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The aging behavior of a commercial 2.3 Ah graphite/LFP cell during a year of cycling or storage at either 25 or 45�C is investi-
gated. The performance decline of the cells during the aging period is monitored by non-destructive electrochemical techniques
and is discussed in detail. An in-depth analysis of the aging results reveals that aging manifests itself more in terms of capacity
loss rather than in terms of impedance increase, regardless of the cycling or storage conditions and of the temperature. The
capacity fade is larger at 45�C than at 25�C, regardless of the cycling or storage conditions, and at a same temperature, cycling
conditions are always more detrimental to capacity fade than storage conditions. The loss of cyclable lithium is identified as the
main source of capacity fade in all cases, and for the cells aged at 45�C, a partial loss of graphite active material is suspected as
well towards the end of the aging period.
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Since the introduction of LiFePO4 (LFP) electrode to the lith-
ium-ion battery community in 1997 by Padhi et al.,1 there has been
a lot of effort to commercialize LFP-based cells that meet energy
and power demands of current automotive industry. Commercial
graphite/LFP cells are now on the market and compete with others
like LiMn2O4 or LiNi1/3Co1/3Mn1/3O2 -based cells. Beside energy
and power density as well as safety, the cell longevity is of major
concern for many applications such as electric transportation
where lifetime up to 10 years is demanded.2 Hence, an evaluation
of the performance decline of a cell subject to operating conditions
typical of a defined application is necessary. Aging studies on
graphite/LFP cells were initiated by Striebel et al.3 in 2003. Aging
of 1.6 mAh graphite/LFP pouch cells under cycling and storage at
25�C over short periods was reported. They showed similar rates
of capacity fade for cells stored at open circuit at nearly 100% state
of charge (SOC) and others cycled at C/2. Postmortem analyses
revealed that the LFP electrode had not undergone any change
while the graphite one had lost part of its original capacity along
with less defined potential plateaus. However, the major perform-
ance fade of the cells was reported to arise from side reactions that
consume cyclable lithium and increase the interfacial resistance of
the anode. Subsequent papers by Shim et al.,4 and Zaghib et al.,5

proposed the same aging mechanism for cycle aging of the cell at
25�C. Later on, Striebel et al.,6 studied the cell aging under cycling
at 25�C over 400 cycles at C/2 for two different setups involving
either LiPF6 or LiBOB as the lithium salt in the electrolyte formu-
lation. They reported two times more capacity loss for the case
with LiPF6 as the lithium salt. Having confirmed the presence of
iron at the graphite electrode using transmission electron micros-
copy and Raman spectroscopy, they proposed that the solid elec-
trolyte interphase (SEI) is formed continuously on the surface of
graphite particles over cycling by the catalytic effect of dissolved
iron from LFP electrode while maintaining either a steady thick-
ness or a very high conductivity. At the same time, Amine et al.7

confirmed iron dissolution from aging experiments on 110 mAh
prismatic MCMB/LFP cells resulting in 60% capacity loss over
100 cycles at C/3 and 55�C. Following studies mainly focused on
iron dissolution from LFP electrodes and its contribution to the
cell aging. Zaghib et al.8 showed that iron dissolution is caused by
Fe impurities in the LFP electrodes, as illustrated by the good
capacity retention of a 160 mAh graphite/LFP cell with an opti-
mized LFP electrode after 200 cycles at 1C and 60�C. In 2007,
Koltypin et al.9 reported a complete study on iron dissolution from
LFP electrodes in different electrolytic solutions. By performing
FTIR, XPS, and Raman spectroscopy analyses, they proposed that

in the presence of H3O+ ions in the electrolyte, an ion exchange
between H+ and Fe2+ ions develop surface films on LFP electrode
which are rich in LiF and phosphorous compounds. Moreover,
they confirmed that the alkyl-carbonate surface films grow even in
the absence of iron dissolution in alkyl-based electrolytes, in a sim-
ilar way to LiNiO2 and LiCoO2 electrodes aged at elevated temper-
atures. The same authors, in a parallel work, showed that the LFP
electrodes synthesized from a sol-gel route were the most stable
against iron dissolution due to the higher iron phosphide content
on the LFP surface, whereas the samples synthesized by a hydro-
thermal method showed the highest rates of iron dissolution.10 In
2009, Dubarry et al.11 were the first to report on aging of commer-
cial graphite/LFP cells (18,650 cylindrical cell of 1.45 Ah) at 25�C
under cycling. In order to pinpoint the cause of aging, they com-
bined the differential-capacity analysis and SOC tracing of the cell
over 600 cycles. Similar to earlier studies, they concluded that
aging mainly results from the formation of a Li-consuming SEI
layer at the graphite electrode. Liu et al.12 recently published a
cycle-aging study of a commercial 2.3 Ah graphite/LFP cell at dif-
ferent temperatures, depths of discharge, and C-rates. By introduc-
ing a micro-reference electrode to the cell design, they could
follow the potential of the graphite electrode during cycling. Dif-
ferentiation analysis of the discharge profiles as well as in situ ref-
erence electrode measurements revealed a loss of cyclable lithium
as well as a degradation of the carbon anode. Moreover, atomic
absorption spectroscopy and EDX confirmed that iron dissolution
does not play a major role in the aging process, which is in line
with the negligible increase of the cell resistance over cycling.
Later on, the same group proposed that there is a square-root-of-
time dependence of capacity loss at different C-rates for this com-
mercial cell.13

In spite of a few aging studies on commercial graphite/LFP
cells,11–15 reports on the long-term aging of this chemistry during
cycling and more specifically under storage conditions are scarce.
Quantifying aging under storage and cycling is a prerequisite for life
evaluation of the cell in applications like electric vehicles (EVs), in
which most of the battery life is spent under storage. In this study,
we present aging results on a commercial 2.3 Ah graphite/LFP cell
during a year of cycling or storage at either 25 or 45�C. The per-
formance decline of the cells during the aging period is monitored
by non-destructive methods and is discussed in detail.

Experimental

Experiments were conducted on 8 similar commercial 2.3 Ah
26650 graphite/LFP cells. A multichannel battery tester (SBT2050,
PEC, Belgium) was used for 1-year cycle aging of the cells, and the
electrochemical intermediate characterization tests were performed
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using a multipotentiostat outfitted with a 10 A booster (VMP3, Bio-
logic, France).

