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Abstract—Laser Raman spectra were studied of natural graphite (SP-1) and carbonace-
ous materials including pyrolytic graphite, carbon black, glassy carbon, coal, “white” car-
hon and sputtered carbon. All of these carbons have two Raman bands at 1580 em™ and
1360 cm™, except for natural graphite which has a single sharp Raman band at 1580 cm
The relative intensity of the 1360 em™ band 1o the 1580 cm™ band and the hall band width
increase going from graphite through glassy carbon to carbon black. The 1360 cm™! hand
in plassy carbon becomes sharper and sironger with the increase of heai-treatment temp-
erature (FETT), while the addition of iron to the glassy carbon matrices results in a
decrease in intensity and half band width of this band with increasing HTT and iron
content. Sputtered earbon and *“white' carbon, prepared from graphite irradiated by a
high power laser, showed an additienal broad band around 940 cm”'. This band is
believed to originate from conjugated acetylenic bands (—G=C),

1. INTRODUCTION

The micrastructure of carbonaceous ma-
terinls has been studied in detail by X-ray and
electron diffraction, and optical microscopy.
A great interest has-been taken in the struc-
wiral aspects of glassy carbon and several
structural models have been proposed for
this carbon material having curious proper-
ties. Some of these models suggest that glassy
carbon is constructed of all possible types of
carhon—carbon bonds: single (C—CQC), double
(C==C), triple (C=C) and their conjugated
forms. These carbon bonds are expected to
have different vibrational [requencies, de-
pending on their bond length and bond
order. An attemjpt was first made to obtain
Raman spectra of graphite and carbon mater-
ials including activated charcoal, carbon black
and glassy carbon by Tuinstra and Koenig[1]
and later Friedel and Carlson{2, 31. A single

*Present address: National Industrial Research
Imstitute of Kyushu, Shuku-machi, Tosu-shi, Saga-
ken 841, japan.
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Raman band has been observed at 1575 em™
in single crystals of graphite and assigned toa
doubly degenerate deformation vibration of
the hexagonal ring corresponding to the E.,
mode of graphite with D3, crystal symmetry.
in polycrystalline graphite an  additional
band was observed at 1355cm™ and a-
tributed to a crystalline size effect[1,4].
Tuinstra and Koenig suggested that the in-
tensity ratio of the 1355 cm™ to the 1576 em™'
Raman band is direcdy reluted o the
“amount of erystal boundary”™ which can he
expressed by the reciprocal of the average
crystal diameter, L., in the graphite plane, as
determined by X-ray diffraction methods.
Laser Raman spectroscopy may thereflore he
regarded as a promising tool 1o gain addi-
tional insight inte the complex microstruc-
tural nature of carbonaceous compounds.

This report is concerned with the general
behavior of Raman spectra obtained from
natural graphite and other carbonaceous ma-
terials and the relationship of these spectra to
the chemical structure of carbons.



260

2. EXPERIMENTAL

Laser Raman spectra were obtained from
carbonaceous materials, including natural
graphite (SP-1) from the Carbon Products Di-
vision of Union Carbide Corporation, a very
fine carbon black Carbolac-1 {Cabot Corpora-
tion), glassy carbons[8], pyrolytic graphite
{General Electric Company), anthracite
{90-9 per cent, Pennsylvania Buck Mountain),
sputtered carbon and “white” carbon[6] pro-
duced by high power laser illumination.
Studies were also carried out employing
polynuclear aromatic and acetylenic hyd-
rocarbons of known composition and struc-
ture as moeel compounds for comparative
purposes.®

Raman spectra were obtained on a SPEX
Ramalog (1401) equipped with an RCA
250 mW Ar ion laser. Most of the measure-
ments were carried out employing the 4880A
line. On occasion, the 5145A line was used to
eliminate spurious bands caused by fluores-
cence effects. A Specwra Physics 20 mW
He-Ne laser {63285&) was also used as an exci-
tation source for the pelynuclear aromatic
model compounds. The spectra were meas-
ured on powder spread over a glass plate or
pressed powder pellets. For glassy carbons
from furfuryl alcohol[5], plate shaped speci-
mens were prepared for the Raman studies.
The incident laser beam was focused onto the
flat surface of the specimen mournted on an
ordinary single erystal goniometer, The angle
between the laser beam and the sample sur-
face was variable in the range 0°C 10 25°C so as
to minimize Rayleigh scattering effects. The
scattered Raman light from the sample sur-
face was collected and focused on the en-
trance slit of the spectrometer through a cam-
era lens. The Raman specira were recorded
with a spectral slit width of up to Hem™ and
a sensitivity of 107 A. For the purpose of re-
cording Raman spectra of “white” carbon,

