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a b s t r a c t

We describe and implement a method of extending the life of a LiFePO4/graphite lithium ion battery by
replenishing the lost active lithium during cell operation and concomitant capacity fade. The approach
may prove helpful in terms of increasing lithium ion cell life. After the cell had lost 30% of its capacity,
analysis showed that the cell had not experienced significant impedance increase or cathode capacity
vailable online 6 March 2011
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loss, and the anode had lost about 5% of its storage capacity. The analysis confirmed that the loss of active
lithium greatly outpaced the loss of capacity for either electrode and is responsible for cell capacity decay.
The cathode was then discharged against an external lithium electrode to increase the amount of active
lithium within the cell. About half of the lost capacity was recovered, and the cell cycled for 1500 more
cycles. Active lithium replenishment from a reserve electrode may be an effective method of extending
the life of lithium ion batteries.
ycle life

. Introduction

The main objective of this work is to provide a practical approach
o significantly increase the life of lithium ion batteries. These
atteries are being considered for applications that demand excep-
ionally long calendar and cycle lives. Examples are hybrid, plug-in,
nd pure electric vehicles, as well as satellites and other aerospace
pplications. Common methods of extending battery life include
he employment of long life cathode (positive electrode) and anode
negative electrode) materials and the restriction of battery oper-
tion to avoid conditions detrimental to battery life. Examples of
onditions to avoid include high and low temperatures, high depths
f discharge, and high rates [1–5]. These restrictions invariably
ead to under-utilization of the battery relative to nominal spec-

fications, thus lowering effective energy density of the battery. In
ddition, precise control of cell temperature with aggressive ther-
al management on the pack level is often required, which adds

ignificantly to system weight, volume, and cost. Even with these

∗ Corresponding author at: HRL Laboratories, LLC, Energy Technologies Dept.,
011 Malibu Canyon Rd., Malibu, CA, United States. Tel.: +1 310 317 5155;
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operation and design restrictions, lithium ion battery life is still
limited to at most a few thousand deep-discharge cycles.

The mechanisms of performance decay for lithium ion batteries
have been subjects of extensive studies [1,6–30]. In general, batter-
ies lose capacity and/or power capability due to resistance increase
[7–9,14,31,32]. Capacity loss of a battery is related to active mate-
rial loss. The three important quantities to consider are the storage
capacity of the cathode, that of the anode, and the amount of the
active lithium cycling between the two electrodes. When a conven-
tional lithium ion battery is fabricated, the (carbon) anode capacity
is always larger than that of the cathode. This design is necessary
to prevent the possibility of lithium metal plating during charging
if active lithium exceeds the capacity of the negative electrode. The
cathode initially holds all the active lithium prior to the first charge.
A portion of the active lithium is consumed to form the solid state
interface layer during the first charge (also known as the forma-
tion cycle). Consequently, the amount of active lithium is smaller
than the positive electrode capacity. It is obvious that the amount
of active lithium is smaller than the storage capacity of either of

the two electrodes. This amount is equivalent to the measured cell
capacity at very low rates. When the amount of active lithium is
reduced during a battery’s calendar and cycle life, the cell capacity
decreases accordingly. At the same time, the storage capacities of
the electrodes can also decrease. However, as long as the amount

dx.doi.org/10.1016/j.jpowsour.2011.02.087
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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Fig. 1. Schematic of an experimental setup for lithium replenishment. A cylindri-
cal cell with its end cap open is immersed in an electrolyte solution. A lithium
metal electrode is used to provide active lithium to one of the two electrodes during
replenishment.
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f active lithium remains smaller than the storage capacity of both
lectrodes, the cell capacity will always correspond to the amount
f active lithium.

In this work, we employ a lithium replenishment technique to
ncrease the amount of active lithium in a cycled battery cell to
estore part of its lost capacity and extend its cycle life. This tech-
ique uses a lithium storage electrode that is not active during
attery operation but can be discharged against either the cathode
r the anode when there is a need to increase active lithium amount.
e carried out the lithium replenishment using a lithium ion bat-

ery with a LiFePO4 positive and a graphite negative electrode. This
attery is a promising candidate for high power applications such as
or use in hybrid electric vehicles (HEVs) and power tools because
f high thermal stability, potentially low cost, and good cycle life
33–40]. First, a LiFePO4/graphite commercial cell was cycled to
nduce capacity fade. After the cell has lost a significant amount
f its capacity, active lithium was inserted into the battery by dis-
harging the positive electrode against an external lithium source
corresponding to lithium insertion of the cathode). We find that a
ignificant amount of the lost capacity is recovered, and we exam-
ne the resultant cycling performance of the replenished cell.

