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Abstract The effect of formation temperatures and current
densities on the aging performance of LiNi1/3Co1/3Mn1/3O2/
artificial graphite Li-ion cells during storage and cycle was
investigated using three-electrode electrochemical imped-
ance spectroscopy and charge–discharge experiment. The
higher formation temperature at 45 °C decreased the
resistance of solid electrolyte interphase (SEI) film and the
irreversible capacity loss of Li-ion cells during SEI forma-
tion process. After Li-ion cell storage at 60 °C for 10 weeks,
the ohmic resistance of the negative electrodes and the
irreversible capacity loss of the cells reduced 24% and 7.9%,
respectively, accompanied by a significant decrease of SEI
film resistance when the formation temperature increased
from 25 to 45 °C. The higher temperature at 45 °C may
facilitate the transformation of metastable ROCO2Li to stable
inorganics to form a stable SEI film. Three hundred cycling
tests indicated that the capacity retention of the cell
formation at 25 °C was only 87.5%, about 8% less than
that of the cell formation at 45 °C. However, the SEI
formation current density did not significantly affect the
property of SEI film and the irreversible capacity loss of the
aged cells.
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Introduction

It is generally known that during the initial intercalation of
lithium into the graphite negative electrode, the intercalated
lithium reacts immediately with the electrolyte components,
i.e., the solvents and the salts, forming a passivating layer
called solid electrolyte interphase (SEI) [1–5], which is a
key component in Li-ion batteries. The performance of Li-
ion batteries, such as cyclability, safety, and shelf life, is
strongly affected by the nature of the SEI film [1, 6–13].
For example, a thin and compact SEI film with good Li-ion
conductivity can enhance the initial capacity and prolong
the cycle life of a battery. And a stable SEI film can reduce
the capacity fade of a battery when it is used or stored at
elevated temperatures. It is known that the self-discharge
rate of a battery is mainly governed by the SEI film, and the
self-discharge occurs in two main ways, i.e., the de-
intercalation and diffusion into the electrolyte of the
intercalated lithium ions, and the dissolution and rebuilding
of SEI film [9, 14].

Many research works [15–18] have been conducted on
the self-discharge of Li-ion cells at various temperatures
because storage performance is a crucial factor for Li-ion
battery applications. It is found that elevated temperatures
accelerate the capacity loss due to the instability of SEI film
[16, 18, 19]. Therefore, it is required for the graphite
electrode to develop a stable SEI film during its formation
step to retard the aging/degradation of a Li-ion battery in
high-temperature applications.

However, there is little information about the effect
of SEI formation conditions on the characteristics of the
SEI layer and especially on the performance of Li-ion
batteries in open literatures. Pyun et al. [20, 21] reported
that the SEI formation temperature significantly affected
the structural and compositional changes of the SEI layer

C. Huang :K. Huang (*) :H. Wang : S. Liu
School of Chemistry and Chemical Engineering,
Central South University,
Changsha 410083, China
e-mail: huangkelong@yahoo.com.cn

Y. Zeng
Amperex Technology Limited,
Dongguan 523808, China

J Solid State Electrochem (2011) 15:1987–1995
DOI 10.1007/s10008-010-1219-1



formed on the graphite electrode in a half cell and showed
that the rising formation temperature decreased the
resistance to the lithium transport through the SEI layer.
Doll et al. [22] claimed that the formation current density
also influenced both nature and thickness of the SEI film
formed on the graphite electrode in a half cell. But there
is no further study on the long-term performance of those
half cells with different formation conditions. Further-
more, a half cell contains two “anode-type” electrodes, on
both of which an SEI film can be formed [5, 23] because
lithiated graphite and metallic lithium have very close
potentials. Thus, the aging behavior of a half cell will
differ from that of a full cell. In this work, we studied the
effect of SEI formation temperatures and current densities
on the aging performance of Li-ion cells containing
LiNi1/3Co1/3Mn1/3O2 and graphite as the positive and
negative electrodes, respectively, and on the character-
istics of the SEI film on the graphite electrodes using
three-electrode electrochemical impedance spectroscopy
(EIS).