*Samples of 1,U-Dianthranyl poly-ynes were
kindly supplied through the courtesy of Prof, M,
Nakagawa and Prof. 8. Akiyama, Osaka Univer-
sity, Osaka, Japan.
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glassy carbons in plate form and pressed
graphite pellets were irradiated for 2 min by a
40W CO. laser (about 60kWcem™ power
density) and by a 40 MW Ruby laser {about
10 GW cm™ power density) with pulse dura-
tion in the nanosecond range in an upward
flowing helium stream.

The high power Ruby laser illumination
caused white or gray craters with a diameter
of aboui (-5 mm. These craters were sur-
rounded by a material of a gray colour. In
glassy carbon plates heat treated at tempera-
tures ranging from 970°C to 2000°C, illumina-
tion by the CO. laser resulted in well defined
“white”’ rings or sometimes horseshoe
shaped ‘“white” deposits surrounding the
crater. These white ring deposits were not ob-
served on graphite pellets and pyrolytic
graphite rods by the CO, laser illumination,
only craters being produced. Sputtered car-
bons were obtained on KBr crystals and glass
plates using an MRC, Model 8632 R,/DC
sputtering module. The sputtered carbon
thicknesses ranged from 500 A to 2.4 um,

Band intensities for the 1355 cm™ and the
1580 cm™ Raman bands were calculated from
the product of band height and half band
width.

3. RESULTS AND DISCUSSION

Representative tracings of Raman spectra
are shown in Fig. 1. Crudely pulverized
natural graphite (§P-1) gives a weak but dis-
tsinct Raman band at 1355 cm™ in addition to
the strong 1580 cm™ band. The same natural
graphite ground to a particle size of less than
1 wm exhibits only one Raman band at
1580 cm™'. Tuinstra and Koenig[1], in their
related study, suggested a linear relationship
between the intensity ratio of the 1855 cm™ to
the 1580 cn™" Raman bands and the recip-
rocal of crystallite diameter, L., as measured
by X-ray diffraction line broadening. The L,
values of the crudely pulverized graphite and
the finely ground material were determined
by X-ray diffraction techniques and found to
be nearly the same, 1600 A and 1500 A, re-
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Fig. 1. Raman spectra of graphites, coal and car-
bon black.

spectively. Thus, this fAnding does not
confirm the general conclusion by Tuinstra
and Koenig with regard to crystalline size and
the intensity ratio of the Raman bands. The
Raman spectrum of pyrolytic graphite is very
similar to that of the crude particles of
natural graphite except that the former has a
slightly stronger 1355 cm™ band than the lat-
ter. The pyrolytic graphite used in this study
has an L, of approximately 320 A. The inten-
sity ratio of the two Raman bands undoubt-
edly increases with decreasing crystallite
diameter in this case. Carbon black and an-
thracite give strong 1355 em™' bands with con-
siderable line broadening and, inn some cases,
the distinct appearance of additional bands
close to the 1356cm™ band. The Raman
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spectra of anthracite heat-treated at 1000°C
and 1500°C were also measured in our
laboratory along with the untreated samples.
The calcined samples of anthracite gave
Raman spectra exhibiting much sharper
bands than the original coal and showed spec-
tral changes identical to those of glassy car-
bons with the same thermal history.

