
C

M
a

b

c

d

a

A
R
R
A
A

K
G
S
C
I
R
P

1

t
d
i
l
f
e
b
s
d
w
f
w
m
t
T
m
o
t

c

0
d

Journal of Power Sources 208 (2012) 296–305

Contents lists available at SciVerse ScienceDirect

Journal of Power Sources

journa l homepage: www.e lsev ier .com/ locate / jpowsour

alendar aging of a graphite/LiFePO4 cell

. Kassema,∗, J. Bernardb, R. Revelb, S. Pélissierc, F. Duclaudd, C. Delacourta,∗

Laboratoire de Réactivité et Chimie des Solides, UMR CNRS 6007, Université de Picardie Jules Verne, 80039 Amiens, France
IFP Energies Nouvelles, Rond-point de l’échangeur de Solaize, BP 3, 69360 Solaize, France
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a b s t r a c t

Graphite/LFP commercial cells are stored under 3 different conditions of temperature (30 ◦C, 45 ◦C, and
60 ◦C) and SOC (30%, 65%, and 100%) during up to 8 months. Several non-destructive electrochemical
tests are performed at different storage times in order to understand calendar aging phenomena. After
storage, all the cells except those stored at 30 ◦C exhibited capacity fade. The extent of capacity fade
strongly increases with storage temperature and to a lesser extent with the state of charge. From in-
depth data analysis, cyclable lithium loss was identified as the main source of capacity fade. This loss
raphite/LFP cells
torage
apacity fade

mpedance
ate capability
ITT

arises from side reactions taking place at the anode, e.g. solvent decomposition leading to the growth
of the solid electrolyte interphase. However, the existence of reversible capacity loss also suggests the
presence of side reactions occurring at the cathode, which are less prominent than those at the anode.
The analyses do not show any evidence about active-material loss in the electrodes. The cells do not
suffer substantial change in internal resistance. According to EIS analysis, the overall impedance increase
is 70% or less.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Lithium-ion batteries are now the dominant rechargeable sys-
ems in the market. They have attracted a great deal of interest
ue to their high energy and power densities. They are widely used

n portable electronics (e.g., cellular phones, digital cameras, and
aptop computers) and are considered as the perfect candidates
or electric transportation (e.g., electric vehicles (EVs) and hybrid
lectric vehicles (HEVs)). As most of the battery systems, Li-ion
atteries suffer capacity and power fade during both cycling and
torage. Although aging is not much an issue for portable electronic
evices, it becomes absolutely crucial for EVs and HEVs application
here substantially longer lifetime is requested. The cycle life per-

ormance of lithium-ion batteries was studied extensively and is
ell-documented in the literature. It was found that the perfor-
ance loss is caused by various mechanisms, which depend on

he electrode materials and on the adopted usage protocol [1–11].
his loss can be attributed to several processes such as (i) the (pri-

ary) loss of cyclable lithium which is related to the side reactions

ccurring at both electrodes (e.g., SEI growth at carbon anode due
o electrolyte decomposition) and leading to an increase of the cell

∗ Corresponding authors. Tel.: +33 3 22 82 75 89; fax: +33 3 22 82 75 90.
E-mail addresses: mohammad.kassem@u-picardie.fr (M. Kassem),

harles.delacourt@u-picardie.fr (C. Delacourt).

