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Structural analysis of the B-doped mesophase pitch-based graphite fibers by Raman spectroscopy
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Milled B-doped mesophase pitch-based carbon filge8IPCF'y 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 I33Gicm
well-defined peak at 1620 cm, and the disappearance of the second-order 2660 &xand. Furthermore, it
is shown that theE,g, graphite Raman band at 1580 thiis shifted to 1590 cm' due to B doping. The
appearance of a new weak Raman band in the B-doped mMMPCF’s near 132@&aivsely related to the B-C
stretching mode in the graphite lattice. These results are associated with the breakdowk-e0tkelection
rules by a local distortion of the graphite lattice due to substitutional boron doping. On the basis of the
integrated intensity rati®R of the disorder-induced line near 1330 cthto the Raman line near 1590 ¢t
after 2.66 at. % boron doping, it is suggested that the substitutional boron in the mMMPCF’s is homogeneously
distributed within the graphene layer in the fiber form. The crystallite domainLsizerallel and perpendicu-
lar to the fiber axis on the surface of the fiber is estimated to be about 60 A, which could correspond to the
distance between boron atoms substituted for C atoms in a graphene layer of the fibers.
[S0163-182698)08538-3

I. INTRODUCTION and HOPG (highly oriented pyrolytic graphibe in-plane
modes withE,, symmetry consists of a single band at 1582
Recently, mesophase pitch-based carbon fifdRRCF's) cm (G mode,E,g,) and another band at 42 Erln(Ezgl),
have been investigated extensively as a functional material iwhereas in disordered carbons the Raman spectra show an
new applications fields, such as for anode materials in Li ioradditional strong band at1360 cmi* (D mode and a weak
batteries-? Much effort has been given to the modification band at 1620 cm* (D’ mode, when excited by\
of MPCF’s for their applications as an anode in Li ion bat- =488 nm radiatiot®*! Simultaneously, the second-order
teries. In particular, B-doped carbonaceous materials argpectra of single-crystal graphite and HOPG show doublet
considered as an interesting candidate for practical applicdbands at 2695 ciit (G; mode and 2735 cm' (G, mode,
tions as an anode material for Li ion batterfel$.has been whereas disordered carbons yield poorly defined peaks at
shown that boron-doped carbon and graphite display erabout 2700 cm® and 2900 cm*® (D” mode.*? Moreover,
hanced anode performance, with regard to energy storagbe disorder-associated mode exhibits a significant
capacity and Coulombic efficiendy. Lowell® reported that excitation-dependent shift from 1355 cin(using the 514.5
the maximum amount of substitutional boron in the graphitenm Ar-ion laser ling to 1330 cm? (using the 632.8 nm
lattice is at 2.35 at. %, and the B-doped graphite was preHeNe ling, whereas theE,;, associated modéG mode
pared by the high-temperature reaction at 2350 °C g B position is almost independent of changes in excitation
with natural graphite. Several researchers have also reportécequency'® Because of the correlation of disorder with the
on the structure of boron-substituted carbonaceous materiald band, Raman scattering is sensitive to changes in structure,
using Raman spectroscopy. and is therefore an important technique to distinguish be-
Raman spectroscopy has been recognized as one of thween ordered and disordered carbon and graphite materials.
most sensitive methods to study the structural properties oAlso, the longer excitation wavelength could provide new
carbonaceous materials. Raman spectra provide informatidnformation on the Raman-active bands of disordered car-
on crystalline perfection of graphite-based materials becaudgonaceous materials due to the enhancement of lower fre-
Raman scattering from perfect crystals is limited to contri-quency peaks.
butions from Raman-active zone-center motiedt is well In the present work, Raman spectroscopy is used to char-
known that the Raman spectrum of single-crystal graphitexcterize the structure of milled graphitized and B-doped
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MPCF’s comparatively as prepared from melt-blown petro- TABLE I. Some properties of graphitized and B-doped
leum mesophase pitch. These materials are very promising &MPCF's studied.

an anode material in advanced Li ion batteries, since B dop
ing leads to an about 11% increase in discharge capHcity. Elemental Analysigwt. %) XRD (nm)
First, the features of the different carbon structures are idens e a

tified. Also presented here are new structural aspects a ample 1D c H N D" Lo Lagag ooz
graphitized as well as B-doped mMPCF’s for use in electroomMPCF'’s 99999 0 0 0.001 23 80 0.3367
chemical applications. These results could be expected tB-mMPCF's 97600 0 0 2400 27 63 0.3355

contribute to developing further applications for carbon fi-
bers. ®Difference [We regard the difference value between carbon and

100% as the boron substituted weig?) in the graphite samples.

