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C6/LiFePO4 (LFP) batteries have been cycled at various temperatures (20 and 60◦C) and State-of-Charge (SoC) ranges (0–30,
35–65, 70–100% and 0–100%). Electromotive force (emf) curves have regularly been determined by regression extrapolation of
the measured voltage discharge curves. A non-destructive approach to quantitatively determine the graphite electrode decay has
been proposed on the basis of dVE M F /d Q curves. It is concluded that the graphite inaccessibility is more pronounced at lower
SoC (0–30%) than at higher SoC. The graphite electrode decay at 35–65%, 70–100% and 0–100% is identified to be negligible at
moderated temperatures but becomes significant at elevated temperatures. The graphite electrode degradation has been confirmed
by XPS and Raman spectroscopy, supporting the conclusions drawn from the dVE M F /d Q results. A model is proposed to explain
the various graphite degradation mechanisms.
© 2016 The Electrochemical Society. [DOI: 10.1149/2.0821614jes] All rights reserved.
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Graphite is the most important anode material in commercial Li-
ion batteries due to its excellent cycling performance, considerable
specific storage capacity and safety. The electrode potential of lithi-
ated graphite is lower than 200 mV vs Li+/Li, offering high voltage
levels of complete Li-ion batteries.1 The electrode potential of graphite
is determined by the State-of-Charge (x) in Lix C6 where x ranges be-
tween 0 and 1. Several stages have been identified during the Li+

(de)intercalation process, which are related to structural changes of
Lix C6 at various SoC.2–7

Li+ (de)intercalation processes in host materials generally lead to
severe volume changes, inducing high levels of stress and strain. Co-
intercalation of solvent molecules with solvated Li+ may, in addition,
lead to disruption of the graphite layered structure due to the large
size of the solvent molecules.1 The compact SEI layers formed on the
graphite surface prevent co-intercalation and alleviate the electrode
materials damage. However, graphite electrode degradation can still
be observed, especially when graphite is cycled at low ranges of SoC.8

Degradation reduces the electrode storage capacity, causing voltage
slippage9,10 which may induce Li plating on the graphite electrode
surface. Moreover, this may lead to irreversible capacity losses and
increasing electrode impedances.11 It is therefore important to investi-
gate the graphite electrode in more detail under operating conditions.

Using a reference electrode is considered to be an effective way
to determine the graphite electrode decay. However, batteries have to
be opened in order to position reference electrodes inside the elec-
trode package, which will influence the cycling performance. More-
over, additional factors such as size, shape and position of the ref-
erence electrode must be taken into account to obtain reliable and
stable results.12–16 In the present work, a non-destructive approach
is proposed, which is based on the analyses of the extrapolated emf
curves to quantitatively determine the degradation of the graphite
electrode. As the LiFePO4 electrode voltage is more or less con-
stant upon (dis)charging, LFP batteries have been selected to in-
vestigate the cycling performance at various temperatures and SoC
ranges.

Experimental

All cycling experiments were performed with cylindrical
C6/LiFePO4 (ANR26650) batteries from A123, with a nominal ca-
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pacity of 2.3 Ah. The electrochemical measurements were carried
out with automatic cycling equipment (Maccor) in combination with
climate chambers to control the ambient temperature at 20 and 60◦C.

Before the cycling experiments were initiated, characterization cy-
cles were performed at 20 and 60◦C, corresponding to the subsequent
cycling temperatures, to obtain the emf curves. All batteries were
charged in a constant-current constant-voltage (CCCV) mode during
characterization. A 1C charging rate was used in the CC-mode fol-
lowed by a CV-mode at 3.6 V for 2 hours to ensure fully charged
condition. The batteries were then discharged at various constant cur-
rents (0.1, 0.2, 0.3, 0.5, 0.75, 1, 1.5 and 2 C-rate) in the subsequent
cycles, using a cutoff voltage of 1.6 V. After the characterization pro-
cess has been completed all batteries were cycled at 1 C-rate in the
predetermined SoC-ranges (0–30, 35–65, 70–100% and 0–100%). Re-
characterization was regularly performed before a new cycling period
was initiated.