378-7753/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2012.02.068
imbalance, (ii) the (secondary) loss of active materials (e.g., material
dissolution, structural degradation, particle isolation, and electrode
delamination), and (iii) impedance increase of the cell (e.g., pas-
sive films at the active particle surface and loss of electrical contact
within the porous electrode). In addition to cycling performance,
another crucial factor for lithium-ion battery applications is the
storage performance. The calendar life of these batteries represents
an important factor in the evaluation of their dependability and sta-
bility and the corresponding tests are designed to evaluate the cell
degradation as a result of passage of time with minimal usage. A
personal EV spends about 95% of its time in parking mode, hence the
relevance of studying calendar aging. Several calendar life perfor-
mance studies exist in the literature [12–22]. Broussely et al. [12]
reported the loss of cyclable lithium due to side reactions at the
graphite negative electrode as the main source of aging during stor-
age at high temperature. Increase of cell impedance with storage
time was reported in Refs. [14,16,18]. Zhang and White [22] have
performed a calendar life study on Li-ion pouch cells and observed
that the capacity fade is linear with time at low temperature and
nonlinear at high temperature and that the anode experienced a
severe loss of active carbon during storage at high temperature (60%
loss at 25 ◦C, and over 80% loss at 35 ◦C and 45 ◦C).
We are particularly interested with the performance decay
because of aging processes in LFP-based cells. These cells have
undergone a formidable development qualifying them to meet
the demands of high-rate devices (e.g., HEV) and to compete with

dx.doi.org/10.1016/j.jpowsour.2012.02.068
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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ells based on other cathode materials, such as layered and spinel
xides. The olivine LFP cathode, reported for the first time by Padhi
t al. [23,24], has a theoretical capacity of 170 mAh g−1 and a redox
otential around 3.43 V vs. Li electrode [25]. It is safe, because of a
igh thermal stability, and has a low toxicity and a low cost com-
ared to cathodes such as LiCoO2. Several aging studies concerned
ith life performance of LFP-based cells are found in the literature

26–38]. Refs. [26–28] reported that the major cause of capacity
ade arises from side reactions that consume cyclable lithium and
ncreases the interfacial resistance of the anode. Dubarry and Liaw
29] combined the differential-capacity analysis and SOC tracing of
he cell at 600 cycles and concluded that aging mainly results from
he formation of a Li-consuming SEI layer at the graphite electrode.
ome authors suggested that the cathode is the main contributor to
apacity fade. Amine et al. [30] and Koltypin et al. [31,32] confirmed
ron dissolution from LFP electrodes and attributed the capacity
ade to the formation of interfacial films produced on the graphite
lectrodes as a result of possible catalytic effects of the metallic
ron particles. Liu et al. [33] analyzed the differential curves that
evealed loss of cyclable lithium as well as degradation of the carbon
node. Dubarry et al. [35] reported that the cells suffer severe degra-
ation at 60 ◦C that could be explained by electrochemical milling
f grains. This effect might cause some loss of active material in the
ositive electrode and consequently induce a loss of Li inventory,
ue to SEI formation on the fresh surface created, especially at ele-
ated temperatures. Safari and Delacourt [37], in their aging study
f LFP/C cells, identified the depletion of cyclable lithium and the
artial loss of graphite active-material particles as the two contrib-
tors to the capacity decline. However, the post mortem analysis
38] revealed that the graphite active-material loss is not present
or cells under storage conditions and is only experienced for the
ells under cycling. The aim of the present work is to study the effect
f open-circuit-potential storage on the performance of commer-
ial graphite/LFP cells. In this study, aging results under storage are
resented and the effect of storage temperature and storage state
f charge (SOC) on aging is discussed thoroughly.

. Experimental

Experimental studies were performed on graphite/LiFePO4 cells
LiFeBattTM X1P, 8 Ah, 38123 [39]) designed for power-type appli-
ations. These cells consist of C–LiFePO4 cathode and graphite
node with a nominal capacity of 8 Ah and cell dimensions of
23 mm long, 38 mm diameter and a weight of 290 g. The cells
ere stored at 3 different temperatures: 30 ◦C, 45 ◦C, and 60 ◦C

nd at 3 different states of charge (SOCnom): 30%, 65%, and 100%.
his means that there are a total of 9 different storage condi-
ions. For each storage condition, 3 cells were aged. Thus, the
otal number of cells tested during this aging study amounts to
7. All the experiments were conducted using a multipotentio-
tat (VMP3, Biologic, France) outfitted with a 10 A or 20 A booster,
xcept the rate–capability tests for which a multichannel bat-
ery tester (SBT2050, PEC, Belgium) was used. The aging tests
ere performed in a temperature-controlled environment. Cli-
atic chambers (Binder KB53, Memmert ULE 800, or Friocell 700)
ere used for this purpose.