Il. EXPERIMENT

where @ is the scattering anglel is the interlayer spacing,
¥s the wavelength of the x rays used, agdis the half-
maximum linewidth in radians. Jeffr&ydetermined that the
form factorK is 0.9 forL; and 1.84 folL,. These values are
lLised to calculaté ¢og2) from the 002 diffraction peak width

The milled mesophase pitch-based carbon fiber
(mMPCF’9 were prepared using a melt-blown method for
fiber synthesis from petroleum mesophase pit@xidation
of the pitch precursor fibers was performed in air at abou

300 °C. The fibers were then milled to be about5@ long, andL 110y from the 110 peak width in Scherrer's equation.

and the milling was followed by a carbonization heat treat-,_ , ; ; ;
ment at 650 °C. The samples of these materials were subsB—dOped MMPCFs show a growth in crystallite thickness,

quently heat treated at 3000 °C in high-purity argon gas ¢(00z), and & decrease in interlayer spacihgp, and crys-

(99.999% for 1 h using a graphite resistance furnace. The allite width, La110), relative to that of undoped mMPCF's
boron-doped MMPCE's were prepared by mixing of (see Fig. 1 The decrease idgp, andL 4110y may be related

; to the depletedr electrons between graphite layers, which
mMPCF's and 5 wt.% BC, and then heat treated to . . .
3000 °C in a flow of high-purity Ar ga€99.999% for 1 h. leads to a shorter interlayer distance, as well as to lowering

. the density ofw electrons in the graphite layers because of
The boron content was dgtermmed to be. 2.4 w2456 the lower valence state of bordfThis result could be due
at. %9 by elemental analysis, which might involve the free

boron and experimental errors in elemental analysis. The b(}p the presence of substitutional boron in the graphite layer
. per! - . ysis. | of mMMPCF'’s, and this boron substitution results in bringing
ron doping level is very similar to the maximum solubility of

adjacent planes closer together, yielding a contraction of the
2.35 at. % reported by Lowell. . .
An x-ray diffractometer(Rigaku Geigerflex, 30 KV, 10 structure along the axis, as observed in genefalhus, the

! addition of boron can lead to an enhancement of the
mA) with a CuKa(A=0.15406 nm) was used to measure .
the Bragg reflections from graphitized and B_dopedgraphene edge growth. On the other hand, the crystallite

. width of the B-doped mMPCF's decreases by about 20%
MMPCF’s, and the lattice parametets and L, of the : - ,
samples were determined from the widths of (862 and relative to that of undoped pristine mMPCF’s. It should be

(110 I ivel di d bel R ft noted that such changes of crystallite geometry due to B
. IN€s, respectively, as discussed below. Raman sca .eHoping induce a larger crystallite thickness and a smaller
ing experiments were carried out both on the cross Secuo@rystallite width in the fiber form

from near the fiber center to the periphery and also on the Figure 2 shows the first- and second-order Raman spectra

longitudinal surface with the electric field polarized eitherOf the graphitized and B-doped mMPCF's, measured with

parallel or perpendicular to the fiber axis direction. _Raman[he incident laser radiation on the fiber cross section close to
spectra were taken at room temperature under ambient con-

ditions using a Renishaw Image Microscope System 3000
equipped with a charge-coupled device multichannel detec-
tor. The Raman instrument was coupled to a standard Olym- — B-mMPCFs
pus microscope and a collection optics system. The excita- —— mMPCFs
tion source was a 632.8 nm HeNe laser line. The optical
power at the sample position was maintained at 25 mW, and
no laser annealing effects were observed. The scattered light
was collected in a backscattering configuration and the Ra-
man spectra in the range 1000—-3000 ¢rwere recorded at

a 2.0 cm! resolution.

002

Intensity (arb. units)

Ill. RESULTS AND DISCUSSION

Some properties of graphitizéchMPCF's and B-doped
MMPCF's (B-mMPCF’s used in this study are shown in
Table | for comparison. The average interlayer spadgg,

and the crystallite dimensions; oo, andL 5110y Were deter- 20
mined by x-ray measurements using the Bragg and Scherrer
formulas, respectively, FIG. 1. X-ray diffraction profiles of mMPCF's and B-doped

MMPCF'’s heat treated at 3000 °C. The peaks are labeled by the
n\=2d sin 9, L=(K\N/B cosb), Miller indices.
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HeNe-Laser, A=632.8nm
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FIG. 2. The first-(@) and second-orddib) Raman spectra of the cross section of mMMPCF’s and B-doped mMPCF's.