The emf curves have been determined on the basis of the voltage
discharge curves obtained during characterization by mathematical
extrapolation toward zero current. Dependent on the SoC, extrapo-
lation is performed at either constant SoC (vertical extrapolation) or
constant voltage (horizontal extrapolation). These extrapolation meth-
ods have been described in detail by Notten, et al.17–20

In order to investigate the deposition of Fe on the graphite electrode
upon cycling, XPS measurements have been carried out on graphite
electrodes, dismantled from the batteries cycled in various cycling
ranges. The batteries were fully discharged at 1C-rate before opening
in an Argon filled glove box, and small pieces of the graphite elec-
trodes were cut and rinsed by pure solvent (Dimethyl Carbonate). The
samples were transferred to the XPS equipment in a dry container in
order to reduce the influence of moisture and air. XPS analyses were
carried out on a K-Alpha system (Thermo Scientific) with a resolution
of 0.2 eV, using an Al Kα monochromatic irradiation (1486.6 eV) at
a working pressure smaller than 7 × 10−8 bar. Depth profiling was
carried out, using Ar ion-beam sputtering with 500 eV. The sputtering
rate was equivalent to 0.26 nm/s on Ta2O5.

Raman spectroscopy was used to analyze the structural degrada-
tion of the graphite electrode after the cycling experiments have been
completed after about 1500 cycles. The dismantled electrodes were
rinsed by Diethyl Carbonate and dried in the vacuum chamber for
1 week before the Raman measurements were carried out. The exci-
tation wavelength was supplied by an internal He-Ne 632 nm laser.
The laser beam diameter was ∼1.2 μm. Raman mapping of the anode
surface was carried out across a typical 40×40 μm area with a 0.8 μm
lateral resolution, using a software-controlled motorized XY stage.

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 131.155.151.137Downloaded on 2016-11-25 to IP 

http://dx.doi.org/10.1149/2.0821614jes
mailto:yyang@xmu.edu.cn
mailto:p.h.l.notten@tue.nl
http://ecsdl.org/site/terms_use


Journal of The Electrochemical Society, 163 (14) A3016-A3021 (2016) A3017

Figure 1. (a) Schematic representation of the voltage curves of the LiFePO4
electrode, the graphite electrode and the complete battery. The various voltage
regions are denoted by QC6,I , QC6,I I , QC6,I I I for the graphite electrode and
QLi,I , QLi,I I , QLi,I I I for complete batteries. The corresponding ratios of
intercalated lithium in the various graphite electrode stages are represented by
xI , xI I and xI I I . (b) Change of the emf curves obtained during discharging as
a function of cycle number at 60◦C and SoC = 0–30%. The different stages,
characteristic for the graphite electrode are indicated by I, II and III. The
irreversible capacity loss �Qir is defined by the difference of the maximum
capacities at pristine and aged LFP batteries.

Results and Discussion

Quantification of graphite degradation.—Fig. 1a schematically
shows the emf curves of the two individual electrodes (black curves)
and the emf of the complete battery (red curve). It is well known
that several voltage plateau regions of the graphite electrode can be
identified during Li+ (de)intercalation. The storage capacities of these
voltage regions are denoted by QC6,I , QC6,I I and QC6,I I I . Plateau I has
been related to the (de)intercalation processes at the so-called dense
stage 1 and stage 1–2, plateau II to stage 2 and stage 2–2L, and plateau
III corresponds to the remaining intercalation processes, including
stages 3L and 4L and the dilute stage 1L.5–7 The relative widths of these
voltage plateaus (xI , xI I and xI I I , where xI + xI I + xI I I = 1) can be
related to the stoichiometric index x in Lix C6 (see Fig. 1a). Therefore,
the capacities of the individual plateaus of the graphite (QC6,I , QC6,I I

and QC6,I I I ) can be related to the total graphite electrode capacity
(QC6 ), according to

QC6,I = xI QC6 , [1]

QC6,I I = xI I QC6 , [2]

QC6,I I I = xI I I QC6 , [3]

where

QC6 = QC6,I + QC6,I I + QC6,I I I . [4]