Experimental

A series of pouch Li-ion cells with the dimension of 7.6×30×
40 mm (T×W×L) and with the capacity of about 850 mAh
contained commercial LiNi1/3Co1/3Mn1/3O2 (ATL supplied,
D50≈11 μm) and artificial graphite (Shanshan, China, D50≈
11 μm) as the active materials, with poly(vinylidene fluoride)
as the binder of electrodes, Celgard membrane as the
separator, and 1 M LiPF6/ethylene carbonate–propylene
carbonate–diethyl carbonate (EC–DEC–PC) as the electro-
lyte. The cell balance (the capacity ratio of the anode to the
cathode) was 1.20. The Li-ion cells with copper and
aluminum foils as the current collectors of the negative and
positive electrodes, respectively, were spirally wound. All
fresh cells were first charged to 3.75 V under different
constant currents and followed by a constant voltage charge
at 3.75 V until reaching a cutoff current of 16 mA (~0.019 C).
This period is conventionally called the formation process.
According to different formation conditions, Li-ion cells were
divided into three groups, as shown in Table 1. After

formation, the cells were degassed and subjected to a few
charge–discharge cycles at room temperature in the voltage
region from 3.00 to 4.20 V before further study.

Three groups of cells with 100% state of charge,
which had been charged to 4.20 V at a constant current
of 80 mA (~0.094 C) and potentiostatic charge at 4.20 V
until a cutoff current of 16 mA, were kept in storage at
60 °C for up to 10 weeks. An EIS was performed on
these cells before and during storage by a Zahner IM6e
electrochemical workstation, with a 5-mV ac perturbation
over the frequency range from 20 mHz to 100 kHz at
ambient condition. In order to separate the impedance
contribution of the positive and negative electrodes to the
whole cell, the cells were fabricated with reference
microelectrodes, made by tiny copper wires. The naked
copper tip being inserted between the negative and
positive electrodes was plating Li with a constant current
charge at 10 μA before the formation process using
Land® charge–discharge instrument (China). The poten-
tial of positive electrode is shown in Fig. 1 during
plating. The voltage of the positive electrode was stable at
3.44 V after the microelectrode had been plating Li for
10 min. After storage for 10 weeks, the aged cells were
discharged at a constant current of 80 mA to 3.00 V to
determine their capacity loss.

Cycling tests of Li-ion cells with different formation
conditions were performed on Arbin BT-2000 battery tester
at ambient condition. The charge–discharge protocol
included a constant current charge at 800 mA until the
voltage reached 4.20 V, followed by a constant voltage
charge at 4.20 V until a cutoff current of 16 mA and a
constant current discharge at 800 mA until a cutoff voltage
of 3.00 V.

Table 1 Three different formation processes

Group Formation condition

Temperature
(°C)

Charge current
(mA)

Current density
(mAcm−2)

A 45 16 0.043

B 45 400 1.077

C 25 16 0.043 Fig. 1 Voltage profile of the positive electrode vs. reference
microelectrode during Li plating onto the microelectrode
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Results and discussion

SEI formation

Figure 2 shows both potential curves of the positive and the
negative electrodes in group C during the formation period.
The potential difference between the positive electrode and
the negative electrode was identical to the voltage of the
full cell, indicating that the microelectrode could be used as
the reference electrode.

Figure 3 shows the impedance spectra of the graphite
electrodes in the Li-ion cells after formation. The cells were
first charged to 3.75 V under different formation conditions,
followed by the EIS measurements. The impedance spectra
consist of an inductive tail at the higher frequency, two
separated arcs in the high- and intermediate-frequency
range, and an inclined line in the low-frequency range.

The high-frequency arc is due to the impedance for lithium
transport through the SEI film formed at different SEI
formation conditions; thus, it gives information on the SEI
layer property itself [20]. The intermediate-frequency arc is
associated with the charge-transfer process at the SEI layer/
electrolyte interface [24]. The inclined line at the lower
frequency is attributed to the Warburg impedance associat-
ed with Li-ion diffusion in the graphite electrode.

