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Abstract The activation characteristics and the effects of
current densities on the formation of a separate LiCoO, and
graphite electrode were investigated and the behavior also
was compared with that of the full LiCoO,/graphite
batteries using various electrochemical techniques. The
results showed that the formation current densities obvi-
ously influenced the electrochemical impedance spectrum
of Li/graphite, LiCoO,/Li, and LiCoO,/graphite cells. The
electrolyte was reduced on the surface of graphite anode
between 2.5 and 3.6 V to form a preliminary solid
electrolyte interphase (SEI) film of anode during the
formation of the LiCoQ»/graphite batteries. The electrolyte
was oxidized from 3.95 V vs Li"/Li on the surface of
LiCoO, to form a SEI film of cathode. A highly conducting
SEI film could be formed gradually on the surface of
graphite anode, whereas the SEI film of LiCoO, cathode
had high resistance. The LiCoO, cathode could be activated
completely at the first cycle, while the activation of the
graphite anode needed several cycles. The columbic
efficiency of the first cycle increased, but that of the second
decreased with the increase in the formation current of
LiCoO,/graphite batteries. The formation current influ-
enced the cycling performance of batteries, especially the
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high-temperature cycling performance. Therefore, the bat-
teries should be activated with proper current densities to
ensure an excellent formation of SEI film on the anode
surface.
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Introduction

The electrolyte is reduced on the surface of anode or
oxidized on the surface of cathode to form a surface film
called the solid electrolyte interphase (SEI) during first
charge and discharge of lithium ion batteries [1-5]. In the
case of graphite anode, the SEI layer plays an important
role for lithium intercalation/de-intercalation. The formation
of a stable SEI can inhibit the further decomposition of
electrolyte on the negative clectrode and stabilize the
negative electrode. The life, discharge, and safety perfor-
mance of lithium ion batteries are highly dependent on the
SEI film of carbon electrode. The structure of an excellent
SEI film is stable and compact, which cannot be destroyed
ecasily at high temperature; thus, the reaction of lithiated
carbon anode with electrolyte will reduce greatly [6]. The
SEI layer is usually formed during the first cycle and stably
remained on the surface during intercalation/de-intercalation
processes continuing in further cycles [7]. An irreversible
electrolyte reduction decomposition would further proceed
if the SEI layer on the anode is not thick enough to
prevent electron tunneling through it. Therefore, a stable
SEI layer is required for the carbonaceous electrode,
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which is electronically insulating but conducting to
lithium ions [8, 9]. Thus, before being placed on the
market, lithium ion batteries must undergo one or more
charge—discharge cycles, which is conventionally called
the formation process, to make sure that the SEI layer has
been fully grown [5, 8, 9]. However, in the case of
LiCoO,, a very thin SEI film is formed on the active
material but not on the binders during first charge, and the
surface film is not so stable and strips off during the
discharge process due to the weak interaction between the
surface film and LiCoO, electrode surface [7, 10]. At
present, the function and effects of the SEI film of the
cathode on the performance of batteries is ambiguous.

The performance of the SEI film and cells is affected by
various formation factors (e.g., the formation charge—
discharge current, cutoff voltage, formation temperature,
solvent and lithium salt, carbon electrode, and so on) [5, 8§,
9, 11-13]. The cycling performance of LiCoO,/graphite
batteries at high temperature becomes worse with the
increase in the formation temperature [12]. The optimum
cutoff voltage is not <3.7 V for industrial LiCoO,/graphite
batteries [5]. The SEI film composition and morphology is
affected by the carbon substrate and electrolyte salt [13].
However, there are no studies about the effects of current
densities on the formation of commercial LiCoO,/graphite
batteries. Hence, in this paper, we attempted to investigate
the activation characteristics and the effects of current
densities on the formation of a separate LiCoO, and
graphite electrode and compared the behavior with that of
the full LiCoO,/graphite using various electrochemical
techniques, especially the electrochemical impedance spec-
troscopy technique, which is a very powerful tool to
analyze the electrode reactions and formation of the SEI
film.

