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Abstract The interfacial properties of mesocarbon-mi-
crobeads (MCMB) and lithium electrodes during charge
process in poly (vinylidenefluoride-co-hexafluoropropyl-
ene)-based gel electrolyte were investigated by in situ
Raman microscopy, in situ Fourier transform-infrared
(FTIR) spectroscopic methods, and charge–discharge,
electrochemical impedance spectroscopy techniques. For
MCMB electrode, the series phase transitions from initial
formation of the dilute stage 1 graphite intercalation
compound (GIC) to a stage 4 GIC, then through a stage 3 to
stage 2, and finally to stage 1 GIC was proved by in situ
Raman spectroscopic measurement. The formation of solid
electrolyte interface (SEI) films formed on MCMB and
metal lithium electrode was studied by in situ reflectance
FTIR spectroscopic method. At MCMB electrode surface,
the solvent (mostly ethylene carbonate) decomposed
during charging process and ROCO2Li may be the product.
ROCO2Li, ROLi, and Li2CO3 were the main composites of
SEI film formed on lithium electrode, not on electro-
deposited lithium electrode or lithium foil electrode.

Keywords In situ Raman spectroscopy . In situ FTIR
spectroscopy . Solid electrolyte interface . Gel electrolyte .
Mesocarbon microbeads

Introduction

Gel polymer electrolytes (GPE) are considered as promis-
ing candidates for high-energy electrochemical devices and
have long been investigated for their use in polymer

electrolyte lithium battery and lithium ion battery. A great
deal of effort was invested in the synthesis of gel
electrolytes for lithium and lithium ion batteries and their
application in practical rechargeable batteries [1–7]. How-
ever, the interfacial studies of carbon and lithium electrodes
in contact with gel electrolyte systems are still rarely
reported.

As carbonaceous materials are concerned, both structural
variations of carbon materials during lithium intercalation–
deintercalation processes and the characteristics of solid
electrolyte interface (SEI) film formed on the electrode
surface by the reduction–decomposition of the electrolyte
are some of the most critical factors to affect the
performances of lithium ion batteries. In view of lithium
metal electrode, the thermodynamic instability in contact
with most organic electrolytes leads to a formation of SEI
layers on the electrode surface. SEI film can be formed on
the lithium metal surface through the reaction of lithium
with trace water, organic solvent, and some impurities. It
acts a quite important role between lithium electrode and
polymer electrolyte, which may determine battery behavior
such as cycle performance and safety. The mechanisms of
SEI formation and lithium transport through SEI are rather
complex and are still a subject of controversial scientific
discussions although they were extensively investigated by
Fourier transform-infrared (FTIR), high resolution trans-
mission electron microscopy, scanning electronic micro-
graph, X-ray photoelectron spectroscopy, atomic force
microscopy, and electrochemical methods [8–22].

In the present work, in situ spectroscopic methods
(Raman and FTIR spectroscopy) and electrochemical
techniques were employed to investigate the interfacial
characteristics of mesocarbon-microbeads (MCMB)
electrode surface and lithium metal electrode surface
in poly (vinylidenefluoride-co-hexafluoropropylene) [P
(VdF-HFP)]-based gel electrolyte. Electrochemical per-
formances of MCMB electrode in the gel electrolyte
were obtained through charge–discharge test and elec-
trochemical impedance spectra (EIS) measurements.
Structural changes of MCMB material in the initial
lithium intercalation process were studied by in situ
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Raman microscopy. SEI formation on the MCMB and
lithium metal electrode was analyzed by in situ
reflectance FTIR spectroscopic technique.

Experimental

Gel electrolyte preparation

The gel electrolyte was prepared using P (VdF-HFP)
produced by Elf Atochem. and the organic electrolyte
plasticizer consisting of 1 mol/l LiPF6 in 50/50 (w/w)
ethylene carbonate:diethyl carbonate (EC–DEC). The gel
electrolyte was prepared by mixing P (VdF-HFP) with
organic electrolyte in the ratio of 30/70 (w/w). The mixture
was added to a flask in the dry glove box and then stirred at
room temperature until the gel became homogeneous.