To compare the SEI film resistance among the cells with
different formation conditions, the equivalent circuit,
including the components of the electrolyte and electrodes
resistance (Re), the SEI film resistance (Rf), and the charge-
transfer resistance (Rct), was used to fit the impedance
spectra, as presented in Fig. 4, where L represents the
inductance and W refers to the Warburg resistance. CPE is
the corresponding imperfect capacitance to Rf. Cdl is the
double-layer capacitance. The combination of Rct and W is
called faradic impedance, which reflects kinetics of the cell
reactions. Low Rct generally corresponds to a fast kinetics
of the faradic reaction [25]. The simulation results of Rf and
Rct, both of which represent the interfacial resistance, are
shown in Fig. 5, indicating that Rf, Rct, and the interfacial
resistance on the negative electrode of group A were the
smallest. Thus, under the same formation current density of
0.043 mAcm−2, the resistance to the lithium ion transport
through the SEI layer deceased when the SEI formation
temperature increased from 25 to 45 °C. A similar trend
was observed in Fig. 3 of [20] in which the size of the high-
frequency arc in the impedance spectrum of graphite
electrode was decreased when the SEI formation tempera-

Fig. 2 Voltage profiles of the Li-ion cell (group C) during the
formation process

Fig. 3 Impedance spectra of negative electrodes for Li-ion cells after
formation at different conditions

Fig. 4 Equivalent circuit of the negative electrode

Fig. 5 SEI film resistances and charge-transfer resistances of negative
electrodes for Li-ion cells after formation at different conditions
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ture increased from 0 to 40 °C, inferring that the Rf

decreased with rising SEI formation temperature. On the
other hand, the higher formation current density at
1.077 mAcm−2 increased the resistance of the SEI layer at
the formation temperature of 45 °C. Assumed that the
specific conductivity of SEI film among these Li-ion cells
is the same, the thickness of SEI film of group Awill be the
smallest, according to:

R ¼ 1

s
L

S
ð1Þ

where σ is the conductivity, L is the thickness of SEI film,
and S is the interface area. The SEI thickness (L) can be
expressed as:

L ¼ L0 þ kNL ð2Þ
where L0 is the initial SEI thickness before formation
(L0=0), k is an empirical parameter independent of both
time and temperature, and NL is the number of moles of
lithium being reacting during formation. This implied
that the NL in group A was minimal. Thus, group A with
the minimal number of lost active lithium ions had the
smallest irreversible capacity loss during the SEI forma-
tion process. This was confirmed by the initial reversible
capacity of the cells after formation. The discharge
capacity (with the discharge current at 80 mA) of group
A, group B, and group C was 923, 918, and 895 mAh,
respectively.

Storage performance

Figure 6 shows the discharge capacity curves of the three
groups of Li-ion cells before storage, after storage, and one
charge–discharge cycle after storage at 60 °C for 10 weeks.
All the aged cells suffered the self-discharge capacity loss
after storage. The total capacity loss of group A was smaller
than that of group B and group C, as shown in Table 2,
illustrating that less active lithium ions were consumed in
group A than in the other two groups during storage. It is
also observed that a partial capacity loss of the aged cells was
recovered after one cycle of charge–discharge. Generally, the
self-discharge capacity loss can consist of irreversible and

Fig. 6 Discharge capacity of the Li-ion cells with group A (a), group B
(b), and group C (c) before and after storage at 60 °C for 10 weeks

Table 2 Reversible and irreversible capacity loss of Li-ion cells after
storage at 60 °C for 10 weeks

Group Capacity
loss (%)

Irreversible capacity
loss (%)

Reversible capacity
loss (%)

A 26.1 10.5 15.6

B 27.4 12.8 14.6

C 34.0 18.4 15.6
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reversible components. The irreversible capacity loss cannot
be recovered because the lost active lithium ions (de-
intercalated lithium ions) which are consumed to build
insoluble components of SEI film cannot re-intercalate into
graphite. Typically, an SEI film is composed of stable
(Li2CO3 and other inorganics) and metastable (lithium-alkyl
carbonates) components [1]. Taking EC as an example, it is
reduced on the graphite surface to metastable complexes via
a two-electron transfer during storage, according to

