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Electrochemical behavior of amorphous
carbon obtained from camphor
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Abstract

Amorphous carbon films were deposited on alumina plate by pyrolysing camphor at different temperatures with thermal chemical vapor
deposition (CVD) technique. Carbon coated alumina plates were used as working electrode to ascertain their electrochemical behavior in
different electrolytic media. Electrochemical windows of these carbon films were found to be suitable in the potential range of 1.05 to−0.30 V
versus SCE in acid medium. In the presence of redox electrolyte, cathodic–anodic peak separation was found to be the same as that obtained
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ith diamond. Raman spectra of carbon films were studied to explain some of their electrochemical behavior.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

One of the most commonly used electrodes is platinum.
oron doped diamond (BDD) is another very promising ma-

erial for electrochemical studies due to its wide potential
indow in aqueous[1–3] and non-aqueous[4,5] media. At

he same time, diamond film is found to be electrochemically
uch stable[6,7]. Wastewater treatments, oxidation of alco-
ol and acids are some new fields of science where boron
oped diamond electrode have been used[8–10]. Some of

he recent reports show different aspects and use of boron
oped diamond electrode in electro analysis[11–15]. Both,
latinum and natural diamond are costlier materials. Synthe-
izing artificial diamond and boron doped diamond film needs
ophisticated instruments, which restricts the use of diamond
s an electrode up to some extent. However, electrochemical
tudies of diamond-like carbon (DLC) mixed with platinum
ave been reported by Pleskov et al.[16]. Electrochemical

∗ Corresponding author. Present address: Department of Physics, Tamkang
niversity, 151 Ying-Chuan Road, Tamsui 251, Taiwan, ROC. Tel.: +886

characterizations of graphite, glassy carbon and carbon
as inert electrodes are also being done. The drawback
graphite is that when used for a longer time it produces ca
dust in the electrolyte. Therefore, electrochemists are se
ing for electrodes that are economical, non-corrosive, st
chemically and electrochemically inert. There are very
studies performed on the electrochemical behavior of a
phous carbon films[17] and these films are dissimilar to DL
and glassy carbon. Amorphous carbon films can be e
deposited on a large surface without using sophisticate
strument.

The electrochemical stability of polycrystalline diamo
films and amorphous DLC films is higher than the grap
due to the incorporation of sp3 carbon in the lattice of carbo
Polycrystalline diamond and amorphous DLC films are
thesized with different deposition technique using meth
acetone, etc. as a precursor in presence of hydroge
[18,19]. The resulting diamond is an insulator and can
be used for electrochemical studies. So either it has
heavily doped by boron/phosphorous or to be incorpor
by sp2 carbon to make it electrically conducting. Conv
tional method of synthesizing diamond films demands
26268907; fax: +886 226209917.

E-mail address:pradhan@mail.tku.edu.tw (D. Pradhan). stringent conditions to prepare large sized films. Therefore
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simpler technique and cheaper carbon precursor are needed
for the synthesis of carbon films having properties similar to
that of DLC and yet easy to grow on large size substrates for
the industrial applications.

We report here the electrochemical properties of amor-
phous carbon thin films deposited on alumina plate by py-
rolysis of camphor, a natural hydrocarbon precursor. Cyclic
voltammetry was performed with different carbon films in all
three, i.e. redox, acidic and basic media. Raman studies were
carried out to find the nature of carbon films.

2. Experimental

A dual furnace was used for the deposition of carbon on
alumina plate by thermal CVD method. Detailed experimen-
tal set-up is reported elsewhere[20]. First furnace was used
for the vaporization of hydrocarbon precursor, i.e. camphor
and in the second furnace, pyrolysis was carried out at differ-
ent temperatures. Carbon films were deposited on alumina
plate by pyrolysis of camphor at different temperatures in
a nitrogen atmosphere. XRD analysis suggested that these
films were made of amorphous carbon. This film henceforth
is referred as carbon electrode.

