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Intercalated nanographite: Structure and electronic properties
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Structural and electronic properties of K, Br2, and I2 intercalated nanographite compounds, prepared using
standard intercalation techniques, were investigated. The staging phenomenon observed in bulk-graphite-
intercalation compounds is absent in the case of intercalation compounds of nanographite, as expected for a
finite-size host-guest system. K-intercalated samples contain a small fraction of potassium clusters apart from
forming homogeneous mixtures of several stages. Many Raman features of K-intercalated nanographite were
found to be similar to K-doped single-wall carbon nanotubes. The first evidence of charge transfer from
nanographite to iodine, which is absent in bulk graphite, is revealed based on Raman scattering results. The
charge transfer per carbon atomf C follows the order potassium.bromine.iodine, which is similar to the
trends observed in bulk-graphite-intercalation compounds. Intercalation of strong donors such as potassium
makes the contribution of edge inherited nonbondingp states, which uniquely characterize pristine nanograph-
ite, less important. This is explained considering the large charge transfer and the accompanying shift of the
Fermi level away from the edge states. In case of weak acceptors such as I2, however, there is an enhancement
in density of states that indicates a smaller shift in the Fermi level, keeping it in the vicinity of edge states.

DOI: 10.1103/PhysRevB.64.235407 PACS number~s!: 68.65.2k, 71.20.Tx, 78.30.2j
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I. INTRODUCTION

Carbon-based nanometer-scale materials have been
get of intensive studies recently.1–7 Especially the reports
that intercalation of electron donors and acceptors ma
them good conductors and sometimes superconductors
have evoked a lot of interest in these systems.8–10 Among
several nanometer-scalesp2-based carbon materials
fullerenes and nanotubes have been attracting greater a
tion. It has been found that during the preparation
fullerenes and nanotubes, several nanoscale graphite
ticles resembling onions are also formed.4 However, studies
on structures and electronic properties of these mate
have been sparse owing to the difficulty in the preparation
particles with a homogeneous size distribution. In this c
nection, several recent reports have suggested that it is
sible to prepare a large number of these polyhedral grap
particles with a highly homogeneous size distribution by h
treatment of diamond nanoparticles.5–7 It is normally sug-
gested that diamond~111! planes are quite unstable and c
be converted to graphite~001! planes by heat treatment.11 We
have found that initial graphitization takes place on the s
face at around 900 °C, and diamond is gradually converte
graphite from the surface inwards as the heat-treatment
perature~HTT! is increased,6 the complete graphitization
taking place at 1600 °C.7 The prepared graphite nanoparticl
at 1600 °C were found to have a polyhedral crystal habit w
a hollow in the center, and the average size of the part
0163-1829/2001/64~23!/235407~10!/$20.00 64 2354
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was about 7–8 nm. These graphite nanoparticles, which
be considered as an assembly of very weakly bou
graphene nanosheets, make a good model system of
ographites. A hypothetical nanographene ribbon can be c
ceived as having onlytrans-polyacetylene-type zig-zag edg
or cis-polyacetylene-type armchair edge. Theoretical calcu
tions have shown that a nanographene ribbon with only z
zag edges possesses edge inherited nonbonding edge
near the Fermi energy while an armchair edge does not
rise to such states.12,13 It was also shown that for a graphen
ribbon in general, even a few zig-zag edges per sequence
sufficient to show non-negligible edge states. In quite go
agreement with the above-noted theoretical studies we h
shown that there is significant enhancement of the electro
density of states around the Fermi energy in our grap
nanoparticles6 due to localized nonbonding edge states. T
edge states, which are unique to these materials, play qu
significant role in their electronic properties.6,7 The differ-
ence in the electronic structure of nanometer-scale grap
materials from bulk graphite is expected to impart novel fe
tures in their intercalated systems also. Iodine is known
form charge-transfer complexes with many polycyclic a
matic compounds including benzene,14 while it does not
form intercalation compounds with bulk graphite, which c
be thought of as an infinitely extended network of benze
molecules. However, it was recently found that iodine for
charge-transfer intercalated compounds with single-wall c
bon nanotubes15 ~SWNT’s! as well as activated carbo
©2001 The American Physical Society07-1
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B. L. V. PRASAD et al. PHYSICAL REVIEW B 64 235407
fibers16 ~ACF’s!, where the latter is characterized by a n
work of nanoscale graphite. Hence it would be interesting
study the effect of intercalation of both donors and accept
including iodine, into nanographite, to understand the si
larity and difference in structure and electronic properties
these materialsvis-a-visbulk graphite.

In this paper we present the details of structure and e
tronic properties of intercalated nanographite where the n
ographite itself was prepared from diamond nanoparticles
heat treatment at 1600 °C. We prepared graphite-intercala
compounds~GIC’s! of potassium, bromine, and iodine wit
nanographite by employing the standard two-zone vap
transport method.17 Structural and electronic characteristi
of these intercalated systems were analyzed on the bas
x-ray diffraction, Raman scattering, ESR, and magnetic s
ceptibility studies. It was found that the electronic propert
of nanographite-intercalation compoundsv is-à-v is bulk-
graphite-intercalation compounds are crucially controlled
the charge-transfer rate to/from the nanosizedp-electron sys-
tem.

II. EXPERIMENT

The as-prepared nanodiamond particles~Cluster diamond,
Tokyo Diamond Tool Mfg. Co.; grain size;4–6 nm! are
featured with transition-metal magnetic impurities, and H
treatment is found to effectively remove these transitio
metal impurities.6,7 20–50 mg of diamond nanoparticle
boiled in HCl were placed in a graphite crucible and we
heat-treated at 1600 °C under an inert Ar atmosphere for
to obtain nanographite. Intercalation reactions with K, B2,
and I2 for the obtained nanographite were carried out by
standard two-zone vapor transport method used for
preparation of bulk GIC’s.17 Potassium-intercalated sampl
were prepared using the same conditions as those use
stage-1 K bulk GIC’s except for ESR measurements.
ESR measurements two more samples with different po
sium concentrations were prepared additionally using
procedures similar to stage-2 and stage-3 K bulk GIC’s. T
compositional ratios were estimated from the weight upt
measured under inert Ar atmosphere in a glove box. T
compositional ratios reported here are averaged over se
experimental observations.