Before performing the initial checkup of the cells, they were
reconditioned using six charge/discharge cycles. This step allowed
emoving possible outliers. Discharge/charge cycles consisted of
constant current discharge at 1 Cnom down to 2 V, followed by

0 min rest, a constant current constant voltage (CCCV) charge [i.e.,

Cnom (8 A) up to 3.65 V and potential hold at 3.65 V until a cut-off
urrent |I| = Cnom/20], and another 30 min rest period.

After this preconditioning step, a checkup procedure was
arried out. It included a capacity measurement followed by
Sources 208 (2012) 296–305 297

electrochemical impedance spectroscopy (EIS) at different SOCs.
The capacity measurement was done using the exact same
discharge/charge procedure as that described above for cell precon-
ditioning. Two discharge/charge cycles were performed in order
to extract reversible and irreversible capacity losses (see Section
3.5). The EIS measurement was carried out in the frequency range
of 10 kHz to 10 mHz with a 5 mV RMS sinusoidal potential. The
impedance spectra were measured at different nominal checkup
SOCs (SOCnom,ck = 100%, 80%, 60%, 40%, and 20%). These nominal
SOCs were set from a fully charged state (the cells are at SOC = 100%
after the 2 cycles) by using a 1 Cnom discharge rate during 12 min,
24 min, 36 min, and 48 min in order to set the SOCnom,ck 80%,
60%, 40%, and 20%, respectively. After the checkup, open-circuit-
potential storage was resumed after the cells were reset to their
storage SOCnom (100%, 65%, or 30%) and temperature (30 ◦C, 45 ◦C,
or 60 ◦C). To reset the SOC, a 1 Cnom discharge rate was applied to
the fully charged cells during either 21 min or 42 min for SOCnom

65% and 30%, respectively. To evaluate the state of health (SOH)
of the cells during storage, intermediate checkups were performed
during an interval of several months. The storage was interrupted,
the cell temperature was set to 25 ◦C, and the cell capacity and
EIS were measured. The protocol carried out during these interme-
diate checkups is identical to that performed for initial checkup.
At the end of the aging period, an extra checkup was performed.
It included potentiostatic intermittent titration technique (PITT)
and a rate capability test. The low-rate PITT test was performed
on 10 graphite/LFP cells (a fresh cell and nine aged cells) and
consisted of a staircase potential profile during which the cell
potential was increased (decreased) by 5 mV increments between
2 V and 3.65 V and the current decay vs. time was measured at each
potential step. Each individual titration is terminated when the
absolute current reached a value of Cnom/20. The rate–capability
tests were performed on the same ten batteries, using the multi-
channel battery tester (SBT2050, PEC, Belgium) at C-rates between
Cnom/25 and 5 Cnom with a voltage window of 2.0–3.65 V. A CCCV
protocol was used for both charge and discharge modes (CV
until |I| < Cnom/50), and there was a 1 h rest period between con-
secutive charge (discharge) and discharge (charge). The surface
temperature of the different cells was recorded using a K-type
thermocouple.

3. Results and discussion

3.1. Capacity fade

Fig. 1 shows the charge and discharge profiles of 3 different cells
at different storage periods at a fully charged state (SOCnom 100%)
and at temperatures (a) 30 ◦C, (b) 45 ◦C, and (c) 60 ◦C. Before storage,
the fresh cells show slightly different initial discharge capacities.
The average 1 C discharge capacity for all 27 cells before stor-
age is Q1C = 8.517 ± 0.043 Ah. Cell specifications indicate a nominal
capacity Qnom = 8.0 Ah, which is less than the average 1 C discharge
capacity we measured. The dispersion in 1 C discharge capacity val-
ues reflects some dispersion in the manufacturing process. Upon
storage, the cells stored at 45 ◦C and 60 ◦C undergoes capacity fade,
which is larger for the cell stored at 60 ◦C. For the cell stored at
30 ◦C, however, a slight increase in capacity is observed upon stor-
age. This increase in capacity is discussed later on in the manuscript.
The discharge capacities of all 27 cells, measured at 1 Cnom rate dur-
ing the intermediate checkups at 25 ◦C, are represented in Fig. 2.
Three cells in each case of the nine different storage conditions are

