest amount of carbon particles loss, and this
loss decrease progressively as the SOC rangewas reduced. However,
this loss in carbon particles area as a percentage of the total surface
area of the anode electrode, amounted to about 1% at 25%e90% SOC
level, and an even smaller area loss for the lower SOC level.
cles. b: Loss area measurement of carbon particles for cells cycled at 600 cycles for the
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However, this particle loss could significantly increase for pro-
longed higher cycle numbers.

4. Conclusions

Increasing the SOC level (both the lower and upper end of the
SOC level) resulted in formation of thick deposit layer from side
reaction. This deposit layer contained lithium that was not
available for further electrochemical reaction. The layer at the
electrode/electrolyte interface contributed to the increase charge
transfer resistance. The high SOC level coupled with a high
charge rate led to loss and isolation of carbon particles. The loss
of carbon particles adhesion was attributed to cycling the bat-
teries at high charge rate that caused a large lithium concen-
tration gradient that leading to some particles isolation in the
electrochemical process. These factors contributed to the loss of
reversible battery capacity.
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