the fiber center. The B-doped mMPCF’'s show a large inderived structural parameters of graphitized and B-doped
crease in the intensity of the 1330 ¢MD band and a slight mMPCF’s are also added to Table 1.
decrease in the 1580 ¢rh(G band band compared to that Figures 3 and 4 show the first- and second-order Raman
in a sample of undoped mMPCF’s. In particular, the Ramarspectra of the graphitized and B-doped samples for a longi-
features at 1620 cnt and 2660 crt (G’ band are, respec- tudinal surface, with light polarized paralleE() and per-
tively, increased and decreased for the B-doped mMPCF'endicular £L) to the fiber axis, respectively. In both
when compared to the undoped mMPCF’s. The cross sectiosamples, the longitudinal surface in the perpendicular direc-
of the undoped mMMPCF’s shows peaks corresponding to thiéon (EL) shows strong peaks near 1330 ¢niD band, and
line near 2660 cm' and also a very weak peak at 1620¢m weak peaks near 1580 ¢th(G band and 2660 cm® (G’
(D' band. The additional feature near 1620 chcorre-  band when compared to the parallel directioBllj, and this
sponds to a maximum in the phonon density of states andecrease in intensity may be associated with a decrease in the
exhibits a behavior similar to that of the 1330 chulisorder-  graphite domain size. We have performed a line-shape-fitting
induced liné~° with regard to its correlation to disorder. In analysis of theD band in the spectra of graphitized and B-
comparison, the B-doped mMPCF’'s show a strong Ramadoped mMPCF'’s using Lorentzian functions for the constitu-
peak near 1330 cnt, a well-defined peak at 1620 ¢cth and  ent components of the Raman lines. Furthermore, the Raman
a decreased intensity for the 2660 chieature. The features spectrum for the B-doped mMPCF's clearly shows a shoul-
near 1330 and 1620 cm might be associated with the local der peak at about 1320 cthwhen compared with undoped
structural distortion in the graphitic lattice due to boron dop-mMPCF'’s, as demonstrated in Fig. 5. The shoulder peak at
ing, thereby increasing the andD’ band intensitie§.Fur- 1320 cm* may be due to the B-C vibrational mode in the
thermore, the 1330 ciit mode for the B-doped mMMPCF’s is graphite lattice, which results from the addition of boron, as
thought to arise from scattering from nonzone centemell as a different phonon frequency of teg?-bonded crys-
phonons, which become Raman active because of a loss tdllite present in B-doped mMPCF's. From the above results,
transitional symmetry! These results are also corroboratedwe interpret theD and D’ peaks associated with the B-C
by the position of theG’' overtone at 2660 cit (2  vibration to be influenced by the smaller number of electrons
% 1330 cm}) that is present in the second-order spectrum ofn boron, which causes a redistribution of théonding and
the undoped mMPCF’s. The Raman intensity in Ilvdand  a difference in the bond length of B-doped neighboring car-
and the upshifted@ band have been related to the relaxationbons compared with the ordinary C-C vibrations in
of thek=0 selection rul&;®'*and the disorder-induced scat- mMMPCF’s. Consequently, B-doped mMPCF'’s presumably
tering is enhanced in the case of boron-doped mMMPCF'sgive rise to new electron states in an acceptor level. Further-
This phenomenon was associated with a larger force constantore, B-doped mMPCF’s show a new shoulder peak at 1320
for carbon-carbon bonds within the layer planes and the cryssm™* which provides good evidence for two components of
tal imperfection due to the formation of carbon-boron bondsthe Raman mode in graphite, where one of the components is
In particular, Raman spectroscopy provides very imporinduced by disorder and is associated with a localized B-C
tant information on the microstructure and crystalline order-vibrational mode. On the other hand, we have not detected a
ing in carbon materials in terms of the various spectral pashoulder peak due to the B-C vibrational mode of B-doped
rameters, such as intensity, peak position, line shape, andMPCF's using the 514.5-nm Ar-ion laser line shown in
bandwidth. For example, Tuinstra and Koéfigised the Fig. 6. These results may be related to the fact that the
relative ratio(R) of the integrated intensity for thB andG  632.8-nm HeNe laser line provides new information on the
lines to provide a measure bf,. More recently, Knight and disorder-induced band due to the enhancement obtheak
White'” developed an empirical formula that relafe$o the  that is expected at longer wavelengtfis.
crystallite domain sizel, of graphite asL,=(44R) for Table 1l shows the peak position, integrated intensity ratio
spectra taken at 514.5 nm. Both the peak position and bandR(lp/lg), bandwidthwq,, and calculated domain side,
width of G and D lines are sensitive th,. The Raman- (Ref. 17 of the present samples, wheR¢l /1) andL , are
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TABLE Il. Raman spectroscopic parameters obtained after curve fitting the experimental spectra by using
Lorentzian fits to the Raman lines.