Electrochemical measurements

Composite MCMB electrode was prepared as working
electrode from a mixture of 90wt% MCMB, 5wt% poly
(tetrafluoroethylene) binder, and 5wt% carbon black. Thin
copper foils were used as substrate. Lithium foils were used
both as counter and reference electrode. EIS and charge–
discharge profiles were carried out in a three-electrode cell
by using a CHI660 electrochemical working station.

Ion conductivity of the gel electrolyte was evaluated by
EIS measurement at room temperature over the frequency
range of 100 mHz–100 kHz at a perturbation signal of
5 mV. In the glove box, the gel electrolyte was sandwiched
between two stainless steel electrodes with the area of
1.81 cm2. The distance between two stainless steel
electrodes was fixed at 0.268 cm. The electrochemical
behavior of MCMB electrode was also investigated by EIS
measurement using the same frequency and perturbation
voltage as described previously. EIS measurements were
carried out using Potentiostat/Galvanostat EG&G Model
273A frequency response analyzer. Fitting of the imped-
ance spectra to the proposed equivalent circuit was
performed by the code Zview program.

In situ Raman microscopy

In situ Raman spectra data were collected at room
temperature by a confocal Raman microscope (LabRam,
Dilor/Instruments). Figure 1 shows a schematic drawing of
a homemade in situ Raman spectra cell. At first the cell was
dried in a vacuum at 90 °C for 24 h, then filled with gel
electrolyte, and sealed strictly in the glove box. In the in
situ Raman measurement with the magnification of 50, the
laser beam was focused on a small selected surface area.
The exciting light source was from a He–Ne Laser with a
wavelength of 632.8 nm and intensity below 6 mW.

In situ reflectance FTIR spectroscopy

In situ infrared experiment was performed using a Nicolet
760 FTIR spectrometer equipped with a mercury cadmi-
um telluride-A detector. A thin-layer reflectance cell was
used with a similar structure as in situ Raman cell but with
the use of a piece of optical NaCl as the window. The cell
was dried, assembled, and sealed in dry box. The highest
intensity of reflected IR beam was obtained by carefully
adjusting the position of electrochemical-spectroscopic
cell and the reflecting mirrors. The potential of working
electrode was varied step by step. A series of reflection
FTIR spectra were measured at each constant potential
when current decreased to a stable value. Each spectrum
was recorded by accumulating 64 scans with a resolution
of 4 cm-1. The reflectance spectra R(v) were calculated as
R(v)=REn(v)/REn−1(v) where REn(v) and REn−1(v) refer to
the spectra recorded at two neighboring potentials,
respectively.

Results and discussion

Ion conductivity of the P (VdF-HFP)-based gel electrolyte
The typical impedance Nyquist plot for the prepared gel
electrolyte is shown in Fig. 2. It is a sloping line, which is
similar to that the impedance spectra measured for solid
polymer electrolyte in our previous paper [23]. The
intercept of the sloping line at the high frequency side
on the real axis (Z′) gives the resistance of gel polymer

Fig. 1 Schematic drawing of in
situ Raman spectroscopic cell
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layer Rm. Then the conductivity of the electrolyte can be
evaluated based on the following relationship:

σ ¼ 1

Rm
� L
A

where L and A are the thickness and the area of the gel
electrolyte, respectively. Herein the conductivity of the
prepared gel electrolyte at room temperature is calculated
about 4:49� 10�3S � cm�1:

