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Structural analysis of the B-doped mesophase pitch-based graphite fibers by Raman spectrosco
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Milled B-doped mesophase pitch-based carbon fibers~mMPCF’s! prepared from a melt-blown petroleum
mesophase pitch precursor material have been developed for enhanced Li uptake capacity in Li ion batteries.
Raman spectroscopy has been used to investigate the structure of graphitized and B-doped mMPCF’s using
632.8-nm HeNe laser excitation. The B-doped mMPCF’s show a strong Raman peak near 1330 cm21, a
well-defined peak at 1620 cm21, and the disappearance of the second-order 2660 cm21 band. Furthermore, it
is shown that theE2g2 graphite Raman band at 1580 cm21 is shifted to 1590 cm21 due to B doping. The
appearance of a new weak Raman band in the B-doped mMPCF’s near 1320 cm21 is closely related to the B-C
stretching mode in the graphite lattice. These results are associated with the breakdown of thek50 selection
rules by a local distortion of the graphite lattice due to substitutional boron doping. On the basis of the
integrated intensity ratioR of the disorder-induced line near 1330 cm21 to the Raman line near 1590 cm21

after 2.66 at. % boron doping, it is suggested that the substitutional boron in the mMPCF’s is homogeneously
distributed within the graphene layer in the fiber form. The crystallite domain sizeLa parallel and perpendicu-
lar to the fiber axis on the surface of the fiber is estimated to be about 60 Å, which could correspond to the
distance between boron atoms substituted for C atoms in a graphene layer of the fibers.
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I. INTRODUCTION

Recently, mesophase pitch-based carbon fibers~MPCF’s!
have been investigated extensively as a functional materi
new applications fields, such as for anode materials in Li
batteries.1,2 Much effort has been given to the modificatio
of MPCF’s for their applications as an anode in Li ion ba
teries. In particular, B-doped carbonaceous materials
considered as an interesting candidate for practical app
tions as an anode material for Li ion batteries.3 It has been
shown that boron-doped carbon and graphite display
hanced anode performance, with regard to energy sto
capacity and Coulombic efficiency.3,4 Lowell5 reported that
the maximum amount of substitutional boron in the graph
lattice is at 2.35 at. %, and the B-doped graphite was p
pared by the high-temperature reaction at 2350 °C of B4C
with natural graphite. Several researchers have also repo
on the structure of boron-substituted carbonaceous mate
using Raman spectroscopy.6,7

Raman spectroscopy has been recognized as one o
most sensitive methods to study the structural propertie
carbonaceous materials. Raman spectra provide informa
on crystalline perfection of graphite-based materials beca
Raman scattering from perfect crystals is limited to con
butions from Raman-active zone-center modes.8,9 It is well
known that the Raman spectrum of single-crystal grap
PRB 580163-1829/98/58~14!/8991~6!/$15.00
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and HOPG ~highly oriented pyrolytic graphite! in-plane
modes withE2g symmetry consists of a single band at 15
cm21 ~G mode,E2g2! and another band at 42 cm21 (E2g1),
whereas in disordered carbons the Raman spectra sho
additional strong band at;1360 cm21 ~D mode! and a weak
band at 1620 cm21 (D8 mode!, when excited by l
5488 nm radiation.10,11 Simultaneously, the second-orde
spectra of single-crystal graphite and HOPG show dou
bands at 2695 cm21 (G18 mode! and 2735 cm21 (G28 mode!,
whereas disordered carbons yield poorly defined peak
about 2700 cm21 and 2900 cm21 (D9 mode!.12 Moreover,
the disorder-associatedD mode exhibits a significan
excitation-dependent shift from 1355 cm21 ~using the 514.5
nm Ar-ion laser line! to 1330 cm21 ~using the 632.8 nm
HeNe line!, whereas theE2g2 associated mode~G mode!
position is almost independent of changes in excitat
frequency.13 Because of the correlation of disorder with th
D band, Raman scattering is sensitive to changes in struc
and is therefore an important technique to distinguish
tween ordered and disordered carbon and graphite mate
Also, the longer excitation wavelength could provide ne
information on the Raman-active bands of disordered c
bonaceous materials due to the enhancement of lower
quency peaks.

In the present work, Raman spectroscopy is used to c
acterize the structure of milled graphitized and B-dop
8991 © 1998 The American Physical Society
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MPCF’s comparatively as prepared from melt-blown pet
leum mesophase pitch. These materials are very promisin
an anode material in advanced Li ion batteries, since B d
ing leads to an about 11% increase in discharge capaci14

First, the features of the different carbon structures are id
tified. Also presented here are new structural aspects
graphitized as well as B-doped mMPCF’s for use in elect
chemical applications. These results could be expecte
contribute to developing further applications for carbon
bers.