Figure 2 shows Raman specira of glassy
carbons prepared from polyfurfuryl alcohol
(PFA) heat-treated at temperatures ranging
from B00°C to 2000°C. The Raman spectra
show a distinct increase in intensity and nar-
rowing of band width of the 13855 cm”™' hand
with increasing HTT. As in the case of
natural graphite powders, no quantitative
correlation was observable between Raman
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Fig, 2. Raman spectra of glassy carbons prepared
from polylurfuryl alcohol (PFA).
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intensity and crystallite size. The glassy car-
bons used in this study had extremely weak
and broad X-ray diffraction peaks from the
(110) plane so as to'render the determination
of L, values unfeasible. The band width of
the 1355 cm™ band decreases with increasing
HTT and approaches that of the 1580 em™
band at higher HTT. '
Addition of iron to the glassy carbons re-
sulted in a decrease of the intensity of the
1356 cm™ band and the spectral band width,
as shown in Fig. 3. A marked decrease in the
wicth of this band was found in iron contain-
ing glassy carbons prepared at temperatures
from 600°C to 700°C, as can be seen in Fig. 4.
This suggests a temperature range in which
sudden structural changes take place in the
carbonaceous matrix. X-ray diffraction meas-
urements on iron-doped glassy carbons indi-
cated extensive narrowing of the diffraction
peak from the (002) plane in this temperature
range. However, the 1580 cam™ band is insen-
sitive to these changes and shows only a
gracdual decrease in Raman band width with
increasing HTT. Therelore, the band width
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ratio of the 1355 cm™ to the 1580 cm™ Raman
hand for PFA and PFA-10 per cent vinyl
ferrocene {VF) carbons, together with pyroly-
lic graphite as a function of HTT. PFA glassy
carbons show a gradual decrease in this ratio
up to 1000°C and nearly a constant ratio or
slight decrease from 1000°C to 2500°C. On the
other hand, PFA-10 per cent VF carbons
exhibit a steep decrease in the ratio at heat-
treatment temperatures {rom 500°C 1o 625°C
and a gradual decrease above 1500°C. The first
decrease of the intensity ratio at around 600°C
seems to indicate an enhanced conversion of
organic polymer matrices into carbon macros-
tructure by the reaction with iron. Tuinstra
and Koenig directly correlated the intensity
ratio of the Raman bands with the reciprocal
of crystallite diameter, L.. This cannot be
confirmed for PFA and PFA-10 per cent VI
glassy carbons because of the difficulty of
obtaining reliable values of L,. The PFA glassy
carbon obtained at 2500°C has an intensity
ratio nearly identical to that of the PFA-10 per
cent VF carbon obtained at 625°C, as can be
seen in Figs. 5 and 6. It seems quite improbable
that these two samples have nearly the same
cryseallite diameter. In this connection, the
value of L, was 38 A for the PFA glassy carbon
obtained at 2500°C and 130 A for the PFA-10
per cent VF carbon heat-treated at 625°C.
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These L. values would give a rough estimation
of the crystallite diameter, L., for these two
carbons.

Several models for the structure of glassy
carbon have been proposed in the past. From
a study of the radial cdistribution function,
it has been concluded that the structure
of glassy carbon  contains  trigonal
carbon-carbon honds {(graphite type) and tet-
ragonal bonds (diamond type}[7]. Kasatoch-
kin ¢ al., also made a detailed analysis of the
radial diseribution function and proposed
that the carben atoms are in various valence
states (sp®, sp° and sp hybridizations) in
the glassy carbons and form  poly-
yne (—C=C-), cumulene (=C=C==),

diamond type, and graphite type regions(8]. [

These carbon atoms are joined polymerically
in uniformly nongraphitized and incom-
pletely graphitized carbons but the graphite
type regions are significantly larger than the
regions with other structures{8l. Whittaker

glassy carbon.  These include cimoitc,{ :
graphite, and diamond[9]. As is evident from
Figs. 2 and 3, the glassy carbons prepared
from polyfurfuryl alcohol have only wwo
Raman bands corresponcding to the vibration
of conjugated carbon double bonds with sp
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Fig. 6. Raman specira of PFA and PFA-10 per cent VF carbons heat-treated at 695°C and
2500°C.

hybridizaton. If glassy carbons contain
diamond type and poly-yne type carbons, one
would expect strong Raman bands from poly-
ynes at 2000cm™ to 2200 cm™ and for sp’
type carbons from 800cm™ to 1200cm™.
Diamond itself has a sharp and strong Raman
band at 133%2cm™'. Therefore, no evidence
was obtained for the existence of chemical
bonds other than trigonal carbon bonds, at
least from Raman specira. Ergun et al., have
made a detailed analysis of the structure of a
glassy carbon using the Fourier transform
techinique and suggested that glassy carbon is
made up of distorted hexagonal rings[10].
These include 1,3- and 1,4-quinoid suructures
ol graphitic layers in which one third of the
bonds are shorter than the rest. The two-
dimensional unit cells of these quinoid struc-
tures are a rectangular and contain 4 atoms,