The cells were either cycled or stored at two different tempera-
tures, i.e., 25 and 45�C, during a year. Among the four cells under
cycling, two of them underwent a conventional 1Cnom (i.e., 2.3 A)
charge/discharge between 2 and 3.6 V with 10 min rest between each
consecutive charge and discharge. This cycling protocol is referred
to as simple cycling in the following. Beside, a complex current-
power profile, more typical of the usage profile of an EV, was used
to cycle the other two cells. In this profile, the cell is first charged at
Cnom/2 up to 3.6 V, after which it is left to rest for 30 min and then
discharged down to 3 V by the repetition of a power profile lasting
for 985 s and followed by a 10 min rest period. The power profile is
composed of 38 charging and 159 discharging peaks of 5 s each. The
average C-rates corresponding to the charging and discharging power
peaks are 0.05 and 0.5Cnom, respectively. Schematics of simple and
complex cycling modes are shown in Fig. 1, along with the elemen-
tary power profile used for building the complex cycling mode. For
the cells under storage, the effect of SOC on aging is studied: two
cells are stored at SOC 50% and the other two at SOC 100%.

In order to evaluate the state of health (SOH) of the cells over
the course of aging, a series of intermediate electrochemical tests
was performed after 1, 3, 6, and 9 months of cycling/storage and at
25�C in a similar way for all cells. First, the cycling or storage was
interrupted, the cell temperature was set to 25�C, and the remaining

cell capacity was measured using a constant-current/constant-volt-
age (CCCV) charge/discharge between 2 and 3.6 V, with the condi-
tion j I j < Cnom/25 on the CV segment. A single charge/discharge
cycle was used for the cells under cycle aging, whereas three cycles
were used for the OCP-stored cells to decipher the reversible and ir-
reversible portions of capacity loss after storage. This measured
capacity is then used to update the SOC and C-rate values for the in-
termediate electrochemical tests described below. The intermediate
electrochemical tests consist of charge/discharge rate-capability
tests, current pulses at different SOCs (20, 40, 60, and 80%), imped-
ance spectroscopy (EIS) at different SOCs (0, 20, 40, 60, 80, and
100%), and the potentiostatic-intermittent-titration technique
(PITT). The rate-capability tests are performed at C-rates ranging
from C/10 to 3C by galvanostatic discharge/charge between 2 and
3.6 V. A CCCV protocol is used on both charge and discharge (CV
until j I j < C/25) to make sure the cell comes back to a fully
charged and discharged state, respectively. For current-pulse and
impedance tests, the SOC is first adjusted by partially charging or
discharging the cell at C/5, after which it is rested for 1 h before
measurements are performed. The current-pulse test consists of dis-
charging and charging current peaks at 1, 2, and 4C nom. The peak
duration is 30 s and there is a 10 min rest between every consecutive
discharge and charge periods. EIS was performed by perturbing the
open-circuit potential with an AC sinusoidal potential of 5 mV am-
plitude and a frequency ranging from 200 kHz to 10 mHz. The

Figure 1. Different cycling profiles used
in the aging experiments under cycling.
(a) simple cycling (b) complex cycling (c)
the elementary power profile used for the
discharge part of the complex cycling.

Figure 2. (Color online) Operating stoi-
chiometry window of the graphite/LFP
cell defined by the OCP functions of the
graphite and LFP electrodes (a, c) before
aging (b) after an aging scenario where
part of the cyclable lithium was lost dur-
ing charge or storage of the cell at a com-
pletely charged state (d) after an aging
scenario where part of the delithiated
graphite active material was lost during
discharge or storage of the cell at a com-
pletely discharged state.
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potentiostatic-intermittent-titration technique consisted of a “staircase”
potential profile in which the cell potential was increased
(decreased) by 10 mV increments between 2 and 3.6 V, and the cur-
rent decay vs. time was measured at each potential step. Each indi-
vidual titration was terminated when the absolute current reached a
value corresponding to C/25.

Results and Discussion

Aging-analysis framework.— Before presenting the results, the
angle from which the aging problem is looked at in the rest of the
paper is introduced. Aging phenomena that contribute to decrease
the battery lifetime are numerous, and are specific to the cell chem-
istry.16–18 They can be either of mechanical or chemical origin.
Active-particle isolation from the electrode matrix because of
expansion/contraction during cycling is an example of mechanical
degradation, while the SEI growth on carbonaceous anodes as a con-
sequence of electrolyte decomposition is an example of chemical
degradation. Cell capacity fade may be the result of the loss of
cyclable lithium (i.e., increase of the cell imbalance) or of the loss
of active materials (e.g., particle isolation, phase transition towards
an inactive phase, material decomposition or exfoliation). Addition-
ally, an impedance increase of the cell results in a decrease of its
capacity when measured at substantial current density. The change
in cyclable-lithium content of the cell is related to an overall balance
of the side reactions that occur at both electrodes. For instance, if a
side reaction like electrolyte oxidation occurs at the cathode with a
lithium-consumption rate identical to that of electrolyte reduction
leading to SEI growth at the anode, the cell does not experience a
net loss in cyclable lithium; it only results in a self-discharge (i.e.,
reversible capacity fade) of the cell when OCV-stored, as well as a
progressive degradation of the electrolyte. Additionally, the side
reactions at both electrodes can be coupled through a shuttle species,
i.e., a product of a side reaction at an electrode is the reactant of
another side reaction at the other electrode.

A precise theoretical treatment of capacity loss in lithium-ion
batteries can be found in Refs. 18 and 19. In Fig. 2, the graphical
representation of two different scenarios of capacity loss of a graph-
ite/LFP cell is displayed. Figures 2a and 2c show the initial state of
the cell where operating stoichiometry windows are between circles
A and B for the LFP electrode and between circles C and D for the
graphite electrode. The OCP functions of each electrode and the ini-
tial balancing of the cell were taken from Ref. 20 where a mathe-
matical model of the same cell as that studied here was developed.
On such a graphical representation, a loss of cyclable lithium mani-
fests itself as a shift in the relative position of the OCP-stoichiome-
try curves of the electrodes whereas an active-material loss is

accounted for by a shrinkage of the OCP-stoichiometry curve of the
material.18,19

Figure 2b presents a case where part of the cyclable lithium was
lost during charging or storage of the cell at a completely charged
state. The OCP-stoichiometry graph of the graphite electrode shifts
towards the left side and the cell capacity decreases from Q0 to Q1

as a result of a smaller stoichiometry window available for cycling.
The loss of delithiated graphite active-material while discharging
the cell or cell storage at a completely discharged state is shown in
Fig. 2d. In this case, the OCP-stoichiometry graph of the graphite
electrode shrinks and the cell capacity decreases from Q0 to Q2. In
both cases presented in Figs. 2b and 2d, the operating stoichiometry
window of the cell is changed as a result of aging. xmax and ymax for
graphite and LFP electrodes, respectively, decreased in the case of
cyclable-lithium loss (Fig. 2b) whereas the graphite electrode
capacity was completely utilized for the case presented in Fig. 2d
and ymin increased for the LFP electrode.

