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Electrochemical Properties of Carbonaceous Thin Films
Prepared by Plasma Chemical Vapor Deposition
Tomokazu Fukutsuka, Takeshi Abe,* Minoru Inaba, * and Zempachi Ogumi* ,z

Graduate School of Engineering, Kyoto University, Sakyo-ku Kyoto 606-8501, Japan

Carbonaceous thin films were prepared from acetylene and argon by plasma-assisted chemical vapor deposition~plasma CVD!.
The carbonaceous thin films were characterized mainly by scanning electron microscope~SEM! and Raman spectroscopy. Then
their electrochemical properties were studied by cyclic voltammetry, charge-discharge measurements, and linear sweep voltam-
metry. From the SEM image carbonaceous thin films appeared flat and pinhole free. Crystallinity of carbonaceous thin films are
affected by the applied rf power from Raman spectra. The difference of the applied rf power also affected the results of cyclic
voltammetry and charge-discharge measurements. The lithium ion storage mechanism of carbonaceous thin film is discussed from
the results of electrochemical measurements.
© 2001 The Electrochemical Society.@DOI: 10.1149/1.1409542# All rights reserved.
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Lithium-ion batteries have been extensively studied becaus
their high performance and potentialities. Carbonaceous mate
with sp2-type structure have attracted much attention for use
negative electrodes of lithium ion batteries. Among them, hig
crystallized graphite has been employed as the negative elec
for lithium-ion batteries in the commercial market. However, va
ous carbonaceous materials have been extensively investigate
far as negative electrode materials for improving the performanc
lithium-ion batteries.1-9

Since carbonaceous materials are generally powders, binder
essential for the preparation of electrodes, which makes it difficu
elucidate the precise electrochemical properties of the carbonac
materials themselves. For the study of carbonaceous negative
trodes, thin films are very useful, because the films can be use
electrodes without binders and furthermore, it is easy for us
evaluate their electrode surface area. However, few studies em
ing carbonaceous thin films as negative electrodes of lithium
batteries have been made.10 This is because there are some difficu
ties in preparing thin-film electrodes of the sp2-type carbonaceous
materials due to low adherence on a substrate, etc.

A plasma is an ionized gas containing equal numbers of pos
and negative charges, and a number of nonionized neutral ex
species. Glow discharge plasma is unique in that it can gene
chemically very reactive species at low temperatures due to the
equilibrium nature of the plasma state. Plasma-assisted chem
vapor deposition~CVD! has been used for the preparation of a v
riety of inorganic materials.11,12The chemical reactions are accele
ated in plasma at low temperatures, and plasma CVD can easily
dense and pinhole free films.

Synthesis of carbonaceous thin films by use of plasma CVD
been also carried out by many workers. However, most of th
studies have focused on the preparation of diamond films an
diamond-like carbon films of sp3-type structure,13,14 and little atten-
tion has been paid to a synthesis of sp2-type carbonaceous thin films

Preparation and characterization of sp2-type carbonaceous thin
films by plasma CVD have been already reported by the pre
authors.15-17 In this work, electrochemical properties of carbo
aceous thin-film electrodes prepared by plasma CVD were stu
by cyclic voltammetry~CV!, charge-discharge measurements, a
linear sweep voltammetry.

Experimental

Figure 1 shows a schematic diagram of the plasma CVD ap
ratus used in this study. Starting materials were acetylene and a
Acetylene and argon were selected as the carbon source an
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plasma assist gas, respectively. Substrates were placed on a g
electrode whose temperature was kept at 873 K. Carbonaceous
films were deposited on substrates of nickel and Pyrex® glass sheets.
Glow discharge plasma was generated between rf and ground
trodes by an rf power supply of 13.56 MHz, and the applied
power was changed from 10 to 90 W. Flow rates of argon a
acetylene were set at 20 and 10 sccm, respectively. The total p
sure of the reaction chamber was kept at 133 Pa.

The resultant carbonaceous films were characterized by scan
electron microscopy~SEM, Hitachi S-510! and Raman spectros
copy. The Raman spectra were excited by using a 514.5 nm line~50
mW! of an argon ion laser~NEC, GLG3260!, and the scattered ligh
was collected in a backscattering geometry. All spectra were
corded using a spectrometer~Jobin-Yvon, T64000! equipped with a
multichannel charge coupled device~CCD! detector. Each measure
ment was carried out at room temperature with an integration t
of 300 s.