tested for a maximum period of 8 months and different behaviors
depending on storage temperature and SOC are observed. The ini-
tial spread in capacity values mentioned above for the fresh cells
is confirmed. It is small for the cells to be stored at 45 ◦C and 60 ◦C
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ig. 1. Charge/discharge profiles measured at 1 Cnom and 25 ◦C for cells under stor-
ge at SOCnom = 100% and at temperature (a) 30 ◦C, (b) 45 ◦C, and (c) 60 ◦C.

Fig. 2(b) and (c)); however, it is surprisingly large for those to be
tored at 30 ◦C (Fig. 2(a)), which is fortuitous. For the cells aged
nder the most severe aging conditions (e.g., 60 ◦C, SOCnom 65%
r 100%), there is more dispersion in capacity compared to that at

nitial time, suggesting an additional dispersion due to aging.

Fig. 2(a) shows that, after 240 days (8 months) of storage, the
apacity increased by 1.8%, 1.07%, and 1% for SOCnom 30%, 65%,
nd 100%, respectively. Meanwhile, Fig. 2(b) and (c) shows that
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Fig. 3. Galvanostatic charge/discharge potential profiles measured at various C-
rates and 25 ◦C for the fresh cell.

the capacity fade is fairly linear as a function of storage time and
at a specified temperature, more capacity fade is experienced at
higher storage SOC. At 45 ◦C, after nearly 214–247 days of storage,
the capacity has decreased by 2.1%, 4.9%, and 5.7% for SOCnom 30%,
65%, and 100%, respectively. This decrease becomes much more
substantial for the cells stored at 60 ◦C for which the capacity fade
percentages of the cells (∼155–188 days of aging) are about 18.1%,
23.7%, and 26.9% for SOCnom 30%, 65% and 100%, respectively.

3.2. Rate–capability test

An example of charge/discharge potential profiles at various
C-rates ranging from Cnom/25 to 3 Cnom during charge and from
Cnom/25 to 5 Cnom during discharge is presented in Fig. 3 for the
fresh cell at 25 ◦C. The charge/discharge rate–capability curves of
the cell can be derived from this type of measurement and are
provided in Fig. 4 for the fresh cell and for the aged cells at the
end of the aging tests. When the cell impedance increases, cut-
off potentials are reached sooner for a given cell and there is a
decline in the rate capability of the cell. So, any change in the cur-
rent dependence of the polarization effects in the cell is expected
to show up as a change in the slope of the rate–capability curves
of Fig. 4. During charge, the rate capability is retained for all aging
conditions (Fig. 4(a)–(d)). The rate–capability curves only translate
along the capacity axis, especially for the cells stored at 60 ◦C, in
agreement with the capacity loss reported above. However, there
is virtually no change in the rate capability, which suggests negli-
gible or minor increase of the cell resistance upon storage. During
discharge, the rate capability curve clearly levels off at high C-rate
(Fig. 4(e)), which probably results from a thermal effect (the sur-
face temperature of the cell is 44 ◦C at 5 Cnom). Beside the same
translation effect previously observed for the rate capability on
charge, there is an overall improvement in the rate capability on
discharge especially for the cells aged under the most severe stor-
age conditions (high temperature and SOC). To understand these
trends in rate capability, one must recall first that this type of bat-
tery (graphite/LFP) is limited on charge by Li removal from the LFP
cathode and on discharge by Li intercalation into the graphite anode
[40]. Hereby, the retention of rate capability for both fresh and aged
cells on charge suggests the absence of a remarkable deterioration
of the LFP electrode. On the other hand, the gradual improvement
in rate capability on discharge might be explained by a substantial
loss of cyclable lithium, which restricts the operating stoichiom-
etry window of LFP to a lower maximum lithium stoichiometry,

where the rate capability of the electrode is larger [29,37,38]. Some
insights about the existence of cyclable lithium losses are provided
later on in the manuscript (Section 3.4). The cells stored at 30 ◦C
(Fig. 4(f)) deserve further attention. They undergo a slight decrease
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n (low-rate) capacity when compared to the fresh cell (Fig. 4(e))
nd show an improvement in rate capability. This result differs from
he increase of 1 Cnom capacity reported in Fig. 2(a) for the cells
tored at 30 ◦C, which probably arises from the improvement of
ischarge rate capability that compensates for the slight (low-rate)
apacity loss outlined in Fig. 4(f).