Electrochemical studies of carbon films were done in
a three-electrode single compartment electrochemical cell,
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Fig. 1. Cyclic voltammograms of: (a) carbon film obtained at a pyrolysis
temperature of 900◦C; (b) graphite; (c) platinum; with Pt as counter electrode
exposed to the electrolyte (100 mM H2SO4) at a scan rate of 25, 50, 75 and
100 mV (reference electrode: SCE). (Inset shows the clear behavior of a
representative CV curve of carbon electrode at low current scale.)

at other pyrolysis temperature was almost same type. For
comparison, CV of platinum and graphite was taken in the
same acid concentration.Fig. 1(b) and (c) shows the CV plot
of cell configuration “graphite/100 mM H2SO4/SCE/Pt” and
“Pt/100 mM H2SO4/SCE/Pt”, respectively, at different scan
rates. The potential window of carbon electrodes were found
to be almost same as that obtained with platinum whereas
smaller than diamond electrode (∼2.5 V)[10]. However, car-
bon electrode obtained from pyrolysis of camphor has a better
edge over platinum especially in the potential range of 0.13
to−0.30 V versus SCE. Although graphite electrode showed
similar behavior but this being unstable in acidic and alka-
line medium, amorphous carbon electrode prepared at much
lower temperature to graphite is favored. It is interesting to
note that there was no major change in the potential window
of amorphous carbon electrode prepared at different pyroly-
sis temperatures (Table 1).

Table 1
Electrochemical potential windows of various inert electrodes as observed
in 100 mM H2SO4 solution

Working electrode Counter
electrode

Window (V) Range of
windows (V)

Carbon electrode (900◦C) Pt 1.35 1.05 to−0.30
Carbon electrode (1000◦C) Pt 1.39 1.05 to−0.34
Carbon electrode (1100◦C) Pt 1.4 1.06 to−0.34
C
G
P

ne of them is a large area counter electrode of plat
nd the other is saturated calomel electrode (SCE)
eference. This study was made to observe whether
arbon electrodes could be used for electrochemical
es instead of platinum or diamond. Cyclic voltamme
CV) investigation was carried out in three different e
rolytes: (i) 100 mM H2SO4, (ii) 100 mM NaOH and (iii)
00 mM K4Fe(CN)6·3H2O + 10 mM K3Fe(CN)6. The redox
lectrolyte 100 mM K4Fe(CN)6·3H2O + 10 mM K3Fe(CN)6
as used, as it gives good oxidation and reduction

n CV with platinum and many reports are available w
arious form of carbon electrode. The cyclic voltamm
ry was recorded by a computer programmed interface
ice using a Bio-Potentiostat (model AFRDE4). The ef
f scan rate on the anodic and cathodic currents was
tudied.

. Results and discussion

The electrochemical potential windows of camphor
olysed carbon in contact with H2SO4 and NaOH solution
ere investigated in the potential range of−1.5 to 2.5 V ver
us SCE at different scan rates. The same experimen
epeated with platinum and graphite electrode using P
ounter electrode. During entire experiment, geometry o
nd exposed area of all the working electrodes were kep
tant.Fig. 1(a) shows cyclic voltammograms (CVs) of c
on film obtained at pyrolysis temperature of 900◦C exposed

o 100 mM H2SO4 solution. CV of carbon films prepar
arbon electrode (1200◦C) Pt 1.38 1.05 to−0.33
raphite Pt 1.37 1.06 to−0.31
latinum Pt 1.39 1.52–0.13
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Fig. 2. Cyclic voltammograms of: (a) carbon obtained at a pyrolysis tem-
perature of 900◦C; (b) graphite; (c) platinum; with Pt as counter electrode
exposed to the electrolyte (100 mM NaOH) (scan rate for: (a) and (b) 25, 50,
75 and 100 mV; (c) 50 and 100 mV).

Fig. 2(a) shows the CVs of camphor pyrolysed carbon ob-
tained at 900◦C in an alkaline (NaOH) medium. A cathodic
reduction peak was observed in the potential range of 0 to
−0.6 V. Similar type of peak was observed when graphite
and platinum electrode were used in combination with plat-
inum as counter and SCE as a reference electrode in 100 mM
NaOH solution at different scan rates (Fig. 2(b) and (c)).
This cathodic peak therefore may be due to some impurities
present in the NaOH solution like carbonate ions. The na-
ture of CV curve of amorphous carbon electrode prepared at
other pyrolysis temperature (1000, 1100 and 1200◦C) was
found similar. It can be assumed that the potential windows
as well as the range of potential are almost same for all these
electrodes, suggesting that carbon electrode obtained from
the pyrolysis of camphor can be used safely in this potential
range.