Experimental

Commercial 041428-type lithium ion batteries, which are
nominally 4 mm thick, 14 mm wide, and 28 mm long, were
assembled to investigate the effects of current densities on
the formation of LiCoO,/graphite batteries. The nominal
capacity of the batteries was designed to be 120 mAh. The
batteries were assembled with LiCoO, (Tianjin B&M
Science and Technology Joint-Stock Co., Ltd, China) as
cathodes, graphite as anodes, and polyethylene as separator.
The LiCoO, cathodes consisted of 90 wt.% LiCoO,,
5 wt.% conductive carbon black, and 5 wt.% poly
(vinylidene fluoride). The graphite anodes consisted of
91 wt.% composite graphite, 6 wt.% styrene—butadiene
rubber, and 3 wt.% carboxymethyl cellulose. LiPFg (1 M)
in a 1:1:1 mixture of ethylene carbonate/dimethyl carbon-
ate/ethylene methyl carbonate (1 M LiPF¢/EC+DMC+EMC)
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was used as the standard electrolyte. The negative electrode,
positive electrode, and separator were rolled together to
make the battery core, and then the core was put into
041428-type aluminum plastic-laminated film box. The
electrolyte was injected and the batteries were sealed with a
sealing machine. Some 2032-type Li/graphite and LiCoO,/Li
coin half cells were also assembled using the graphite
electrode, LiCoO, electrode, polyethylene separator, electro-
lyte, and lithium foil. The cell assembly was conducted in an
argon-filled glove box.

The 2032-type Li/graphite half cells were charged and
discharged five times with different current densities of 15,
30, 60, 150, and 300 mA/g using a Land 2001A cell test
system, and the LiCoO,/Li half cells also were charged and
discharged five times with different current densities of 7,
14, 28, 70, and 140 mA/g. The electrochemical working
station (Gamry Instrument model PCI 4-750) was used to
measure the cyclic voltammograms (CV) and electrochem-
ical impedance spectrum (EIS) of cells. EIS of the Li/
graphite half cells were measured at the voltage of 0.06 V
with graphite electrode as the working electrode and one
piece of lithium electrode as both the reference and counter
electrodes. Meanwhile, EIS of LiCoO,/Li half cells were
also tested at the voltage of 4.2 V with LiCoO, electrode as
the working electrode and lithium electrode as both the
reference and counter electrodes. The impedance was
measured by applying 5 mV of ac oscillation with the
frequency ranging from 100 kHz to 0.01 Hz. CV of the
2032-type Li/graphite and LiCoO,/Li half cells were
performed with graphite and LiCoO, electrodes as the
working electrodes and lithium electrode as both the
reference and counter electrodes. A scanning rate of
0.05 mV/s was applied with a sweep voltage range of
2.0-0.0 V for Li/graphite half cells and 3.2-4.4 V for
LiCoO,/Li half cells, respectively.

The formation and cycling performance tests of the
041428-type LiCoO,/graphite batteries were performed
using the BS-9300 lithium ion battery tester. Multistage
constant current—constant voltage first charging protocols
were designed to study the effects of current on the
formation of LiCoO,/graphite batteries. In all protocols, a
constant voltage charging was applied to achieve the fully
charged state after the cell voltage reached 4.2 V until the
current declined to 0.01 C. Then, the batteries were discharged
at a constant current of 60 mA (0.5 C) to a cutoff voltage of
2.75 V. The formation protocols were listed in Table 1. EIS of
the 041428-type LiCoO,/graphite batteries at 3.95 Vand CV
of the batteries before formation were tested with LiCoO,
electrodes as the working electrodes and graphite electrodes
as both the reference and counter electrodes. The cycling
performance of batteries with different formation currents
was tested between 2.75 and 4.2 V using a current of 60 mA
(0.5 C) at 25 and 50 °C, respectively.
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Table 1 Formation protocols of