X-ray diffraction was performed with a rotation-anod
type wide-angle x-ray diffractometer~Rad-rR RINT2000,
Rigaku Co.! employing CuKa radiation ~50 kV, 300 mA!
with a monochromator and scintillation counter. Intercala
compounds were mixed with Apiezon grease inside a gl
box under Ar atmosphere for x-ray diffraction studies, th
avoiding any decomposition of the sample.

Raman spectra were measured in the backscattering
figuration using a 514.5-nm Ar-laser excitation. The scatte
light was analyzed in a Jobin Yvon HR460 single-grati
spectrometer equipped with a charge-coupled array dete
and a holographic notch filter~Kaiser Optical Systems, Inc.!.
10–15 mg of the pristine sample was pressed into a hol
the center of Teflon or steel rectangular blocks. These blo
were then inserted into a rectangular Pyrex glass tube at
end, and at the other end the intercalate was kept in a br
23540
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able ampoule. The Raman spectra of the pristine sam
were recorded first, and then the ampoule was broken
case of K intercalation the potassium and nanographite zo
were heated at 220 and 250 °C, respectively, while iod
intercalation was carried out by heating iodine and n
ographite zones at 160 and 170 °C, respectively. Bromin
very volatile at ambient temperatures and hence Br2 interca-
lation reaction was carried out at room temperature. Ho
ever, after the intercalation reaction was over~usually in a
matter of few minutes! excess bromine was removed by im
mersing the bromine zone in a liquid-nitrogen bath.

Magnetic susceptibility and magnetization were measu
with Quantum Design MPMS-5 superconducting quantu
interference device~SQUID! susceptometer in the temper
ture range 2–300 K under magnetic fields up to 5
K-intercalated samples were transferred into a quartz g
tube inside a glove box and were sealed under vacuum.2-
and I2-intercalation reactions were carried out inH-shaped
glass tubes where one arm was joined to the quartz tube
nanographite and the other arm to a Pyrex glass tube
taining Br2 or I2 inside a breakable ampoule. The who
chamber was sealed under vacuum and after breaking
ampoule intercalation reactions were carried out under c
ditions described as above. After the reaction was over
arm with Br2 or I2 was immersed in a liquid-nitrogen bath t
drive out excess intercalate, and the quartz tube was se
enabling SQUID measurements to be carried out without
posing the intercalation product to outside atmosphere.

ESR spectra were measured with a conventionalX-band
spectrometer~JEOL JES-TE20!, where the magnetic field
and microwave frequency were calibrated using an NM
gaussmeter and a frequency counter, respectively.
K-intercalated samples were transferred to a quartz g
tube inside a glove box and were sealed under vacuum.
the I2- and Br2-intercalated samples ESR spectra were m
suredin situ, using similar procedures explained above f
SQUID measurements. To obtaing values correctly we used
diphenylpicrylhydrazyl~DPPH! as an internal standard.

III. RESULTS

Weight-uptake measurements indicated the composi
of K-intercalated systems to be KC9, KC29, and KC36, very
close to those observed for stage-1, stage-2, and stage-3
GIC’s, respectively, when the same reaction conditions
those for the bulk K GIC’s were employed. In this paper w
have restricted our discussion mostly to KC9 and compared it
to bromine- and iodine-intercalated systems to make
clearer for discussion. Though the compositional ratio is v
similar to that of stage-1 K-intercalated bulk graphite (KC8),
we did not observe any staging phenomenon for KC9, as in
bulk GIC’s.18 In order to clearly understand the origin o
compositional similarity between stage-1 K bulk GIC’s a
KC9 we have undertaken a detailed analysis of the pow
x-ray diffraction of this compound. Figure 1 depicts the d
tailed powder diffraction pattern of both pristine nanograp
ite and KC9 around the 26° region. Diffraction in this regio
comes from the graphite~002! peak, which is largely af-
fected by intercalation. We would like to point out that th
7-2
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INTERCALATED NANOGRAPHITE: STRUCTURE AND . . . PHYSICAL REVIEW B64 235407
overall intensity of the x-ray diffraction is rather weak in th
entire range observed~0°–90°! and we could observe a rea
sonable diffraction intensity only in this region with our in
strument. As can clearly be seen in this figure the intercala
system retains the peak from pristine nanographite, a fea
quite different from bulk GIC’s. In bulk GIC’s because of th
staging phenomenon thec-axis repeat distance is quite di
ferent for each stage, that is, the~002! peak is observed a
different locations, while the peak from the bulk graph
~002! diffraction around 26° is absent. Thus persistence
the graphite~002! peak even after K intercalation indicate
that there is still some amount of unintercalated nanograp
remaining. On the other hand, the small shoulders appea
around 29° and 33° clearly show the difference between
tercalated and nonintercalated systems. It is worth no
here that the peaks at 29° and 33° correspond to the~003!
diffraction peak of stage-2 and the~002! peak of stage-1 bulk
GIC’s, respectively, and they are the maximum intens
peaks in stage-2 and stage-1 systems.19 To gain further
knowledge, especially about the quantitative distribution
different stages in KC9, the following analysis was under
taken. The observed x-ray intensities were first corrected
the Lorentz polarization factor and atomic scattering fact6

The atomic scattering factors for potassium and carbon w
obtained from x-ray crystallographic tables,20 and the scat-
tering factor for the observed compositional ratio was e
mated. Then the corrected profile could be fitted with th
Lorentzian functions as depicted in Fig. 2 and the peak
sitions obtained were 25.4°, 29.1°, and 32.2°, correspond

FIG. 1. The observed x-ray diffraction profiles in the vicinity
26° for the pristine and KC9 samples.A, B, andC denote the ex-
pected peak positions for nanographite~002!, stage-2~003!, and
stage-1~002!, respectively.

