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The failure mechanism of LiFePO4 cells in over-discharge conditions has been systematically studied using commercial A123 18650
cells at a 1.0 C rate and different conditions – from 5% to 20% over-discharge (DOD = 105% to 120%). SEM/EDAX, high-energy
synchrotron XRD (HESXRD), and cyclic voltammetry (CV) were used to characterize the morphology, structure, and electrode
potentials of cell components both in situ and ex situ. The failure behaviors of A123 18650 cells experiencing different degrees
of over-discharge were found to be similar, and the 20% over-discharge process was analyzed as the representative example. The
Cu electrochemical potentials in the 1.2 M LiPF6 EC/EMC electrolyte were measured during the charge/over-discharge process
using CV, proving that Cu oxidation and reduction in the cell during the charge/over-discharge cycle were theoretically possible to
proceed. A possible failure mechanism is proposed: during the over-discharging process, Cu foil oxidized first to Cu+, then to Cu2+
cations; next, these Cu+ and Cu2+ cations diffused to the cathode side from the anode side; and finally, these Cu2+ cations reduced to
Cu+ cations, and then reduced further, back to metallic Cu. During charge/over-discharge cycling, Cu dendrites continued growing
from the cathode side, penetrating through the separator and forming a copper bridge between the anode and cathode. The copper
bridge caused micro-shorting and eventually led to the failure of the cell. During the charge/over-discharge cycles, the continued cell
temperature increase at the end of over-discharge is evidence of the micro-shorting.
© 2013 The Electrochemical Society. [DOI: 10.1149/2.039306jes] All rights reserved.
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Driven by the environmental protection needs and the quickly in-
creasing price of fossil fuels, the need for clean and high-efficiency
energy conversion and storage devices has become more urgent than
ever. Lithium-ion batteries, which were first commercially introduced
into the market in 1991 by Sony,1 are the best candidates for meet-
ing such needs. The development of electric vehicles (EVs) and hy-
brid electric vehicles (HEVs) along with portable electronics (i.e. cell
phones, laptops, etc.) demands batteries with high energy density and
high efficiency. The Li-ion battery has proved to be a prominent en-
ergy storage device for HEVs and EVs due to its high specific energy
and high specific power.2

In most applications of portable electronics, EVs, and HEVs, in-
stead of a single cell, multiple cells of Li-ion batteries are used in
battery packs, usually ranging from tens to hundreds or even thou-
sands of cells, to supply the desired energy and power. However,
when a number of LiFePO4 cells are used in a battery pack, a capacity
distribution band always exists because the capacity varies between
the cells.3,4 This capacity band will broaden with the cycle number,
and eventually, the cell with the lowest capacity will limit the capac-
ity of the battery pack. Thus, the lowest capacity cell will experience
overcharge and over-discharge, even if the whole pack is experiencing
normal charge/discharge cycles. With a battery management system,
the capacity band of a battery pack can be controlled within a certain
range, but the band cannot be eliminated. Thus, the cell is likely to
cause some serious safety problems because Li-ion battery cells have
very low tolerance to abuses including overcharge and over-discharge.
Very often, over-discharge causes failure of the whole pack or may
even cause a serious safety accident. Hence, understanding the behav-
ior of LiFePO4 cells in over-discharge and overcharge conditions is
critical for the safety of LiFePO4 cells.5

The safety of Li-ion batteries has become an important issue; and
efforts have been dedicated to studying the behavior of Li-ion batter-
ies under different operating conditions,6–8 but few have concentrated
on the failure mechanisms of Li-ion batteries in over-discharge condi-
tions. In their modeling work, Arora and White9 proposed that copper
(as a current collector) be oxidized into ions in the over-discharge
process and then redeposited as copper metal at the electrode follow-
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ing the charging process, forming Cu dendrites that could penetrate
through the separator, causing the cell to fail due to an internal short.
However, these proposed reactions were not supported by the exper-
iment. Hossain and co-workers10 investigated the behavior of Li-ion
batteries (with MCMB or hard carbon composite anodes and LiCoO2

cathodes) during over-discharge using a Li reference electrode and
found that the cell failed to charge after 3 over-discharge cycles. They
proposed (without experimental validation) that the possible failure
cause could be the copper dissolution and transfer to the cathode.
Tobishima and co-workers’ study11 revealed that both LiCoO2 and
LiMn2O4 cells failed after forced discharge, namely, over-discharge,
to 250%. So far, the failure mechanism of the LiFePO4 cell in over-
discharge conditions is still not clear.

In this work, the failure of LiFePO4 cell in over-discharge con-
ditions was systematically investigated. The commercial LiFePO4

18650 cells (A123 Systems) were chosen to be cycled under both nor-
mal and over-discharge conditions until failure. The failed cells along
with the pristine cells were characterized using SEM for the morphol-
ogy and composition changes. The cells were in situ characterized
using synchrotron X-ray diffraction (XRD) for the electrode structural
changes during cycling. The electrode potentials of the LiFePO4 cath-
ode, the graphite anode, and the cell voltage during cycling in an 18650
cell were in situ monitored using Li metal as the reference electrode.
Finally, the failure mechanism of the LiFePO4 Li-ion battery cell in
over-discharge conditions was proposed with experimental validation.