Electrochemical measurements were performed by using a th
electrode electrochemical cell. Lithium metal was used as cou
and reference electrodes, and the electrolyte solution was a mix
~1:1 by volume!of ethylene carbonate~EC! and diethyl carbonate

Figure 1. Schematic of rf reactor for the plasma CVD apparatus. 1, Ar in
2, C2H2 inlet; 3, rf electrode; 4, substrate; 5, thermocouple; 6, ground e
trode; 7, tungsten heater; 8, viewport.
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~DEC! containing 1 mol dm23 LiClO4 ~battery grade by Mitsubish
Petrochemical Company, Limited!. The cell was assembled in a
argon-filled glove box. Electrochemical properties were exami
by cyclic voltammetry and linear sweep voltammetry~Radiometer,
VoltaLab 32! and charge-discharge measurements using a ba
test system~Hokuto Denko, HJ101SM6!. Unless otherwise stated
the potential is describedvs.Li/Li 1.

Results and Discussion

Surface morphology of carbonaceous thin films.—Figure 2
shows a typical SEM image of carbonaceous thin film prepared
plasma CVD at 10 W. From the image, the surface of the carb
aceous thin film was very flat and free from pinholes. The fi
thickness was determined to be less than 1mm by cross section of
SEM image. Carbonaceous thin films prepared using other rf pow
also gave morphologies similar to those using an rf power of 10

Raman spectroscopy of carbonaceous thin films.—Raman spec-
tra of carbonaceous thin films are shown in Fig. 3. Three main pe
around 1360, 1580, and 1620 cm21 were observed. The peak aroun
1580 cm21 is well known to be related to the crystallinity of ca
bonaceous materials, and is assigned to the Raman active E2g mode
frequency~G band!.18 The peak around 1360 cm21 is ascribed to the
Raman inactive A1g mode frequency.18 Peaks around 1360 and 162
cm21 appear in the case of finite crystal size and imperfections
carbonaceous materials,19 and the former is called a D band and th
latter is a D8 band. As is given in Fig. 3, the peak around 1580 cm21

of the G band became sharper, and its position shifted toward 1
cm21 with increasing the applied rf power. Full width at half max
mum ~fwhm! of the peak around 1580 cm21 was reported to be
correlated with the crystallinity of carbonaceous materials,19 and
single crystals of graphite gave only one peak around 1580 cm21.
Hence, the result in Fig. 3 indicates that crystallinity of the samp
increased with increasing the applied rf power, which was also c
firmed by the conductivity measurements.15 The important point of
the spectra was that crystallinity of carbonaceous thin film can
easily changed by the applied rf power at a fixed temperature as
as 873 K. In other words, high rf power plasma results in the h
electron temperature, leading to large energy transfer to car
aceous thin film at a fixed temperature. In Raman spectra, p
intensities around 1360 cm21 are higher than those around 158
cm21. This feature indicates that the films contained nongraphiti
carbon to some extent.20 From this result, carbonaceous thin films
this study were composed of the graphitized structures with pa
nongraphitized structures.

Figure 2. SEM image of carbonaceous thin film prepared by plasma CV
Reaction time, 6 h; substrate, Pyrex® glass, applied rf power, 10 W.
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Cyclic voltammogram of carbonaceous thin films.—Figure 4
shows cyclic voltammograms of carbonaceous thin film prepare
90 W. The cyclic voltammogram was measured with a sweep rat
1 mV/s in the potential range of 0 to 3 V. For the first sweep, a la
irreversible reduction was observed from the potential around 1.
0.5 V. However, it almost disappeared after the second sweep
evident from Fig. 4. These results indicate that the decompositio
the solvent and formation of the solid electrolyte interface~SEI! on
the surface of carbonaceous thin films should occur effectively.21,22

For all the carbonaceous films prepared at any rf powers, large
duction currents at around 1.5-0.5 V appeared at the first cycl
cyclic voltammograms.

Figure 5 shows cyclic voltammograms at the second sweep
carbonaceous thin films prepared by rf powers of 10 and 90
Electrochemical properties were found to be different between
bonaceous thin films prepared at 10 and 90 W as shown in Fig. 5
the oxidation process, the peak of carbonaceous thin film prepar
90 W was sharp and had a clear shoulder around 0.1-0.2 V as sh
by the arrow in the insertion, while the peak was broad and did
have such a clear shoulder for the film prepared at 10 W. In

.