Drawing the precise picture of aging scenarios like those exempli-
fied in Fig. 2 is not straightforward unless the cell is taken apart and
separate electrochemical and structural tests are performed on the

Figure 3. (a) (d) Potential as a function
of SOC during galvanostatic charging at
C/25 and 25�C of a graphite electrode
similar to that in the graphite/LFP cells
studied here and the corresponding (b)
differential-voltage and (c) differential-
capacity graphs that were numerically
calculated.

Figure 4. (Color online) Discharge-capacity retention measured in CCCV
conditions (CC at C/10, CV before I < C/25) during the intermediate charac-
terization periods at 25�C for 8 graphite/LFP cells under different aging
conditions.

Journal of The Electrochemical Society, 158 (10) A1123-A1135 (2011) A1125

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 129.97.58.73Downloaded on 2014-12-17 to IP 

http://ecsdl.org/site/terms_use


different cell components. However, postmortem analyses do not
reveal the complete aging path the cell has went through and only
unveils the end-of-life picture of the cell. Here, the possibility of
using a mathematical model that can simulate the electrochemical
behavior of the cell is very helpful.21 Postmortem analyses and mod-
eling of the cells studied in this paper will be reported later. Here, the
aging results are analyzed and the most likely scenarios are proposed,
but still need to be validated based on postmortem studies of the
cells.

The capacity-voltage curve of the graphite/LFP cell contains in-
formation about both graphite and LFP electrodes but it is not possi-
ble to separate the contribution of each electrode. More specifically,
the stoichiometry utilization window of each electrode remains
unknown. The differential-capacity (dQ=dV) and differential-voltage
(dV=dQ) analyses are useful to visualize the phase transitions of the
electrodes. These analyses are based on the original work by Thomp-
son22 where the electrochemical potential spectroscopy was proposed
as a new electrochemical measurement technique for studying

Figure 5. (Color online) Discharge-
capacity retention of graphite/LFP cells
aged under simple (circle markers) or
complex (square markers) modes of cy-
cling (a) as a function of time (b) as a
function of charge throughput.

Figure 6. (Color online) Rate capability of the graphite/LFP cells measured during the intermediate characterization periods at 25�C during a year of aging in
different conditions. (a) to (h) Rate capability on charge (i) to (p) rate capability on discharge.
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electrode materials and was used later on by Bloom et al.23,24 and
Dubarry et al.25 to study battery aging. A peak in the V - dQ=dV plot
features the equilibrium between different electrochemically-active
phases in the electrode whereas a peak in the Q - dV=dQ plot locates
the transition from one equilibrium to another. In Fig. 3, the SOC -
dV=dSOC and V - dSOC=dV graphs of a graphite electrode are pre-
sented. These graphs were obtained by numerical differentiation of
the C/25 galvanostatic charge of a fully lithiated graphite electrode
(Fig. 6a in Ref. 20) taken from a graphite/LFP cell of the same type
as those studied here. At least four regions are evident in the
V � SOC graphs of Fig. 3, which stem from the staging phenomenon
that is a characteristic feature of graphite intercalation compounds.26

In Fig. 3, the intercalation-deintercalation window of the graphite
electrode has been divided in four regions, namely A, B, C, and D.
The capacity (DSOC) attributed to each region can be calculated ei-
ther from the surface area under the peaks in the V - dSOC=dV repre-
sentation or from the distance between two consecutive peaks in the
SOC - dV=dSOC plot. The number of peaks in the SOC - dV=dSOC
graph is always one less than the peak numbers in the V - dSOC=dV
graph and so capacities corresponding to regions D and A are calcu-
lated from the peak distances between the origin and the first peak
and between the last peak and the total capacity, respectively. As dis-
cussed by Bloom et al.23,24 and Dubarry et al.,25 any change in the
peak position and/or intensity in V - dQ=dV and Q - dV=dQ repre-
sentations is indicative of aging. The two representations are comple-
mentary for aging analysis; Any change of the cell impedance is
easily identified from the V - dQ=dV graph whereas it is more
straightforward to identify active-material loss and cyclable lithium
loss from the Q - dV=dQ representation.

In the graphite/LFP cell, differential-voltage and differential-
capacity plots are dominated by the graphite electrode as the LFP
electrode operates on a single plateau at 3.43 V vs Li over most of
the Li stoichiometry range. Moreover, the previous knowledge on
aging of other systems based on the same chemistry suggests that
the graphite electrode will probably have a major contribution to the
cell aging. The rest of the paper deals with the analysis of the exper-
imental aging data with a special attention to the modifications of
the graphite-electrode signature.

Aging results.— The capacity retention of the cells cycled or
stored in different conditions over a year are represented in Fig. 4 as
a function of time. The cell capacities used to calculate the capacity-
retention percentages are from CCCV (CC at C/10 and CV until j I j
< C/25) discharge data of the cells during the intermediate character-
ization periods. The capacity-retention trends presented in this figure
are considered to reflect the irreversible capacity loss of the cells as
long as the same cutoff potentials are used to cycle the cell. The
reported capacity-retention values in Fig. 4 could be lower for galva-
nostatic cycling of the cell at higher current in the presence of polar-
ization effects. Aging is very sensitive to the temperature at which
the cells were aged, as two distinct groups of capacity-retention lines
are clearly observed in Fig. 4, with the group of tests at 45�C lying
below that at 25�C. The comparison of the cells aged at a same tem-
perature shows that the cells under cycling lose more capacity than
those under OCP storage. The capacity-retention lines are almost
evenly spaced at 25�C; however, there is a clear separation between
the cells aged under cycling and storage at 45�C. Regardless of the
aging conditions, there is a nearly linear decrease in capacity of the
cells except during the first few months. Moreover, the rate of
capacity fade increases for the cells cycled at 45�C from about 6
months, especially for the cell under simple cycling. For the cells
stored at the same temperature, more capacity fade is experienced
for the cell stored at 100%. Regarding the impact of cycling mode on
the cell capacity retention as a function of time, it is perceived from
data in Fig. 4 that simple cycling is more detrimental to the battery
health. However, the time dependence of the extent of aging is not
sufficient to draw some conclusion about the impact of the cycling
mode on the aging of cells that were cycled at different C-rates and/
or SOC windows, such as simple and complex cycling modes used