Formation protocols

041428-type LiCoO,/graphite Number
batteries

a

b

c

d

0.05 C charge to 3.0 V, 0.1 C to 4.2 V, 0.5 C discharge

0.05 C charge to 3.0 V, 0.1 C to 3.85 V, 0.2 C to 4.2 V, 0.5 C discharge
0.2 C charge to 4.2 V, 0.5 C discharge

0.3 C charge to 4.2 V, 0.5 C discharge

Results and discussion

The first charge and discharge curves of Li/graphite and
LiCoO,/Li half cells with different formation current
densities are given in Fig. la, b. It can be found that the
lithiation potential of graphite and LiCoO, electrodes
decreases and the delithiation potential increases with the
increase in the formation current density. The discharge
curves of graphite anodes show typical three-order lith-
iation plateaus at the voltage of 0.2, 0.08, and 0.06 V,
respectively. EIS of the Li/graphite and LiCoO,/Li half
cells after five cycles are plotted in Fig. 1c, d. All cells were
cycled five times before the EIS measurement to ensure a
complete formation of the SEI on the graphite anodes and

complete activation of the LiCoO, cathodes. As shown in
Fig. 2a, b, the EIS of Fig. lc, d were simulated by Z-view
software using the equivalent circuit of Fig. 2c. Values of
impedance parameters were listed in Tables 2 and 3. It can
be observed that the experimental and simulation EIS are
almost coincident, which indicates that the EIS of graphite
and LiCoO, electrodes fit the same equivalent circuit.
According to the equivalent circuit, the EIS of Li/graphite
and LiCoO,/Li cells are composed of two partially over-
lapped and depressed semicircles at high to middle
frequency and a slope line at low frequency [14—17]. The
intersection of the diagram with real axis refers to a bulk
resistance (Ry,), which reflects the electronic and ionic
resistance of two electrodes and electrolyte/separator. CPE1
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Fig. 1 First charge and discharge curves of Li/graphite and LiCoO,/Li half cells (a, b) with different current density and EIS of Li/graphite and
LiCoOy/Li half cells (¢, d) after five cycles with different current densities
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Fig. 2 Experimental and simulation EIS curves of Li/graphite half cells after five cycles at a current density of 15 mAh/g (a) and LiCoO,/Li half
cells after five cycles at a current density of 7 mAh/g (b) using the equivalent circuit (¢) by Z-view software

and CPE2 are the constant phase elements which were used
instead of capacitance (Cs;) of the solid electrolyte and
double-layer capacitance (Cqj), respectively, to take into
account the roughness of the particle surface. The depressed
semicircle at high frequency could be attributed to the
resistance (Ry;) and CPEl. The depressed semicircle at
medium frequency could be attributed to the charge transfer
resistance (R.;) and CPE2. The slope line at low frequency
corresponds to the Warburg impedance (Z,), which is
related to the lithium ion diffusion within the particles[16].

It can be found in Table 2 that the R, of Li/graphite cells
is obviously larger than the Ry, which may be attributed to
the high lithium ion conductivity of the SEI film on the
surface of graphite. It is interesting to note that the Ry
decreases with the increase of the formation current. This
observation can be explained in terms of the morphology of
the SEI film. It is well known that during the first charge
and discharge of batteries, the electrolyte is reduced to form

a surface film called SEI on the graphite anode and the SEI
film is electronically insulating but conducting to lithium
ions [3, 9, 11, 12]. The ionic conductivity of the SEI film
depends on two factors: one is the morphology of the SEI
film and the other is the property of the liquid electrolyte.
For the studied half cells, the liquid electrolyte is 1 M
LiPF¢/EC+DMC+EMC and each cell contains the same
quantity of electrolyte, which indicates that the liquid
electrolyte almost does not influence the discussion of the
ionic conductivity of the SEI film. Thus, the morphology of
the SEI film may be the main factor influencing the ionic
conductivity of the SEI film. In fact, when a higher current
density is applied to the first charge and discharge, the
resulting SEI is more loose (or porous) and less adhesive,
which makes the lithium ion pass through the SEI film
more easily. Of course, the SEI with loose structure may
not be sufficiently denser to prevent further electron
tunneling. Therefore, the SEI formed with higher formation