Since the voltage curve of the LiFePO4 electrode has a wide and
flat plateau, the various identified battery voltage plateau regions (red
curve in Fig. 1a) must be attributed to the graphite electrode. The
storage capacities of the various battery plateau regions can be repre-
sented by QLi,I , QLi,I I and QLi,I I I . As schematically shown in Fig.
1a, the anode is designed larger than the cathode, indicating that the
amount of Li-ions delivered by the LiFePO4 electrode is not suffi-
cient to occupy all available host sites in the graphite electrode. It is
known that during charging a graphite electrode, it is thermodynami-
cally more favorable to preferentially occupy the available sites in the
graphite electrode starting from the plateau III host sites, followed by
the plateau II sites to finally occupy the plateau I sites at the end of
the charging process.6,7 Obviously, the reverse holds for the discharg-
ing process. It is interesting to relate the various identifiable battery
storage capacities to those of the graphite electrode, according to

QLi,I < QC6,I , [5]

QLi,I I = QC6,I I = xI I QC6 , [6]

QLi,I I I = QC6,I I I = xI I I QC6 . [7]

The storage capacity of the graphite electrode may decrease upon
aging. Eqs. 6 and 7 imply that a decrease of both QC6,I I and QC6,I I I

will lead to the same decrease of the battery voltage characteris-
tics QLi,I I and QLi,I I I . Storage capacity losses of the graphite elec-
trode has, for example, been attributed to particle isolation and layer
blockage.7 As a consequence of these deterioration mechanisms all
voltage plateau regions of the graphite electrode are expected to be
reduced proportionally. The reduction of the various battery voltage
plateaus (�Q) can then be represented by

�QLi,I I = �QC6,I I = xI I �QC6 , [8]

�QLi,I I I = �QC6,I I I = xI I I �QC6 . [9]

Fig. 1b shows experimental examples of extrapolated emf curves
at the indicated cycle numbers at 60◦C in the SoC-range of 0–30%.
In order to facilitate a more accurate determination of the width of
each plateau, differential voltage analyses have been carried out of
the determined emf curves. dVE M F/d Q curves can provide more
underlying information about intercalation and phase transitions for
the individual electrode21–25 as

dVE M F

d Q
= dVLi FeP O4

d Q
− dVC6

d Q
, [10]

where VE M F , VLi FeP O4 and VC6 refer to the battery voltage and the
individual electrodes voltages, respectively. As shown in Fig. 1a, the
voltage plateau of the LiFePO4 electrode is very flat in a wide voltage
range. dVLi FeP O4/d Q can therefore considered zero at almost all SoC,
implying that the changes of the battery voltage can be related to the
graphite electrode voltage, especially in the plateau II region. The
decrease of �QLi,I I obtained from dVE M F/d Q curves can therefore
be considered as an indicator for the graphite electrode degradation.

Fig. 2 shows the dVE M F/d Q curves obtained from the correspond-
ing emf curves at the various indicated cycle numbers. In order to em-
phasize the changes in width of regions I and II, all curves are aligned
with respect to the first peak at about 0.8 Ah. The cycling-induced
changes of regions I and II in Fig. 2 are indicated by red arrows. The
blue vertical lines indicate the position of the first and second peak in
the first cycle. The red sloping lines, connecting the second peak of
some dVE M F/d Q curves, are added to emphasize the decline of the
plateau II regions.

A decrease of region II is clearly observed at 20◦C in the SoC-range
of 0–30% (Fig. 2a) and at 60◦C for all SoC-ranges (Figs. 2e–2h). In
addition, a decrease of region I is found in almost all cases (Figs. 2b–
2h). The reduction of region I has been related to Li+ immobilization
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Figure 2. Calculated dVE M F /dQ curves upon cycling at various temperatures and SoC. The different stages, characteristic for the graphite electrode, are indicated
by I, II and III. The development of regions I and II upon cycling are indicated by red arrows.

in the SEI layer. Strikingly, region I increases during the initial stages
of cycling between SoC = 0–30% at 20◦C, as indicated in Fig. 2a.
This phenomenon was also observed in the storage experiments at
20◦C, SoC = 10% reported before.7