.3. Impedance test

From EIS spectra, it is possible to gain insight into the origin
f the impedance increase because the various phenomena are
eparated according to their time constant. The main limitation is
hat it is difficult to decipher the contributions of each electrode to
he overall impedance increase. EIS measurement on separate elec-
rodes (once the cell is taken apart or by using a reference electrode)
s necessary to this end. Fig. 5 shows a typical impedance spectrum
f a fresh graphite/LFP cell at 25 ◦C and at various SOCnom,ck (20%,
0%, 60%, 80%, and 100%). The spectrum in Nyquist representation

s characterized by an inductive part at frequencies higher than
70 Hz, a semicircle between 270 Hz and 13 Hz and a nearly linear
ail at lower frequency. Different impedance contributions are
abeled in Fig. 5. We define (a) Rhf as the high-frequency intercept

ith the real axis that is related to the electrolyte resistance and the
esistance of external leads and connections, (b) Rsc as the semi-

ircle resistance at medium frequency featuring charge-transfer
inetics and other interfacial contributions like passivating films,
c) Rt as the tail resistance at low frequency featuring transport
imitations in solid and liquid phases, and (d) Rtot as the total
Z
Re
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Fig. 5. Impedance spectra of the fresh cell measured at 25 ◦C and at different nominal
checkup SOCs (20%, 40%, 60%, 80%, and 100%).
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esistance of the abovementioned three contributions
Rhf + Rsc + Rt). Fig. 5 shows that there is a little change of the
verall impedance with the SOC at which it is measured, except for
he extreme value (SOCnom,ck = 100%) for which the low frequency
mpedance is larger.

For the sake of comparison, the impedance spectra measured
t 25 ◦C and SOCnom,ck = 60% of 3 cells aged at SOCnom = 100% and
0 ◦C, 45 ◦C, or 60 ◦C are displayed in Fig. 6. The actual SOC spe-
ific to each spectrum is recalculated and provided in the legend
f Fig. 6. Actual SOCs are quite close to the nominal ones for the
ells aged at 30 ◦C and 45 ◦C, but are substantially lower for those
ged at 60 ◦C, e.g., 13% less for the cell aged under the most severe
ging condition (T = 60 ◦C and SOCnom = 100%). Keeping in mind that
he SOC influence is of minor impact (Fig. 5), comparing impedance
pectra at different storage temperatures and SOCs is fairly reason-
ble. Fig. 6 shows a clear change of the spectra over aging time.
he relative evolutions of Rtot, Rhf, Rsc, and Rt at SOCnom,ck = 60%

re derived from the Nyquist plots and are represented in Fig. 7
s a function of aging time for all aging conditions. Two main fea-
ures are observed, namely (i) the overall cell impedance strongly
epends on storage temperature (total resistance values increase
◦C and SOCnom = 100%, (b) a cell aged at 45 ◦C and SOCnom = 100%, (c) a cell aged at
ed in the plot legends.

as storage temperature increase) and (ii) no clear influence of the
storage SOC is observed. The impedance of the semicircle Rsc is
the one that increases the most among all 3 different contributions
during storage (Fig. 7(k) shows a maximum increase of about 300%
after 5 months of storage at 60 ◦C), followed by the high-frequency
resistance Rhf (60% maximum increase at 60 ◦C is shown in Fig. 7(j))
and by the low-frequency-tail resistance Rt (Fig. 7(l) presents a 25%
maximum increase at 60 ◦C).