. Experimental

The commercially available 2.2 A h, 26,650 cylindrical cells were
urchased from A123Systems Inc. The cell chemistries involve a
iFePO4 positive electrode and a graphitic carbon negative elec-
rode. The battery was cycled at 45 ◦C to induce capacity fade. The
ycling test was performed on an Arbin BT-2400 system (Arbin
nstruments, TX). During each cycle, the cell was charged to a

aximum voltage of 3.6 V at a C/2 rate and a voltage hold was
pplied until the current was less than C/20, or 0.1 A. 80% Depth-
f-Discharge (DOD) or a capacity of 1.6 A h at a rate of C/2 was used
or the discharge cycle. End of discharge voltage of 2.0 V was used
s a cut-off voltage indicating the cell has reached the end of life
EOL).

Prior to the cycling test, the cell capacity was characterized by
onstant current charge/discharge measurements at rates of 6C,
/2, and C/20. At each rate, two cycles were measured and the
esults from the second cycle were recorded. During the cycling
est, the cell was stopped periodically for additional capacity char-
cterization.

Lithium replenishment procedures were carried out after the
ell reached the End-of-Life (EOL). Fig. 1 shows the setup for the
ithium replenishment experiments. All the procedures were per-
ormed in an argon filled glove box. An EOL cell was opened at the
ottom and immersed into an electrolyte solution of 1 M LiPF6 in
C/DMC (1:1). A lithium electrode was placed in the electrolyte
o serve as the lithium source for replenishment. The positive elec-
rode of the cell was discharged against the lithium metal electrode
t a constant current of 0.5 mA while the graphite anode was idling.
he cell was the allowed to rest for 24 h, and the capacity was
easured between the cathode and the graphite anode while the

ithium served as a reference electrode.

. Results and discussion

Our previous work has established that the aging mechanism
f the LiFePO4/graphite batteries is dominated by cell capacity loss
uring cycling due to the loss of active lithium under moderate

perating conditions as would be expected in many applica-
ions [5]. Using detailed electrochemical analysis combined with
estructive physical analysis, we have determined the capacity fad-

ng behaviors of all three major components of a battery. Key results
erived include: (1) LiFePO4 cathode was very robust upon cycling
Fig. 2. (Top) Evolution of discharge profiles for a LiFePO4/graphite lithium ion cell
after cycling tests at 80% DOD, C/2 rate, and 45 ◦C; (bottom) differentiation curves
of the discharge profiles.

with negligible capacity loss; (2) small capacity loss was observed
on graphite anode; and most importantly, (3) the loss of active
lithium outpaced the loss of graphite electrode and cell capacity
was limited by the amount of active lithium. In other words, the
active storage capacities for both the positive electrode and the neg-
ative electrode are always higher than the amount of active lithium
and both electrodes become increasingly under-utilized. In this
report, we first confirm whether this battery cell follows the same
loss mechanism by analyzing the evolution of the charge–discharge
profiles during cycling.

The beginning of life capacity of the cell was 2.237 A h. The cycle
test conditions correspond to 80% DOD (depth of discharge), 45 ◦C,
and C/2 rate. Periodically, cell capacities were measured to moni-
tor decay; the discharge curves are shown in Fig. 2. Consistent with
our previous observations, the cell does not appear to experience

appreciable resistance increase since the discharge voltage remains
constant. Rather, the cell capacity gradually decreases. After 2730
cycles, the cell has lost 30% of its initial capacity. The capacity even-
tually fell to 1.514 A h, which we define as the end of life for the
cell.
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Table 1
Summary of cell capacity rejuvenation after each period of lithium replenishement.

Period Lithium inserted (mA h) Cell capacity rejuvenated (mA h)

P1 50 37
P2 50 31
P3 80 47
P4 150 74
P5 200 95
P6 200 116

Totals 630 400
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P0 = 1.5144 Ah

 P1 = 1.5530 Ah

 P2 = 1.5840 Ah

 P3 = 1.6309 Ah

 P4 = 1.7046 Ah

 P5 = 1.7994 Ah

 P6 = 1.9151 Ah

Fig. 4. Discharge curves of the LiFePO4 battery after each period of lithium replen-
ishment; the replenishment is performed by discharging the cathode against a
lithium metal electrode.
ig. 3. Capacity retention of the cell and the carbon anode material as a function of
ycle number. The capacity of the carbon anode material was deduced from analysis
f the differentiation curves shown in Fig. 2.

We next analyze the discharge curves to quantify the loss
f active material during cycling. The dV/dQ technique has been
escribed previously [5,41–43]. (V denotes voltage and Q repre-
ents Coulombic capacity.) In short, the discharge curves of the cell
arry the features from the graphite electrode, since the LiFePO4
athode does not contribute substantially to any of the V–Q fea-
ures. In the dV/dQ vs Q curve, the peaks correspond to specific
ithium concentrations in graphite; i.e., x in LixC6. The distance
etween the peaks, in terms of capacity, is proportional to the
mount of graphite. If there is a loss of graphite, this distance
ill decrease. If there is a loss of active lithium, the peaks will
ove an equivalent amount, in terms of capacity, towards lower

tate of discharge, since the lithium concentration in graphite will
ecrease at the beginning of discharge. By taking into account these
wo factors and the employment of discharge profiles of individual
lectrodes vs Li, we are able to simulate the cell discharge profile
rom individual electrode data and deduce the remaining capaci-
ies of individual electrodes. Fig. 3 summarizes the results for this
ell. While the cell has lost ∼30% of its capacity or active lithium,
he graphite anode lost about 10% of its storage capacity, and the
iFePO4 cathode suffered no measurable capacity loss.