the three dimensional unit cells being or-
thorhombic. The number of Raman and in-
frared bands expecied in the quinoid struc-
tures can easily be enumerated using the
group theoretical method. For these quinoid
structures, six Raman and three infrared
bands are predicted. Therefore, these siruc-
wires do not satisfy the experimentally ob-
served Raman spectra of glassy carbons. Gen-
erally a lowering of lattice symmetry and an
increase in the number of atoms in a unit cell
lead to an increase in the number of vibra-
tions which can be observed in the Raman
scattering and infrared absorption. A group
theoretical analysis for graphite with crystal
symmetry Dy, predicts only one Raman active
band, This agrees well with the experimental
observations on single crystals of graphite[1]
and natural graphite, as shown in Fig. 1.
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Figure 7 shows the Raman spectra of speci-
mens of sputtered carbon and of natural
graphite irradiated by a 40 MW Ruby laser.
Irradiation by a high power laser generally
causes broadening of both Raman bands and
yields spectra similar to those of sputtered
carbons. The specura obtained from the
“white' carbon regions of the irradiated sam-
ples show an additional Raman band at
2140 cm™. The intensity of this band in-
creases with the amount of observable
“white” carbon material. A broad band in
this spectral region was also observed in some
RF-sputtered carbons. The band at 2140 cm’’
is believed to originate from vibrations of car-
bon triple bonds (—C==C), since a careful in-
vestigation showed the absence of fluores-
cence bands, laser plasma lines or Raman
bands originating from CO. and N.. Prelimi-
nary results obtained from a comparison with
Raman data of poly-acetylenic model
compounds* indicate the presence of struc-

*Samples of 1,1-Dianthranyl poly-ynes were
kindly supplied through the courtesy of Prof. M.
Nakagawa and Prof. §. Akiyama, Osaka Univer-
sity, Osaka, Japan.
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tural segments of conjugated triple bonded
carbon in “white” carbon and sputtered car-
hon. “White” carbon was first obtained as
small transparent crystals during the sublima-
tion of pyrolytic graphite at temperatures be-
tween 2700°K and 3000°K by Whittaker of
al.[11] and found to be identical to a carbon
form noted in graphite gneiss from the
meteoritic Ries Crater (Bavaria, Germany)
[1%]. Recently, Kasatochkin and his coworkers
showed that oxidative coupling of acetylene
by reaction in a solution of cupric chloride
leads to amorphous carbon having a chain
structure of the poly-yne (—Cz=C—), or
cumulene (=C=C==), type. Heat-treatment
of this material at 1000°C in vacuum yielded a
new allotropic crystalline form of carbon re-
taining the chain structure. The X-ray dif-
fraction patterns of the chain-like carbons
coincided almost completely with those of
“white” carbon and carbon found in the Ries
Crater[13]. Therefore, the observed broad
Raman band with a maximum intensity
around 2140 cm™' can be associated with the
presence of conjugated polyacetylenic bonds
with a distribution of chain lengths.
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Fig. 7. Raman spectra of sputtered carbon and graphite irradiated by a high power laser.
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Condensed aromatic hydrocarbons exhibit
intense Raman bands at spectral ranges of
1340 cm™ to 1420cm™' and 1550 cm™ o
1650 cm™', as shown in Fig. 8. The spectral
positions of these bands depend strongly on
the size of the molecule and its geometrical
shape. It has been found from infrared and
Raman studies on organic molecules that the
spectral bands due to stretching vibrations of
the carbon double bond and its conjugated
forms are observed around 1600 cm™., In ad-
dition to these bands, condensed aromatic
hydrocarbons always give intense Raman
bands around 1380 cm™, which corresponds
to the vibration characteristic of the benzene
skeleton. Therefore, the 1360 cm™ band in
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Fig. 8 Raman spectra of condensed aromatic
hydrocarbons.
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carbonaceous materials is closely associated
with chemical structures consisting of con-
densed benzene rings.

Friedel and Carlson studied infrared
spectra of graphite, coal and carbons like car-
bon black, activated carbon from coconut and
channel black, showed that these materials
have also two broad infrared bands, The fre-
quencies of the two major infrared bands are
very similar to the (two Raman frequencies ob-
served for the same material[3]. This indi-
cates that the local symmetry of the scattering
unit is low and that 2 local center of symmetry
is absent. These can be expected for amorph-
ous materials. The appearance of the
1360 em™" band suggests the breakdown of
the usual selection rules which determine
Raman and infrared activities of the vibra-
tional modes of crystalline materials. The
lowering of the symmetry of the scattering
unit and the loss of cranslational symmetry
cause all the vibrational modes to contribute
to the Raman scattering and lead to the ap-
pearance of new bands and the broadening
of the observed bhanels.
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