in this study. As it was described in the’Experimental’ section, the
average C-rate corresponding to charging and discharging peaks in
the elementary power profile of the complex cycling mode are 0.05
and 0.5Cnom, respectively, and the net discharge C-rate, including the
rest periods between the consecutive elementary power profiles is
Cnom/3. This value is to be compared with the 1C charge/discharge
of the cell in the simple cycling mode. The total charge throughput
during cycling is an alternative way of plotting capacity losses in dif-
ferent cycling conditions. Figure 5b compares capacity retentions of
the cycle-aged cells as a function of the overall charge throughput.
The corresponding capacity retentions as a function of time are
reproduced in Fig. 5a for a better comparison. Figure 5b suggests
that, at 45�C, the complex cycling is more damaging to the cell at a
same charge throughput, whereas aging is almost insensitive to the
cycling mode at 25�C. Interestingly, in our previous aging-simulation
studies,27,28 where cycle aging of a dummy graphite/LiCoO2 cell
was studied at 25�C, with a kinetic-limited growth of SEI layer at the
graphite electrode as the only source of aging, the model predicted
that the capacity loss depends on the charge throughput only, regard-
less of the C-rate value that is used. This modeling result, which
additionally predicts nearly-linear capacity fade as a function of
time, is in line with the experimental aging data under cycling at
25�C that are reported here and will be discussed in detail in a forth-
coming report. Beside the lower average C-rate in the complex cy-
cling mode, the rest periods are longer and more frequent in this
mode of cycling as compared to the simple cycling. The fraction of
total aging time that the cells spend at rest is about 30% for complex
cycling, whereas it is only about 15% for the simple cycling. This
result suggests the important role of storage aging at 45�C where it
may dominate over the effect of charge throughput on the capacity
loss of the cell.

Rate capability, impedance, and pulse test.— Figure 6 presents
the charge/discharge rate capability of the cells obtained during inter-
mediate characterization periods at 25�C. As it was explained in the
‘Experimental section’, the rate-capability tests were performed at
C-rates ranging from C/10 to 3C by galvanostatic charge/discharge
of the cells between 2 and 3.6 V. In order to make sure that the cells
come back to a fully charged and discharged state, a CCCV protocol
was used on both charge and discharge (CV until j I j < C/25),
respectively. The rate capability of a cell is a measure of its ability to
deliver the same capacity in a defined potential window irrespective
of the C-rate used to cycle the cell. When the cell impedance
increases, cutoff potentials are reached sooner and there would be a
decline in the rate capability of the cell. So, any change in the current
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. 6.
Since the rate-capability tests were done using current values that
were corrected for the capacity loss of the cells, additional polariza-
tion effects induced by a possible loss of active material do not show
up in the data of Fig. 6. However, the increase of cell resistance
caused by, e.g., the growth of resistive films on the active particles, a
decrease of the electrolyte and/or the solid-matrix conductivity of the
composite electrodes, should manifest themselves in Fig. 6. The rate-
capability curves in Fig. 6 are translating along the capacity axis
over time and remain virtually parallel to each other. This observa-
tion suggests that there is a negligible change of the cell impedance,
regardless of the aging conditions.

In Fig. 7a, the impedance spectrum of the pristine graphite/LFP
cell at 25�C and SOC¼ 40% is represented. As it was explained in
the ‘Experimental’ section, the impedance spectra of the cells at dif-
ferent SOCs (0, 20, 40, 60, 80, and 100%) were obtained during the
intermediate characterization periods by perturbing the open- circuit
potential with an AC sinusoidal potential of 5 mV amplitude at fre-
quencies ranging from 200 kHz to 10 mHz. Lumped-parameter
equivalent-circuit models are frequently used to describe the imped-
ance response of electrochemical systems. However, it is not
straightforward to relate the equivalent-circuit parameters to the
fundamental properties of the system. Moreover, the analysis is
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complicated because the impedance contains the contributions of
both electrodes. So, here, we only provide a qualitative evaluation
of the EIS spectra of the cells over aging. Figure 7a shows that the
impedance spectrum of the graphite/LFP cell in the Nyquist plot
representation is characterized by an inductive part at frequencies
higher than �13 kHz, a semicircle up to �12 Hz and a nearly-linear
tail at lower frequency. As a usual practice, the intercept of the
impedance spectrum with the real axis at high frequencies is attrib-
uted to the electrolyte resistance, contact resistance between the po-
rous electrode and current collector, and resistance of the external
leads and connections. During the intermediate characterization
periods, we had to disconnect the cells and take them out from the
cell holders; hence, because of possible changes in cell-connection
resistance, we discard the high-frequency part of the impedance
spectra in the analysis. All the recorded spectra were shifted hori-
zontally towards the origin of the Nyquist plot so that the qualitative
comparison of the spectra over aging can be performed. Three types
of resistance contributions were defined from the Nyquist plot of the
cell in Fig. 7a: Semicircle resistance (Rsc), tail resistance (Rt), and
total resistance (Rtot) which is the sum of semicircle and tail resis-
tances. Rsc corresponds to the high and intermediate frequency
ranges where fast processes like interfacial phenomena (e.g.,
charge-transfer kinetics) are dominant whereas Rt is dominated by

transport limitations such as solid-state diffusion. The relative evo-
lutions of these three resistances at SOC¼ 40% over aging time are
represented in Fig. 8 for all aging conditions. Resistance values cor-
responding to the cells cycled or OCP-stored at 25�C remain nearly
constant over the aging period whereas a clear increase in resistance
is observed for all the cells aged at 45�C. As it is shown in Figs. 8d–
8f, Rsc, Rt, and Rtot increase in a similar manner and almost by the
same factor. The simultaneous and similar increase of Rsc and Rt