FIG. 2. The x-ray diffraction profile obtained after correctio
for the Lorentz polarization factor and atomic scattering factor~see
text for details!. It was deconvoluted using contributions from pri
tine nanographite~002!, stage-1~002!, and stage-2~003!.
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to the graphite~002!, stage-2~003!, and stage-1~002! com-
pounds, respectively.19 Each peak intensity was further no
malized for differentc-axis repeat distances and differe
compositional ratios of pristine, stage-1, and stage-2 co
pounds enabling the calculation of corrected intensityAC
utilizing the equation

AC5
A

@111/~FK /nFC!#/I c

whereA is intensity from fitting,n is number of carbon at-
oms per intercalate in each stage~8 in stage 1 and 24 in stag
2!, FK andFC are the atomic scattering factors of potassiu
and carbon, respectively,20 andI c is thec-axis repeat distance
for the respective stage. The ratios of corrected intensi
thus obtained correspond to the ratio of each componen
CK1/8, and CK1/24 in KC9. We assumed that the difference
total weight uptake from the obtained ratios of different co
ponents and observed weight uptake corresponds to free
tral potassium atoms present in the sample. Thus from qu
titative analysis of x-ray diffraction we could estimate th
the total weight is made up of 36% of nonreacted carb
33% of CK1/8, 26% of CK1/24, and 5% of potassium clusters

The compositional ratio for the Br2- and I2-intercalated
systems, determined from weight-uptake measurements,
C38Br and C65I, respectively. However, x-ray scattering fo
the I2- and Br2-intercalated samples was below the detect
limit of our instrument, indicating an increase in the stru
tural disorder in these samples. It is interesting to note h
that similar observations were made on I2-intercalated
SWNT’s.15

Raman scattering spectra of K-, Br2-, and I2-intercalated
samples along with the pristine sample are provided in F
3. The observed peaks were fitted with Lorentzian functio
for the pristine and Br2- and I2-doped samples. For th
K-intercalated sample a Breit-Wigner-Fano~BWF! function
is employed for the peak around 1560 cm21, all other peaks
being fitted with Lorentzian functions. The fitting paramete
are provided in Table I. The pristine sample mainly sho
three peaks at 1353, 1593, and 1623 cm21. The peak at 1593
cm21 corresponds to the graphiteE2g2

mode, which is nor-
mally found upshifted from the bulk-graphite value of 158
cm21 in these finite-sized systems.7 The peaks at 1352 an
1623 cm21 are recognized to be originating from the diso
dered nature of these systems.21 Doping of potassium clearly
induces visible changes in the Raman spectrum. TheE2g2

mode is downshifted and displays a BWF line shape22 given
by

I ~v!5I 0$11~v2v0!/qG%2/$11~v2v0!/G%2,

where I (v) is the intensity as a function of frequency,I 0 ,
v0 , and G are the peak intensity, renormalized frequen
and full width at half maximum~FWHM! of the unweighted
Lorentzian function~as q→` this equation represents
Lorentzian function!. 1/q represents the interaction betwee
the discreteE2g2

mode and Raman-active continuum. Fro
this analysis we find the peak position at 1566 cm21 and
1/q520.32. It is interesting to note that both the BWF pe
7-3
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B. L. V. PRASAD et al. PHYSICAL REVIEW B 64 235407
position and the coupling parameter (1/q) observed in the
case of KC9 are closer to those observed in K-dop
SWNT’s ~Ref. 23! than bulk GIC’s~Ref. 24!. The other fea-
tures of the Raman spectrum are also qualitatively m
similar to those of K-doped SWNT’s than bulk GIC’s, th
origin of which is not very clear yet. In case of Br2- and
I2-intercalated systems the graphiteE2g2

mode is upshifted
~1607 and 1603 cm21, respectively! by about 14 and 11
cm21 compared to that found in pristine nanographite~Table
I!. We could also conclude that there are no adsorbed Br2 or
I2 molecules in these intercalated samples, from the abs

FIG. 3. Observed Raman spectra for the K-intercalated, prist
Br2-intercalated, and I2-intercalated samples. The pristin
Br2-intercalated, and I2-intercalated samples were fitted with thre
three, and two Lorentzian functions, respectively. For
K-intercalated sample, on the other hand, a BWF function and th
Lorentzian functions were used. The fitting curves are also sho
The fitting curves were shifted down, where ever necessary,
clarity ~see Table I for the fitting parameters!.

TABLE I. Parameters for the Lorentzian and BWF functio
used for fitting the observed Raman spectra. Note that the B
function is used to fit theE2g2

peak of KC9.

Sample
Peak position

~cm21!
Peak width

~cm21!

Pristine 1352.9 30.8
1592.7 25.7
1623.2 17.1

KC9 1187.9 65.0
1257.4 29.1
1334.8 50.9
1566.1
~BWF!