Charge–discharge behavior of MCMB electrode The
initial charge–discharge behavior of MCMB in P (VdF-
HFP)-based gel electrolyte is shown in Fig. 3a. At the
beginning, the potential of MCMB electrode dropped
quickly from about 2.9 to 0.8 V because almost no
reaction can happen in this potential range. The decrease
of potential comes slowly in the potential region of 0.8–
0.3 V. It may be corresponding to the formation of SEI
layer. In further charging, three visible plateaus were
observed at about 170, 100, and 50 mVas displayed in the
enlarged plots (Fig. 3b). Zhang and Shi [24] also observed
similar three potential plateaus at 190, 110, and 70 mVon
the charge curve of MCMB electrode in poly(ethylene
glycol) dimethacrylate-based gel electrolyte and proposed
that these stages correspond to the phase transitions of
GICs from dilute stage 1 to 4, stage 2L to 2, and stage 2 to
1, respectively [25, 26]. During the deintercalation reac-
tion, similar plateaus exist corresponding to the inverse
stage transitions. The initial discharge capacity of MCMB
is 252.2 mAhg−1 and the irreversible capacity in the first
charge/discharge cycle is about 50 mAhg−1.

Structural variation of MCMB in the initial lithium
intercalation process Raman spectroscopic method proved
to be a powerful technique in studying the structures of

graphite materials. The E2g modes corresponding to the in-
plane vibrations of the carbon atoms are Raman-active in
first-order scattering, which can be observed at approxi-
mately 42 cm−1 (E2g1) and 1,581 cm−1(E2g2) [27, 28].
Only the E2g2 vibration mode of graphite was investigated
in this paper. Figure 4 presents the in situ microscope
Raman spectra measured at different potential for MCMB
electrode in P (VdF-HFP)-based gel electrolyte during the
initial charge process. The relationship between peak shift
and the potential is presented in Fig. 5.
The pristine MCMB has an E2g2 band centered at
1,576 cm−1 with a full-width-at-half-height bandwidth of
19 cm−1 (Fig. 4a). This band starts to narrow at about
0.8 V with the bandwidth of 12 cm−1. Thereafter, in the
potential range 0.6–0.3 V, this band gradually shifts to a
higher frequency, which indicates the starting of lithium
intercalation into MCMB. When the potential decreases to
about 0.6 V, the dilute stage 1 phase is formed in which
the intercalated Li ions distribute between the graphite
layer randomly. The frequency shift of E2g2 band is
probably ascribed to the increase of the force constant of
the in-plane C–C bonds accompanied by the lithium
intercalation into graphite [28]. When the potential is
stepped to about 0.3 V (Fig. 4b), the band broadens and
moves to a higher frequency (1,591 cm−1). When the
potential further decreases to about 0.25 V, two side bands
at 1,587 cm−1 [E2g2 (i)] and 1,599 cm−1 [E2g2 (b)] appear.

Fig. 2 Nyquist plot for the P (VdF-HFP)-based gel electrolyte at
room temperature

Fig. 3 Charge–discharge profile of the MCMB electrode in the P
(VdF-HFP)-based gel electrolyte
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The E2g2 (i) and E2g2 (b) modes can be assigned to the
vibration of carbon atom in interior graphite layer planes
and in bounding graphite layers, respectively. The split of
the band indicates the phase transition from the dilute
stage 1 phase to the stage 4 phase. After that the peak
position of [E2g2 (i)] and [E2g2 (b)] were approximately
kept constant. The intensity of the interior graphite mode
[E2g2 (i)] decreases in the first instance and then that of the
bounding graphite mode [E2g2 (b)] decreases with the
decrease of the potential in the region 0.2–0.06 V. At
60 mV the intensity of E2g2 (i) and E2g2 (b) modes
become so low that it even misses in the signal noise
ultimately. These Raman spectra changes indicate that the
phase transition of GICs from stage 4 through stage 3
[intensity decrease of E2g2 (i) band], stage 2 [single E2g2

(b) band], and to stage 1 [disappearance of E2g2 (b) band]
in the end [28, 29]. The in situ Raman spectroscopic

results are coincident with that of the initial charge profile
displayed in Fig. 3.

Figure 6 displays the selected in situ Raman spectra
recorded at different potentials in the first discharge
process. Reversible spectral changes can be observed
compared with those presented in Fig. 4. Two bands appear
at 0.25 Vand become a single band located at 1,584 cm−1 at
the potential of 0.6 V. After that the band shifts to lower
frequency and reaches 1,578 cm−1 ultimately at 1.89 V. The
above spectral information indicates that the phase
transitions of MCMB in the prepared P (VdF-HFP)-based
gel electrolyte are reversible during the lithium intercala-
tion and deintercalation cycle.

