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Two- and three-electrode impedance spectroscopic
studies of graphite electrode in the first lithiation
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The first lithiation of graphite electrode was investigated by electrochemical impedance spectroscopy (EIS)
and scanning electron microscope (SEM) in a two-electrode button cell and a three-electrode glass cell.
The results demonstrate that the study of the variation of EIS feature of the graphite electrode in the
two-electrode button cell with electrode polarization potential decreasing in the first lithiation cannot be
used to investigate the formation mechanism of the solid electrolyte interphase (SEI) film. However, the
formation and growth process of the SEI film can be acquired by investigating the variation of EIS
features of the graphite electrode in the three-electrode glass cell with the decrease of electrode po-
larization potential in the first lithiation. Moreover, the results also point out that the SEI film on graph-
ite electrode is mainly formed between 1.0 and 0.6 V in the first lithiation.

lithium-ion batteries, graphite electrode, electrochemical impedance spectroscopy, solid electrolyte interphase

Electrochemical impedance spectroscopy (EIS) is one of
the most important electrochemical techniques which
can provide unique information about the nature of elec-
trode processes relating to a wide time constant (demon-
strated in terms of frequencies in EIS). It was widely
applied, in the past 10 years, to the studies of electro-
chemical lithium intercalation into carbonaceous materi-
als and transition metal oxides!' ™. According to Aur-
bach and co—workers[é], lithium insertion involves several
processes that occur in series: diffusion of lithium ion in
solutions, charge transfer, migration of lithium ions
through the surface films covering the graphite particles,
charge transfer, solid state diffusion of lithium ions into
the graphite often described as finite space or restricted
diffusion. EIS can reflect all the above processes by their
different time constants, and is therefore a suitable tech-
nique of investigations. The main problem remaining in
the practical application of EIS is its ambiguity: many
physically different procedures or separate stages of a
complicated process show similar features in terms of
impedance spectroscopy. A classical electrochemical
system contains processes such as electron-transfer, dif-

fusion, and absorption of reacting species, and to discern
these processes may be easy if all absorption sites have
the same energy, i.e. the electrode surface is energeti-
cally homogeneous. However, the processes occurring in
practical ion-insertion electrodes are much more com-
plicated compared to the classical systems. The practical
ion-insertion electrodes are composite materials, in
which the active mass particles are bound to a copper
current collector with a polymeric binder such as poly-
vinylidene difluoride (PVdF). In addition, the composite
electrodes have to contain a conductive additive, usually
carbon black. The electrodes are usually prepared from
slurry of the particles and the binder in an organic sol-
vent, which is spread on the current collector, followed
by drying. The final shape of the electrode is obtained
by applying some pressure to the electrode. So the shape
and value of the resistance in the impedance spectrum
should be affected by the amount of conductive additive
Received September 24, 2008; accepted March 2, 2009

doi: 10.1007/s11434-009-0356-3

"Corresponding authors (email: zhuangquanchao@126.com, sgsun@xmu.cdu.cn)

Supported by the Major State Basic Research Development Program of China (Grant
No. 2009CB220102)

Citation: Zhuang Q C, Tian L L, Wei G Z, et al. Two- and three-electrode impedance spectroscopic studies of graphite electrode in the first lithiation. Chinese Sci Bull,

2009, 54: 2627—2632, doi: 10.1007/s11434-009-0356-3

>
o
—
@
=
(1]
I
©]
-
<
o
(2]
>
I
o




in the composite materials, the contact between the elec-
trode film and the current collector, the solvent, particle
size, thickness of electrode, and stack pressure[7’8]. With-
out systematic and integrated comparison of EIS spectra
of these processes, incorrect interpretation may arise. In
this work, therefore, impedance studies have been car-
ried out in both two-electrode and three-electrode Li-C
systems, and the variation of impedance with the dec-
rease of the electrode polarization potential in the first
lithiation has been analyzed.

1 Experimental

All electrochemical experiments were conducted in ei-
ther a two-electrode button cell or a three-electrode glass
cell with Li foils as both auxiliary and reference elec-
trodes. The graphite electrode used in this study was
prepared by spreading a mixture of 90% mesophase-
pitch-based carbon fibers (Petoca, Japan) and 10% poly-
vinylidene fluoride (Kynar FLEX 2801, Elf-atochem,
USA) binder dissolved in N-methyl pyrrolidone (Fluka
Inc.) onto a Cu foil (thick: 20 pum) current collector. The
electrolyte consists of 1 mol-L™" LiPFg in a mixture of
ethylene carbonate (EC), dimethyl carbonate (DMC),

and diethyl carbonate (1:1:1, volume ratio, Guotaihua-
rong Co., Zhangjiagang, China).