II. EXPERIMENT

The milled mesophase pitch-based carbon fib
~mMPCF’s! were prepared using a melt-blown method f
fiber synthesis from petroleum mesophase pitch.3 Oxidation
of the pitch precursor fibers was performed in air at ab
300 °C. The fibers were then milled to be about 50mm long,
and the milling was followed by a carbonization heat tre
ment at 650 °C. The samples of these materials were su
quently heat treated at 3000 °C in high-purity argon g
~99.999%! for 1 h using a graphite resistance furnace. T
boron-doped mMPCF’s were prepared by mixing
mMPCF’s and 5 wt. % B4C, and then heat treated t
3000 °C in a flow of high-purity Ar gas~99.999%! for 1 h.
The boron content was determined to be 2.4 wt. %~2.66
at. %! by elemental analysis, which might involve the fre
boron and experimental errors in elemental analysis. The
ron doping level is very similar to the maximum solubility o
2.35 at. % reported by Lowell.5

An x-ray diffractometer~Rigaku Geigerflex, 30 kV, 10
mA! with a Cu Ka(l50.15406 nm) was used to measu
the Bragg reflections from graphitized and B-dop
mMPCF’s, and the lattice parametersLc and La of the
samples were determined from the widths of the~002! and
~110! lines, respectively, as discussed below. Raman sca
ing experiments were carried out both on the cross sec
from near the fiber center to the periphery and also on
longitudinal surface with the electric field polarized eith
parallel or perpendicular to the fiber axis direction. Ram
spectra were taken at room temperature under ambient
ditions using a Renishaw Image Microscope System 3
equipped with a charge-coupled device multichannel de
tor. The Raman instrument was coupled to a standard Ol
pus microscope and a collection optics system. The exc
tion source was a 632.8 nm HeNe laser line. The opt
power at the sample position was maintained at 25 mW,
no laser annealing effects were observed. The scattered
was collected in a backscattering configuration and the
man spectra in the range 1000–3000 cm21 were recorded a
a 2.0 cm21 resolution.

III. RESULTS AND DISCUSSION

Some properties of graphitized~mMPCF’s! and B-doped
mMPCF’s ~B-mMPCF’s! used in this study are shown i
Table I for comparison. The average interlayer spacingd002,
and the crystallite dimensionsLc(002) andLa(110) were deter-
mined by x-ray measurements using the Bragg and Sche
formulas, respectively,

nl52d sin u, L5~Kl/b cosu!,
-
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whereu is the scattering angle,d is the interlayer spacing,l
is the wavelength of the x rays used, andb is the half-
maximum linewidth in radians. Jeffrey15 determined that the
form factorK is 0.9 forLc and 1.84 forLa . These values are
used to calculateLc(002) from the 002 diffraction peak width
andLa(110) from the 110 peak width in Scherrer’s equatio
B-doped mMPCF’s show a growth in crystallite thicknes
Lc(002) , and a decrease in interlayer spacingd002, and crys-
tallite width, La(110) , relative to that of undoped mMPCF’
~see Fig. 1!. The decrease ind002 andLa(110) may be related
to the depletedp electrons between graphite layers, whi
leads to a shorter interlayer distance, as well as to lowe
the density ofp electrons in the graphite layers because
the lower valence state of boron.16 This result could be due
to the presence of substitutional boron in the graphite la
of mMPCF’s, and this boron substitution results in bringi
adjacent planes closer together, yielding a contraction of
structure along thec axis, as observed in general.6 Thus, the
addition of boron can lead to an enhancement of
graphene edge growth. On the other hand, the crysta
width of the B-doped mMPCF’s decreases by about 2
relative to that of undoped pristine mMPCF’s. It should
noted that such changes of crystallite geometry due to
doping induce a larger crystallite thickness and a sma
crystallite width in the fiber form.

Figure 2 shows the first- and second-order Raman spe
of the graphitized and B-doped mMPCF’s, measured w
the incident laser radiation on the fiber cross section clos

TABLE I. Some properties of graphitized and B-dope
mMPCF’s studied.

Sample ID

Elemental Analysis~wt. %! XRD ~nm!