EIS measurements on MCMB electrode during the charge
process Figures 7a–c and 8a–c display the selected
impedance spectra of MCMB electrode at different
potentials during the initial and fourth charge process,

Fig. 4 In situ Raman spectra of MCMB electrode during the initial
lithium intercalation process in the P (VdF-HFP)-based gel
electrolyte

Fig. 5 The relationship between the peak position of E2g mode and
the potential

Fig. 6 The selected in situ Raman spectra of MCMB electrode
during the initial lithium deintercalation process in the P (VdF-
HFP)-based gel electrolyte
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respectively, in P (VdF-HFP)-based gel electrolyte. For the
initial charge process, the Nyquist plot at the open circuit
potential (3.21 V) (Fig. 7a) presents a steep line, which
presents the characteristic behavior of double layer
capacity. At potential 1.4 V, it presents a half-baked
semicircle with a relatively long diameter. When the
potential moves to 0.7 V, the semicircle shrinks dramati-
cally. Meanwhile, another very small, depressed semicircle
in high frequency region appears on the curve and may
indicate the starting of SEI layer formation. The semicircle
in the middle frequency region may reflect the properties
of lithium–ion intercalation reaction. The diameter of the
semicircle in the middle frequency region further reduces
in the potential region of 0.7 to 0.2 V (Fig. 7b,c),
indicating the increase of activity of lithium intercalation
reaction in MCMB electrode. It is interesting to note that
the impedance spectra obviously “shift” to the right
direction when the potential is below 0.2 Vand suggest the
increase of Re about 20 Ω, which may be due to the
depletion of ions near the working electrode because of
the low diffusion rate in the gel electrolyte. Figure 8a–c
shows the similar EIS results for the fourth charge process.
It is necessary here to fit the experimental impedance
spectra to get a better understanding and comprehension
about the lithium intercalation process.

It was generally accepted that the impedance spectra for
lithium intercalation to graphite consist of two depressed
semicircles with a Warburg-like line [12, 24, 30, 31]. The
equivalent circuit used to fit the impedance spectra in this
paper is depicted in Fig. 9 where Re represents the
resistance of the electrolyte and RSEI and Rct are the
resistance of SEI film and that of charge transfer reaction,
respectively. QSEI and Qct are the constant phase elements
(CPEs) for SEI film and gel electrolyte/MCMB interface,
respectively. They mainly correspond to the capacity of
SEI film and double layer capacity, respectively.W refers to
Warburg resistance. During the simulation of two semi-
circles, Warburg resistance can be neglected because it is in
the low frequency region of EIS.

Figure 10a,b shows the parameter variations of RSEI and
Rct. During first charging, RSEI increases from 0.4 to 0.1 V,
which indicates the thickening process of SEI film (see
Fig. 10a). During the further charging, RSEI drops

obviously when the potential is lower than 0.1 V. It may
be because the outside of SEI film becomes porous or due
to the stretching of the film by the expanding of the
graphite. For the fourth intercalation, RSEI almost remains
constant in the broad potential range (0.6–0.3 V), which
suggests that SEI film forms stably during the three cycles.
When the potential is lower than 0.3 V, RSEI decreases,
which is similar to the result in the initial charging process.
As shown in Fig. 10b, the variations of Rct in the initial and
the fourth charge processes are very similar, which
decreases greatly from open circuit potential to about
0.1 V, then it varied slightly.