could be interpreted as a consequence of active-material loss that in
turn increases the cell impedance proportionally over the entire
frequency range. This interpretation is in line with the analysis of
the rate-capability curves above, which are based on C-rates cor-
rected for capacity fade. A careful attention to the first few months
of aging in Fig. 8 reveals that there is a slight decrease of the cell
impedance. Transport limitations in the LFP electrode are signifi-
cant because of the low value of diffusion coefficient, especially
towards large values of y in LiyFePO4, and this result was confirmed
in Ref. 29 for the same LFP electrodes as those in the cells studied
here. If aging drives the cell in a stoichiometry window where
ymax is decreased, one would expect smaller impedance values.
Such an aging scenario is depicted in Fig. 2b where ymax is
decreased because of the loss of cyclable lithium. This aging sce-
nario will be confirmed in the following section. It should be noted
that similar results were obtained at other SOCs and are not pre-
sented here.

The current-pulse test consists of discharge/charge current peaks
at 1, 2, and 4C nom and at different SOCs (20, 40, 60, and 80%). The
peak duration is 30 s and there is 10 min rest between every consec-
utive discharge and charge peaks. Figure 7b shows the variation of
the cell potential with time during the current-pulse test of the pris-
tine cell at 25�C and SOC¼ 40% with 1Cnom discharge/charge
peaks. We can define a resistance (Rp) based on the potential devia-
tion (Ve � Vi) of the cell from its value before applying the current
peak. Rp is defined as ðVe � ViÞ=I and has been monitored over
aging for all the cells and at different SOCs. The variation of Rp at
SOC¼ 40% derived from 1Cnom current peaks is represented in
Fig. 9 for all the aging conditions. Rp varies with a similar trend as
that observed for the impedance contributions of the cell in Fig. 8,
but values are more scattered, possibly because high-frequency con-
tributions, disregarded in the impedance analysis, are embedded in
the values of Rp. Just like for impedance data, there is an overall
increase of Rp at 45�C while there is no meaningful variation for the
cells aged at 25�C. Similar results were obtained for Rp derived
from 2 and 4Cnom current peaks and at other SOCs (20, 60, and
80%).

Rate-capability, impedance-spectroscopy, and pulse-test results
show that there is a minor variation of the cell resistance after a year
of aging. The maximum resistance increase of less than 60%
observed for the graphite/LFP cell (Fig. 8) after a year of aging is
lower than the impedance rise of other commercial cells even after
shorter aging times in similar conditions.30 Moreover, the homothetic
increase of the cell impedance (except during the first few months)
together with the constancy of the rate capability of the cells over
aging suggests that the impedance rise is dominated by the loss of
active material and not by an interfacial resistance increase of the
electrodes.

Differential-voltage and differential-capacity analysis.— The advan-
tages of differential-voltage and differential-capacity analyses in the
aging study of the graphite/LFP cell were discussed in the‘Aging-
analysis framework’ section. Here, we analyze the aging of the cells
with the aid of these two methods. The differential-capacity curves
are obtained from PITT measurements that were carried out during
the intermediate characterization periods. The charge passed at each
10 mV increment provides us with a direct evaluation of the differ-
ential capacity. Figures 10c and 10d represent the evolution of the
V � djQj=dV curves corresponding to the cells aged under simple
cycling at 25 and 45�C, respectively, derived from PITT data on
discharge. The differential-voltage curves were derived from the

Figure 7. (a) AC impedance spectrum of the fresh graphite/LFP cell
recorded at SOC¼ 40% and 25�C (b) potential profile of the fresh graphite/
LFP cell subject to 30 s discharge and charge current-peaks at 1Cnom with 10
min rest in between (SOC¼ 40% and T¼ 25�C).
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galvanostatic C/10 discharge data recorded during the intermediate
characterization periods. The cell potential was numerically differ-
entiated with respect to a constant capacity increment (50 mAh) and
the results are represented in Figs. 10a and 10b for simple cycling at
25 and 45�C, respectively. A comparison between the differential-
voltage and differential-capacity curves of the graphite/LFP cell of
Fig. 10 and those of the graphite electrode already presented in
Fig. 3 reveals the qualitative similarity between the complete cell
and the graphite electrode. In Fig. 10, the cell potential and capacity
of the graphite/LFP cell have been divided in four regions, namely
A, B, C, and D, in a similar manner as for the graphite electrode in
the ‘Aging-analysis framework’ section.

For simple cycling at 25 and 45�C, there is a progressive
decrease of the capacity of region D in the differential-voltage plots
(Figs. 10a and 10b), in line with a progressive decrease of the mag-
nitude of the corresponding peak at 3.33 V in the differential-
capacity plots (Figs. 10c and 10d). For simple cyling at 45�C, this
decrease is faster, and the capacity of this region (or peak) eventu-
ally goes to zero, unlike for the cycling at 25�C. The loss of cyclable
lithium is at the origin of this aging behavior. Additionally, for the
cycling at 45�C, there is also a decrease of the capacities of other
regions (peaks) after about 6 months, which is indicative of active-
material loss in the graphite electrode, as discussed in more detail in
the following. Finally, there is virtually no change of the peak

Figure 8. (Color online) Evolution of
semicircle resistance (Rsc), tail resistance
(Rt), and total resistance (Rtot) deduced
from the impedance spectra of the graph-
ite/LFP cells at SOC¼ 40% during the in-
termediate characterization periods. (a) to
(c) cells aged at 25�C; (d) to (f) cells aged
at 45�C.

Figure 9. (Color online) Evolution of
Rp resistance calculated from the pulse
tests of the graphite/LFP cells at SOC
¼ 40% and by applying 1Cnom (a) dis-
charge current peak to the cells aged at
25�C (b) charge current peak to the cells
aged at 25�C (c) discharge current peak to
the cells aged at 45�C (d) charge current
peak to the cells aged at 45�C.
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positions in Figs. 10c and 10d, which is another clue that there is a
negligible change of the cell impedance.