Figure 3. Raman spectra of carbonaceous thin films prepared by pla
CVD. Reaction time, 6 h; substrate, Ni; applied rf power, 10, 50, and 90
) unless CC License in place (see abstract).  ecsdl.org/site/terms_userms of use (see 
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reduction process, the peak at 90 W had a clear shoulder aroun
V as shown by an arrow in the insertion, but the peak near 0 V
the film prepared at 10 W was very smooth. These results w
correlated with the formation of stage structures of Li-GICs.23 The
difference in the shape of cyclic voltammograms were also rela
with Raman spectra shown in Fig. 3, that is, crystallinity of the fi
prepared at 90 W was higher than that of the film prepared at 10
In other words, the degree of crystallinity of the carbonaceous
films affected the shapes of cyclic voltammograms. From the ab
results, the intercalation and deintercalation behavior of carb
aceous thin films was found to be dependent on the applied rf p
ers.

Charge and discharge characteristics of carbonaceous t
films.—Figure 6a shows charge and discharge characteristics o
bonaceous thin film prepared at 10 W. At the first cycle~inset fig-
ure!, a very large irreversible capacity above 0.5 V appeared.
large irreversible capacity is also reported for other carbonace
materials.24 This irreversible capacity decreased dramatically a
the second cycle. The insertion curve of the sample prepared a
W showed about 1100 mAh/g of capacity at the second cycle
the extraction curve showed about 600 mAh/g. In the extrac

Figure 4. Cyclic voltammograms of carbonaceous thin film in 1 mol dm23

LiClO4/EC 1 DEC (1:1). Sweeprate, 1 mV/s; reaction time, 6 h; substrat
Ni; applied rf power, 90 W.

Figure 5. Cyclic voltammograms~2nd cycle!of carbonaceous thin films in
1 mol dm23 LiClO4 /EC 1 DEC (1:1). Sweeprate, 1 mV/s, applied rf
power, 10 and 90 W.
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curves, a comparatively large potential plateau appeared at app
mately 1 V. These results indicated that the electrochemical pro
ties of carbonaceous thin film prepared at 10 W was very simila
those for graphitizable carbon heat-treated at lower temperatur25

Figure 6b shows charge and discharge characteristics of a car
aceous thin film prepared at 90 W. At the first cycle~inset figure!, a
very large irreversible capacity above 0.5 V also appeared a
observed for the film prepared at 10 W. The insertion curve of
sample prepared at 90 W showed about 350 mAh/g of capacit
the second cycle, and the extraction curve showed about 200 mA
On the extraction curves, a very small potential plateau appeare
approximately 1 V. A small plateau appeared below the potentia
0.25 V. In the case of graphite, deintercalation of lithium ion fro
Li-GIC takes place below 0.25 V,26 and therefore this result shoul
be correlated with the formation of stage structures of Li-GIC. Fr
these results, charge and discharge characteristics showed tend
similar to the results of cyclic voltammograms for carbonaceous
films in this study. The ratio of the capacity in the potential rang
to 0.25 V to that in the range 0.25 to 3 V was evaluated to be 0.
for the sample at 10 W and 0.498 for sample at 90 W. Tatsumiet al.
reported that this ratio of capacity became large with increas
crystallinity of the mesocarbon microbeads~MCMBs!.27 Hence, the
present results of charge-discharge measurements support the
that the high rf power gave a film of high crystallinity.

Mechanism of insertion and extraction of lithium ion fo
carbonaceous thin films.—As is mentioned above, the electrochem
cal behaviors for the insertion and extraction of lithium ions for t
present carbonaceous thin films are different from those for grap
but are similar to those for graphitizable carbon heat-treated at lo
temperatures.25 To examine the details of insertion and extraction