Experimental

Failure of LiFePO4 cells by over-discharge.— Materials.—All chemi-
cals were used as received. The commercial cells chosen for this study
were A123 18650 LiFePO4 cells (APR18650M 1A 3.3 V 1100 mAh)
from A123 Systems (Cambridge, MA), and LiPF6, EC, and EMC
from Novolyte (Cleveland, OH). Each cycling test was repeated on at
least three different cells to ensure data reproducibility.
Electrochemical apparatus.—All potentials used in this paper were
versus Li/Li+ electrode potential unless otherwise noted. Over-
discharge tests were carried out in a homemade explosion-proof cham-
ber using both the BT-5000 8-channel battery and the BT-2000 32-
channel cycler with a temperature-control sensor (Arbin Instruments,
TX). Galvanostat tests were performed on the A123 18650 LiFePO4

cells with a nominal 1100-mAh capacity. The cells were charged to
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3.60 V at a 1 C rate (constant current of 1.10 A) first; then, the charg-
ing was continued at a constant voltage of 3.60 V until the current
was < 0.02 A, which is regarded as a 100% state of charge (SOC)
or 0% depth of discharge (DOD). After a short rest (i.e. 5 min.), the
cell was discharged at a 1 C rate until the voltage reached 2.00 V,
which is the discharge cutoff voltage of the cell (the corresponding
capacity is 1100 mAh). This procedure is considered to be a 100%
depth of discharge (DOD). The over-discharge test conditions were
carried out at a 1 C rate (constant current,1.10A) and based on the
Coulombs discharged out of the cell; namely, the discharge step was
terminated when the cells reach 105% DOD (63 min., 1155 mAh),
110% DOD (66 min., 1210 mAh), 115% DOD (69 min., 1265 mAh),
and 120% DOD (72 min., 1320 mAh) instead of 2.00 V while the cell
voltage went negative at the end of over-discharge. A thermocouple
was placed on the skin of the A123 18650 LiFePO4 cell at the middle
of the cell and the temperature was measured simultaneously with the
voltage during the cycling test. The charge/over-discharge cycle kept
running until the cells failed. Current–voltage–temperature data were
recorded every 5s during charge/over-discharge cycles.

Measurement of potentials of each electrode during testing for
A123 18650 LiFePO4 cells.— The head and bottom of the case of a
fresh A123 18650 LiFePO4 cell were carefully removed in the argon
filled glove box using a roller cutter. The roll of assembly of the
18650 LiFePO4 cell was placed into a container and immersed in
the electrolyte. A lithium strip was inserted into this container and
served as the reference electrode. The electrolyte was made with a
1.2 M LiPF6 in EC-EMC (3:7) and 30 mL of the electrolyte was
used to ensure complete immersion of the roll of the assembly. The
same normal cycle and 20% over-discharge conditions mentioned in
Electrochemical apparatus part of Experimental were employed in this
experiment with the anode as the counter electrode, the cathode as the
working electrode, and the Li metal as the reference electrode. The
potentials of the anode and cathode and the voltage of the whole cell
were measured separately by an 8 channel Solartron 1470E Multistat
(Solartron, England).

Half-cell cyclic voltammogram (CV) test.— To study the reduction
potentials of Cu in the electrolyte of 1.2 M LiPF6 in EC-EMC (3:7),
two different working electrodes were used: 1) a Pt wire electrode
(99.99%, Fisher Scientific, NH), and 2) a pure Cu electrode (99.99%,
CH Instruments, Inc., TX). The Pt metal foil served as the counter
electrode, and the Li metal strip served as the reference electrode.
Sandpaper and a 0.05 μm alumina suspension were employed to fully
clean and remove the oxidation layer of the working electrodes. The
potential window for cyclic voltammetry was set from −0.4 V to
5.0 V (or otherwise determined according to the anode and cathode
potentials obtained in the experiment described earlier) with a scan
rate of either 20 mV/s or 2 mV/s using a Solartron 1470E Multistat
(Solartron, England). Before CV measurement, a 200-cycle scan with
a scan rate of 1 V/s between 0–5 V was used to clean the surface of
the working electrodes.

First, a cell using Pt metal as both the working and counter elec-
trodes and Li metal as the reference electrode was used to study if
there were any oxidation/reduction reactions from 1.2 M LiPF6 or EC-
EMC (3:7). Second, a Cu electrode was used as the working electrode,
Pt foil as the counter electrode, and a Li metal strip as the reference
electrode to study the behavior of Cu oxidation and reduction in
1.2 M LiPF6 or EC-EMC (3:7) electrolyte.

SEM and EDAX characterization of 18650 LiFePO4 cells.— The
pristine and failed cells were carefully disassembled in the argon filled
glove box using the same procedure as in Measurement of potentials
of each electrode during testing for 123 A123 18650 LiFePO4 cells
part of Experimental to examine the morphology and composition of
the electrodes and the separator. The samples were cut from the middle
of the anode, cathode, and separator for SEM and EDAX (JEOL JXA-
8900R) examination. The morphology, microstructure, and elements
in these samples were analyzed using SEM and EDAX.

In-situ high-energy synchrotron X-ray diffraction (HESXRD) in-
vestigation of the behavior of A123 18650 LiFeO4 cells during the 10%
over-discharge process.— The high-energy synchrotron beamline of
the Advanced Photon Source 11-ID-C (Argonne National Laboratory,
IL) with a fixed high-energy X-ray beam (λ = 0.10798 Å, E = 115
keV, a beam size of 0.2 mm × 0.2 mm) was used to in-situ moni-
tor the crystalline phase changes of A123 18650 LiFeO4 cells during
charge/over-discharge cycles. An A123 18650 LiFeO4 cell was placed
on the stage of the beamline and the high-energy synchrotron beam
was penetrated through the cell while the cell was cycled using a
Maccor battery test system (Tulsa, OK) with the same charge/over-
discharge protocol mentioned in Electrochemical apparatus part of
Experimental, while two dimensional (2D) diffraction patterns of the
corresponding crystalline phases of each component in the cell (i.e.
graphite, LiFePO4, and stainless steel case) were recorded simul-
taneously during cycling. The data collection rate was one pattern
per 30 seconds. The 2D data has been integrated to yield the one-
dimensional high-energy synchrotron XRD (1D- HESXRD) patterns
by FIT2D software.12 The peak intensities were normalized to the
monitor counts of the X-ray beam. Only the 1D-HESXRD data of the
last cycle right before failure is shown in this paper.