Table 2 Impedance parameters of Fig.lc calculated using the equivalent circuit of Fig. 2¢ (the unit of R and CPE-T are Q/cm® and F/cm?,

respectively)

Current density (mA/g) Rb Rsei Rct CPE1 CPE2 w

T P T*xE-5 P R T P
15 3.20 5.07 14.63 0.000698 0.526 9.75 0.908 84.06 12.30 0.692
30 2.57 4.22 12.96 0.000982 0.539 10.68 0.915 65.72 13.18 0.665
60 2.99 4.26 19.41 0.000577 0.576 7.61 0.910 55.08 13.34 0.659
150 2.97 4.25 19.68 0.000541 0.584 7.05 0.923 53.96 13.42 0.706
300 2.82 3.15 21.38 0.000506 0.616 6.33 0.926 88.22 11.84 0.673

@ Springer



J Solid State Electrochem (2011) 15:1977-1985

1981

Table 3 Impedance parameters of Fig.1d calculated using the equivalent circuit of Fig. 2¢ (the unit of R and CPE-T are Q/cm? and F/cm?,

respectively)

Current density (mA/g) Rb Rsei Ret CPE1 CPE2 Zw

TxE—6 P T P R T P
7 2.13 23.21 7.88 3.57 0.918 0.00083 0.715 40.67 72.87 0.573
14 2.12 15.26 5.28 2.71 0.943 0.00171 0.676 31.34 73.76 0.579
28 225 16.08 6.66 3.71 0.925 0.00136 0.657 38.60 73.88 0.584
70 2.10 19.85 7.97 3.73 0.923 0.00145 0.679 40.88 74.17 0.578
140 2.55 23.48 8.28 3.12 0.934 0.00151 0.643 38.19 76.53 0.597

current density has relatively higher ionic and electronic
conductivity [9], which results in the less value of the R;.
It also can be found that the R, decreases with the
formation current density increasing from 15 to 30 mA/g,
increases greatly from 30 to 60 mA/g, and increases
smoothly from 60 to 300 mA/g. Therefore, the R, is least
when the formation current density is 30 mA/g.

Zy 1s the Warburg impedance due to the lithium ion
diffusion within the particle and can be expressed as
follows:

R x ctnh((joT)")

(joT)"

where R is diffusion resistance, 7= L*/D (L is the effective
diffusion thickness and D is the effective diffusion
coefficient of the particle), 0<P<1. The values of R, T,
and P were listed in Table 2. It can be concluded that the
diffusion coefficient of lithium ion within the lithiated
graphite particles decreases slightly from 15 to 150 mA/g
and increases from 150 to 300 mA/g.

For the LiCoO,/Li cells with different formation current
densities, it can be seen in Table 3 that the R,.; is obviously
larger than the R.. This result is opposite to that of the Li/
graphite cells. It is well known that the resistivity of the
LiCoO, as lithium-containing transitional metal oxides is
much higher than that of the graphite. A very thin SEI film
also is formed on the surface of the LiCoO, electrode
during formation, and the Rg; decreases to a constant value
during the first charge [18, 19]. The SEI film on the cathode
is thinner than that of the negative electrode and is not so
stable and strips off during the discharge process due to the
weak interaction between the surface film and LiCoO,
electrode surface [7, 10]. Therefore, a highly conducting
SEI film is not formed on the surface of the LiCoO,
electrode, whereas it can be formed on the surface of the
graphite electrode. This leads to the much larger R; of the
LiCoO, electrode than that of the graphite electrode. The
Ry and R also change with an increase in the formation
current density, which decrease in the beginning and then
increase with the increase in the formation current. In

Z, =

addition, it can be concluded that the diffusion coefficient
of lithium ion within the delithiated LiCoQO, particles
decreases slightly with the increase of the formation current
density. Tables 2 and 3 also show that the R of LiCoO,
electrode is much less than that of the graphite electrode.
Therefore, the charge and discharge reaction of LiCoO,/
graphite batteries may be controlled by the lithiation and
delithiation reactions of the graphite anode.