Considering that the overall impedance increase is about 70%
max, the moderate increase of Rt suggests that bulk transport
properties are almost unchanged over aging (absence of structural
degradation). This result is in good agreement with the retention
of rate capability during aging. The large increase of Rsc is related
to either the presence of growing films at the particle surface like
SEI at negative electrode but can also arise from electronic con-
tact resistance that develops within the composite electrode [41],
whereas the high-frequency resistance Rhf could result from a slight

degradation of the electrolyte. Interestingly, Fig. 8 reveals a corre-
lation between Rhf and Rsc, suggesting that electrolyte degradation
and interfacial phenomena are linked with each other to some
extent.
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.4. PITT test

The charge/discharge voltage profiles of cells aged under nine

ifferent aging conditions are represented in Fig. 9 along with that
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o their storage temperature. The influence of storage temperature
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decrease of capacity by 10% for SOCnom = 30% and by 13% for
OCnom = 65% and 100%, and the last group stored at 60 ◦C under-
oes a capacity decrease by 25%, 29%, and 31% for SOCnom = 30%,
5%, and 100%, respectively.

Aside from the capacity, the shape of the voltage profile is inter-
sting. There are three potential plateaus located at 3.24 V (3.16 V),
.33 V (3.26 V), and 3.37 V (3.31 V) on charge (discharge). These
hree portions are the result of the difference between the poten-
ial plateau of the LFP cathode (3.43 V corresponding to Fe3+/Fe2+

edox couple in LFP [23]) and the different potential stages of the
raphite anode [29]. The flat portion at high cell potential shrinks
rogressively and ends up disappearing for the most severe stor-
ge condition (T = 60 ◦C and SOCnom = 100%). This is clearly seen in
ig. 10, where the incremental capacity is plotted as a function of
he cell potential. The 3 potential stages take the form of three
rominent peaks (during either charge or discharge). Depending
n storage conditions, two clear effects are distinguished from the
ncremental capacity curve, in comparison with the fresh cell: (i)
decrease of the peak area at high potential and (ii) a progressive

hift of some peaks toward higher potential, such as the discharge
eak at 3.16 V. The first effect suggests a change in the internal bal-
ncing of the cell, consistent with the loss of cyclable lithium due

o side reactions at the anode. For the most severe condition, the
igh-potential peak completely vanishes (more cyclable lithium is
onsumed by the side reactions under this aging condition). The
econd effect, i.e., the peak shift, is also consistent with the loss of
Fig. 11. Differential–voltage plot derived from the PITT measurements at 25 ◦C that
are reported in Fig. 9.

cyclable lithium, that yields a lower maximum lithium stoichiom-
etry of the LFP electrode at the end of discharge, hence a higher
potential of the electrode and thus of the cell. The postmortem
analysis, performed on LFP and graphite electrodes recovered from
these 10 commercial cells, shows a significant decrease of cyclable
lithium content upon aging for some of the conditions. The detailed
discussion of postmortem results will be reported elsewhere [40].

Another way to analyze the PITT data is to represent the inverse
of incremental capacity as a function of capacity (Fig. 11). Simi-
lar information as in the case of a differential–voltage plot (i.e.,
Q–dV/dQ) can be derived from such a representation. It is use-
ful to visualize the transitions between the different stages of the
graphite electrode [42–44] and consequently to identify cyclable
lithium loss as well as active material loss in a more quantitative
manner.

In Fig. 11, the cell capacity is divided into 3 regions, namely
regions A, B, and C. The capacity of region C decreases as the stor-
age temperature increases, and even vanishes for the most severe
storage condition (T = 60 ◦C and SOCnom = 100%). The storage SOC
is far less influential compared with storage temperature. Let us
denote QA as the cell capacity in region A, QB as the cell capacity
in region B, and QC as the cell capacity in region C. Q 0