Results and Discussion

Behavior of lithium-ion LiFePO4 cells in over-discharge
conditions.— A systematic approach was taken to investigate the ef-
fects of different depths of discharge (DODs) in the over-discharge
process on the cycle performance of A123 LiFePO4 18650 cells. For
comparison, A123 18650 LiFePO4 cells were cycled under normal
conditions (100% DOD) at a 1 C rate and room temperature. Un-
der such conditions, the A123 LiFePO4 18650 cells showed excellent
cycle performance and achieved 1750 cycles with 80% capacity and
2600 cycles with 60% capacity (Fig. 1a), respectively. However, the
over-discharge process had a significant impact on cycle performance.
When the DOD = 105%, 110%, 115%, and 120%, the cell failed after
110 cycles, 10 cycles, 3 cycles, and 2 cycles, respectively, as shown in
Fig. 1b. When a cell cannot be charged/discharged, the cell is defined
as failed. A great impact can be seen after 20% over-discharge—the
cycle number dropped to 1 cycle. It was found that the failure phe-
nomenon in the over-discharge process showed a consistent similar
trend for the cells cycled with different DODs. In this paper, typ-
ical over-discharge process, 120% and 110% DOD (20% and 10%
over-discharge), were chosen for the detailed analysis to elucidate the
failure mechanism and provide a fundamental understanding of the re-
lationship between the performance, temperature, and microstructure
changes of the A123 18650 cell in the over-discharge process.

The cycle performance of A123 18650 LiFePO4 cells under nor-
mal cycle conditions is shown in Fig. 2a for the charge/discharge
voltage curves and temperature curves of the first three cycles. Under
normal conditions, the charge plateau (3.4 V) and discharge plateau
(3.12 V) can be clearly seen. There is only a 0.8∼1.2◦C cell skin
temperature increase at the end of the constant current charge process
and a 0.7∼1.0◦C decrease at the end of the constant potential charge
process. A sharp temperature increase (2.1∼2.5◦C) was observed at
the end of the constant current discharge process.

The A123 18650 LiFePO4 cells were also cycled under over-
discharge conditions (5%, 10%, 15%, and 20% over-discharge). The
charging/discharging curves and temperature curves for 120% DOD
are shown in Fig. 2b. Under these conditions, the cell failed at the
2nd cycle. During the over-discharge process of the 1st cycle, the
cell voltage dropped sharply from 2.00 V to as low as approximately
−1.40 V, and then went back to −0.6 V and stayed around −0.6 V dur-
ing the short resting period (i.e. 5 min.) while the surface temperature
of the cell rose to 40◦C at the end of over-discharge and stayed at 40◦C
during the short resting period. Compared with the cell under normal
charge/discharge cycles, at the end of discharge, there was about a
3.7◦C temperature increase for the cell at the end of over-discharge
(36.3◦C vs. 40.0◦C). This suggests that some exothermic reactions

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 130.203.136.75Downloaded on 2016-05-10 to IP 

http://ecsdl.org/site/terms_use








Journal of The Electrochemical Society, 160 (6) A793-A804 (2013) A795

0 500 1000 1500 2000 2500
0.0

0.2

0.4

0.6

0.8

1.0

1.2

 Capacity
Capacity Retention

Cycle Number

C
ap

ac
it

y 
(A

h)

0

20

40

60

80

100

C
apacity R

etention (%
)

(a) 

0 20 40 60 80 100 120
100

105

110

115

120

125

D
ep

th
 o

f 
D

is
ch

ar
ge

 (
%

)

Number of Cycles until Failure

(b) 

Figure 1. (a) Capacity and capacity degradation of an A123 18650 cell with
cycle numbers under normal charge/discharge conditions at a 1 C rate; (b) the
effect of DOD on the cycle life of an A123 18650 cell at a 1 C rate.

occurred during the over-discharge process. In the next charge process,
the cell voltage could not go beyond 3.50 V, and then sharply dropped
to 1.20 V. However the temperature increased sharply from 40◦C to
120◦C, then dropped to 40◦C, while the cell voltage dropped to 1.20 V.
This phenomenon implies that the cell might have micro-shorted and
produced a large quantity of heat.

Since the cell cycled under 120% DOD and over-discharge lasted
only for two cycles, it was difficult to observe the cell performance
changes. Hence, the data of an A123 18650 LiFePO4 cell experienc-
ing 110% DOD over-discharge is shown in Fig. 3. The cell charge
and discharge temperatures and voltages during the cycle are shown
in Fig. 3a & 3b. The temperature at the end of the over-discharge
process increased with the cycle number at a rate of 2.30◦C/cycle
and reached the maximum value, 47.45◦C, right before the failure
(Fig. 3a), while the temperature at the end of the normal discharge
process remained constant, 29.50◦C (Fig. 2a). From a controls per-
spective, clearly, the temperature increase at the end of discharge with
the cycle number can be used as a signature for incoming cell failure.
During the 10% over-discharge cycling, the cell temperature reached
31.19◦C (at the end of 3rd charge process in Fig. 3a), the minimum
value at the end of the charge process, and the temperature at the end of
the charge also increased with the cycle number, but at a much slower
rate, 0.67◦C/cycle (Fig. 3a), suggesting that an internal-shorting was
developing in the charge/over-discharge cycle and the heat generation
rate inside the cell was increasing during the over-discharging process
with the cycle number. The cell voltage at the end of the over-discharge
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Figure 2. (a) Voltage and temperature changing over time of an A123 18650
cell under normal charge/discharge conditions; and (b) the charge/discharge
voltage and temperature curves of an A123 18650 cell during over-discharge
conditions (120% DOD, 20% over-discharge).