The CVs of Li/graphite and LiCoO,/Li half cells were
tested with a scanning rate of 0.05 mV/s to investigate the
formation characteristics of the graphite and LiCoO,
electrodes (see Fig. 3). It can be seen in Fig. 3a that the
reduction current in the first cycle increases at 1.0 V and
shows a reduction peak at 0.8 V. This is due to the well-
known electroreductive formation of SEI film on the
graphite anode. The current increases again at 0.2 V, which
is attributed to the lithiation reaction of the graphite anode.
However, the first to fifth CVs show different character-
istics below 0.2 V. The current increases gradually between
0.2 and 0.0 V in the first CV and there is not an obvious
lithiation peak, whereas two lithiation peaks at ~0.2 and
0.07 V can be observed from the second to fifth CVs
between 0.2 and 0.0 V, which corresponds to the three-
order lithiation plateau. The lithiation peaks at 0.08 and
0.06 V overlap and the lithiation peak at 0.07 V only can be
observed.

It is interesting to note that the lithiation current peak at
0.2 V almost does not change from the second to fifth CVs,
while the peak current of 0.07 V increases. In addition, the
delithiation peak current increases with the increase in CV
times. Therefore, it can be obtained that the graphite anode
is activated gradually during CVs. These phenomena may
be attributed to the formation of SEI film on the graphite
anode. Zhang et al. [11] reported that a preliminary SEI
film was formed on the anode surface above 0.15 V and a
highly conductive SEI was formed from 0.15 to 0.04 V
during the first charge and discharge. In fact, from the
results of current change of Fig. 3a, it can be obtained that
the highly conductive SEI may be formed gradually from
0.15 to 0.04 V and the Ry; decreases during CVs. Thus, it is
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Fig. 3 CV of Li/graphite (a) and LiCoO,/Li (b) half cells with a scanning rate of 0.05 mV/s

easier for lithium ion to go through the SEI film, which
results in the increase of lithiation peak current from the
second to fifth CVs. For the CVs of LiCoO,/Li half cells,
the oxidation current in the first CV is larger from 3.95 V
compared with that of the second to fifth CVs (see Fig. 3b),
which indicates that electrolyte is oxidized from 3.95 V on
the LiCoO, cathode surface and a SEI film is formed. The
overlapping of the second to fifth CV curves means that the
LiCoO, cathode can be activated in the first cycle, which is
quite different from that of the graphite anode.