The morphology of graphite electrode was investi-
gated by scanning electron microscope (LEO 1530 Field
Emission Scanning Electron Microscope (SEM, Oxford
Instrument). EIS measurements were carried out with an
electrochemical work station (CHI 660B, Chenhua Co,
Shanghai, China). The amplitude of ac perturbation sig-
nal was 5 mV and the frequency range varied from 10’
to 107* Hz. The electrode was equilibrated for 1 h before
the EIS measurements, in order to attain steady state
conditions.

2 Results and discussion
2.1 SEM analysis of graphite electrode

Figures 1 and 2 show SEM images of the graphite elec-
trode before and after the electrode has been subjected to
charge-discharge cycles. As shown in Figure 1(a) and (b),
smooth surfaces of the graphitie electrode are observed,
which imply that no SEI film is formed before the charge-
discharge cycles. After the charge-discharge cycles, granu-
lar solids on the surfaces of the graphte electrode sub-
jected to charge-discharge cycles were clearly observed,
as illustrated in Figure 2. Apparently, the insoluble gran-
ules arise from the decomposition of EC. The enlarged
SEM image (Figure 2(b)) further indicates that the decom-
position product of EC deposited on the surface of the
graphite electrode was sheet-like.

2.2 EIS analysis of the electrodes during the first
lithiation in different cells

Nyquist plots of graphite electrode during the first lithia-
tion at various potentials (3.0—1.0 V) in 1 mol-L™"

LiPF¢-EC:DEC:DMC electrolyte are shown in Figure 3.
It can be seen from Figure 3(a) that the Nyquist plots of
graphite electrode in the two-electrode button cell at
open circuit potential (3.0 V) show an arc in the high-
frequency (HF) range and a slightly inclined line in the
low-frequency (LF) region which represents the block-
ing character of the nonlithiated electrode at equilibrium
potential. These observations are in accordance with the
results reported by Holzapfel et al'®. obtained in a three-
electrode button cell, indicating that without using an
additional lithium foil as reference electrode in the but-
ton cell does not affect significantly the EIS features.
With the decrease of the electrode polarization potential,
the diameter of the HF arc increases by above 1.5V, and
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Figure 2 SEM images of the graphite electrode magnified by 1000 (a) and 5000 (b) times after charge-discharge cycles.

remains invariant between 1.5 and 1.1 V. According to
Aurbach and co-workers [6’10_12], the HF arc is related to
SEI film (the resistance of SEI film coupled with SEI
film capacitance). If we presume that the HF arc in the
Nyquist plots recorded with the two-electrode button
cell in this study is mainly related to the SEI film, at
least two important aspects can not be interpreted prop-
erly: (1) As illustrated by the SEM results, no SEI film is
formed on the surface of graphite electrode before elec-
trochemical scan cycles, thus there should be no HF arc
in the Nyquist plots at open circuit potential. (2) Accord-
ing to the cyclic voltammetry results reported by our
group in early studies'") the SEI film is mainly formed
between 1.0 and 0.5 V. However, it is observed that the
diameter of the HF arc in the Nyquist plots of graphite
electrode in the two-electrode button cell increases rap-
idly with the decrease of electrode polarization potential
between 3.0 and 1.5 V. As a result, the HF arc in the
Nyquist plots of graphite electrode in the two-electrode
button cell could not be attributed to the SEI film, but it
should be related to contact problem reported in litera-
ture '*"*!. The increase in diameter of the HF arc in the
Nyquist plots of graphite electrode in the two-elec-

(a) —0—3.0V
-8000 |- S
, —«—20V
- / ——15V
Fos —o—1.1V
6000 Ay
¢ U/
N _sgo0 L[4 /
-100 |
-2000 ;
0
0

2000 4000 6000 8000
ZQ

trode button cell may be related with the increase of sto-
rage time of graphite electrode in electrolyte solution or
due to the reduction of the contaminant of the electrolyte
solutions, such as water, which results in the increase of
the contact resistance.