SEI formation on MCMB electrode investigated by in situ
reflectance FTIR spectroscopy In situ infrared spectrosco-
py is an ideal method to analyze the formation of surface
film because of its high molecular sensitivity. Figure 11
presents in situ reflectance FTIR spectra measured on
MCMB electrode during the initial lithium intercalation
process in P (VdF-HFP)-based gel electrolyte. Obvious
changes are observed at potentials below 0.8 V. It was
found that all the spectra recorded in the potential range of
0.8–0.02 V are similar with the same upward and down-
ward peaks. Upward peaks at 1,818 and 1,281 cm−1 can be
ascribed to o∼c=o and o∼c-o-c, respectively, and those at 1,165
and 1,075 cm−1 both correspond to o∼c-o of EC [12, 20, 29],
which indicates the decomposition of EC due to the
polarization of the electrode. The downward peak at
1,680 cm−1 may correspond to o∼c=o of ROCO2Li based on
references [12, 20], which may suggest the formation of
surface film. The other major downward peaks at 1,784,
1,726, 1,206, 1,094, and 849 cm−1 can be assigned to solvent
subtraction (mostly EC) and the change by the solvation of
lithium ion as reported in the reference [20]. Hence, Fig. 11
mainly indicates the depletion of EC during charging
process. The strong absorption of solvent in the bulk phase
may influence the interfacial information of surface film.

SEI formation on lithium electrode To avoid the contam-
ination of impurities for lithium metal electrode in the cell-
assembling process, lithium electrode was directly prepared
by electrodeposition method within a sealed spectro-
electrochemical cell with gel electrolyte. Metal lithium

Fig. 7 Selected Nyquist plots
for MCMB electrode measured
at different charge degree during
the initial charge process in
P (VdF-HFP)-based gel
electrolyte
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was electrochemically deposited on a copper substrate at
−0.05 V for 5 min.

Curve a in Fig. 12 shows the selected in situ reflectance
FTIR spectra recorded on the electrodeposited lithium
electrode. Based on the spectra data of the reference [12],
the bands at 1,522, 1,428, and 867 cm−1 can be attributed to
Li2CO3. Those bands at 1,705, 1,567, 1,488, 1,315, 1,189,
905, and 823 cm−1 can be assigned to ROCO2Li and ROLi.
The results of in situ FTIR spectra suggest that the surface
film on lithium electrode formed in P (VdF-HFP)-based gel
electrolyte mainly consists of ROCO2Li, ROLi, and
Li2CO3.

For comparison, the in situ reflectance FTIR spectra at
metal lithium foil electrode were detected as curve b in
Fig. 12. It is interesting to note that the two spectra in
Fig. 12 are very similar with almost the same upward and
downward bands. As a result, it may be suggested that the
electrodeposited metal lithium in the assembled spectro-
scopic-cell can be used as the investigative electrode
instead of lithium foil electrode, which may be helpful to
some experiments to avoid the reaction of lithium foil with
some impurities during the cell assembling process.

Conclusions

Electrochemical techniques and in situ Raman and FTIR
spectroscopic methods were used to investigate the inter-
facial reaction on MCMB electrode and lithium metal
electrode in the prepared P (VdF-HFP)-based gel electro-
lyte. In situ Raman spectroscopy and charge–discharge

profile prove that the structure changes of MCMB during
lithium ions intercalation are through several stage
transitions from dilute stage 1 to 4, 3, 2, and finally to 1.
An initial irreversible capacity about 50 mAhg−1 was
observed in the initial charge–discharge cycle of MCMB

Fig. 8 Selected Nyquist
plots for MCMB electrode
measured at different charge
degree during the fourth charge
process in P (VdF-HFP)-based
gel electrolyte

Fig. 9 Equivalent circuit chosen for analysis of impedance
spectra for lithium intercalation into MCMB electrode in the
prepared gel electrolyte. R and Q represent resistance and a CPE,
respectively; W refers to Warburg resistance

Fig. 10 Parameter values of RSEI (a) and Rct (b) obtaining from
fitting the impedance spectra of MCMB electrode during the initial
and fourth lithium intercalation, respectively
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electrode. It can be ascribed to the consumption for the SEI
formation on the MCMB surface, which was further
confirmed by in situ FTIR spectroscopy and EIS measure-
ments. In situ FTIR spectra for MCMB electrode during
initial charging process mainly indicates the depletion of
EC and may suggest the formation of ROCO2Li. For metal
lithium electrode, SEI film was composed by ROCO2Li
ROLi and Li2CO3, not electrodeposited or foil electrodes.
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