The as-obtained values for �QLi,I (= Q0
Li,I − Qn

Li,I ) and �QLi,I I

(= Q0
Li,I I − Qn

Li,I I ) are summarized in Figs. 3a and 3b and Figs. 3c
and 3d, respectively, where superscript n refers to the cycle number.
�QLi,I increases under most conditions but decreases at 20◦C, SoC =
0–30% (black curves in Fig. 3a). The influence of the SoC on �QLi,I I

is much larger than the temperature. From Figs. 3c and 3d it can be
concluded that �QLi,I I is hardly affected during cycling between SoC
= 35–65% and 70–100% but is much more significantly affected in the
SoC-range of 0–30% at all temperatures. Interestingly, the decrease
of �QLi,I I is negligible at 0–100% compared with 0–30% at 20◦C,
but becomes similar with that at 0–30% at 60◦C. The capacity loss of
the graphite electrode �QC6 can be quantified according to Eq. 8 on
the basis of �QLi,I I in Figs. 3c and 3d.
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Figure 3. �QLi,I (a, b), and �QLi,I I (c, d) as a function of cycle number at
various SoC (0–30%, 35–65%, 70–100% and 0–100%) and temperatures (20
and 60◦C).

Origin of graphite degradation.—X-ray photoelectron spec-
troscopy (XPS) is a widely used tool for the study of electrode
materials7,26 and SEI compositions.27–35 XPS analyses have been car-
ried out to detect the Fe deposition on the graphite electrode in the
present work. Fig. 4a shows the Fe2p spectra obtained after 60 s sput-
tering the dismantled graphite electrodes cycled at 20 and 60◦C in
the range of 0–30% SoC for 1500 cycles. The peaks at 707.6 eV and
721.3 eV are clearly observed for the electrode cycled at 60◦C, and
have been assigned to the 2p3/2 and 2p1/2 peaks of metallic Fe, respec-
tively. There are no iron peaks observed for the electrodes cycled at
20◦C. Fig. 4b shows the Fe2p spectra of graphite electrodes cycled at
various SoC ranges at 60◦C. The Fe signal can be clearly observed at
all cycling SoC ranges at 60◦C, indicating that iron dissolution from
the cathode and iron deposition on the anode are strongly temperature
dependent. It is worthwhile to note that the Fe 2p3/2 core level peak is
at 707.6 eV compared to a theoretical value of 706.8 eV for metallic Fe
and 710 eV for Fe2+ ions.7,36,37 The slight shift toward higher binding
energies as compared to metallic Fe suggests that the Fe atoms have
some interaction with the SEI components, which contain atoms with
high affinity energies, such as O and F.38

Confocal Raman spectroscopy provides structural and electronic
information of the cycled graphitic materials.39–46 Single crystalline
graphite belong to the D4

6h symmetry group,39,42 and the vibrational
modes are of the type 2E2g , 2B2g , E1u and A2u .41 The E2g mode is
Raman active and has been identified with a band at 157539 ∼ 1580
cm−1.46 This so-called G band is considered to be characteristic for
graphite materials. In most commercial graphite materials a so-called
D band at ∼1360 cm−1 is usually also observed. This D band is com-
monly attributed to defects in the graphitic structure, including bond
length variations and angle disorder on an atomic scale. The integrated
intensity ratio ID/IG between the D and G bands is therefore widely
used to qualitatively characterize the amount of defects in graphite.39

An increasing ID/IG ratio implies an increasing number of materials
defects.

Fig. 5 shows the Raman mapping plots, revealing the ratio of the
ID/IG Raman reflections8 of the graphite electrodes after cycling at
various temperatures and cycling ranges. Low values of ID/IG ratios
are represented by the dark blue color and indicate highly crystalline
graphite. The dark blue areas clearly decrease at lower SoC, indicating
increased graphite disorder. This becomes even more pronounced at
higher temperatures. The orange- and red-colored spots indicate that
more inhomogeneity is induced in the graphite electrode upon cycling,
especially at higher temperatures. The results from Fig. 5 support the
conclusion obtained from the electrochemical cycling results that the
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cled at 60◦C at various SoC-ranges after sputtering
60 s (b).

graphite electrode degradation is much more detrimental at lower SoC
and at higher temperatures.