C H N Diff.a Lc002 La(110) d002

mMPCF’s 99.999 0 0 0.001 23 80 0.336
B-mMPCF’s 97.600 0 0 2.400 27 63 0.335

aDifference @We regard the difference value between carbon a
100% as the boron substituted weight~%! in the graphite samples.#

FIG. 1. X-ray diffraction profiles of mMPCF’s and B-dope
mMPCF’s heat treated at 3000 °C. The peaks are labeled by
Miller indices.
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FIG. 2. The first-~a! and second-order~b! Raman spectra of the cross section of mMPCF’s and B-doped mMPCF’s.
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the fiber center. The B-doped mMPCF’s show a large
crease in the intensity of the 1330 cm21 ~D band! and a slight
decrease in the 1580 cm21 ~G band! band compared to tha
in a sample of undoped mMPCF’s. In particular, the Ram
features at 1620 cm21 and 2660 cm21 (G8 band! are, respec-
tively, increased and decreased for the B-doped mMPC
when compared to the undoped mMPCF’s. The cross sec
of the undoped mMPCF’s shows peaks corresponding to
line near 2660 cm21 and also a very weak peak at 1620 cm21

(D8 band!. The additional feature near 1620 cm21 corre-
sponds to a maximum in the phonon density of states
exhibits a behavior similar to that of the 1330 cm21 disorder-
induced line7–9 with regard to its correlation to disorder. I
comparison, the B-doped mMPCF’s show a strong Ram
peak near 1330 cm21, a well-defined peak at 1620 cm21, and
a decreased intensity for the 2660 cm21 feature. The features
near 1330 and 1620 cm21 might be associated with the loca
structural distortion in the graphitic lattice due to boron do
ing, thereby increasing theD andD8 band intensities.6 Fur-
thermore, the 1330 cm21 mode for the B-doped mMPCF’s i
thought to arise from scattering from nonzone cen
phonons, which become Raman active because of a los
transitional symmetry.11 These results are also corroborat
by the position of theG8 overtone at 2660 cm21 (2
31330 cm21) that is present in the second-order spectrum
the undoped mMPCF’s. The Raman intensity in theD band
and the upshiftedG band have been related to the relaxati
of thek50 selection rule,6,8,11and the disorder-induced sca
tering is enhanced in the case of boron-doped mMPC
This phenomenon was associated with a larger force cons
for carbon-carbon bonds within the layer planes and the c
tal imperfection due to the formation of carbon-boron bon

In particular, Raman spectroscopy provides very imp
tant information on the microstructure and crystalline ord
ing in carbon materials in terms of the various spectral
rameters, such as intensity, peak position, line shape,
bandwidth. For example, Tuinstra and Koenig11 used the
relative ratio~R! of the integrated intensity for theD andG
lines to provide a measure ofLa . More recently, Knight and
White17 developed an empirical formula that relatesR to the
crystallite domain sizeLa of graphite asLa5(44/R) for
spectra taken at 514.5 nm. Both the peak position and b
width of G and D lines are sensitive toLa . The Raman-
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derived structural parameters of graphitized and B-do
mMPCF’s are also added to Table II.

Figures 3 and 4 show the first- and second-order Ram
spectra of the graphitized and B-doped samples for a lo
tudinal surface, with light polarized parallel (Ei) and per-
pendicular (E') to the fiber axis, respectively. In bot
samples, the longitudinal surface in the perpendicular dir
tion (E') shows strong peaks near 1330 cm21 ~D band!, and
weak peaks near 1580 cm21 ~G band! and 2660 cm21 (G8
band! when compared to the parallel direction (Ei), and this
decrease in intensity may be associated with a decrease i
graphite domain size. We have performed a line-shape-fit
analysis of theD band in the spectra of graphitized and B
doped mMPCF’s using Lorentzian functions for the consti
ent components of the Raman lines. Furthermore, the Ra
spectrum for the B-doped mMPCF’s clearly shows a sho
der peak at about 1320 cm21 when compared with undope
mMPCF’s, as demonstrated in Fig. 5. The shoulder pea
1320 cm21 may be due to the B-C vibrational mode in th
graphite lattice, which results from the addition of boron,
well as a different phonon frequency of thesp2-bonded crys-
tallite present in B-doped mMPCF’s. From the above resu
we interpret theD and D8 peaks associated with the B-
vibration to be influenced by the smaller number of electro
in boron, which causes a redistribution of thep bonding and
a difference in the bond length of B-doped neighboring c
bons compared with the ordinary C-C vibrations
mMPCF’s. Consequently, B-doped mMPCF’s presuma
give rise to new electron states in an acceptor level. Furth
more, B-doped mMPCF’s show a new shoulder peak at 1
cm21 which provides good evidence for two components
the Raman mode in graphite, where one of the componen
induced by disorder and is associated with a localized B
vibrational mode. On the other hand, we have not detecte
shoulder peak due to the B-C vibrational mode of B-dop
mMPCF’s using the 514.5-nm Ar-ion laser line shown
Fig. 6. These results may be related to the fact that
632.8-nm HeNe laser line provides new information on t
disorder-induced band due to the enhancement of theD peak
that is expected at longer wavelengths.13

Table II shows the peak position, integrated intensity ra
R(I D /I G), bandwidthv1/2, and calculated domain sizeLa
~Ref. 17! of the present samples, whereR(I D /I G) andLa are
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TABLE II. Raman spectroscopic parameters obtained after curve fitting the experimental spectra b
Lorentzian fits to the Raman lines.