As can be seen from Figure 3(b), the Nyquist plots of
graphite electrode in the three-electrode glass cell during
the first lithiation at open circuit potential (3.0 V) are
different from those in the two-electrode button cell, i.e.
no arc can be observed in the high-frequency region,
which corresponds to the SEM result that there is no in-
itial SEI film on the graphite electrode before lithiation.
With the decrease of the electrode polarization potential,
the sloping line bends toward the real axis and forms a
semicircle at 2.0 V, and the Nyquist plots at 1.5 and 1.0 V
are similar, which include an arc in the high frequency
region and an inclined straight line in the low-freq-
uency region. However, there is no HF arc appearing in
Nyquist plots of graphite electrode in the three-electrode
glass cell above 1.0 V. The above results illustrate that
the formation and growth of the SEI film due to electro-
lyte reduction decomposition do not happen to the gra-
8000 ™ sov (b)
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Figure 3 Nyquist plots of graphite electrode during the first lithiation at various potentials (3.0 — 1.0 V) in 1 mol - L™' LiPFs-EC : DEC : DMC
electrolyte in different cells. (a) Two-electrode button cell; (b) three-electrode glass cell.
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phite electrode when the electrode polarization potential
is above 1.0 V, and also that the HF arc commonly ap-
pearing in the Nyquist plots of graphite electrode in the
two-electrode button cell can be eliminated by the three-
electrode glass cell.

If the HF arc in the Nyquist plots of graphite electrode
in the two-electrode button cell is related not only to the
contact problem, but also to the SEI films, an increase of
the associated resistance at potentials between 1.0 and
0.5 V would be expected, where the SEI film formation is
considered to occur according to the cyclic voltammetry

results. But Chang et all'*"!

. reported that no important
modification of the impedance graph can be noticed in the
HF region during the first cathodic polarization of their
graphite in the potential zone from 1.0 to 0.5 V. Whereas
our results are quite different. Figure 4 shows the Nyquist
the first lithiation at
various potentials between 0.9 and 0.4 V in 1 mol-L™'

LiPFc-EC:DEC:DMC electrolyte. As can be seen in Fig-
ure 4(a), the Nyquist plots of graphite electrode in the
two-electrode button cell below 0.9 V consist of three

plots of graphite electrode during

parts, namely, the first arc in the highfrequency range, the
second arc in the medium frequency (MF) range com-
monly ascribed to the charge transfer step, and an incline
line in the low frequency range reflecting the solid state
diffusion process of lithium ions into graphite materials.
The diameter of the HF arc in the Nyquist plots of graph-
ite electrode in the two-electrode button cell increases
with the decrease of electrode polarization potential from
0.9 to 0.6 V. One may infer that the HF arc appearing in
the Nyquist plots of graphite electrode in the two-elec-
trode button cell below 0.9 V is related not only to the
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contact problem, but also to the SEI films. In further
charging process, the diameter of the HF arc remains
almost invariant in the potential zone between 0.6 and
0.5 V, and decreases in the potential zone between 0.5
and 0.4 V. Thus it can be deduced that the decrease in
diameter of the HF arc in the potential zone between 0.5
and 0.4 V may result from the variation of the contact
resistance, because the resistance of the SEI film should
increase or remain invariant with electrode polarization
potential decreasing. As a consequence, the variation of
the resistance of the SEI film with electrode polarization
potential decreasing can not be discerned concretely,
since the contact resistance varies with the decrease of
electrode polarization potential.