Figure 6. Charge and discharge characteristics~2nd cycle!of carbonaceous
thin films in 1 mol dm23 LiClO4/EC 1 DEC (1:1). Applied rf power~a! 10
and ~b! 90 W. The inset figure is charge and discharge characteristics o
cycle.
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Figure 7. Cyclic voltammograms~2nd cycle!of carbonaceous thin films prepared by plasma CVD. Applied rf power, 10 W; sweep rate,~a! 10, ~b! 1, ~c! 0.1,
and ~d! 0.01 mV/s.
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lithium ion of the carbonaceous thin films, cyclic voltammetry w
conducted at various sweep rates. Figures 7a-d show cyclic vol
mograms at the second sweep of the sample prepared at 1
Sweep rates are~a! 10, ~b! 1, ~c! 0.1, and~d! 0.01 mV/s. As given in
Fig. 7, a change of sweep rate influences not only values of ma
tudes of current but also shapes of cyclic voltammograms; the p
of the oxidation current around 0.1-0.2 V is relatively large and t
around 0.9-1.0 V is very small at higher sweep rates, while the p
around 0.1-0.2 V is small and the peak around 0.9-1.0 V is larg
lower sweep rates. By considering the previous literature,25 oxida-
tion peaks around 0.1-0.2 V, denoted as A in Fig. 7, are due
deintercalation of the lithium ion stored in graphene layers and
peaks around 0.9-1.0 V, denoted as B, are ascribed to the extra
of lithium ion stored in some sites except for graphene layers
Fig. 7, the ratio of peak B to peak A increases with decreasing
sweep rates. A similar tendency was obtained for the sample
pared at 90 W. These results mean that extraction of a pote
around 0.9-1.0 V is kinetically influenced. This is also obvious
charge-discharge measurements obtained at different current d
ties as shown in Fig. 8. Figure 8 shows charge and discharge c
acteristics at the second cycle of carbonaceous thin films prepar
10 W by two current densities~a! 263 and~b! 26.0 mA/g. In Fig. 8,
the capacity of~a! is very different from that of~b!. This is because
the current density for~a! is so large that utilization efficiency o
carbonaceous thin film becomes small, leading to a smaller cap
of ~a! than that of~b!. There is no plateau at around 1 V for th
extraction curve in Fig. 8a, while a clear plateau can be seen in
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8b, indicating that no capacity around 1 V is available for the la
current densities, which is in good agreement with results as g
in Fig. 7a-d.

Next, the lithium ion entities, which can be extracted at aroun
V, are focused by linear sweep voltammetry.

The lithium ion was inserted by sweeping the electrode pot
tials from 3.0 to 0.3, 0.1, and 0 V, followed by keeping the abo
potentials for 10 h, and then the potential was reversibly sw
linearly to 3.0 V. Figure 9 shows positive linear sweep voltamm
grams of carbonaceous thin films prepared at 10 W with a sw
rate of 0.1 mV/s. As shown in Fig. 9, the electrodes kept at 0.1
~dashed line!and 0.3 V~dotted line!did not give any peak at aroun
1 V, while the electrode kept at 0 V~solid line! exhibited a clear
peak around 1 V.

The above results indicated that lithium ion inserted into
carbonaceous thin films at 0 V can be extracted both at about 0
1 V. If the lithium ion insertion and extraction was a simple red
reaction, the reduction peak at about 1 V should appear even a
higher sweep rate~Fig. 7a!, but that was not the case. Thus t
present lithium ion insertion and extraction are not a simple re
tion, which led us to consider another lithium ion insertion a
extraction mechanism.

The above discussion leads to the fact that transfer of lithium
from site A to site B is necessary for the lithium ion to insert in
site B. Otherwise the lithium ion must directly insert into site
However, linear sweep voltammetry clearly shows that no inser
of lithium ion at around 1 V occurred. Figures 7 and 8 clearly sh
) unless CC License in place (see abstract).  ecsdl.org/site/terms_userms of use (see 

http://ecsdl.org/site/terms_use


e
t th
m

he
lly
the

a
tes

eous
f 0

f a
eep

um
f 0.1

sult
t a
n of

pro-
nd
11.
oor-
ig.
e
om
tion

s

re-

cle.

x-

Journal of The Electrochemical Society, 148 ~11! A1260-A1265~2001!A1264

Dow
that the extraction of lithium ion from site B only occurs at th
lower sweep rate and the smaller current density, indicating tha
activation energy should be large for the lithium ion transfer fro
site A to site B and that the transfer is a slow reaction. In ot
words, site B occupied by the lithium ion is thermodynamica
more stable than site A, which is in excellent agreement with
literature.28,29

Figure 8. Charge and discharge characteristics of carbonaceous thin film
the 2nd charge-discharge cycle in 1 mol dm23 LiClO4 /EC 1 DEC (1:1).
Applied rf power, 10 W; current density,~a! 263 and~b! 26.0 mA/g.