Sample I.D.

Peak positionn ~cm21! Bandwidthv1/2 (cm21) R(I D /I G) La(Å) 17

l5514.5 nm l5632.8 nm l5514.5 nm l5632.8 nm l5514.5 nm

1335 29
1355 21

Ei 1580 9 0.09 448
1580 10

2666 39

mMPCF’s 1334 21
1355 1582 25 10

E' 0.17 258
1580 1620 10 8

2665 34

1324 8
1365 25

1345 19
Ei 1589 14 0.77 57

1590 14
1618 6

B-mMPCF’s 1615 4

1310 1
1365 25

1343 24
E' 1591 15 0.76 57

1587 12
1621 5

1613 6
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obtained from the measurements at 514.5 nm. It is interes
to note thatLa along the fiber axis is about two times larg
along the direction parallel (Ei) to the fiber axis, as com
pared to the ribbons of the graphene layers arranged on
fiber surface perpendicular (E') to fiber axis. On the othe
hand, for the B-doped mMPCF’s, the crystallite domain s
La parallel and perpendicular to the fiber axis is the same
g

he

e
r

the two directions and is estimated at about 6 nm, which
very close to the distance between boron atoms substit
for C atoms in the graphite layer planes. We thus conclu
that the boron is homogeneously distributed within t
graphite layer planes of the boron-doped mMPCF sam
On the other hand, x-ray results indicate that the B-dop
mMPCF’s haveLa values about 63 nm. In these samples t
FIG. 3. The first-~a! and second-order~b! Raman spectra taken from the longitudinal surface in a direction parallel (Ei) and perpen-
dicular (E') to the fiber axis of the mMPCF’s.
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FIG. 4. The first-~a! and second-order~b! Raman spectra taken from the longitudinal surface in a direction parallel (Ei) and perpen-
dicular (E') to the fiber axis of the B-doped mMPCF’s.
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x-ray results provide an estimate of the dimensions of
relatively flat portions of the crystallites.6 However, Raman
scattering is very sensitive to structural defects presen
graphitized and B-doped mMPCF’s.

Figure 7 shows a schematic model of a graphite la
plane in which substituted B atoms show different bo
lengths between the B-C and C-C bonds. Data from a Sili
Graphics simulation are shown in this figure.

FIG. 5. Line-shape fitting of theD band for the B-doped
mMPCF’s;~a! cross section,~b! parallel (Ei) to the fiber axis, and
~c! perpendicular (E') to the fiber axis. The Lorentzian compo
nents and the final curve are a continuous line for each spectr
e

in

r

n

IV. CONCLUSIONS

Graphitized and B-doped mMPCF’s have been inve
gated and characterized mainly by Raman scattering, and
results obtained are compared with additional data obtai
by the x-ray diffraction~XRD! technique. The effect of B
doping enhances the growth of the crystallite thickne
Lc(002) , but decreases the crystallite width,La , of the host
mMPCF’s, as indicated by XRD and Raman scattering
sults. In the present study, B-doped mMPCF’s presuma
give rise to a new electronic acceptor state. The appeara
of a new Raman band at 1320 cm21 in the B-doped

.

FIG. 6. Line-shape fitting of theD band for the B-doped
mMPCF’s excited at 514.5 nm Ar-ion laser line;~a! parallel (Ei) to
the fiber axis and~b! perpendicular (E') to the fiber axis. The
Lorentzian components and the final curve are a continuous line
each spectrum.
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mMPCF’s is closely related to the B-C vibrational mode f
B in substitutional sites in the graphite lattice. An increase
the intensity of theD band and the appearance of theD8

FIG. 7. Schematic representation of a graphene plane of the
at % B-doped mMPCF’s. The difference in bond length betwee
B-C and C-C bond is indicated. Data from a Silicon Graphics sim
lation are shown.
m

S

S.

ev

in
n

band in the B-doped mMPCF’s is associated with the bre
down of thek50 selection rules by a local distortion of th
graphite lattice due to boron doping. Finally, the integra
intensity,R, for boron-doped mMPCF’s as a function of di
tance parallel~i! and perpendicular~'! to the fiber axis
shows that B is homogeneously distributed within the gra
ite layer planes of the fiber surfaces. On the other hand,
crystallite domain sizeLa parallel and perpendicular to th
fiber axis is about 6 nm, which is very close to the avera
distance between boron atoms that are substituted for C
oms in the graphene layer planes.

These results may be important for the use of boron as
additive to mMPCF’s for use in applications such as
anode materials in Li ion batteries.
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