2dECþ 2dðe� � Liþg Þ ! 2dðCH2CH2OCO2Li
�Þmetastable

ð3Þ

where (e−·Lig
+) represents a pair of electron and lithium ion

localized in the SEI film resulting from the de-intercalation
reaction [26], which can be written as

LiC6 ! Li1�dC6 þ dðe� � Liþg Þ ð4Þ

A part of metastable complexes are transformed into
alky lithium-alkyl carbonates or insoluble inorganics on the
graphite surface during storage:

2nðCH2CH2OCO2Li
�Þmetastable ! nðCH2Þ2 þ nðCH2OCO2LiÞ2

ð5Þ

Fig. 7 Nyquist plots of negative
electrodes (a), positive electro-
des (b), and full cells (c) before
and after storage at 60 °C

J Solid State Electrochem (2011) 15:1987–1995 1991



2mðCH2CH2OCO2Li
�Þmetastable þ 2mðe� � Liþg Þ

! 2mCH2CH2 þ 2mLi2CO3 ð6Þ
Table 2 shows that the irreversible capacity loss of group

A was the smallest, with 2.3% and 7.9% less than that of
group B and group C, respectively. It is inferred that the
smallest amount of insoluble substances was produced in
group A during storage. On the other hand, the reversible
capacity loss of a cell during storage can be recovered by
recharging the cell. Firstly, a portion of metastable
complexes of SEI layer dissociates back to the original
components upon the recharging step of the cell after
storage by the following reaction [26]:

2ðd � n� mÞðCH2CH2OCO2Li
�Þmetastable

! 2ðd � n� mÞECþ 2ðd � n� mÞðe� � Liþg Þ ð7Þ

Secondly, during storage at elevated temperatures, some
soluble components of the SEI film are partially dissolved,
resulting in the liberation of some lithium ions. These liberated
ions become active again by recharging the aged cells, and
therefore, a partial capacity loss is recovered [16]. Moreover,
some liberated lithium ions dissolved in the electrolyte may
diffuse to the positive electrode side due to concentration
gradient, where the re-intercalation of lithium ions in the
LixNi1/3Co1/3Mn1/3O2 can occur, resulting in the potential
drop of the positive electrode, according to the reaction:

LixNi1=3Co1=3Mn1=3O2 þ ye� þ yLiþ ! LixþyNi1=3Co1=3Mn1=3O2

ð8Þ
where electrons are coming from the electrolyte oxidation,
occurring in a high voltage range [27]. The superficial

oxidation on the positive electrode surface [28] can be
written as

yEl ! yElþ þ ye� ð9Þ
where El is any solvent (EC, PC, or DEC) in the electrolyte.
It is found that the reversible capacity loss of the aged cells
after storage for 10 weeks was in the range of 14.6–15.6%.

Figure 7 shows the impedance spectra of the three-
electrode cells before and after storage at 60 °C. It is found
that after 10 weeks, the ohmic resistance rise of the full cell
in group C was more than that of the full cells in the other
two groups, as shown in Fig. 7a. This rise was mainly
contributed by side reactions between the electrodes and the
electrolyte. Figure 7b shows that the impedance of all
positive electrodes was increasing with the prolonged
storage, which was mainly attributed to the superficial
oxidation of the electrolyte on the surface of the positive
electrode (Eq. 9) and the re-intercalation reaction (Eq. 8)
mentioned above. However, compared to the impedance
change of the negative electrodes among the three groups
of Li-ion cells, that of the positive electrodes was less
significant, inferring that the side reactions between the
electrodes and the electrolyte were mainly governed by the
graphite electrode during storage at 60 °C.

In order to interpret the impedance change of negative
electrodes, the equivalent circuit in Fig. 4 was used for
modeling of the impedance. The simulation results (in
Fig. 8) show the change of different resistances after the
cells storage at 60 °C. The ohmic resistance of the
negative electrode in group C rapidly increased, followed
by group B and then by group A (Fig. 8a). The increase of
ohmic resistance was 41.8%, 21.1%, and 17.8% after