Figure 9. Linear sweep voltammograms~2nd sweep!of carbonaceous thin
films prepared by plasma CVD in 1 mol dm23 LiClO4 /EC 1 DEC (1:1).
Applied rf power: 10 W. Sweep rate 0.1 mV/s.
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To further clarify that extraction of lithium ion from site B is
slow process, linear sweep voltammetry with different sweep ra
was conducted. Prior to linear sweep voltammetry, the carbonac
thin film was scanned from 3 to 0 V, and held at these potential o
V for 10 h. Figure 10 shows linear sweep voltammograms o
carbonaceous thin film electrode prepared at 10 W at two sw
rates of 0.1 mV/s~second cycle, solid line! and 1 mV/s~third cycle,
dotted line!. Each voltammogram is normalized by the maxim
peak height. A broad peak appeared near 1 V at the sweep rate o
mV/s, while no peak appeared at the rate of 1 mV/s. This re
indicates that no extraction of lithium ion from site B occurs a
high sweep rate, leading to the conclusion again that extractio
lithium ion from site B is a slow process.

The above results suggest that there should be an activation
cess of lithium ion transfer from site A to site B. The insertion a
extraction mechanisms in this work can be summarized by Fig.
Here, vertical axis represents the total energy against reaction c
dinates. At first, lithium ion intercalates into site A as shown by F
11~2!. After site A is mostly filled by lithium ion, the electrod
potential should reach about 0 V and the transfer of lithium ion fr
site A to site B occurs, probably accompanied by heat genera

at

Figure 10. Linear sweep voltammograms of carbonaceous thin film p
pared by plasma CVD in 1 mol dm23 LiClO4 /EC 1 DEC (1:1). Applied rf
power, 10 W; sweep rate, 0.1 mV/s for 2nd cycle, and 1 mV/s for 3rd cy
Each voltammograms is normalized by maximum peak height.

Figure 11. An energy state model to explain lithium ion insertion and e
traction of carbonaceous thin films.
) unless CC License in place (see abstract).  ecsdl.org/site/terms_userms of use (see 

http://ecsdl.org/site/terms_use


f
ta-
is
i-
ce
he
o-

me
n.

e
w
e B
ct

rb
etr
.

is

s b
V

lm

og
flu

on
lm
ea
eri
ter
a

tur

i-

cle.

ay,

ki,

M.

d H.

Journal of The Electrochemical Society, 148 ~11! A1260-A1265~2001! A1265

Dow
due to the energy gap between site A and site B@Fig. 11~3! and
~4!#.30 During lithium ion transfer from site A to site B, insertion o
the lithium ion into site A through the electrolyte occurs simul
neously. Finally, site A and site B, are filled with lithium ions. As
shown in Fig. 11~5!, site A filled with lithium ion is thermodynam
cally more unstable than site B filled with lithium ion, and hen
deintercalation of lithium ion proceeds from site A. When t
deintercalation of lithium ion from site A occurs, the electrode p
tential for site A becomes more positive, and then, site A beco
thermodynamically more stable than site B filled with lithium io
Then lithium ion is extracted from the B sites@Fig. 11~6!#. There are
two possible routes for extraction of lithium ion from site B. On
route is that lithium ions extract directly from site B with a slo
process. Another route is that lithium ions transfer again from sit
to site A accompanied by heat generation again and are extra
through site A. It has recently been shown by Inabaet al.30 the
reasons for hysteresis in the charge-discharge profiles of mesoca
microbeads heat-treated at lower temperatures by calorim
study.30 They observed heat generation during lithium extraction30

Hence, the latter route is more probable.
The above mechanism for lithium ion insertion and extraction

in good agreement with that reported by Zhenget al.31 In the case of
large current densities, lithium insertion and extraction proceed
1 → 2 → 3 → 7 → 8. For small current densities and keeping 0
for enough time, the reaction of lithium and carbonaceous thin fi
occurs by 1→ 2 → 3 → 4 → 5 → 6 → 7 → 8.

Conclusions

Carbonaceous thin films were prepared by C2H2/Ar glow dis-
charge plasma. Carbonaceous thin films in this study were hom
neous and pinhole free. RF power of the plasma was found to in
ence the crystallinity of carbonaceous thin films. The lithium i
storage in different sites for the resultant carbonaceous thin fi
was clarified by using cyclic voltammetry, charge-discharge m
surements, and linear sweep voltammetry. Carbonaceous mat
give various electrochemical properties for use in lithium-ion bat
ies, and our present carbonaceous thin films can be regarded
model of carbonaceous materials heat-treated at lower tempera
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