39.4

Br2 intercalated 1360.1 37.2
1526.4 60.0
1606.5 29.6

I2 intercalated 1358.4 48.4
1603.3 31.6
23540
e
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of Raman peaks of neutral Br2 or I2. The origin of a small
broad peak at 1526 cm21 in the Br2-intercalated sample is
not very clear yet, but the presence of adsorbed Br2 mol-
ecules can be ruled out because the higher harmonics o
brational modes of Br2 molecules do not fall in this range.23

Thus the above-noted analysis clearly indicates that
graphite E2g2

mode is found to downshift~upshift! when
intercalated with donors~acceptors!. This trend is very simi-
lar to that observed in bulk GIC’s,17 except that I2 was not
known to intercalate in bulk graphite. We have carried o
Raman scattering analysis of the Br2-intercalated product
both in the presence of a large excess of Br2 vapor in the cell
and by driving out all the excess Br2 by freezing the Br2 zone
in a liquid-N2 bath. In both cases we found no appreciab
difference in theE2g2

peak shift, except that in the forme
case we could see very intense peaks corresponding to
monics of vibrational modes of neutral Br2 molecules. The
similarity in the position ofE2g2

peak in both cases clearl
suggests that the intercalation reaction is fairly irreversib

The magnetic susceptibilities of all intercalated samp
along with pristine sample are depicted in Fig. 4. The s
ceptibility of pristine sample is negative in the entire tem
perature range.6 The absolute value at room temperatu
stays negative in iodine and bromine intercalation, showin
decreasing trend from iodine to bromine. The susceptibi
becomes positive at low temperatures for the Br2-intercalated
system, while it is positive in the entire temperature range
the K-intercalated system. All the samples show a Curie-l
rise at very low temperatures. The spin density, calcula
from the Curie-like behavior, is about 0.231023 spins/
carbon atom in the pristine sample and decreases
(0.1– 0.08)31023 spins/carbon atom after intercalation. Th
decrease in spin density after intercalation can be ascribe
the termination of localized defects or edge sites by form
tion of covalent bonds with the guest species. The value
x0 ~susceptibility atT5`! is 226.6, 211.4, 26.1, and
15.85 ~in units of 1026 emu/mol of C atom! for the nonin-
tercalated, iodine-, bromine-, and potassium-intercalated
tems, respectively. This trend is directly controlled by t
charge-transfer rate from/to the graphitep system as it be-
comes clear later.

The pristine nanographite shows an ESR linewidth of
mT and ag value of 2.0013 at room temperature, where t

e,

e
n.
or

FIG. 4. The observed susceptibility for the pristine, C65I, C38Br,
and KC9 samples as a function of temperature under a magn
field H51 T.

F
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INTERCALATED NANOGRAPHITE: STRUCTURE AND . . . PHYSICAL REVIEW B64 235407
g value is close to that of free-electron spin (g0). All the
potassium-intercalated nanographite samples show only
asymmetric ESR peak. A representative ESR spectra for
sample KC9 is given as an inset in Fig. 5. As the intercalat
potassium concentration increases the linewidths go thro
a minimum~;2 mT for KC29! before becoming very broa
for KC9 ~;9.5 mT! as can be seen from Fig. 5~b!. The de-
pendency ofg values on the potassium concentration in bu
K GIC’s is very small. They always stay in the vicinity of th
free-electron spin value showing a linear dependency wi
small negative slope as the potassium concentra
increases.25 In K-intercalated nanographite the dependency
quite pronounced with KC9 showing the largest deviatio
(gobs51.9980) as compared with the pristine nanograph
which is depicted in Fig. 5~a!. This could be attributed to the
enhanced spin-orbit coupling due to the specific sizes
these samples.26 Br2- and I2-intercalated samples do no
show any ESR signal.

The x-ray diffraction results, Raman spectra and com
sitional ratios could be interpreted in two ways; the resu
are either due to intercalation or just due to reaction on
surface of nanographites with the remaining core part un
acted. Because Raman analysis probes only the surface
rays penetrate more deeply, it could be argued that the
man results reveal a uniform phase formation whereas x
results show mixed-stage formation. However, the ESR
sults, where the microwave skin depth is larger than the
ticle size, suggest the homogeneity of the samples as m

FIG. 5. ~a! The g-value deviation (uDgu5ugobs2g0u), and ~b!
DH variations as a function of the K/C ratio for bulk and na
ographite K-intercalated samples. Theg' value for bulk graphite
was used when comparing the deviations~for K/C50! and the av-
erageg value gav5(2g'1gi)/3 is also shown in the graph. Soli
and dashed lines are only guides for the eye. The inset show
room-temperature ESR spectral profile of KC9.
23540
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tioned above. Here, the interesting point to note is that
dependency of linewidths on potassium concentration is v
similar in case of bulk GIC’s and nanographite IC’s.25 The
absence of an ESR signal in Br2- and I2-intercalated samples
is again very similar to bulk-graphite systems. This is attr
uted to the charge transfer from the guest species to the
ographite and the resulting enhancement of spin-orbit c
pling as explained for acceptor-intercalated bulk GIC’s27

The similarity in the ESR behavior of bulk GIC’s and na
ographite intercalation compounds~IC’s! clearly shows that
uniform charge transfer between the nanographite and in
calate takes place in the bulk for all the nanographite I
investigated. Other points worth noting here are the wei
uptake and magnetic susceptibility. If the reactions only to
place on the surface, then it is very difficult to understand
large weight uptakes as observed here. The susceptib
shows consistently larger upshifts upon intercalation th
that of pristine nanographite as shown in Fig. 4. This can
be explained by a simple summation of contributions fro
intercalated surface regions, nonintercalated interior regio
and nonreacted intercalate species on its surface. Hence
proved unambiguously that the reactions observed here
intercalation reactions and not anysurface-onlyphenom-
enon.

IV. DISCUSSION

Each particle of nanographite prepared at 1600 °C
found to have a polyhedral shape that is hollow inside.6 The
average particle size is about 7–8 nm, where each face o
polyhedron is made up of 3–7 graphene sheets.6 If each of
the nanographite particles is visualized as 3–6 closed p
hedral cages of different sizes contained in each other,
difficult to comprehend the process of intercalation, sin
there is no way for the intercalates to access the graph
interplane galleries. However, these polyhedra are know
be formed by adjacent faces having openp-bond edges at
the crossing point. Although participation of cross-linkin
bonds between adjacent graphene sheets may modify the
tures of the edges, a large number of them are expected t
left with open gaps due to termination of the edges by
drogen or oxygen, since nanographite is treated in air.
presence of open edges enables the intercalate to acces
interplane galleries of the graphene sheets to form the in
calation compounds. This makes the nature of the interc
tion reaction different from that of fullerenes and carb
nanotubes having closed edges, where the dopants
present only in the interstitial sites.