A , Q 0
B , and

Q 0
C are the corresponding values for the fresh cell. These capac-

ities are calculated from the distances between peaks in Fig. 11
and the relative evolution of the capacities in regions A, B, and C
are represented in Fig. 12. The cell aged at 30 ◦C and SOCnom = 65%
might be an outlier because the corresponding capacity values are

very far off. QC/Q 0

C is quite sensitive to the temperature and clearly
decreases when storage temperature increases. Meanwhile, QB/Q 0

B
and QA/Q 0

A values remain nearly constant (regions A and B deliver
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0 0
he retention in the values of QB/QB and QA/QA . It is difficult from
he analysis, however, to rule out a partial loss of active material
t the positive electrode. However, we anticipate that a partial loss

0 1 2 3 4 5 6 7 8 9 10 11
-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

0 1 2 3 4 5

60°C

45°C

N
o

m
in

al
 c

ap
ac

it
y

 l
o

ss
 a

n
d

 g
ai

n
 d

u
ri

n
g

 s
to

ra
g

e 
(A

h
)

Storage duration (month)

30°C

Total Irreversible 

Storage durati

ig. 13. Accumulated total, irreversible, and reversible capacity losses/gains of the cells du
rom 1 Cnom capacity measurements during checkups at 25 ◦C. Reversible and total losses
arge dispersion between the 3 cells for this aging condition. The error bars correspond to
Sources 208 (2012) 296–305 303

of LFP would lower the rate capability of the cell on charge, where
delithiation of LFP is limiting, which is not the case experimentally.

3.5. Reversible vs. irreversible capacity losses

Reversible and irreversible capacity losses of the OCP-stored
cells were determined from the two discharge/charge cycles during
the intermediate and final checkups (see Section 2). Let us denote
the CCCV discharge capacity of the cell after storage Q1,i and Q2,i
for the first and second discharges of the cell during characteri-
zation # i, respectively. With this notation, Q2,i−1 stands for the
second-discharge capacity of the cell at intermediate characteriza-
tion # i−1. Reversible and irreversible capacity losses are calculated
according to the following equations:

�Qtot,i = [Q2,i−1 − (1 − SOCnom)Qnom] − Q1,i

�Qirr,i = Q2,i−1 − Q2,i

�Qrev,i = �Qtot,i − �Qirr,i

where �Qtot,i, �Qirr,i, and �Qrev,i are namely the total, irreversible
and reversible capacity losses arising from cell storage between
two consecutive intermediate characterizations, respectively. Qnom

(8 Ah) stands for the nominal capacity.
Fig. 13 shows the 3 different types of capacity losses/gains cal-

culated for the 27 cells under storage. For all the nine storage
conditions, each type of capacity loss/gain is accumulated over the
entire storage time and the influence of temperature and SOC on
capacity loss/gain is qualitatively similar for the three cells aged
under similar conditions. The cells aged at 45 ◦C or 60 ◦C expe-
rience both reversible and irreversible capacity losses. Whereas
irreversible and reversible losses are very similar in magnitude
at 45 ◦C, irreversible losses substantially exceed reversible ones at
60 ◦C. This point is discussed in more details in the following. The
cells aged at 30 ◦C and SOCnom = 30% or 65%, however, exhibit a total
irreversible “gain” is small.
The previous tests showed that the irreversible capacity

loss results solely from the loss of cyclable lithium. Structural
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ring OCP storage at different temperatures and nominal SOCs. Losses are calculated
for the cell aged at 45 ◦C and SOCnom = 65% are not represented in Fig. 13 due to a
the scatter for the three elements aged under similar aging conditions.
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egradation and loss of active material at the electrodes are not
bserved and the postmortem analyses performed on the recov-
red individual electrodes confirm the above results [40]. The loss of
yclable lithium because of side reactions at the graphite electrode
e.g., the side reaction(s) at the interface between the electrode