The relative evolution of the cell capacities delivered in regions
A, B, C, and D were calculated for all the aging conditions based on
the capacities between the peaks in the differential-voltage curves
similar to those of Fig. 10 and are represented in Figs. 11a–11d. The
cell capacity in region D (QD) clearly decreases for all the aging
conditions. Note that there are no markers at month #12 for QD for
the cells under simple and complex cycling at 45�C in Fig. 11a,
because the peak between regions C and D has vanished, which
means that the contribution of the region D of the graphite electrode
to the cell capacity is almost zero. The cells aged at 45�C experience
a faster decrease of QD than those aged at 25�C, and among those
cells, the fastest rate of decrease is for those under cycling condi-
tions. For the cells aged at 25�C, the rate of decrease for those under
cycling and those under storage is nearly equivalent.

The relative evolution of the cell capacity in region C (QC) is
represented in Fig. 11b for all the aging conditions. QC slightly
decreases for the cells aged at 45�C whereas no clear trend of
decline is observed for the cells aged at 25�C. The disappearance of
the peak between C and D regions in the differential-voltage plot
and of the peak associated with QD in the differential-capacity plot
does not necessarily mean that the graphite electrode no longer
operates on region D; therefore, defining QC as the capacity between
the “B-C” peak and the maximum capacity in the absence of the “C-
D” peak is not proper, which is why there is no marker for QC at
month #12 in Fig. 11b accordingly.

The relative values of cell capacities in region B (QB) and A
(QA) are represented in Figs. 11c and 11d, respectively. The varia-

tions of QB and QA are highly scattered for all the cells. Therefore,
they are not taken into account for the aging analysis. However, the
clear decrease of QD for all aging conditions and the slight decline
of QC for the cells aged at 45�C provide useful information regard-
ing the source of capacity loss of the graphite/LFP cells. The cells
can be studied into two main groups. The first group contains the
cells aged at 25�C and the second group consists of the cells aged at
45�C. The aging of the cells of the first group is solely characterized
by a continuous decrease of QD over time. The contribution of the
region D of the graphite electrode to the cell capacity becomes less
and less whereas other regions deliver about the same capacity as
initially. A continuous loss of cyclable lithium (Fig. 2b) can account
for the capacity loss observed for the cells of this first group. The
gradual depletion of cyclable lithium shortens the operating stoichi-
ometry window of the graphite electrode in a way that its higher
stoichiometry is shifted towards lower values of xmax (Fig. 2b). In
the second group, the situation is similar to that of the first group
during the first 6 months of aging where the cyclable lithium loss is
a dominant contribution to the cell aging. However, after 6 months,
QC starts decreasing while the region D still accounts for part of the
cell capacity, which is in line with a gradual loss of graphite active
material in the cell as an additional source of aging (Fig. 2d).

OCP Storage.— As it was explained in the ‘Experimental’ section,
the intermediate characterization tests for the cells under storage
starts with three discharge/charge cycles composed of a galvano-
static discharge (charge) up to 2 (3.6) V followed by a constant volt-
age until jIj <Cnom/25. let us denote the CCCV discharge capacity
of the cell after storage Q1;i and Q3;i for the first and third discharges

Figure 10. (Color online) Evolution of the (a), (b) differential-voltage and (c), (d) differential-capacity signatures of the graphite/LFP cells recorded during the
intermediate characterization periods at 25�C for the cell aged over a year under (a), (c) simple cycling at 25�C or (b), (d) simple cycling at 45�C.
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of the cell at characterization # i, respectively. With this notation,
Q3;i�1 stands for the third-discharge capacity of the cell at interme-
diate characterization # i -1. Three types of capacity loss are defined

DQapp;i ¼
Q3;i�1 � Q1;i; for the two cells stored at SOC ¼ 100%
Q3;i�1

2
� Q1;i; for the two cells stored at SOC ¼ 50%

( )

DQirr;i ¼ Q3;i�1 � Q3;i

DQrev;i ¼ DQapp;i � DQirr;i

where DQapp;i, DQirr;i, and DQrev;i stand for apparent (or total), irre-
versible, and reversible capacity losses arising from cell storage in
OCP conditions between two consecutive intermediate characteriza-
tions, respectively. These three types of loss are calculated for the
cells under storage conditions and are represented in Fig. 12. Note

that each type of capacity loss is accumulated over the overall stor-
age time and is normalized to the nominal capacity of the cell. For
all the four storage conditions presented in Fig. 12, there is part of
the capacity loss that is recovered in the subsequent cycles follow-
ing the first immediate discharge of the cell (i.e., reversible loss). Ir-
reversible and reversible capacity losses are of the same order of
magnitude and amount to a few percents of the nominal capacity of
the cell per month of storage (Fig. 12). Whereas irreversible and re-
versible losses are very similar at 25�C, irreversible losses exceed
reversible ones at 45�C. The influence of temperature and SOC on
irreversible losses is qualitatively similar to that of apparent losses.
However, the temperature has less effect than the SOC on reversible
losses (compare the curves at 25�C and SOC¼ 100% and at 45�C
and SOC¼ 50%).

Reversible capacity loss is experienced by all Li-ion systems.31

The high potential of Li-ion batteries especially at a completely
charged state, makes it more likely for the lithiated graphite nega-
tive and delithiated positive electrode to be oxidized or reduced by
the electrolyte, respectively.32 There is no detailed study of the
OCP-storage aging of the graphite/LFP cell in the literature; How-
ever, the loss of cyclable lithium because of side reactions at the
graphite electrode has been reported as the main source of aging in
other Li-ion batteries with a carbonaceous anode.31 The reversible
loss of capacity during OCP storage arises from side reactions
occurring at the anode and cathode electrodes simultaneously with
equal amounts of cyclable-lithium ions exchanged between the elec-
trodes and electrolyte at both electrode. Usually, a same species is
involved at both electrodes, acting as a shuttle.31 The reaction of
acidic impurities generated at the cathode with the SEI is an exam-
ple of shuttle mechanism.33–35 Sloop et al.34 proposed a shuttle
mechanism that is worth being noted here. LiPF6 acts as a Lewis
acid with EC-containing electrolytes to generate transesterification
products, PEO polymers and CO2. CO2 is easily reduced at the an-
ode to oxalate or CO. The oxalate is sufficiently soluble to reach the
cathode where it is reoxidized back to CO2 thus resulting in a shuttle
mechanism.