X-ray characterization reveals the absence of staging p
nomenon. The absence of staging phenomenon could
direct consequence of the particle size, which is smaller t
the correlation length of the density correlation function
lated to the staging transition, as the fluctuations overwh
the energy gain due to the transition.28 Moreover, for finite
domain sizes, it is argued that the domination of entro
term leads to a form of stage disorder called ‘‘rando
staging.’’29 In the present sample, which contains ‘‘pac
ages’’ of intercalate and host that fluctuate in size, stag
cannot be stabilized due to kinetic limitations in the interc

he
7-5
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lation process or imperfections in the host lattice. Thec-axis
repeat distances from the Bragg peak positions of stag
and -2 phases in these mixed stage systems were found
0.56 and 0.92 nm, respectively; about 4–5% higher th
those observed for the same stages in the bulk K GIC19

Owing to the turbostratic nature thec-axis repeat distance o
pristine nanographite itself is about 5% higher than the bu
graphite value, which explains the observed difference in
intercalated sample. Another interesting feature is the p
ence of neutral potassium clusters. At present it is difficul
pinpoint the location of these clusters in this sample. T
possible locations are the interstitial sites of the polyhed
cage~very similar to K-doped C60 and SWNT’s where the K
is present in the interstitial sites! or in the hollow present in
each particle. Further studies such as high-resolution tr
mission electron microscopy are needed to answer this q
tion, but the extreme air sensitivity of these samples is a
hurdle to overcome.

Iodine- and bromine-intercalated systems did not sh
any x-ray diffraction, although the experiments were carr
out under conditions similar to those of potassiu
intercalated compounds. The low charge-transfer rate ge
ally associated with acceptor-intercalation systems result
a smaller interlayer interaction, which is known to contribu
to the random stage ordering.30 The low charge-transfer rat
is also confirmed in the present iodine- and bromin
intercalated nanographites as we will show later. Theref
in case of bromine and iodine intercalation we have m
disordered systems compared to the K-intercalated syst
This leads to very weak scattering, well below the detect
limit of our instrument.

Raman scattering has been an invaluable tool in analy
the various forms of carbons as well as their doping pr
ucts. Intercalation of donor or acceptor guests into graphit
accompanied by charge transfer. In case of donor interc
tion, charge is transferred to the graphitep* band resulting
in an in-plane lattice expansion. As a consequence the gr
ite E2g2

mode is found to be downshifted in addition to th
BWF line shape observed. The origin of the BWF line sha
observed mainly for stage-1 alkali-metal-intercalation co
pounds, is explained as the interference of the discreteE2g2

mode with a Raman-active continuum.22 The continuum
states are considered to arise from both in-plane andc-axis
zone-folding effects owing to the lowering of symmetr
leading to a large number of Raman-active modes a
intercalation.24 It is somewhat surprising that we see only t
BWF line shape characteristic of stage-1 formation while
x-ray study reveals that these compounds, in fact,
random-stage inhomogeneous compounds and are exp
to show distinct Raman features corresponding to the gra
ite bound and interior layers. In the higher-stage bulk G
Raman spectra, especially for third- and higher-stage c
pounds, two distinct peaks corresponding to the grap
bounding and interior layers having different amounts
charge transfer are seen.17 However, in the third- and higher
stage bulk GIC’s the graphite interior layers are almost co
pletely screened from the bounding layers and have ne
gible charge transfer. In the present case due to ran
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staging the charge transfer might be quite uniform among
the graphene layers, leading to the observation of only
peak, which is in good agreement with ESR results. T
renormalized frequency from the BWF analysis in the ca
of KC9 is found to be 1566 cm21, giving Dw527 cm21

~Table I!, where Dw is the difference in the RamanE2g2

peak positions between the intercalated and pristine sam
The peak position observed here is somewhat higher t
stage-1 alkali-metal bulk GIC’s@1547 cm21 ~Ref. 24!# but
very close to the K-doped SWNT’s@1567 cm21 ~Ref. 23!#. It
is generally found that the dependence of peak shift on
charge-transfer rate is linear in case of donors, and with
of the relation31 betweenDw and the charge-transfer rate p
carbon atom,f C, the charge-transfer rate is estimated atf C

50.03, which is about half of that for the bulk K GIC (f C

50.075).
The 1/q520.32 we observe here has the same sign

bulk K GIC’s ~21.2!, but smaller in magnitude,24 and again
very close to that of K-doped SWNT’s~20.35!.23 The mag-
nitude and sign of the 1/q value depict the strength of cou
pling and indicate whether the coupling is to a continuum
lower- ~negative sign! or higher- ~positive sign! frequency
states. Thus the negative sign observed here indicates tha
discreteE2g2