process went to negative (Fig. 3b) due to the forced discharge, reached
the maximum absolute value at the 2nd cycle (−1.13 V), and then in-
creased with the cycle number, suggesting that an internal short was
developing. This made the forced over-discharge more difficult, and
the internal short was micro-shorting as evidenced by the slow in-
crease of temperature with cycle number. The same pattern repeated
with cycle number for each cycle, and the temperature continued to
increase until failure (Fig. 3a). Taking a closer look at the temperature
curves of a cycle (6th cycle, shown in Fig. 3c), the cell-skin tem-
perature decreased with the time in the charging process at a rate of
−0.23◦C/min., but began a sharp increase during over-discharge with
a rate of 0.9◦C/min., indicating that the over-discharge caused detri-
mental damage to the cell components. This sharp temperature rise
occurred only during the short period of over-discharge, suggesting
that micro-shorting was developing during over-discharge. Overall,
the increase of cell skin temperature with cycle number suggests that
an internal shorting of the cell was developing with over-discharging,
which eventually led to the failure. Fig. 3d shows the cell discharge
capacity and capacity decay with cycles of charge/over-discharge.
The data of the cell temperature at the end of over-discharge are
also included for comparison. The capacity decreased at the rate of
0.067 (mAh/g)/cycle, while the cell temperature increased at the rate
of 2.3◦C/cycle, suggesting that a micro-short was developing and led
to a decreased capacity, while the micro-shorting caused heat gen-
eration inside the cell that led to the temperature increase. It is well
known that the abnormal operation of a Li-ion cell can result in the
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Figure 3. (a) Cell surface temperature, (b) cell voltage, (c) cell temperature and voltage of the 7th cycle (right before failure) of 10% over-discharge vs. time and
(d) capacity vs. time in the over-discharge test of an A123 18650 LiFePO4 cell (1.10 Ah) at a 1 C rate; cycling conditions: normal charge, then over-discharge
(110% DOD, 10% over-discharge).

destruction and reformation of the anode SEI layer13 as well as the
cathode electrolyte interface (CEI),14 especially at elevated tempera-
tures. Therefore, the changes of the temperature, the voltage, and the
capacity of a cell can be attributed to the related reactions and the mi-
crostructure changes of the cell components inside the cell during the
over-discharge process. The change of SEI and CEI during the over-
charge and over-discharge are under investigation and will be reported
later. It is worthwhile to point out that the failure behavior of the A123
18650 LiFePO4 cell under over-discharge is very similar to the failure
behavior of the A123 18650 LiFePO4 cell under overcharge, which
we published in this journal (see Ref. 15), suggesting that the failure
mechanism may be similar as well.

In-situ monitoring of the potential of the anode and cathode and the
cell voltage of LiFePO4 cells.— The detailed information of battery
component changes during the over-discharge process is important for
us to be able to understand the failure mechanism of the cell. In order to
determine the potential change of each electrode under over-discharge
conditions, a 3-electrode cell with Li metal as the reference electrode
was used to measure the potentials of the cathode and the anode sep-
arately. The head and bottom of the case of an A123 18650 LiFePO4

cell were carefully removed, and the core of the cell assembly (i.e.
cathode, anode, and separator) was immersed into an electrolyte with
a lithium strip serving as the reference electrode. In-situ monitoring
of the anode and cathode potentials and the cell voltages of such a cell
were measured for both normal cycling and over-discharge cycling. A
normal cycle and a subsequent over-discharge cycle were carried out
in such a 3-electrode cell and the potential profiles of each electrode
and cell voltage of the 3-electrode cell are shown in Fig. 4. During
the normal cycle (Fig. 4a), the potential of the cathode increased from
3.30 V (at the beginning of the charge) to 3.80 V (at the end of the
charge) corresponding to the de-intercalation of the Li ions from the
LiFePO4 cathode, then decreased to 3.28 V at the end of the discharge.
Meanwhile, the potential of the anode decreased from 0.65 V at the
beginning of the charge to 0.23 V at the end of the charge, correspond-
ing to the intercalation of the Li ions into graphite, then increased to
0.86 V at the end of discharge. Fig. 4b shows typical curves of the
anode and cathode potentials and the cell voltages of the whole cell
vs. time in a 20% over-discharge (120% DOD) process. The potentials
of the anode and cathode as well as the cell voltage in the charging
process changed in the same patterns as in a normal cycle; but by
the end of the over-discharge process, the anode potential sharply

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 130.203.136.75Downloaded on 2016-05-10 to IP 

http://ecsdl.org/site/terms_use


Journal of The Electrochemical Society, 160 (6) A793-A804 (2013) A797

0 2000 4000 6000 8000
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

V
ol

ta
ge

 (
V

)

Time (s)

 Cell
 Cathode
 Anode

(a) 

0 2000 4000 6000 8000 10000 12000
-2

-1

0

1

2

3

4

5

V
ol

ta
ge

 (
V

)

Time (s)

 Cell
 Cathode
 Anode

(b) 

Figure 4. (a) Potential variation of anode and cathode and cell voltages vs.
time during a normal charge/discharge cycle and (b) a charge / over-discharge
cycle of a three-electrode A123 18650 LiFePO4 cell (1.10 Ah) with a Li strip
as the reference electrode at 1 C rate.

increased positively, to 4.50 V, and then dropped down to 4.00 V,
while the cathode potential decreased to 3.16 V. At the end of the
over-discharge process, the positive shift of the anode potential from
0.86 V (normal charge) to 4.50 V (20% over-discharge) suggests that
some oxidation reactions may take place on the anode, while the shift
of the cathode potential from 3.28 V (normal discharge) to 3.16 V
indicates that some reduction reactions may occur at the cathode.