The CV of 041428-type LiCoO,/graphite batteries before
formation was examined to compare the CV behavior with
that of the separate graphite and LiCoO, electrode during
formation. It is seen in Fig. 4 that the current in the first CV
of 2.5-3.6 V is larger than that of the second to fourth CVs,
while the current of the second to fourth CVs between 2.5
and 3.6 V is almost same. The first CV of LiCoO,/Li half
cells indicates that there is no obvious reaction below
3.85 V (see Fig. 3b). Thus, the larger current in the first CV
of LiCoO,/graphite batteries from 2.5 to 3.6 V can be
attributed to the electrolyte reduction on the surface of
graphite anode to form a preliminary SEI film during the
formation of LiCoO,/graphite batteries. The cathodic
polarization current increases quickly from 3.7 V, which
indicates that the delithiation of LiCoQO, cathode and
lithiation of graphite anode occurs at 3.7 V for LiCoO,/
graphite batteries. It is interesting to note that the
polarization of the first CV is obviously larger than that of
the second to fourth CVs. This phenomenon appears at the
lithiation process of 0.2—-0.0 V of the graphite anode (see
Fig. 3a), whereas it does not appear at the delithiation
process of the LiCoO, cathode (see Fig. 3b). Therefore, the
larger polarization of the first CV for LiCoO,/graphite
batteries is attributed to the graphite anode. Figure 4 also
shows that there are two cathodic polarization peaks on the
second to fourth CVs at ~3.8 and 4.1 V, respectively, and
the peak current increases but the peak voltage decreases
with the increase in the CV times. As we have known from
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Fig. 3a, the second to fifth CVs for Li/graphite half cells
have two lithiation peaks at ~0.2 and 0.07 V, respectively,
while the CV of LiCoO,/Li cells only contains a delithiation
peak(see Fig. 3b). Thus, the two cathodic polarization
peaks of LiCoO,/graphite batteries result from the lithiation
of graphite anode. A highly conducting SEI film of graphite
anode for LiCoO,/graphite batteries could be formed above
3.7 V.

The formation of the 041428-type LiCoO,/graphite
batteries were performed using the formation protocols of
Table 1. It can be seen in Fig. Sa that the voltage of
batteries increases gradually from 2.4 to 3.7 V using the
formation protocols of a and b. The consumption capacity
is 14.5 mAh. However, the voltage of batteries increases
from 3.1 to 3.7 V using the formation protocols of ¢ and d;
the consumption capacity is 10.4 and 9.6 mAh, respective-
ly. As we have known from Fig. 4, a preliminary SEI film
was formed on the anode surface of LiCoO,/graphite
batteries between 2.5 and 3.6 V. Therefore, the consump-
tion capacity among this voltage region is mainly used for
the SEI film formation. The coulombic efficiency (CE) was
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Fig. 4 CV of 041428-type LiCoO,/graphite batteries before formation
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investigated during the first and second charge and
discharge of LiCoO,/graphite batteries. As shown in
Fig. 5b, the CE of the first cycle increases, while that of
the second cycle decreases with the increase in the
formation current. The voltage of batteries increases
quickly using a big formation current due to the larger
polarization (see Fig. 5a). There is not enough time to form
a good SEI film. The irreversible reaction for the formation
of SEI film between 2.5 and 3.6 V is not sufficient, which
results in the SEI film having a loose texture and poor
adhesion to the surface of graphite [9]. Such a SEI film
cannot protect well the electrolytic solvents from further
reduction. Thus, the CE of second cycle decreases with the
increase of the formation current. Whereas the voltage of
batteries with little formation current increases gradually
from 2.4 to 3.7 V, there is enough time for the nucleation
and growth of the SEI film. A stable and excellent SEI film
is formed on the graphite anode. Therefore, the CE of the
first cycle decreases with the decrease in the formation
current.
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The EIS of the 041428-type LiCoO,/graphite batteries
also was tested to compare the behavior with that of the
separate LiCoO, and graphite electrode (see Fig. 6a). As
shown in Fig. 6b, the EIS was simulated using the
equivalent circuit of Fig. 2¢ by Z-view software. It can be
seen that the EIS of the 041428-type LiCoO,/graphite
batteries also fits the equivalent circuit of Fig. 2c. Table 4
shows the values of impedance parameters by simulating
the EIS data of Fig. 6a. The Ry; and R also decrease
initially and then increase with the increase in the formation
current. The value of Ry is least using the formation
protocol of ¢ and the R is least using the formation
protocol of b. It can be found that the R., depends on the
graphite anode, while the Ry relies on the LiCoO, cathode.
The lithium ion diffusion coefficient of LiCoO,/graphite
batteries decreases from formation protocol a to c¢ and
increases slightly from formation protocol ¢ to d.