phonon state is coupled to a Raman continu

of lower frequency vibrational states similar to bulk KC8.
22

We also observed many modes in the range;1000–1300
cm21, similar to K-doped SWNT’s. There may be two po
sible reasons for this. The SWNT’s used for the intercalat
reactions might contain a few nanosized graphite partic
similar to those studied here, and the intercalation of po
sium into these nanoparticles might account for the sim
features observed in these two independent studies. If th
the case the intensity of these mid-frequency peaks comp
to the BWF line should be very less in the K-doped SWN
case, since the number of nanosized graphite particles c
pared to the SWNT’s is considered to be very less~less than
10% by weight!.32 But we observed that the relative intens
ties of the BWF line and the mid-frequency modes in the
two studies are quite similar. The other origin for the simi
feature could be the size effects; since both these are fin
size systems, doping of potassium into them might lead
similar effects. It is shown that there are non-negligible de
sity of vibrational states in the region 1100–1300 cm21 for
bulk graphite, which become Raman active at finite sizes
to the breakdown of wave-vector conservation.21 In the
present case also the significant Raman intensity in this
gion could be related to the breakdown of selection rules
to potassium doping in a random fashion. The similarities
the peak shifts, the 1/q values, and the observation of mid
frequency peaks are all in favor of the conclusion that b
SWNT’s and nanographite are featured with finite-size latt
networks, behaving in a similar way after potassium dopi
This makes nanographite all the more interesting beca
from a structural point of view, these two are quite differe
from each other; the SWNT’s are of a closed seamless cy
drical type, while nanographite is a weak assembly of fini
size flat graphene sheets with open edges. However, the
7-6
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assignment of these mid-frequency peaks in both these c
must await further work.

Here, we consider the results of intercalation of accep
into nanographite. As stated earlier, acceptor doping
graphite is accompanied by a charge transfer from the gra
ite p band to the acceptor molecules resulting in an upshif
the E2g2

peak position.17 For Br2- and I2-intercalated nan-

ographite the peak positions are found to be upshifted by
and 11 cm21, respectively, indicating the stiffening of C-C
bonds due to introduction of holes into thep band. In bulk
GIC’s, the RamanE2g2

peak shift is directly related to th

charge-transfer rate between the graphitep band and gues
species. It was estimated based on Raman scattering st
during continuous electrochemical doping by H2SO4 that
Dw/ f C'1460 cm21 in acceptor GIC’s, whereDw and f C
represent the peak shift and degree of charge transfer.32 But,
such a linear relation is not valid for weak acceptors l
halogens, which are featured with very lowf C values.33 Nev-
ertheless, in the present case the peak shifts observe
acceptor nanographite IC’s are generally higher than the
responding peak shifts of bulk acceptor GIC’s, and we
sume that a linear relation betweenf C and the peak shift is
valid. This is partly justified by the fact that iodine, whic
does not form intercalation compounds with bulk graph
does so with nanographite, proving that nanographite
better donor than bulk graphite. Based on the value ofDw/ f C
given above and present Raman results, we find, for the2
and I2 samples,f C'0.030 and 0.024, equivalent to 1 hole p
33 and 42 carbon atoms, respectively. This is roughly co
parable to the charge-transfer rate calculated on the bas
weight-uptake measurementsf C'0.026 and 0.015 for Br2
and I2 intercalation, respectively, which is estimated on t
assumption of a complete charge transfer and conversio
all intercalate molecules into Br2 or I2. I2 is not known to
intercalate into bulk graphite; nevertheless, it is known
form charge-transfer complexes with small aromatic m
ecules such as perylene.14 The small aromatic molecules an
infinite-sized bulk graphite can be taken as examples of
extremes of the conjugatedp-electron system. According to
the results on ACF’s there seems to be a threshold limit o
nm for the in-plane size, above which iodine cannot re
with the conjugatedp-electron systems.16 In the present case
the average in-plane size of the graphene sheet is arou
nm, thereby allowing a moderate charge transfer from
graphitep band to iodine. SWNT’s also form intercalatio
compounds with I2, displaying a moderate charge transfer
0.018, leading to the formation of I3

2 and I5
2 species in the

interstitial channels of the SWNT bundle.15 In ACF’s, with
many neutral I2 molecules present in the micropores, t
charge-transfer rate is reported to be 0.008.16 The roughly
similar charge-transfer rates with iodine thus suggest
these three mesoscopic systems have a similar affinity
wards iodine. Nanographites are featured with several
fects as well as openp-bond edges. It is normally propose
that the intercalation is nucleated at the edges or defec
cations in the graphite network, slowly encompassing
whole graphite network. The nanographite studied in
present case possesses large fractions of edge sites an
23540
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fects, favorable for intercalation even for weak accept
such as I2. Here, it should be noted that for C38Br and C65I
the charge-transfer ratef C from both the Raman shift of the
E2g2

mode and the compositional ratios are overestima

due to the oversimplified assumption in theDw-vs-f C rela-
tion and the formation of covalent bonds as described be
Alternative procedures are necessary for these two case
obtaining convincingf C’s and are discussed in the subs
quent paragraphs.

Another interesting feature of acceptor-intercalated n
ographites is irreversibility. In case of bulk Br2 GIC’s, about
30% of Br2 uptake at saturation seems to be retained w
the Br2 vapor pressure is below a threshold limit, forming
‘‘residue’’ compound.17 The formation of the residue com
pound is ascribed to trapping of Br2 molecules at the in-plane
imperfections ~stacking faults and dislocations!.
Br2-intercalated SWNT’s show a fairly reversible nature23

where deintercalation is achieved by simply reducing the2
vapor pressure in the cell. However, I2-intercalated SWNT’s
have to be heated to high temperatures of 250 °C
deintercalation.15 In the case of Br2 nanographite IC’s, sim-
ply decreasing the Br2 vapor pressure in the cell does n
lead to deintercalation. Since nanographites are characte
with many defects and open edges, it is possible that in
calate molecules are trapped at these places, leading to
irreversible nature of intercalation reaction. From ESR
sults we could confirm that both Br2 and I2 could be partially
driven out from the nanographite IC’s by heat-treating th
above 150 °C.26 The localized spin-density estimation
clearly reveal a decreasing trend with intercalati
@0.231023 spins/carbon atom in pristine sample, a
(0.1– 0.08)31023 spins/carbon atom after intercalation#.
From the spin-density estimations we can conclude t
some of the guest species have formed covalent bonds
defect sites. The partial deintercalation could be due to in
equacy of this heat treatment to remove covalently bon
bromine and iodine species.