The electrochemical behavior of these carbon films ob-
tained at different pyrolysis temperature was also studied in
100 mM K4Fe(CN)6·3H2O + 10 mM K3Fe(CN)6. Fig. 3(a)
shows typical CVs of carbon film obtained at 900◦C with Pt
counter and SCE reference at different scan rates.Fig. 3(b)
shows a CV plot of carbon films obtained at different pyrol-
ysis temperatures and graphite versus Pt working electrode
at a scan rate of 100 mV/s.Fig. 3(c) shows a CV of platinum
as working electrode to Pt counter at a scan rate of 100 mV/s
for comparison. As seen from the figure, the current produced
b was
a ivity
o plat-

Fig. 3. (a) CV of carbon film obtained at a pyrolysis temperature of
900◦C with Pt as counter electrode in 100 mM K4Fe(CN)6·3H2O + 10 mM
K3Fe(CN)6 at a scan rate of 10, 25, 50, 75 and 100 mV; (b) CV of carbon film
obtained at a pyrolysis temperature of 1000, 1100 and 1200◦C and graphite
at a scan rate of 100 mV; (c) CV of platinum with Pt as counter electrode in
100 mM K4Fe(CN)6·3H2O + 10 mM K3Fe(CN)6 at a scan rate of 100 mV.

inum electrode. A similar study was also reported by Zhu et
al. for the boron doped diamond films grown by CVD, but
their CVs were poorly defined, reflecting slow reaction ki-
netics, may be due to higher resistance of the electrodes[21].
However, it should be mentioned here that the resistivity of
these materials are not in the same range.Table 2presents
the room temperature resistivity of carbon electrode prepared
in this study. Carbon electrode prepared at lower temperature

Table 2
Room temperature resistivity of carbon electrode prepared at different py-
rolysis temperatures

Preparation temperature (◦C) Resistivity (� m)

900 0.21× 10−4

1000 0.45× 10−6

1100 0.39× 10−6

1200 0.12× 10−6

BDD ∼10−4

Glassy carbon ∼10−6

Pt ∼10−8
y amorphous carbon, graphite and platinum electrode
lmost identical. This investigation reveals that the react
f as-grown carbon electrode was comparable to that of
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has a resistivity closer to boron doped diamond films whereas
other electrodes have resistivity closer to glassy carbon elec-
trode. The resistivity of the carbon electrode decreases with
the temperature due to increase in disorderliness and sp2 car-
bon in the films prepared at higher temperature. Due to com-
plexity in the percentage of sp3/sp2 carbon, disorderliness
and dopants in the films of carbon it is not easy to compare
the behavior of different carbon electrode to platinum. More-
over, it has been widely accepted that boron doped carbon
electrode and other carbon electrode can be used for many
electrochemical studies.

The electrochemical behavior of as grown carbon films
in the aforesaid redox electrolytes were investigated at scan
rates of 10, 25, 50, 75 and 100 mV/s and the anodic peak
currents were plotted against the square root of scan rate.
The response current was found to increase linearly with the
square root of the scan rate. A typical plot is shown inFig. 4.
As-obtained straight lines indicate diffusion-controlled elec-
trode reactions at the carbon surface, similar to those obtained
with Pt electrode.

The degree of reversibility of an electrochemical reac-
tion can be judged qualitatively from the potential difference
(�Ep) for the cathodic and anodic current peaks. The higher
the �Ep (the wider the current peak separation along the
potential axis), the more irreversible is the reaction[22,23].
Anodic–cathodic peak separations (�E ) for this redox sys-
t the
c 0 and
1
T case
o re of
1 olt-
a peak
i l ac-
t sis
t ure-
m ature

F mM
K .