Peak positionv (cm™ %) Bandwidthwy,, (cm™) R(lp/lg)
Sample 1.D. A=5145nm A=632.8nm A=5145nm A=632.8nnm A=514.5nm
1335 29
1355 21
Ell 1580 9 0.09
1580 10
2666 39
mMPCF’s 1334 21
1355 1582 25 10
EL 0.17
1580 1620 10 8
2665 34
1324 8
1365 25
1345 19
Ell 1589 14 0.77
1590 14
1618 6
B-mMPCF’s 1615 4
1310 1
1365 25
1343 24
EL 1591 15 0.76
1587 12
1621 5
1613 6

obtained from the measurements at 514.5 nm. It is interestinthe two directions and is estimated at about 6 nm, which is

to note thatL, along the fiber axis is about two times larger very close to the distance between boron atoms substituted
along the direction parallelH|l) to the fiber axis, as com- for C atoms in the graphite layer planes. We thus conclude
pared to the ribbons of the graphene layers arranged on thieat the boron is homogeneously distributed within the

fiber surface perpendiculaE( ) to fiber axis. On the other
hand, for the B-doped mMPCF'’s, the crystallite domain sizeOn the other hand, x-ray results indicate that the B-doped
L, parallel and perpendicular to the fiber axis is the same fomMPCF’s havd._, values about 63 nm. In these samples the
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graphite layer planes of the boron-doped mMMPCF sample.

FIG. 3. The first-(a) and second-orddb) Raman spectra taken from the longitudinal surface in a direction par&li¢l4nd perpen-
dicular (EL) to the fiber axis of the mMPCF's.
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FIG. 4. The first-(a) and second-ordglb) Raman spectra taken from the longitudinal surface in a direction par&li¢lgnd perpen-
dicular (EL) to the fiber axis of the B-doped mMPCF's.

x-ray results provide an estimate of the dimensions of the IV. CONCLUSIONS
relatively flat portions of the crystallit¥dsHowever, Raman Graphitized and B-doped mMPCF’s have been investi-

scatte.ri.ng is very sensitive to structural defects present il&ated and characterized mainly by Raman scattering, and the
graph|t|zed and B-doped mMRCF’s. , results obtained are compared with additional data obtained

Figure 7 shows a schematic model of a graphite layep, the x-ray diffraction(XRD) technique. The effect of B
plane in which substituted B atoms show different bondysning enhances the growth of the crystallite thickness,
lengths between the B-C and C-C bonds. Data from a Silicop . but decreases the crystallite width,, of the host
Graphics simulation are shown in this figure. mMPCF’s, as indicated by XRD and Raman scattering re-
sults. In the present study, B-doped mMPCF’s presumably
give rise to a new electronic acceptor state. The appearance
of a new Raman band at 1320 chin the B-doped

(@)
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FIG. 6. Line-shape fitting of theD band for the B-doped
FIG. 5. Line-shape fitting of theD band for the B-doped mMPCF's excited at 514.5 nm Ar-ion laser lin@) parallel Ell) to
mMPCF's; (a) cross section(b) parallel El) to the fiber axis, and the fiber axis andb) perpendicular EL) to the fiber axis. The
(c) perpendicular EL) to the fiber axis. The Lorentzian compo- Lorentzian components and the final curve are a continuous line for
nents and the final curve are a continuous line for each spectrumeach spectrum.



8996 M. ENDO et al. PRB 58

band in the B-doped mMPCF'’s is associated with the break-
down of thek=0 selection rules by a local distortion of the
graphite lattice due to boron doping. Finally, the integrated
intensity,R, for boron-doped mMPCF's as a function of dis-
tance parallel() and perpendiculakL) to the fiber axis
shows that B is homogeneously distributed within the graph-
ite layer planes of the fiber surfaces. On the other hand, the
crystallite domain sizé, parallel and perpendicular to the
fiber axis is about 6 nm, which is very close to the average
distance between boron atoms that are substituted for C at-
oms in the graphene layer planes.

These results may be important for the use of boron as an
additive to mMPCF’s for use in applications such as for

FIG. 7. Schematic representation of a graphene plane of the 2.68node materials in Li ion batteries.
at % B-doped mMPCF's. The difference in bond length between a
B-C and C-C bond is indicated. Data from a Silicon Graphics simu-

lation are shown.

MMPCF's is closely related to the B-C vibrational mode for
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