We next discuss the consequences of charge transfe
the electronic structure of nanographite based on magn
susceptibility studies. In Fig. 6 we provide the changes
x02xcore, wherexcore is the core diamagnetism estimate
from Pascal’s rule, as a function of the absolute value of
RamanE2g2

peak shift. The RamanE2g2
peak shift is known

to be crucially controlled by the charge-transfer rate per c
bon atom,f C.32,33 x02xcore has contributions from the or
bital susceptibilityxorb and Pauli susceptibilityxPauli, where
xorb is due to the itinerant motion of conduction carriers a
xPauli is related to the density of states at Fermi level.x0
2xcore is negative for the pristine nanographite. From t
figure it is clear that as the peak shift increases the abso
value of x02xcore decreases from pristine through th
bromine-intercalated sample, andx02xcore finally becomes
positive in KC9. This is directly related to the charge-transf
rate from/to the guest species, a scenario similar to b
GIC’s. In bulk acceptor GIC’s the charge transfer is low a
the orbital susceptibility remains diamagnetic.17 On the other
hand, the charge-transfer rate for KC8 is very high and the
orbital susceptibility is paramagnetic.17 In other words, the
7-7
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Fermi level in bulk acceptor GIC’s is very close to thep-p*
contact point, while in KC8 it is shifted away from it. The
large diamagnetic susceptibility in bulk graphite is attribut
to the interband transitions due to the overlap ofp andp*
bands at theK point of the Brillouin zone where the Ferm
energy is located.34 However in bulk KC8 the Fermi energy
is shifted ;1 eV higher than the Fermi level of pristin
graphite as a consequence of charge transfer from the p
sium 4s level to the graphitep* band. This means that th
interband transition between thep and p* bands does no
contribute to the orbital susceptibility; instead it comes fro
the intraband transition.35 For pristine nanographite also w
found that the susceptibility is negative in the entire tempe
ture range investigated, in which orbital diamagneti
(xorb), plays an important role.6 In addition we proved tha
the Pauli susceptibility in pristine nanographite is enhan
almost by two orders of magnitude,6 good evidence for the
presence of edge inherited non-bondingp states near the
Fermi energy as predicted by many theoretical studies.12,13In
the case of KC9 the susceptibility becomes positive in th
entire range, in sharp contrast to the behavior of prist
sample~Fig. 4!. From x-ray analysis we found that KC9 is in
fact a mixed-phase inhomogeneous compound. In a prel
nary report earlier we have shown that the total susceptib
observed at room temperature could be accounted for as
algebraic sum of the susceptibilities of individual comp
nents of KC9, multiplied by their respective fractions, ob
tained from x-ray analysis.18

This analysis is based on two assumptions:~i! the pres-
ence of inhomogeneous charge transfer to graphite and~ii !
the several stages formed are quite independent from
other. But as stated earlier the formation of inhomogene
or rather random staging is a consequence of the nanom

FIG. 6. The variation ofx02xcore as a function of absolute
value of RamanE2g2

peak shift. The peak shifts for bulk-graphit
samples are shown with respect to 1582 cm21 ~E2g2

peak position
of bulk graphite! and those of nanographite samples are with
spect to 1593 cm21 ~E2g2

peak position of pristine nanographite!.
The line is only a guide to the eye.
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size host-guest system, and the several stages formed m
have appreciable interactions with each other. Hence we
easily expect that the charge transfer is quite uniform am
all the graphene layers. The observation of only one Ram
peak around theE2g2

region and the ESR results also supp
this contention. Thus we need a more comprehensive an
sis of the magnetic susceptibility.

Here in order to get a rough quantitative estimate ofxPauli
for all the nanographite-intercalated systems, with the n
protocol of uniform charge transfer, we adopt the followin
two procedures. Thexorb of bulk K and Br2 GIC’s are known
to crucially depend on the compositional ratio, and we
sume that thexorb for KC9 and C38Br are the same as that o
bulk K ~Ref. 36! and Br2 GIC’s ~Ref. 37! with similar com-
positional ratios. Then, using the equationx02xcore5

1
3 xorb

1xPauli and with thex02xcore values obtained, we can ca
culatexPauli for KC9 and C38Br, where the factor13 in the first
term is associated with the directional average for powde
samples. For C65I, however, we cannot follow similar proce
dures since bulk graphite does not form intercalation co
pounds with iodine. However, the observed susceptibility
I2-intercalated system displays a small temperature dep
dence around room temperature, similar to prist
nanographite,6 suggesting that the Fermi level is very clo
to thep-p* degeneracy point. Hence in this case we co
carry out a detailed analysis~Fig. 7! of the susceptibility as
carried out for pristine nanographite,6 based on the
Kotosonov equation38 for disordered graphite,

xorb~1026 emu/g!52
4.631023 sech2$EE/2kB~T1DT!%

T1DT
,

where EF is the Fermi energy andDT is the degeneracy
temperature representing the energy level broadening du
randomness. The estimated values of the Fermi energy
degeneracy temperature from this analysis are 0.2 eV
1400 K, respectively. The small change inEF compared to
pristine nanographite (EF;0.1 eV) is clearly in accordance
with small charge transfer. In fact, here we can estimate
f C’s for C38Br and C65I using the equation39

f C5
1

)pg0
2 @EF~ I !22EF~P!2#,

-

FIG. 7. Detailed susceptibility analysis for C65I based on the
Kotosonov equation~Ref. 36! for disordered graphite. See text fo
details.
7-8
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whereg0 is 3.12 eV andEF(I ) andEF(P) are Fermi ener-
gies of intercalated and pristine systems, respectively.
Fermi energy of C38Br is estimated throughxPauli from Ref.
40 and that of C65I was obtained from the fitting of the
Kotosonov38 equation~Fig. 7!, discussed above. In Table
we provide the comparative values ofxorb andxPauli for bulk
graphite and nanographite and their intercalated syste
Table III displays the charge-transfer rates for the nanogra
ite IC’s investigated here. From Table III it is clearly prove
that the charge-transfer rate is in the order
f C(potassium). f C(bromine). f C(iodine), which is similar
to the trends observed in bulk GIC’s,17 although there is an
interesting difference from the bulk GIC’s. Namely, th
charge-transfer rate for donor nanographite IC’s is lower t
that of bulk counterparts~f C50.03 for K nanographite IC
and f C50.075 for bulk K GIC!, whereas the formation of
nanographite IC’s suggests the enhancement of charge t
fer for acceptor nanographite IC.