Cumulative distribution functions have been calculated on the ba-
sis of the mapping plots in Fig. 5 to quantitatively demonstrate the
development of the graphite electrodes under various cycling condi-
tions. Curves (a)-(d) correspond to the surface Raman maps shown
in Figs. 5a–5d, respectively. Fig. 6 clearly illustrates that the distri-
bution curves shift to higher ID/IG values at increasing temperature,
i.e. curve (a) is shifted to curve (c) and curve (b) is shifted to curve
(d). It is also found that the distribution curves are displaced to higher
ID/IG values at lower cycling range (compare curves (a) and (b) and
curves (c) and (d)).

These results clearly indicate that deformation of the graphite elec-
trode increases at higher temperatures and at low SoC. Graphite degra-
dation is generally considered to be a consequence of graphene-layer
blockage37,47 and/or graphite structure deformation.8,48 Graphene-
layer blockage is, in this work, attributed to iron dissolution from
the cathode at elevated temperatures and deposition at the anode.
Graphite deformation, on the other hand, is caused by strain induced
during the (dis)charge process. It has been argued before that the in-
duced strain is larger at low SoC cycling range than at higher cycling
ranges.8 Furthermore, large various in entropy in the low SoC-ranges
may also contribute to the faster graphite degradation.49

Figure 5. Surface Raman maps of the ID/IG ratio of a 40 μm × 40 μm
graphite electrode area after cycling at 20◦C in the cycling SoC-range of
70–100% (a) and 0–30% (b), and at 60◦C, SoC = 70–100% (c) and 0–30%
(d). All samples are prepared from the batteries which have been aged under
the as-denoted conditions for 1500 cycles.

Graphite degradation models.—From the above experiments it
can be concluded that graphite degradation is more pronounced upon
cycling at the low SoC range and at high temperatures. Sethuraman
et al.8 proposed a Lithium intercalation gradient model to explain
the influence of the SoC on graphite degradation. They argued that
the concentration gradient between the surface and the bulk is larger
at lower SoC than at higher SoC. Therefore, the stress generated at
low SoC is larger than that at high SoC, which finally would lead to
more degradation at low SoC. According to this model, the graphite
degradation rate in the full cycling range (0–100%) should, however,
at least be at the same level as that in the low cycling range, e.g.
0–30%, since the graphite electrode also experiences this low SoC
range when it is fully (dis)charged. However, this is opposite to the
experimental results, shown in Figs. 2a and 2d, and Fig. 3c. Here it
is found that the graphite electrode capacity losses cycled in the full
SoC (0–100%) range at room temperature are even smaller than those
obtained in the low (0–30%) SoC range. Based on these experimen-
tal results the following graphite degradation model is proposed in
Fig. 7.

It is well known that the graphite electrode is expanding during
charging. The volumetric expansion induces the formation of cracks in
the SEI layers, covering the graphite electrode, as schematically illus-
trated in Fig. 7a. This will liberate free surface areas (A f r ), which are
consequently exposed to the electrolyte. New SEI layers immediately
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Figure 6. Cumulative distribution of the ID/IG ratio calculated from Raman
mapping spectra. Curves correspond to the conditions after cycling at 20◦C
in the cycling SoC-range of 70–100% (a) and 0–30% (b), and at 60◦C, SoC
= 70–100% (c) and 0–30% (d). All samples are prepared from the batteries
which have been aged under the as-denoted conditions for 1500 cycles.
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Figure 7. Cracking of the SEI layer at the surface of the graphite electrode due to volume expansion (a) upon cycling in the range of 0–30% SoC at 20◦C (b),
0–100% SoC at 20◦C (c), and at 60◦C (d).

starts to grow on A f r under the various cycling conditions, resulting
in additional Li-immobilization at the graphite electrode. Figs. 7b and
7c schematically show the SEI formation on A f r at low temperatures
in the low and full SoC cycling range, respectively.

SEI layers are considered to be composed of a so-called inner and
outer layer (see Ref. 4). The inner layer is compact and can protect
the graphite electrode from the solvent co-intercalation. The thickness
of the inner SEI layer is therefore essential in protecting the graphite
electrode. It has been analyzed that the SEI formation rate increases
with SoC since the graphite electrode potential at higher SoC is lower,
enhancing solvent reduction.4 Obviously, continuing charging beyond
30% SoC up to 100% SoC will increase the thickness of both the inner
and outer SEI layer further. This increased SEI layer as illustrated in
Fig. 7c will better protect the graphite electrode also in the subsequent
cycling, which results in a lower degradation as found in Fig. 3c.