Table 3
Comparison of peak separation voltage obtained from different carbon films

Working electrode Counter electrode �Ep (mV)

Carbon films obtained at 900◦C Pt 800
Carbon films obtained at 1000◦C Pt 960
Carbon films obtained at 1100◦C Pt 1080
Carbon films obtained at 1200◦C Pt 600

Graphite Pt 760
Platinum Pt 840

were more conducting in nature (Table 2). However, there
was an increase in the peak separation with carbon elec-
trodes prepared at 900–1100◦C and then significant decrease
of �Ep for the electrodes prepared at 1200◦C if we consider
the first anodic peak. This is due to the increase in the disor-
derliness in the carbon films with increase of pyrolysis tem-
perature, which is clear from the Raman studies (discussed
later) and then decrease of disorderliness at the higher tem-
perature (1200◦C) due to the formation of more graphitic
carbon.Fig. 5shows the dependence of anodic and cathodic
peak potential versus logarithm of scan rate, which is found
to be linear, as also obtained by Pleskov et al. for narrow band
gap amorphous carbon material[17].

The transfer coefficientα and exchange currents density
were obtained from the Tafel plots (Fig. 6) and is given
in Table 4 for the carbon electrodes obtained at different
pyrolysis temperatures[23]. The poor linear portion of the
curves was very narrow (0.15–0.25 V) and this may be due
to diffusion-controlled electrode reactions. Exchange current
densities obtained from electrodes prepared at different pyrol-
ysis temperature and platinum were of same magnitude. This
indicates that electrochemical activity of these electrodes is
as good as platinum. Kinetics of electrochemical reaction can
also be related to the peak separation value (�Ep). Since�Ep
in our case is more than 200 mV, the Nicholson’s approach for
calculation of the apparent rate constant is ruled out[24,25].

F arithm
p

p
em were found to be 800, 960, 1080 and 600 mV for
arbon films prepared at temperatures 900, 1000, 110
200◦C, respectively, at a scan rate of 100 mV/s (Table 3).
wo types of electro-catalytic sites were observed in the
f carbon electrodes obtained at a pyrolysis temperatu
100 and 1200◦C, which makes the peak separation v
ge measurement more complicated. The origin of new

s unknown but it may be related to the electrochemica
ivity of non-diamond carbon formation at higher pyroly
emperature, which was clear from the resistivity meas
ent. Electrodes prepared at higher pyrolysis temper

ig. 4. Current response of camphoric carbon films in 100

4Fe(CN)6·3H2O + 10 mM K3Fe(CN)6 against square root of scan rate

ig. 5. Dependence of anodic and cathodic peak potential on the log
otential scan rate of the carbon films obtained at 900◦C.
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Fig. 6. Tafel plots for the oxidation of ferro- to ferricyanide at different
carbon electrodes at 300 K having potential scan rate of 10 mV/s.α values
were calculated from slope of all the curves and given inTable 3.

However, if we compare�Ep versus calculated rate constant
qualitatively, the apparent electron transfer with the electrode
obtained at 900 and 1200◦C is high. But electrodes pre-
pared at a pyrolysis temperature of 1200◦C have not shown
larger voltammetric peaks compared to electrode prepared
at 900◦C. Thus, the single, sharper and larger voltammetric
peaks along with lower�Ep makes the electrode prepared
at 900◦C better than other electrodes studied in this work.
To find the detail nature of carbon films Raman spectra were
taken.

Raman spectra have been used extensively to get informa-
tion about disorderliness, percentage of sp3 and sp2 carbon
in the films. It is widely known that the first order sharp
Raman peak of diamond and graphite lies at 1332.5± 0.5
and 1580± 0.5 cm−1, respectively. All other types of car-
bon show broad peaks between 1340 and 1600 cm−1 [27,28].
These two bands are also observed in amorphous carbon films
and glassy carbon[29–31]. Moreover, it has been seen that
the intensity of the D-band is higher in glassy carbon than
the G-band in most of the cases so far reported[27,28,32].
Fig. 7 shows the Raman spectra of carbon films obtained at
different pyrolysis temperatures. In the present study, two
broad bands/peaks were observed at 1350 cm−1 (D-band)
and 1580 cm−1 (G-band). Comparison of intensity of Ra-

T
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p

P
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1
1

G
P
P

Fig. 7. Raman spectrum of carbon films obtained at: (a) 900◦C; (b) 1000◦C;
(c) 1100◦C and (d) 1200◦C.