Since the loss of active lithium greatly outpaced the loss of
raphite anode, it is possible to recover part of the lost capacity by
eplenishing active lithium as long as the total lithium in the cell
oes not exceed the capacity of either electrode. After the battery
as reached the EOL, cell capacity was then replenished by dis-
harging the cathode against a lithium metal electrode as shown
n Fig. 1. The battery was then left at open circuit for 24 h to equi-
ibrate the electrodes. Fig. 4 shows the C/2 discharge curves after
ach period of lithium replenishment. We started with an EOL cell
ith a capacity of 1.514 A h. After 6 periods of lithium replenish-
ent processes, the cell capacity has increased to 1.915 A h. Hence,

.4 A h of active lithium was inserted into the battery. The discharge
urves after each period of lithium replenishment are very sim-
lar to those before replenishment of lithium. The results of the
ithium replenishment are also summarized in Table 1. Note that
he charge consumed for lithium replenishment is much greater
han the observed increase in active lithium. In other words, the
oulomb efficiency of the process is only around 50%. The reason
or this low efficiency is not yet known but likely related to para-

itic reactions in the system. A possible source is the battery casing
aterial that is immersed in the electrolyte and could consume

harge due to surface reactions. During each capacity characteri-
ation, we also monitor the anode voltage vs lithium metal, which
erves as a reference electrode. Fig. 5 shows both the cell voltage
Fig. 5. Battery voltage and anode voltage curves after period 6 of lithium replenish-
ment, recorded at a C/20 rate.

and anode voltage after period 6 of the lithium replenishment. The
anode potential relaxed to ∼0 V vs Li indicating that lithium plat-
ing has occurred at the anode, indicating that the active lithium
amount in the system exceeded the capacity of the negative elec-
trode. Therefore, we terminated the lithium replenishment process
after period 6 for a total of 0.4 A h of lithium insertion.

While these experiments demonstrate that we are able to insert
active lithium into an EOL battery to increase its capacity, it is of
great importance to investigate the cycling performance of the reju-
venated battery. We cycled the cell at 80% DOD, C/2 rate, and room
temperature. Fig. 6 shows the evolution of the cell discharge pro-

files which are very similar to those prior to lithium replenishment
and show no signs of significant resistance increase. The cell suc-
cessfully performed 1500 additional cycles, after which its capacity
was 1.62 A h.
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Fig. 6. Evolution of cell discharge curves after lithium replenishment. 1500 addi-
tional cycles are demonstrated.
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ig. 7. Capacity fade profiles of the cell recorded before and after lithium replenish-
ent. Before the lithium replenishment, the cycle test conditions were at 80% DOD,

5 ◦C, and C/2 rate; after the lithium replenishment the cycle test conditions were
t 80% DOD, 25 ◦C, and C/2 rate.

. Summary and conclusions

This work demonstrates that that active lithium can be inserted
nto a degraded lithium ion cell to extend its cycle life. More than
0% (0.4 A h) of the lost capacity of an EOL LiFePO4/graphite cell was
ecovered and the cell was then subjected to 1500 additional cycles
ig. 7. The concept is most efficient when a lithium battery experi-
nces little resistance rise and loses its capacity due to a reduction
n active lithium. In the case of a LiFePO4/graphite cell, the loss of
ctive lithium greatly outpaces the capacity loss of either electrode
nder moderate cycling conditions consistent with most cell appli-
ations. By replenishing the active lithium from a reserve lithium
torage material, the capacity of the battery can be partially recov-
red. Our results suggest novel designs for lithium ion batteries
here a third electrode is built in to act as an active lithium reserve,
hich will provide active lithium on demand. A major advantage

f this approach is that the reserve electrode adds very little addi-
ional weight or volume to the battery, since lithium metal or other

igh capacity materials can be used that do not need to repeatedly
ycle.

While this work shows promise for the in situ rejuvenation of a
ithium ion battery, there are many integration issues and asso-
iated open questions. For example, the current demonstration

[
[

[

rces 196 (2011) 5966–5969 5969

employs a very low current to perform the lithium replenishment
due to the tight wound jelly roll design of the cylindrical cell. Fur-
ther development in engineering design of the battery is necessary
to significantly increase the rate of lithium replenishment to enable
its use in practical systems.
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