Electrochemical characterization of the possible copper corrosion
process during the over-discharge process.— As mentioned above,
the potential of each electrode could shift either positively or nega-
tively during the over-discharge period, and oxidation and reduction
could occur at the cathode and anode, respectively. One of the pos-
sibilities is that, in a cycle, Cu as the anode current collector could
be oxidized at the anode and subsequently reduced at the cathode to
form dendrites during the charging and over-discharging processes,
respectively, causing an internal short. To determine whether this Cu
oxidation and reduction occurs at the anode and cathode respectively,
and since all electrochemical reactions are essentially controlled by the
electrochemical potentials of the species, it is necessary to determine
the potentials of reduction and oxidation of Cu/Cu2+ in the LiPF6/EC-

EMC electrolyte system to provide a fundamental understanding of
the thermodynamic feasibility of the Cu/Cu2+ reduction and oxida-
tion reactions. To obtain these potentials of Cu in the LiPF6/EC-EMC
electrolyte system, a systematic approach was taken. The potential
window of the LiPF6/EC-EMC electrolyte system was determined
using a Pt working electrode first, to exclude any reduction or oxida-
tion from the electrolyte system; then, a Cu working electrode was
used to observe the oxidation and reduction potentials of Cu in the
electrolytes. The CV curves obtained from different types of work-
ing electrodes are (1) Pt electrode and (2) pure Cu electrode in the
LiPF6/EC-EMC electrolyte system and are shown in Fig. 5a to 5c,
respectively. An overall comparison of CV curves is shown in Fig. 5d.
The baseline CV of LiPF6/EC-EMC electrolyte was obtained using Pt
as the working electrode and is shown in Fig. 5a. Clearly, no obvious
reduction or oxidation peaks appeared in the entire potential range
from −0.50 V to 4.5 V, indicating that the LiPF6/EC-EMC electrolyte
system is electrochemically stable within this potential window. When
the Pt working electrode was replaced with a Cu electrode, the result
was dramatically different (Fig. 5b). Two pairs of reversible redox
couples appeared in the CV curve (Fig. 5b), which is identified with
enlarged CV cures, 3.19 V/3.92 V and 3.28 V/4.17 V (Fig. 5c). From
Fig. 5b and 5c, it is easily identified that the reduction potential of
Cu2+ ions is around 3.28 V, while the reduction potential of Cu+ ions
is around 3.19 V. The potentials of oxidation of Cu+ and Cu2+ ions
can be determined from Fig. 5b and 5c, and the reduction potential
of possible Cu2+ + e− → Cu+ is around 3.28 V, while the reduction
potential of Cu+ + e− → Cu is around 3.19 V. From Fig. 5b and
5c, it can be concluded that the Cu metal oxidized to become Cu+ at
3.92 V (Cu → Cu+ +1e−); then, the Cu+ further oxidized to become
Cu2+ at 4.17 V (Cu+ → Cu2++1e−); when the potential scanned back
to negative direction, Cu2+ reduced to Cu+ at 3.28 V (Cu2++1e− →
Cu+), then it further reduced to Cu metal at 3.19 V (Cu+ +1e− → Cu).
The detailed Cu/Cu+ and Cu+/cu2+ oxidation/reduction processes in
the LiPF6/EC-EMC electrolyte system during the over-discharge and
charge processes can be proposed based on the Cu/Cu+, Cu+/Cu2+

oxidation/reduction potentials, as shown in Fig. 6. The possible cop-
per reduction/oxidation reactions in the electrolyte are listed below:

Oxidation : Cu → Cu+ + e− 3.92 V (vs. Li/Li+); [1]

Reduction : Cu+ + e− → Cu 3.19 V (vs. Li/Li+); [2]

Oxidation : Cu+ → Cu2+ + e− 4.17 V (vs. Li/Li+); [3]

Reduction : Cu2+ + e− → Cu+ 3.28 V (vs. Li/Li+); [4]

A potential chart (as shown in Fig. 6) was built to schemat-
ically show the potential change of each electrode during the
charge/discharge process. In the charging process of a normal
charge/discharge cycle, as seen in Fig. 6a, the cathode potential in-
creased from 3.30 V to 3.80 V (also seen in Fig. 4a); in this pro-
cess, neither the oxidation of Cu to Cu+ (3.92 V vs. Li/Li+, reaction
1) nor further oxidation of Cu+ to Cu2+ (4.17 V vs. Li/Li+, reac-
tion 3) occurs on the cathode because the cathode potential is only
3.80 V (vs. Li/Li+), which is less than the oxidation potentials of Cu
to Cu+ (3.92 V) and Cu+ to Cu2+ (4.17 V), respectively. In addition,
the cathode current collector is Al foil rather than Cu foil. The only
possible reactions are Fe oxidations, which are unlikely to occur due
to the source of Fe metal and have been discussed in great detail in
our previous work.13 On the other hand, in the charging process of a
normal charge/discharge process, the anode potential decreased from
0.65 V to 0.23 V (also seen in Fig. 4a), and if there are any Cu+

or Cu2+ ions at the anode side, they could be reduced into Cu+ or
Cu metal, respectively. In the following discharge process (Fig. 6b),
the cathode potential decreased from 3.83 V to 3.28 V (also seen in
Fig. 4b). The only possible reaction on the cathode is the reduction of
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Figure 5. Cyclic voltammograms (CVs) of different metals in a LiFP6 electrolyte (1.20 M LiPF6 in EC-EMC (3:7)). (a) CV of Pt in a LiFP6 electrolyte, working
and counter electrodes: Pt; reference electrode: Li strip, potential range: 0.00 V to 4.50 V (vs. Li/Li+), (b) CVs of Cu in a LiFP6 electrolyte, WE: Cu, CE: Pt, and
RE: Li, potential range: 0.00 V to 4.50 V (vs. Li/Li+), (c) CVs of Cu in LiFP6 electrolyte, WE: Cu, CE: Pt, and RE: Li, potential range: 2.50 V to 4.50 V (vs.
Li/Li+), and (d) CVs of combination of a, b, and c. All CVs were run at a scan rate of 2.0 mV · s−1.