Table II provides very important information regardin
the electronic structure of these systems. It is clear that
xPauli’s of bulk KC8 and nanographite KC9 are same and the
enhancement observed in the case of pristine nanograph
comparison with bulk graphite is absent. In KC8 from bulk
graphite the large density of electronic states atEF due to the
three-dimensional~3D! interlayer-intercalate states caus
the enhancement of Pauli susceptibility when compared

TABLE II. Comparative values ofxorb ~directionally averaged
value! andxPauli for nanographite and their intercalated compoun
Comparative values for bulk graphite and KC8 are also shown.

xorb

~1026 emu/mol
of C atom!

xPauli

~1026 emu/mol
of C atom!

Bulk graphite 286a 0.2b

Nanographite 240.2c 20.4c

C65I ~from nanographite! 224.3 19.2
C38Br ~from nanographite! 21.4d 0.8
KC9 ~from nanographite! 7.8e 5
KC8 ~from bulk graphite! 5.9f 5f

aReference 42.
bReference 43.
cReference 6.
dCalculated from the extrapolated values of Ref. 37.
eCalculated from the extrapolated values of Ref. 36.
fReference 36.

TABLE III. The charge-transfer rates per carbon atom de
mined for the three intercalates studied here. Different proced
were adopted to calculate these values and the details are pro
in the text.

f C

KC9 0.03
C38Br 0.001
C65I 0.0005
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pristine bulk graphite.41 Pristine nanographite, on the othe
hand, shows a large enhancement in Pauli susceptibility
is attributed to the edge inherited nonbonding states.6 After K
intercalation, however, the Pauli susceptibility decreases
becomes very similar to that of bulk KC8. This clearly
proves that the electronic structures of nanographite KC9 and
bulk KC8 are similar to each other. The electronic structu
of pristine bulk and nanographite mainly differ at the ze
gap point, where the Fermi energy and the edge inher
nonbondingp states are located. However, charge trans
due to the intercalation of donor atoms such as potass
shifts the Fermi energy away from the zero gap point, m
ing the electronic structure of nanographite and bulk grap
quite similar to each other; where they can be character
with a combination of the 2Dp band and the 3D interlayer
intercalate band.41

In Br2- and I2-intercalated nanographites, on the oth
hand, the charge-transfer rate is very low and hence
Fermi energy is still very close to thep-p* contact point.
The striking point here is the survival of the large Pauli su
ceptibility in the iodine-intercalated sample. Since iodine
known to be a very weak acceptor, we cannot relate this la
Pauli susceptibility to the intercalate-interlayer band as
did for potassium intercalation.41 Alternatively, the small
shift in Fermi energy readily provides an explanation for t
large Pauli susceptibility observed here. Many theoreti
studies12,13 as well as experimental investigations6,7 have al-
ready proved that the nanographites are featured with e
inherited nonbonding states around the Fermi ene
Though theoretical reports suggest that the nonbondinp
states from the edges appear as a flat band near the co
point of the p-p* levels, the disordered structure of th
present samples would induce an energy-level broaden
Therefore, it is clear that near the Fermi level of C65I, there
is an appreciable presence of nonbonding edge states
hence the enhancement in Pauli susceptibility.

V. CONCLUSIONS

Investigation of structural and electronic characteristics
intercalated nanographite, which itself was prepared from
heat treatment of diamond nanoparticles, is reported.
reaction procedures used for the preparation of bu
graphite-intercalation compounds are found to be work
even for nanographite. The staging phenomenon observe
bulk-graphite-intercalation compounds is absent in
nanographite-intercalation systems, owing to the geometr
the particles and the nanoscale size, where the correla
length of the density correlation function related to the st
ing transition will be larger than the particle size. Potassiu
intercalated systems also indicated the presence of potas
clusters along with random stage systems. The vibratio
characteristics of intercalated nanographite were very sim
to the vibrational properties of doped single-wall carb
nanotubes rather than intercalated bulk graphite. T
nanometer-sizep system and many defects are considered
play a major role in accepting I2 as an intercalate in thes
systems. The absence of complete reversibility of interca
tion reaction even at elevated temperatures is ascribed to
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formation of covalent bonds between the guest species
the defect sites or edge sites. With K and Br2, which are a
relatively stronger donor and acceptor than I2, respectively,
the charge transfer is appreciable, shifting the Fermi le
away from thep-p* contact point and leading to an ele
tronic structure similar to that of bulk GIC’s. It is clearl
proved that iodine forms charge-transfer complexes w
nanographite systems unlike bulk graphite. However,
charge-transfer rate is very low, leading to a small shift in
Fermi energy, thus keeping the Fermi level in the vicinity
edge inherited nonbondingp states, leading to an enhanc
ment in density of states.

In summary, the present investigations confirm that
structure and electronic properties of the intercalated n
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ographites are crucially determined by their size and
charge-donating/accepting capacity of the guest spec
They also reveal that iodine forms nanographite intercalat
compounds with a feature quite unique to nanographites
other nanosizedp-electron networks.
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