As explained in the “Experimental” section, the OCP of the
stored cells was recorded every 15 days during the storage period.
Figure 13 shows the OCP decrease of the cells under different

Figure 11. (Color online) Evolution of
the cell capacities delivered in different
stoichiometry regions of the graphite/LFP
cell relative to the corresponding capaci-
ties before aging, for all the aging condi-
tions calculated from the peak distances
in the differential-voltage signature
graphs of the cells recorded during the in-
termediate characterization periods at
25�C (a) relative capacity in region D

(QD=Q0
D) (b) relative capacity in region C

(QC=Q0
C) (c) relative capacity in region B

(QB=Q0
B) (d) relative capacity in region A

(QA=Q0
A).

Figure 12. (Color online) Accumulated (a) Apparent, (b) irreversible, and
(c) reversible loss of capacity during the OCP storage of the graphite/LFP
cells at SOCs of 50 and 100% and at storage temperatures of 25 and 45�C,
measured during the intermediate characterization periods at 25�C.
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storage conditions. The potential decrease is substantial and well-
defined for the cells stored at SOC¼ 100% (Fig. 13a) whereas the
cells stored at SOC¼ 50% experience subtle variations of potential
only (Fig. 13b). At SOC¼ 50%, both electrode compositions are
such that electrode potentials are flat or nearly flat (Fig. 2a). The
cell-potential decrease is a direct consequence of side reactions dur-
ing the cell storage. Different scenarios could make the cell poten-
tial decrease during storage: Lithium uptake by the LFP electrode,
lithium release by the graphite electrode, or both at the same time.
In Fig. 13c the average rate of decrease of the cell potential of the
OCP-stored cells between two consecutive intermediate character-
izations is represented as a function of their corresponding average
rate of apparent capacity loss. Regardless of the storage conditions,
the rate of capacity loss and OCP decrease are the highest during the
first month of storage. Moreover, the rate of OCP decrease declines
almost linearly with that of capacity loss up to 6 months of storage
for all the conditions but storage at 25�C and SOC¼ 50%. The rate
of OCP decrease and capacity loss stabilize after 6 months of
storage at SOC¼ 100% for both 25 and 45�C conditions. For the
cells stored at SOC¼ 50%, there is no obvious trend between the
rate of OCP decrease and that of capacity loss after 6 months of
storage at 25�C. As for the cells stored at 45�C more than 6 months,
the rate of capacity loss remains almost constant although the rate of
OCP-decrease slightly declines.

Given the extent of potential decrease between two consecutive
intermediate characterization periods for the case of aging tests at
SOC¼ 100% and the graphite electrode OCP that is almost flat near
SOC¼ 100%, there is a definite contribution of the LFP electrode
on the OCP decrease of the cell, which explains why a reversible
capacity loss is measured in storage conditions. Indeed, the OCP of
the LFP electrode at a completely charged state of the cell is very
sensitive to small variations of lithium content and substantially
contributes to the OCP decrease of the cells even though it involves
only minor uptake of lithium ions resulting from a side reaction.
Hence, the contribution of both electrodes in the aging under storage

condition is clearly demonstrated. A side reaction at the charged
LFP electrode partially compensates for the lithium release at the
graphite electrode (i.e., because of the side reaction leading to SEI
growth at the anode).

Cycling.— As detailed in the “experimental section,” the perform-
ance of the graphite/LFP cell under cycling was examined by using
two modes of cycling, namely simple and complex modes, at 25 and
45�C. The simple cycling consists of continuous galvanostatic
charge/discharge of the cell between 2 and 3.6 V with 10 min rest
between each charging or discharging segments. In the complex cy-
cling mode, the cell is first charged at Cnom/2 up to 3.6 V. The cell
is then left at rest for 30 min and then is discharged down to 3 V by
the repetition of 985 s power profiles, each of them being followed
by a 10 min rest period (Figs. 1b and 1c). The discharge capacities
of the cells for the two modes of cycling at 25 and 45�C as a func-
tion of cycle number are represented in Figs. 14a and 14b, respec-
tively. Discharge capacities measured with a CCCV protocol (C/10
and CV until jIj < C/25) at 25�C during the intermediate characteri-
zation periods are also added to the figure, and are represented by
markers. As for the simple cycling, capacities recorded during cy-
cling are lower than those measured during the characterization
periods; the difference between the two is nearly constant over cycle
number, and substantially larger for the simple cycling at 25�C.
These differences in capacities are explained by polarization effects
of the 1Cnom cycling profile, compared with the low rate (C/10)
measurement used during the characterizations. The difference is
less for the cycling at 45�C because of the lower polarization at
higher temperature that partially counterbalances the rate effect.

For the cells under complex cycling (Fig. 14b), the cell capacity
during the discharge periods of the complex profile (solid and dotted
lines) and the measured cell capacity during the intermediate char-
acterization periods (circle and square markers) are very close to
each other both at 25 and 45�C, as a consequence of the average C-
rate (Cnom/3 on discharge and Cnom/2 on charge) which is closer to

Figure 13. (Color online) OCP of the
graphite/LFP cells during the storage con-
ditions at 25 and 45�C and (a)
SOC¼ 100% (b) SOC¼ 50%. (c) Rate of
OCP decrease of the cells stored under
different aging conditions as a function of
the corresponding rate of apparent (or
total) capacity loss (expressed in fraction
of the nominal capacity).
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that used during characterizations. Here, contrary to the simple cy-
cling mode where the capacity decreases smoothly over cycling, the
capacity loss is stepwise because of the premature end of discharge
caused by the intense power peak at 750 s (Fig. 1). The similar
trends of cell capacities measured during cycling and intermediate

characterization periods in Fig. 14 are another proof for the minor
increase of the cell resistance over aging.

The cell potential at the end of the relaxation periods following
the 1Cnom charge and discharge cycles of the simple cycling mode
are represented in Figs. 15a and 15b, respectively. The potential val-
ues are assumed close to the equilibrium values after 10 min of rest.
There are minor variations of OCP values at the end of charge,
regardless of the cycling temperature (Fig. 15b). As already dis-
cussed in the ‘Differential-capacity and differential-voltage analy-
sis’ section, the graphite electrode at the end of charge remains in
region D for the overall aging period at 25�C and up to about 9
months for the cycling at 45�C; therefore it is nearly unchanged. As
a consequence, the nearly-stable end-of-charge OCP values over cy-
cling suggest that the LFP electrode does not experience a major re-
sistance increase, in which case a decrease of the end-of-charge

Figure 14. (Color online) Discharge capacity of the cells a function of cycle
number (solid and dotted lines) along with the low-rate capacities measured
during the intermediate characterization periods at 25�C (circle markers for
the cells cycled at 25�C and square markers for the cells cycled at 45�C) for
(a) simple cycling at 25�C (solid line) and 45�C (dotted line) (b) complex cy-
cling at 25�C (solid line) and 45�C (dotted line).