Cu2+ ions to Cu+ ions (3.28 V vs. Li/Li+, reaction 4), not the reduc-
tion of Cu+ ions to Cu metal (3.19 V vs. Li/Li+, reaction 2). Hence,
the oxidation of Cu foil (the anode current collector) should not occur
during the normal charge/discharge cycles; consequently, nor should
the Cu reduction occur at the cathode because no Cu2+ or Cu+ ion
sources were produced from the oxidation. However, in the normal
charge and 20% over-discharge cycles, the situation is different. In
the charging process of the 20% over-discharge/charge cycle, shown
in Fig. 6c, the cathode potential increased from 3.18 V to 3.83 V
while the anode potential decreased from 0.86 V to 0.23 V, and the
possible reactions on both anode and cathode are similar to those in a
normal charge/discharge cycle. In the following 20% over-discharge
process, shown in Fig. 6d, the anode potential increased from 0.36 V to
4.50 V (also seen in Fig. 4b), and reactions 1 and 3 sequentially oc-
curred; namely, metallic Cu (anode current collector) was oxidized to
Cu+ at 3.92 V, then Cu+ was further oxidized into Cu2+ at 4.17 V at the
anode and, finally, these Cu2+ ions transferred through the separator
to the cathode side by diffusion. Simultaneously, the cathode poten-

tial decreased from 3.80 V to 3.16 V and reduction reactions 2 and 4
sequentially proceeded; namely, Cu2+ was reduced to Cu+ at 3.28 V
and Cu+ was further reduced to Cu metal at 3.19 V. In the next over-
discharge/charge cycle, the Cu current collector was oxidized again
on the anode side and reduced on the cathode side. The same process
repeated with the cycle number of the over-discharge/charge cycles,
and the Cu dendrites grew from the cathode side and, eventually, the
Cu dendrites penetrated through the separator and touched the anode
to cause the internal short. Compared with the discharge processes
in normal cycles, reactions 1 and 3 could not take place at the anode
because the anode potential reached only 0.86 V (Fig. 5b) and never
reached 4.20 V (Fig. 5d and Fig. 4b). This demonstrates that under
normal cycling conditions, no Cu+ or Cu2+ ions should be produced
at the anode. Hence, there are no sources of Cu+ or Cu2+ ions and
consequently, the reductions of Cu+ or Cu2+ ions could not occur at
the cathode, and neither could the Cu dendrites. Therefore, the Cu
dendrites could not be the root cause of the failure for LiFePO4 cells
under normal cycling conditions, which explains why these LiFePO4
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Figure 6. Schematic representation of electrode potential of anode and cathode change of an A123 18650 LiFePO4 cell during each process: anode and cathode
potential change (a) during the charging process and (b) during the discharging process of a normal charge/discharge cycle. Anode and cathode potential change
(c) during the normal charging process and (d) during over-discharge process of a cycle of the normal charge and 20% over-discharging cycle. All electrochemical
potentials regarding to the reduction potentials of Li/Li+ (vs. Li/Li+).

cells have an excellent cycle life, more than 1750 cycles with an 80%
initial capacity (Fig. 1a).

High-energy synchrotron X-ray diffraction (HESXRD)
investigation.— In order to further study the effects of the
over-discharge process on the failure of the cell, and, in particular, on
the material failure, the HESXRD technique was used to monitor the
crystalline phase change of the electrodes in the A123 18650 LiFeO4

cell during the over-discharge/charge cycle.
The 1D HESXRD patterns of the A123 18650 LiFeO4 cell at

different DODs (10% DOD intervals) of the last charge/over-discharge
cycle right before failure are shown in Fig. 7. For this cycle, the
diffractogram was recorded from the charge starting with 0% SOC.
Once the SOC reached 100%, the over-discharging process was started
(from 0% DOD to 120% DOD). In the majority of the diffractograms,
eight or more peaks were observed. The expected diffraction peaks
(2θ) at 1.21◦, 1.44◦, 1.78◦, 2.06◦, and 2.47◦ were from the 200, 101,
111, 020, and 311 planes of the LiFePO4, the peak (2θ) at 1.25◦, 2.53◦

was from the 200 and 121 planes of the FePO4. The signatures of
the two-phase reactions of the LiFePO4/FePO4 are seen in Fig. 7a for
those peaks. In the charging process, the relative intensity of the peaks
for LiFePO4 decreased with the increase of the SOC and disappeared
at 100% SOC (Fig. 7a), whereas an opposite trend of relative intensity
change of the peaks with SOC for the FePO4 was observed.16 During
20% over-discharge, it was speculated that the Li+ ions from the
electrolyte would be forced to insert into the cathode, which might
cause a volume expansion of the cathode, as reflected by the intensity
of the LiFePO4 peaks. Comparing the diffractograms of this cell at
100% DOD with those at 120% DOD (Fig. 6b), no obvious changes
occurred for either the LiFePO4 or the FePO4 peaks, suggesting that
there is no crystalline phase change; hence, the over-insertion of Li+

ions into the cathode seems unlikely, and the over-discharge seems not
to damage the crystalline structure of the cathode. Thus, the damage
of the crystal structure of LiFePO4 and FePO4 is not the root cause of
failure from over-discharge. The same intensity of these peaks (100%

DOD and 120%DOD) before the failure suggests that the LiFePO4

did not decompose.
The structural evolution at the anode side was simultaneously mon-

itored together with that at the cathode side. The diffraction peak at
2θ = 1.84◦ (Fig. 7c), corresponding to the 002 plane of the graphite
showed an interesting change during the charge/over-discharge cycle.
The 002 plane peak of the graphite shifted to a smaller angle with in-
creased SOCs (Fig. 7b); due to Li insertion, after 30% SOC, the peak
position remained approximately constant at 2θ = 1.76◦, which is the
(002) reflection position expected for a stage-2 LiC12, whereas the
relative intensity of the peak decreased as the SOC increased. When
SOC reached 100%, the peak for the graphite disappeared, while a
new peak at 2θ = 1.67◦ appeared, which is the (002) reflection of the
stage-1 LiC6. This process was reversed in the discharge process. It is
worthwhile to note that the 002 plane peak of the graphite re-appeared
at 100% DOD, and when over-discharge continued to 120% DOD,
neither the 002 plane peak intensity nor the peak position changed,
suggesting that the graphite layer structure was not affected by the
over-discharge.