Fig. 7d shows the influence of elevated temperatures on the
graphite electrode degradation. It has been discussed that iron is dis-
solved from the cathode and subsequently deposited on the graphite
surface. These deposited metal clusters block the Li intercalation pro-
cess, leading to inaccessibility of the graphite electrode. Due to this
iron effect, graphite degradation is accelerated at elevated tempera-
tures as shown in Fig. 3d.

Influence of graphite decay on battery performance.—The influ-
ence of �QC6 on the battery storage capacity will now be discussed
on the basis of �QLi,I . When the graphite electrode deteriorates, all
plateaus reduce proportionally and can no longer accommodate the
same amount of Li-ions as before. The Li-ions which were initially
located at the plateau II and III sites can, however, shift to the plateau
I sites, as the graphite electrode storage capacity is designed to be sig-
nificantly larger than that of the cathode (Fig. 1a). �QLi,I is therefore
a consequence of the cyclable Li-losses (�Qir ) and the graphite elec-
trode capacity decay (�QC6 ). �Qir is a summation of the decrease

of all three plateaus, i.e.

�Qir = �QLi,I + �QLi,I I + �QLi,I I I , [11]

Eliminating �QLi,I I I in Eq. 11 by using Eqs. 8 and 9, �QLi,I can be
represented by

�QLi,I = �Qir −
(

1 + xI I I

xI I

)
�QLi,I I . [12]

From Eq. 12 several cases can now be distinguished, which are related
to different aging mechanisms:

(i) Plateau II is constant

This refers to cases that �QLi,I I = 0 (Figs. 2b–2d), indicating
that no graphite electrode decay takes place upon cycling (Eq. 12).
However, �QLi,I ( = �Qir ) is significant in these cases. The decrease
of �QLi,I can be attributed to the Li-immobilization process, making
Li ions irreversible inside the SEI layer at the graphite electrode
surface.50

(ii) Plateau II decreases

This refers to cases that �QLi,I I > 0. Referring to Eq. 12, three
distinct cases can additionally be distinguished:

a. When �Qir > (1 + xI I I
xI I

)�QLi,I I , then �QLi,I > 0 and plateau
I is expected to decrease, as experimentally found in Figs. 2e–2h.

b. When �Qir < (1 + xI I I
xI I

)�QLi,I I , then �QLi,I < 0 and plateau
I is expected to increase as found in Fig. 2a. The increase of
plateau I will finally lead to Li plating on the graphite electrode
surface when the graphite electrode becomes the capacity limiting
electrode in LFP batteries.

c. When �Qir = (1 + xI I I
xI I

)�QLi,I I , plateau I remains constant
(�QLi,I = 0). Only the decrease of plateau II and III can be
observed.
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Conclusions

C6/LiFePO4 batteries have been cycled at various temperatures (20
and 60◦C) and SoC (0–30%, 35–65%, 70–100% and 0–100%). The
dVE M F/d Q curves were calculated on the basis of the extrapolated
emf curves which have been regularly determined during cycling.
Three plateaus in dVE M F/d Q curves are attributed to the staging
in the graphite electrode. A non-destructive approach to quantita-
tive determine the graphite decay has been proposed on the basis
of the development of second battery voltage plateau, obtained from
dVE M F/d Q curves. It has been concluded that the graphite electrode
decay is more significant at lower SoC (0–30%) and it becomes sub-
stantial at elevated temperatures. Based on these analyses a graphite
degradation model was proposed. The graphite electrode degradation
has been confirmed by XPS and Raman spectroscopy, supporting the
conclusions drawn from the dVE M F/d Q analysis.

Although the methods proposed in the present work has been
focusing on the LFP system, it should be noted that the graphite
degradation mechanisms may be similar for other Li-ion batteries
with different cathode chemistries. For example, it is well-known
that Mn can easily be dissolved from Mn-based cathodes and these
Mn-species can be, subsequently, reduced at the graphite electrode
surface.51,52 Therefore, the conclusions obtained from this work may
have a much wider relevance and may include other types of Li-ion
chemistries.
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