Fig. 7 (continued)
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10 weeks for group C, group B, and group A, respectively.
Obviously, the side reaction on the graphite electrode of
group C was severest, inferring that the SEI film formation
at 25 °C was less stable than the formation at 45 °C. In
Fig. 8b, c, it reveals that after storage for 10 weeks, both
the Rf and Rct of group C were greater than those of the
other two groups. The Rf of group C increased 58.0%,
about 20% and 17% higher than the increase of SEI film
resistances of group A and group B, respectively.
Furthermore, it is noted that the Rf of group C decreased
at the first week and then increased thereafter, implying
that it was not as stable as the SEI film of group A. The Rf

of group A slowly increased with the prolonged storage.
The unstable SEI film would suffer dissolution at the
beginning of the storage at the high temperature. Pyun et
al. [20, 21] reported that the higher SEI formation
temperature increased the relative amount of Li2CO3 to
ROCO2Li (in a solvent of EC, R corresponds to CH2).
Under the higher SEI formation temperature, some
metastable complexes in SEI film may transform to stable
substances, by the following reaction:

2CH2OCO2Liþ 2e� þ 2Liþ ! CH2CH2 þ 2Li2CO3

ð10Þ
Thus, it is proposed that the SEI film of group A should

contain more insoluble inorganics than that of group C after
formation, which made the SEI film of group A more stable
than that of group C at the elevated temperature.

Fig. 9 Cycle performance of Li-ion cells with different formation
conditions

�Fig. 8 Simulation results of ohmic resistances (a), SEI film
resistances (b), and charge-transfer resistances (c) of negative electro-
des for the Li-ion cells before and after storage at 60 °C
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Although the SEI formation current density also
affected the impedance of SEI film, it played a less
significant role in controlling the property of SEI film
and the self-discharge capacity loss of the aged cells
compared with the SEI formation temperature. Addition-
ally, in the mass production of Li-ion batteries, the
formation process is critical because of its economic
impact, which is both time- and resource-consuming
[29]. It is possible to shorten the formation time by using a
higher current density during formation period in the
compromise of losing some initial capacity and increasing
some irreversible capacity loss during storage. It is noted
that the chemistry of SEI film is complicated because the
film property is also affected by other factors, such as
electrolytes, types of graphite, and surface properties of
graphite [1, 24, 30, 31]. Although the results in this work
were obtained from only one type of graphite and
electrolyte, data from other cells with different types of
graphite and electrolyte also indicated that the formation
temperature significantly affected the property of SEI layer
by changing the SEI compositions [20, 21].

Cycle performance

The capacity loss of a Li-ion cell during cycle is mainly
caused by both the cycleable lithium loss resulted from
lithium-consuming SEI layer growth and the rate capability
loss mostly due to the rise of interfacial resistance [32–35].
Also, the growth of SEI layer can result in an interfacial
resistance increase in the cell. Figure 9 shows the cycling
performance of the Li-ion cells. After 300 cycles, the
capacity retention of group C was 87.5%, about 8% less
than that of the other two groups, implying that the higher
formation temperature at 45 °C was beneficial to form a
stable SEI film to impede capacity fade during cycle.
Additionally, the cycling performance of group A and
group B was similar, inferring that the formation current
density was not a significant factor in controlling the
property of the SEI film and the capacity loss of Li-ion
cells.

Conclusions

The effect of formation conditions on the aging performance
of Li-ion cells during storage and cycle was studied in the
three groups of Li-ion cells with various combinations of
formation temperatures and current densities. The formation
temperature played a significant role in controlling the
property of SEI film and the irreversible capacity loss of
aged cells. The Li-ion cell formation at 25 °C (group C)
suffered greater irreversible capacity loss and had more than
20% increase of the ohmic resistance and the SEI film

resistance of the negative electrode than those of the cell
formation at 45 °C (group A) after storage at 60 °C for
10 weeks. Both cycle and storage tests implied that a higher
formation temperature was contributed to form a stable SEI
film on the negative electrode, which can impede the side
reaction between the electrode and the electrolyte. However,
under the same formation temperature at 45 °C, although the
formation current density decreased from 1.077 to 0.043 mA
cm−2, it did not significantly affect the capacity loss of the
cells either during storage or cycle. Finally, an improvement
in the aging performance of Li-ion cells is possible via
optimization of formation conditions and/or via selection of
suitable materials.
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