Figure 15. (Color online) Cell potential at the end of 10 min relaxation peri-
ods following the (a) 1Cnom discharge and (b) 1Cnom charge cycles during
the simple cycling modes at 25 (solid lines) and 45�C (dotted lines).

Figure 16. (Color online) Selected 1Cnom discharge cycles of the graphite/LFP cells during (a) simple cycling at 25�C and (c) simple cycling at 45�C along
with their corresponding differential-capacity signature graphs; (b) simple cycling at 25�C (d) simple cycling at 45�C.
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potential would result. The OCP of the cells at the end-of-discharge,
however, show clear trends of variation over cycling (Fig. 15a).
There is a monotonic decrease of the OCP at 25�C (solid line)
whereas the OCP first decreases during the first 1000 cycles and
then goes up during the subsequent cycles at 45�C (dotted line). As
proposed in the ‘Rate-capability, impedance, and pulse tests’ sec-
tion, the loss of cyclable lithium slowly drives the cell into a stoichi-
ometry window where the LFP has a better rate capability (Fig. 2c).
The lower polarization of the LFP electrode leaves a larger margin
of potential rise for the graphite electrode before the cell reaches the
cutoff potential during discharge, which translates into a lower value
of xmin. This is in line with the gradual decrease of OCP at the end
of discharge for the simple cycling at 25�C (solid line in Fig. 15a)
where the loss of cyclable lithium was shown to be the dominant
source of capacity loss over the whole aging period in the ‘Differen-
tial-capacity and differential-voltage analysis’ section. The initial
OCP decrease at the end of discharge for simple cycling at 45�C is
induced by a similar improvement of the rate capability of the LFP
electrode because of cyclable lithium loss. The loss of graphite
active material after 1000 cycles leads to a gradual rise of polariza-
tion of the graphite electrode at which the superficial current density
keeps on increasing along with the decrease of its active surface
area. Hence, the graphite electrode is less and less deintercalated by
the end of cell discharge and this results in an increase of the OCP
(dotted line in Fig. 15a). In Fig. 16, some selected discharge cycles
along with their corresponding differential-capacity signatures are
presented for the simple cycling conditions at 25 and 45�C. At
45�C, the polarization is almost constant up to 997 cycles. After
that, there is more and more polarization showing up as clearly out-
lined by the peak shift towards the left hand side in the differen-
tial-capacity signature plots of Fig. 16b. This result is in line with
the impedance increase caused by the decrease of active-surface
area of the graphite electrode arising from the active-material
loss, as discussed above. It is noteworthy that the polarization
increase shows up because the cycling is performed under a nomi-
nal C-rate (1Cnom), kept constant over cycling. Such a polarization
increase is not visible in the rate-capability tests performed during
the intermediate characterization periods (Fig. 6), where current
densities were corrected for capacity loss. At 25�C, although the
peaks in the differential-capacity signature graphs are broader
(Fig. 16d) due to the polarization that is larger at 25�C than at
45�C, we can see that there is virtually no peak shift upon cycling
that supports the absence of active-material loss in this cycling
condition.

Conclusion

The results of a 1-year aging study of the commercial 2.3 Ah
graphite/LFP cell under 8 different cycling or storage conditions at
either 25 or 45�C was presented. The comparison of the cells aged
at a same temperature revealed that the cells under cycling lose
more capacity than those under OCP storage. Aging was shown to
be very sensitive to the temperature at which the cells were aged;
the capacity loss was up to four times larger for cells aged at 45�C
under the same cycling conditions. The qualitative similarity
between the complete cell and the graphite electrode differential-
capacity and differential-voltage signatures allowed for the utiliza-
tion window of the cells to be tracked over the aging period. These
analyses confirmed that capacity fade is dominated by the loss of
cyclable lithium for all aging conditions, along with a slight loss of
graphite active material near the end of the aging period for cycling
conditions at 45�C. These results were qualitatively confirmed by
the evolution of the end-of-discharge potentials of the cells under
cycling conditions. Rate-capability, impedance spectroscopy, and
current-pulse tests revealed a minor increase of the cell impedance
for experiments at 45�C and virtually no change for those at 25�C.
The impedance increase at 45�C likely arises from the graphite
active-material loss that results in a decrease of the active surface
area of the anode.

The capacity decrease of the cells over aging exhibits a linear
trend except during the first few months and there is an acceleration
after 6 months for the cells aged under cycling at 45�C that probably
arises from the graphite active-material loss at this temperature. The
comparison of capacity losses of the cells subject to a conventional
galvanostatic charge/discharge at 1Cnom and a complex power-cur-
rent profile with an average discharge rate of Cnom/3 and a charge
rate of Cnom/2 provided interesting results. Whereas the capacity
loss as a function of time was always larger for the 1Cnom cycling
regardless of the temperature, the two cycling profiles at 25�C
yielded similar capacity losses when plotted against the total charge
throughput. This result, along with the nearly linear trend of
capacity decline suggests that the loss of cyclable lithium might be
governed by a kinetic-limited growth of the SEI layer at the graphite
electrode based on our previous aging modeling studies. For cycling
at 45�C, the complex cycling profile was more detrimental than the
conventional cycling in terms of capacity fade when plotted against
the charge throughput, which suggests a strong impact of the rest
periods on the cell aging at such a temperature. Aging of the cells
under OCP-storage conditions was featured with both irreversible
and reversible capacity losses, both amounting to a few percents of
the nominal capacity of the cell per month of storage. Moreover, the
contribution of both electrodes in the aging under storage condition
was clearly demonstrated through an analysis of OCP decrease and
capacity loss during the storage periods; A side reaction at the
charged LFP electrode partially compensates for the lithium release
at the graphite electrode (i.e., because of the side reaction leading to
SEI growth at the anode), thus accounting for a reversible capacity
loss.

The following papers will report on the postmortem analyses and
aging modeling of the cells presented in this work in order to con-
firm the aging hypotheses that were proposed in this study.
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