The distance between two neighboring graphite layers, d-spacing,
can be calculated from the diffraction peak according to the Bragg
Equation. The calculated d-spacing change over time during the charge
and over-discharge cycle is shown in Fig. 7d along with the cell voltage
change. Clearly, d-spacing increased with SOC during the charge
process, corresponding to the insertion of Li+ ions into the graphite
layers. The d-spacing decreased as the DOD increased, indicating
the de-insertion of Li+ ions out of the graphite layers. The typical d-
spacing of the natural graphite for 0% SOC (100% DOD) is 3.354 Å,17

and the change in the d-spacing of the graphite layer during the cycle
was within 5% of the standard value. Such a small change of d-spacing
as that observed in Fig. 6d should not cause a significant increase in
cell temperature. Hence, the structural changes of the graphite anode
are unlikely the root cause of the failure.

Characterization of the microstructure of the cells.— In order to
investigate the morphological changes of the cell components inside
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Figure 7. (a) Synchrotron XRD data of an A123 18650 LiFePO4 cell at different SOCs and DODs, (b) comparison of synchrotron XRD data of the cell at DOD
= 100% and 120%, (c) graphite peak in the synchrotron XRD data of a LiFePO4 cell and (d) MCMB d-spacing changes of the anode in a LiFePO4 cell during the
charge/discharge process.

the cells after the over-discharge process, components in the failed
cells were examined using SEM and EDAX. First, the anodes were
analyzed. In the anode part, a copper foil was used as the current
collector and the two graphite electrode layers sandwiched the copper
foil as shown in Fig. 8a. The Cu foil remained in good shape with a
smooth surface, and there was no Cu found in the graphite electrode
layer as evidenced by EDAX. However, the surface of the Cu foil in
the failed cell became rough, and clear corrosion features are seen in
Fig. 8b. Furthermore, Cu was found in the graphite electrode layer by
EDAX, suggesting that Cu is dissolved from Cu foil and is transferred
into the graphite electrode layer. Notice that there is a resin layer on
the left hand side of the Cu foil in Fig. 8b because the original graphite
electrode layer on the left hand side was detached from the Cu foil
after failure, and a resin layer formed when the sample was prepared
for SEM analysis.

The separator of the failed cell under 20% over-discharge was
examined, and the SEM image is shown in Fig. 9. A number of bright
spots on the surface of the separator were observed (as the arrows
pointed in Fig. 9a). A closer look (Fig. 9b) reveals that these spots
are white deposits, which are Cu, as identified by EDAX (Fig. 9c).
Comparing the surface of the separator of the cell cycled under 100%
DOD, (Fig. 9d), no such white deposits are observed, and no Cu

deposits exist on the surface (Fig. 9e). The Cu was also found inside
the separator, as identified by the EDAX, on the cross-section of the
separator of the failed cell (Fig. 9f). Similar Cu spots were also found
on the opposite side of the separator of the failed cell under 20%
over-discharge, suggesting that these spots are Cu dendrites, formed,
grown, and penetrated through the separator during the charge/over-
discharge cycle.

Similar to the anode, two LiFePO4 cathode electrode layers are
sandwiched the aluminum foil of the cathode current collector as
shown in Fig. 10a. Both the LiFePO4 cathode electrode layer and
the Al foil have a smooth surface and are in good shape. However,
after failure, on the outer surface of each LiFePO4 cathode electrode
layer, two new layers appear with the outer layer being more dense
and the inner layer being more loose, as shown in Fig. 10b (as the
arrows indicate). The outer layer (Layer 1 in Fig. 10b) is the resin
layer formed during the SEM specimen preparation, as identified by
EDAX, which shows a very small amount of Cu but a large amount of
C and Cl in this layer (Fig. 10c), while the loose layer (layer 2 in Fig.
10b) with a dense layer (layer 3 in Fig. 10b) on the back is a Cu layer
as identified by EDAX (Fig. 10d & 10e). Quite a large amount of Cu
is found inside the LiFePO4 cathode electrode layer (Fig. 10f). There
is a new layer found on the Al foil surface facing the anode side (layer
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Figure 8. (a) Cross-section SEM image with (c) element distribution of the
anode from a fresh cell; (b) cross-section SEM image with (d) element distri-
bution of the anode from a cell that failed after 20% over-discharge cycle.

4 in Fig. 10b) which is a resin layer formed during SEM specimen
and identified by EDAX (Fig. 10g) (It was observed that the LiFePO4

cathode electrode layer detached from the Al current collector when
the roll of assembly of the 18650 LiFePO4 cell was removed from
the case after the failure). Finally, it was found that there was no Cu
inside the Al foil, suggesting that the Al-Cu alloy was not formed. To
summarize the SEM observation of the cathode, it seems that the Cu
ions diffused from the anode side through the separator and eventually
reached the cathode. These Cu ions were reduced into a Cu metallic
form at the surface of the LiFePO4 cathode electrode layer to form
a Cu deposit layer; the rough surface of the layer also demonstrates
the formation of the Cu deposit layer and the Cu dendrites. Some of
the Cu ions continued to move into the LiFePO4 cathode electrode
layer and were reduced into the Cu metallic form inside the cathode
electrode layer.

Combining the SEM observation of the anode, the separator, and
the cathode, it is clear that the Cu ion is produced from the Cu foil
dissolution during the over-discharge process, then these Cu ions
migrate toward the cathode and transfer into the separator and, finally,
these Cu ions reach the surface of the LiFePO4 cathode electrode

Table I. Element distribution of each layer in fresh and failed cells.