aterial and the electrolyte) was found to be responsible for a wide
ariety of aging phenomena in Li-ion batteries with carbonaceous
node [2,12]. Our impedance measurements confirm the existence
f such side reactions at the electrode/electrolyte interface (cor-
elation between electrolyte and interfacial resistance increase).
potnitz [45] and Ozawa et al. [46] proposed that the oxidation
f lithiated graphite negative electrode (low potential) and the
eduction of delithiated positive electrode (high potential) by the
lectrolyte can lead to reversible and irreversible loss of cell capac-
ty. A shuttle mechanism, in which the same species is reduced
t one electrode (anode) and oxidized at another (cathode), can
e at the origin of reversible capacity loss [47]. In this case, equal
mount of cyclable lithium is exchanged between electrodes and
lectrolyte at both electrodes. The existence of both irreversible and
eversible capacity losses suggests that the electrode/electrolyte
nteraction at the graphite electrode is not the only side reaction
aking place in the cell. The reversible capacity loss is explained
y the existence of side reactions at both electrodes and the non-
ero irreversible capacity loss under storage suggests that the side
eaction extent at the graphite electrode exceeds that at the posi-
ive electrode. Under this hypothesis, the charge consumed in the
ide reaction at the cathode corresponds to the reversible capac-
ty loss (i.e., �Qrev) whereas that at the anode corresponds to
otal capacity loss (i.e., �Qirr + �Qrev). Safari and Delacourt [37],
ased upon an analysis of the potential variations of graphite/LFP
ells during OCP storage, demonstrated the contribution of both
lectrodes to the aging process under storage and that a minor
ithium uptake due to side reaction at the charged LFP electrode
artially compensates for the lithium release because of side reac-
ion leading to SEI growth at the graphite electrode. In Fig. 13,
e anticipate that the reversible and irreversible capacity losses

riginate from electrode/electrolyte side reactions taking place at
oth electrodes with a larger extent of side reaction at the graphite
egative electrode. For the cells aged at 60 ◦C, irreversible capac-

ty losses exceed substantially reversible ones, and if we assume
hat the electrode/electrolyte side reactions at both electrodes are
imilar to those at 45 ◦C, it suggests that the side reaction at the
raphite electrode is more thermally activated than that at the LFP
lectrode [38]. The reversible capacity “gain” for the cells aged at
0 ◦C might simply be the result of the long current interruptions
i.e., the storage periods) over which the gain in 1 Cnom-capacity
rising from long-time cell relaxation (dynamic effect) would be
ominant over any self-discharge, likely negligible at SOCnom = 30%
nd 65%. Under such a hypothesis, accumulation of the gain like it
s done for capacity losses in Fig. 13, is meaningless.

. Conclusion

This study presents the aging results of 27 commercial
raphite/LFP cells stored under 9 different conditions of temper-
ture (30 ◦C, 45 ◦C, and 60 ◦C) and nominal state of charge (SOCnom

0%, 65%, and 100%). The extent of capacity loss was found to be
irectly related to the storage temperature. It is most prominent for
he most severe aging condition (T = 60 ◦C and SOCnom = 100%). Stor-
ge SOC also influences the capacity loss, though it is of secondary
mportance compared to storage temperature. Rate capability,

mpedance and PITT tests suggest that the loss of cyclable lithium
s the main source of aging. The retention of rate capability on
harge supports the absence of degradation of the LFP electrode
hile the improvement in rate capability upon discharge for the

[

[
[
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most severe aging conditions is consistent with the loss of cyclable
lithium hypothesis. EIS analysis shows a slight increase of Rt (i.e., no
change in the bulk transport properties of active materials) and an
increase of both Rhf, and Rsc. The extent of Rsc increase exceeds that
of Rhf. The incremental capacity shows that the gradual decrease of
the area of the peak at high potential (3.37 V on charge) along with
the shift of the peak at 3.16 V on discharge toward higher poten-
tial are consistent with the loss of cyclable lithium because of side
reactions at the anode. The differential voltage vs. capacity plot
confirms this hypothesis in a more quantitative way and suggests
the absence of active material losses at the negative electrode. The
capacity loss of graphite/LFP cells under storage (45 ◦C and 60 ◦C)
is composed of reversible and irreversible parts. This capacity loss
is the result of electrode/electrolyte side reactions taking place at
both electrodes with a larger extent of side reaction at the graphite
negative electrode.
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