man spectra of camphor pyrolysed films with that published
by Kalish et al.[29,33]suggests that our film contains about
60% sp2. It is well known that, with the increase in pyrolysis
temperature there is an increase in disorderliness along with
sp2 carbon in the carbon films. Increase in disorderliness is
measured from the increase in the peak ratio of D-band to
G-band intensity (ID/IG). In the present case, there was an
increase inID/IG ratio (disorderliness) with increase of py-
rolysis temperature from 900 to 1100◦C and then its sharp
decrease at 1200◦C. The decrease ofID/IG at 1200◦C indi-
cates the decrease in the disorderliness in the amorphous car-
bon films and increase of sp2 carbon. This structural change
in the films can also be compared with the anodic–cathodic
peak separations (�Ep) value obtained in redox electrolyte.
The decrease of�Ep at 1200◦C was due to the decrease in
the disorderliness of carbon films and increase of sp2 car-
bon. So, the disorderliness in the carbon films was the rea-
son for poor reversible nature of carbon films deposited at
1100◦C whereas at 1200◦C, higher percentage of sp2 along
with some disorderliness makes the electrode poor reversible.
It indicates that, carbon films prepared at pyrolysis temper-
ature lower than 900◦C may show better reversible char-
acter. Moreover, films prepared at lower temperature pos-
sess high resistance. Hence, unless they are doped to re-
duce resistance, they may not be useful for electrochemi-
cal study. Therefore, percentage of sp2 and sp3, conductiv-
i ood
e igate
t film
e

able 4
xchange current densities and transfer coefficient of carbon electrod
ared at different pyrolysis temperatures

yrolysis temperature (◦C) Exchange
current density

Transfer
coefficient (α)

00 5.6× 10−4 0.61
000 3.9× 10−4 0.64
100 1.9× 10−4 0.58
200 5.6× 10−4 0.64

raphite 6.3× 10−4 0.64
latinum 1× 10−4 0.53
latinum[26] 0.2× 10−4
ty of the electrode, etc. plays main role for showing g
lectrochemical behavior and there is a need to invest

hese behaviors in detail to find best amorphous carbon
lectrode.
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4. Conclusions

Conducting carbon films were deposited by the pyrolysis
of natural precursor camphor at different temperatures in a
nitrogen atmosphere and their electrochemical behavior was
studied in different electrolytic media for the first time. Elec-
trochemical windows of amorphous carbon films were found
to be suitable in the range of 1.05 to−0.30 V versus SCE in
acid medium. In presence of redox ferro/ferricyanide elec-
trolyte, peak separation was found to be the same as that ob-
tained with diamond. The linear plot of current response ver-
sus square root of scan rate indicated a diffusion-controlled
reaction at the surface of carbon. Comparing carbon films pre-
pared at different temperature, it was observed that, carbon
film deposited at 900◦C shows better reversible character.
Since carbon electrode preparation from camphor by CVD
technique takes few minutes and its electrochemical behavior
is as good as graphite with its electrochemical window has
an edge over platinum, this electrode can be safely used for
many electrochemical works in the potential range of 1.05 to
−0.30 V versus SCE in acidic medium.

References

[1] H.B. Martin, A. Argoitia, U. Landau, A.B. Anderson, J.C. Angus,

56.
c.

m.

s,

em.

856.
el-

Ch.

[10] I. Troster, M. Fryda, D. Herrmann, L. Schafer, W. Hanni, A. Perret,
M. Blaschke, A. Kraft, M. Stadelmann, Diamond Relat. Mater. 11
(2002) 640.

[11] H.B. Suffredini, V.A. Pedrosa, L. Codognoto, S.A.S. Machado, R.C.
Rocha-Filho, L.A. Avaca, Electrochim. Acta 49 (2004) 4021.

[12] D. Becker, K. Juttner, Electrochim. Acta 49 (2003) 29.
[13] P. Sonthalia, E. McGaw, Y. Show, G.M. Swain, Anal. Chim. Acta

522 (2004) 35.
[14] T. Kondo, Y. Einaga, B.V. Sarada, T.N. Rao, D.A. Tryk, A. Fu-

jishima, J. Electrochem. Soc. 149 (2002) 179.
[15] T.N. Rao, A. Fujishima, Diamond Relat. Mater. 9 (2000) 384.
[16] Y.V. Pleskov, Y.E. Evstefeeva, A.M. Baranov, Diamond Relat. Mater.