Cells Parts Cu Al P O Fe C

Fresh Anode
√ √

cathode
√ √ √ √

separator
√

Failed Anode
√ √

cathode
√ √ √ √ √

separator
√ √

layer and are reduced on the surface to form a Cu deposit. Some of
the Cu ions move inside the LiFePO4 cathode electrode layer and are
reduced. The element distribution of each layer in the fresh and the
failed cell is compared in Table I. In the fresh cell, Cu is found only
in the anode side, while in the cell that failed under over-discharge
conditions, the Cu can be found in the anode, the separator, and the
cathode. Other elements remain the same in both the fresh and failed
cells. Therefore, from the SEM and EDAX observations, it can be
concluded that Cu metal particles formed a bridge between the anode,
through the separator, and to the cathode. This bridge could lead
to micro-shorting due to the formation of metal dendrites, which can
penetrate through the separator and, eventually, could cause the failure
of the cell, which is consistent with Hossein’s work7 and Leising’s
work.8

Failure mechanism.— After systematically studying the behavior
of the A123 18650 LiFePO4 cells under over-discharge conditions,
characterizing cell components using SEM/EDAX on the failed cells,
in-situ monitoring the potential changes and the structural changes of
the anode and the cathode using CV and HESXRD, respectively, and
electrochemically determining the reduction and oxidation potentials
of the Cu for different reactions in the LiPF6/EC-EMC electrolyte
system, the possible failure mechanism of an A123 18650 LiFePO4

cell in the charge/over-discharge cycles can be proposed. In an A123
18650 LiFePO4 cell, the copper foil as a current collector on the anode
side was oxidized to Cu+ ions at 3.92 V and continued to be oxidized to
Cu2+ ions at 4.17 V in the over-discharging process; then, these Cu2+

ions diffused to the cathode side driven by the concentration gradient
between the anode and the cathode; finally, Cu2+ ions were reduced to
Cu+ at 3.28 V and further reduced to Cu metal at 3.19 V at the surface
of the cathode LiFePO4 layer in the over-discharge process. The Cu2+

ions in the proximity of the cathode simultaneously were reduced to
Cu+ ions and Cu metal to form dendrites because the cathode potential
can be as low as 3.16 V in the over-discharge process, which is less than
the reduction potential (3.19 V) of Cu+ + e− → Cu. The dendrites will
keep growing from the cathode side with charge/discharge cycles, and
eventually, the separator will be penetrated through to cause a micro
internal short. This is the reason why copper dendrite are the major
cause of failure during the over-discharge process rather than during
the normal cycle.

Under normal cycle conditions, the anode potential goes up only
to 3.80 V, which is below the oxidation potential, 3.92 V (Cu →
Cu+ +1e−) and 4.17 V (Cu+ → Cu2++1e−) (Fig. 6d); hence, the
dissolution of the copper foil does not occur. In addition, even if
there are some Cu ions as impurities existing in the cathode LiPF6

electrode layer, the reduction of the Cu ions to Cu metal cannot take
place because the cathode potential can decrease only to 3.28 V,
which is much higher than the potential of 3.19 V (Cu+ + e− → Cu)
(Fig. 6d). Hence, no Cu dendrite formation occurs for the LiFePO4

cells cycled under normal cycling conditions. This also explains why
the LiFePO4 cell can be safely operated at room temperature for 1750
cycles with 80% initial capacity.

Conclusions

The failure of commercial LiFePO4 cells was systemati-
cally investigated using commercial A123 18650 cells during
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Figure 9. (a) The top-view of SEM image with bright spots of copper bridges (as arrow pointed) formed on the surface of the separator from the cell that failed
after a 20% over-discharge cycle; enlarged copper bridge image (b) and EDX (c) of the formed copper bridge; top view (d) and element distribution (e) of the fresh
separator; cross-section and element distribution (f) of the failed cell during a 20% over-discharge condition.

charge/over-discharge cycling conditions at a 1 C rate and dif-
ferent degrees of over-discharge (100–120%DOD). The cycle
life decreased with the increased degree of over-discharge. Sharp
temperature rising during over-discharging process also was observed.
Using cyclic voltammetry, the potentials of the Cu/Cu+ and Cu/Cu2+

oxidation/reduction pairs in 1.2 M LiPF6 in EC-EMC (3:7) were found
to be at 3.19 V/3.92 V and 3.28 V/4.17 V, respectively. HESXRD was
used to investigate the microstructure changes of the electrodes dur-
ing the charge and the following over-discharge process. Combining
all results, the proposed possible failure mechanism is that the Cu is

oxidized into Cu cations on the anode side, then, these Cu cations
diffuse through the separator to reach the surface of the cathode and,
finally, these Cu cations are reduced to the Cu metallic form at the
cathode during the over-discharge process. These Cu deposits grow
into Cu dendrites with cycling number and, eventually, they will form
the copper bridge that causes micro-shorting. The higher the degree
of over-discharge is, the higher the potential of the anode is and, con-
sequently, the more severe the copper dissolution is. This explains the
rapid decrease of cycle life of an A123 18650 LiFePO4 cell with an
increase in the degree of over-discharge. During normal operation,
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Figure 10. (a) Cross-section SEM image and element distribution of cathode from a fresh cell and (b)a cell that failed during 20% over-discharge cycling. Element
distribution of each layer in (b) determined by EDAX: (c) resin layer, L1 in (b); (d) 1st copper layer, L2 in (b); (e) 2nd layer, L3 in (b); (f) LiFePO4 layer in marked
rectangular area in (b); (g) resin layer, L4 in (b); (h) Al foil layer in marked rectangular area in (b).

Cu deposition will not occur since the potentials of both the anode
and cathode stay in the range outside the Cu oxidation and reduction,
which makes the copper foil dissolution and the consequent copper
ion reduction into copper metal impossible. The potential changes
during the cycle, as well as potentials of the redox couple, explain
why the A123 18650 LiFePO4 cells can be safely operated under
normal cycling conditions.
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