The best way to verify the effects of current on the
formation LiCoO,/graphite batteries is to test the cycling
performance of batteries at different temperatures. It is seen
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Fig. 6 EIS of 041428-type LiCoO,/graphite batteries (a). Experimental and simulation EIS curves of a in a using the equivalent circuit of Fig. 2¢

by Z-view software (b)
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Table 4 Impedance parameters

of Fig.6a calculated using the Number  Rb Rsei  Rct CPE1 CPE2 Zw

equivalent circuit of Fig. 2¢ (the

unit of R and CPE-T are Q/cm? r P T P R T P

and F/cm?, respectively)
a 6.14 409 556 0.00125 0.583  0.000604 0.748 1637 2596  0.507
b 6.10 405 432 0.00084 0.601 0.000601 0.830 1791 2833  0.516
c 594 328 475 0.00111  0.590 0.000606 0.796 1934  29.80  0.502
d 594 382 591 0.00101 0.559 0.000645 0.768 17.99 29.34  0.499

in Fig. 7 that the batteries show best cycling performance
using formation protocol b. With the increase or decrease in
the formation current, the batteries show bad cycling
performance, especially the high-temperature cycling per-
formance. The bad cycling performance with a very low
current may be due to the larger R . (composed of Ry, R,
and R.; see Fig. 6). The bad cycling performance using a
big formation current may be attributed to two reasons: one
is the larger R and the other is the further reduction of the
electrolytic solvents. It is well known that the SEI film on
the anode with a high formation current is more loose (or
porous) and less adhesive; the SEI with loose structure may
not be sufficiently denser to prevent further electron
tunneling. Therefore, the further reduction of the electro-
lytic solvents would still occur during battery cycling,
which influences the cycling performance of batteries.
However, Fig. 7a indicates that the formation current does
not influence the cycling performance at 25 °C greatly,
which indicates that the further reduction of the electrolytic
solvents is not serious. Some of the SEI film with loose
texture formed with a big formation current can be repaired
and completed gradually during charge and discharge at
low temperature. Whereas, Fig. 7b shows that the cycling
performance of batteries at 50 °C is influenced greatly by
the formation current. The reason may be that the SEI film
with loose texture and poor adhesion formed with a large
formation current cannot be repaired and completed during
cycling at 50 °C, which leads to the bad cycling
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performance. However, the SEI film formed at low current
is denser and stable at high temperature. The further
reduction of the electrolytic solvents almost does not occur,
which does not influence the performance of the battery
obviously. The SEI film of graphite anode for LiCoO,/
graphite batteries is formed mainly below 3.6 V. Therefore,
the lithium ion batteries should be activated using a proper
current below 3.6 V to ensure a stable SEI film formed on
the anode surface.

Conclusions

The activation characteristics and the effects of current
densities on the formation of a separate LiCoO, and
graphite electrode and the full LiCoO,/graphite batteries
have been studied. It was found that the EIS of the Li/
graphite, LiCoO,/Li, and LiCoO,/graphite cells varied
greatly with the increase of the formation current densities.
The reduction reaction of electrolyte on the graphite anode
surface occurred between 2.5 and 3.6 V to form a
preliminary SEI film during the formation of the LiCoO,/
graphite batteries. The electrolyte was oxidized from
3.95 V vs Li*/Li on the LiCoO, cathode surface to form a
SEI film of cathode. However, the resistance of the SEI
film formed on the LiCoO, electrode was much larger than
that of the graphite anode. The LiCoO, cathode could be
activated completely at the first cycle, while the activation
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Fig. 7 Cycling performance of the 041428-type LiCoO,/graphite batteries at different temperatures: a 25 °C; b 50 °C
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of the graphite anode needed several cycles. The CE of the
first cycle increased, but that of the second decreased with
the increase in the formation current. The formation current
influenced the high-temperature cycling performance obvi-
ously. Thus, the batteries should be activated with a proper
current below 3.6 V to ensure an excellent formation of the
SEI film formed on the anode surface.
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