11 (2002) 1518.
[17] Y.V. Pleskov, Y.E. Evstefeeva, M.D. Krotova, V.V. Elkin, A.M. Bara-

nov, A.P. Dement’ev, Diamond Relat. Mater. 8 (1999) 64.
[18] S.G. Ansari, T.L. Anh, H.K. Seo, K.G. Sung, D. Mushtaq, H.S. Shin,

J. Cryst. Growth 265 (2004) 563.
[19] M. Roy, V.C. George, A.K. Dua, Diamond Relat. Mater. 12 (2003)

1569.
[20] M. Sharon, W.K. Hsu, H.W. Kroto, D.R.M. Walton, A. Kawahara,

T. Ishihara, Y. Takita, J. Power Sour. 104 (1) (2002) 148.
[21] J. Zhu, S. Yang, P. Zhu, X. Zhang, G. Zhang, C. Xu, H. Fan, J.

Anal. Chem. 352 (1995) 389.
[22] Y.V. Pleskov, M.D. Krotova, V.I. Polyakov, A.V. Khomich, A.I.

Rukovishnikov, B.L. Druz, I. Zaritskiy, J. Electroanal. Chem. 519
(2002) 60.

[23] A.J. Bard, L.R. Faulkner, Electrochemical Methods: Fundamentals
and Applications, Wiley, 1980 (Chapter 3).

[24] S. Ferro, A.C. Battisti, Electrochim. Acta 47 (2002) 1641.
[25] R.S. Nicholson, Anal. Chem. 37 (1965) 1351.
[26] J.O.M. Bockris, Parameters of Electrode Kinetics, Electrochemical

ting

[
[ J.C.

oat-
991,

[ 74

[
[
[ 1990)

[ s, Y.
J. Electrochem. Soc. 143 (1996) 133.
[2] G.M. Swain, A.B. Anderson, J.C. Angus, MRS Bull. 23 (1998)
[3] N. Vinokur, B. Miller, Y. Avyigal, R. Kalish, J. Electrochem. So

143 (1996) 238.
[4] Z.Y. Wu, T. Yano, D.A. Tryk, K. Hashimoto, A. Fujishima, Che

Lett. (1998) 503.
[5] L.F. Li, D. Totir, B. Miller, G. Chottiner, A. Argoitia, J.C. Angu

D. Scherson, J. Am. Chem. Soc. 119 (1997) 7875.
[6] Q. Chen, M.C. Granger, T.E. Lieser, G.M. Swain, J. Electroch

Soc. 144 (1997) 3806.
[7] R. DeClements, G.M. Swain, J. Electrochem. Soc. 114 (1997)
[8] F. Montilla, P.A. Michaud, E. Morallon, J.L. Vazquez, Ch. Comnin

lis, Electrochim. Acta 47 (2002) 3509.
[9] M.A. Rodrigo, P.A. Michaud, I. Duo, M. Panizza, G. Cerisola,

Comninellis, J. Electrochem. Soc. 148 (2001) 60.
Constants, vol. 243, NBS Circular No. 524, US Government Prin
Office, Washington, DC, 1953.

27] J. Robertson, Adv. Phys. 35 (1986) 317.
28] P.K. Bachmann, D.U. Wiechert, in: R.E. Clausing, L.L. Horton,

Angus, P. Koidl (Eds.), Diamond and Diamond-like Films and C
ings, NATO ASI Series, vol. 266, Plenum Press, New York, 1
p. 677.

29] R. Kalish, Y. Lifshitz, K. Nugent, S. Prawer, Appl. Phys. Lett.
(1999) 2936.

30] S. Zhang, B. Wang, J.Y. Tang, Surf. Eng. 13 (1997) 303.
31] A.C. Ferrari, J. Robertson, Phys. Rev. B 61 (2000) 14095.
32] R.E. Shroder, R.J. Nemanich, J.T. Glass, Phys. Rev. B 41 (

3738.
33] J. Kulik, G.D. Lempert, E. Grossman, D. Marton, J.W. Rabalai

Lifshitz, Phys. Rev. B 52 (1995) 15812.


	Electrochemical behavior of amorphous carbon obtained from camphor
	Introduction
	Experimental
	Results and discussion
	Conclusions
	References