It can be observed from Figure 4(b) that the unique
feature of the Nyquist plots of graphite electrode in the
three-electrode glass cell during the first lithiation at 0.9
V consists in that a depressed small semicircle appears
in the high-frequency region and its diameter increases
with the decrease of electrode polarization potential,
which is much different from the Nyquist plots of graph-
ite electrode in the two-electrode button cell during the
first lithiation below 0.9 V. The observations correspond
to a generally accepted fact that the SEI film is formed
at potentials between 1.0 and 0.8 V due to the decompo-
sition of electrolyte solution species such as EC!'®®],
Consequently, the unique explanation accounting for
these observations is that the first arc in the high-fre-
quency region observed in the Nyquist plots of graphite
electrode in the three-electrode button cell should be
related to the SEI film. The Nyquist plots at and below
0.9 V are similar, consisting of three parts: the HF arc
relating to the SEI film, the MF arc relating to the charge
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Figure 4 Nyquist plots of graphite electrode during the first lithiation at various potentials (0.9— 0.4 V) in 1 mol - L™ LiPFe-EC : DEC : DMC
electrolyte in different cells. (a) Two-electrode button cell; (b) three-electrode glass cell.
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transfer step and the double layer capacitance, and the
declined line in the low frequency region corresponding
to diffusion phenomena. With the decrease of electrode
polarization potential, the diameter of the HF arc in the
Nyquist plots of graphite electrode in the three-electrode
glass cell increases rapidly with electrode polarization
potential decreasing from 1.0 to 0.6 V, indicating that the
SEI film is rapidly formed on the surface of the graphite
electrode, and the thickness of the SEI film also in-
creases rapidly at the above potential region. When the
electrode potential is changed from 0.6 to 0.4 V, the
diameter of the HF arc in the Nyquist plots of graphite
electrode in the three-electrode glass cell remains almost
invariant, implying that a highly passivating SEI film
has been formed on the surface of the graphite electrode.
Such an SEI film can effectively prevent EC decomposi-
tion, and confirm that the SEI film of graphite electrode
during the first lithiation is mainly formed in the poten-
tial region between 1.0 and 0.6 V, in accordance with the
cyclic voltammetry results reported previously!'?!

Figure 5 shows the Nyquist plots of graphite electrode
during the first lithiation at various potentials (0.3—

0.1 V) in 1 mol-L™" LiPF¢-EC:DEC:DMC electrolyte.
It can be seen from Figure 5(a) that, the diameter of the
HF arc in the Nyquist plots of graphite electrode in the
two-electrode button cell increases from 0.3 to 0.2 V,
and decreases from 0.2 to 0.1 V, indicating that the va-
riation of contact resistance depends significantly on the
electrode polarization potential, and is randomly distri
buted. However, the diameter of the HF arc in the Ny-
quist plots of graphite electrode in the three-electrode
glass cell remains almost invariant in potential region of
0.3—0.1 V, which is similar to that at potential region of
0.6—0.4 V. These results demonstrate that the SEI film
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remains stable in potential region of 0.3—0.1 V, ensur-
ing that the lithium ion can intercalate and de-intercalate
into the graphite electrode reversibly. The above results
and discussion demonstrate that the HF arc in the Nyqu-
ist plots of graphite electrode in the two-electrode button
cell is related not only to the contact problems, but also
to the SEI films, and the contact resistance can not rem-
ain invariant. Therefore, the study of the variation of EIS
features of graphite electrode in the two-electrode button
cell with the decrease of electrode polarization potential
in the first lithiation can not be used to investigate the
formation mechanism of the SEI film. Only when the con-
tact resistance is eliminated, can the study of the varia-
tion of EIS features of graphite electrode with the de-
crease of electrode polarization potential in the first lith-
iation be used to investigate the formation mechanism of
the SEI film. The HF arc in the Nyquist plots of graphite
electrode in the three-electrode glass cell is related uni-
quely to the SEI films, so the formation and growth
process of the SEI film can be obtained by analyzing the
variation of EIS features of graphite electrode with the
decrease of electrode polarization potential in the first
lithiation.

3 Conclusions

The first lithiation of the graphite electrode was investi-
gated by EIS and SEM in a two-electrode button cell
and a three-electrode glass cell. The results demonstrate
that the HF arc in the Nyquist plots of graphite electrode
in the two-electrode button cell is related not only to the
contact problems, but also to the SEI films, and the con-
tact resistance can not remain invariant. Therefore, the
variation of EIS feature of graphite electrode in the
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Figure 5 Nyquist plots of graphite electrode during the first lithiation at various potentials (0.3—0.1 V) in 1 mol'L™" LiPFe-EC:DEC:DMC
electrolyte in different cells. (a) Two-electrode button cell; (b) three-electrode glass cell.
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two-electrode button cell with the decrease of polariza-
tion potential in the first lithiation cannot be used to
investigate the formation mechanism of the SEI film.
However, the contact problem can be effectively elimi-
nated in the three-electrode glass cell, thus the forma-
tion and growth process of the SEI film can be obtained
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