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Intercalated nanographite: Structure and electronic properties

B. L. V. Prasad, Hirohiko Sato, and Toshiaki Enbki
Department of Chemistry, Tokyo Institute of Technology, 2-12-1, Ookayama, Meguro-ku, Tokyo 152-8551, Japan

Yoshihiro Hishiyama and Yutaka Kaburagi
Faculty of Engineering, Musashi Institute of Technology, 1-28-1, Tamazutsumi, Setagaya-ku, Tokyo 158-8557, Japan

A. M. Rad'
Department of Physics and Center for Applied Energy Research, University of Kentucky, Lexington, Kentucky 40506

Gamini U. Sumanasekera and P. C. Eklund
Department of Physics, Pennsylvania State University, University Park, Pennsylvania 16802-6300
(Received 23 October 2000; revised manuscript received 14 May 2001; published 15 November 2001

Structural and electronic properties of K,,Band b 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 atoip follows the order potassiumbromine>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 nonbondingtates, 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 sugthaw/éver, 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.
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[. INTRODUCTION was about 7—8 nm. These graphite nanoparticles, which can
be considered as an assembly of very weakly bound
Carbon-based nanometer-scale materials have been a tgraphene nanosheets, make a good model system of nan-
get of intensive studies recently’ Especially the reports ographites. A hypothetical nanographene ribbon can be con-
that intercalation of electron donors and acceptors makeseived as having onlyrans-polyacetylene-type zig-zag edge
them good conductors and sometimes superconductors also cis-polyacetylene-type armchair edge. Theoretical calcula-
have evoked a lot of interest in these systémS.Among tions have shown that a nanographene ribbon with only zig-
several nanometer-scalesp?-based carbon materials, zag edges possesses edge inherited nonbonding edge states
fullerenes and nanotubes have been attracting greater attemear the Fermi energy while an armchair edge does not give
tion. It has been found that during the preparation ofrise to such state$:**It was also shown that for a graphene
fullerenes and nanotubes, several nanoscale graphite paibbon in general, even a few zig-zag edges per sequence are
ticles resembling onions are also fornfeHowever, studies sufficient to show non-negligible edge states. In quite good
on structures and electronic properties of these materialagreement with the above-noted theoretical studies we have
have been sparse owing to the difficulty in the preparation oshown that there is significant enhancement of the electronic
particles with a homogeneous size distribution. In this condensity of states around the Fermi energy in our graphite
nection, several recent reports have suggested that it is posanoparticlesdue to localized nonbonding edge states. The
sible to prepare a large number of these polyhedral graphitedge states, which are unique to these materials, play quite a
particles with a highly homogeneous size distribution by heasignificant role in their electronic properti&4.The differ-
treatment of diamond nanoparticRs. It is normally sug- ence in the electronic structure of nanometer-scale graphitic
gested that diamon@L11) planes are quite unstable and canmaterials from bulk graphite is expected to impart novel fea-
be converted to graphit®01) planes by heat treatmettWe  tures in their intercalated systems also. lodine is known to
have found that initial graphitization takes place on the surform charge-transfer complexes with many polycyclic aro-
face at around 900 °C, and diamond is gradually converted tmatic compounds including benzeHfewnhile it does not
graphite from the surface inwards as the heat-treatment tenfierm intercalation compounds with bulk graphite, which can
perature (HTT) is increased, the complete graphitization be thought of as an infinitely extended network of benzene
taking place at 1600 °CThe prepared graphite nanoparticles molecules. However, it was recently found that iodine forms
at 1600 °C were found to have a polyhedral crystal habit withcharge-transfer intercalated compounds with single-wall car-
a hollow in the center, and the average size of the particléon nanotubds (SWNT's) as well as activated carbon
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fibers® (ACF’s), where the latter is characterized by a net-able ampoule. The Raman spectra of the pristine sample
work of nanoscale graphite. Hence it would be interesting tavere recorded first, and then the ampoule was broken. In
study the effect of intercalation of both donors and acceptors;ase of K intercalation the potassium and nanographite zones
including iodine, into nanographite, to understand the simiwere heated at 220 and 250 °C, respectively, while iodine
larity and difference in structure and electronic properties ofintercalation was carried out by heating iodine and nan-
these materialsis-a-visbulk graphite. ographite zones at 160 and 170 °C, respectively. Bromine is
In this paper we present the details of structure and elecvery volatile at ambient temperatures and hencgifterca-
tronic properties of intercalated nanographite where the narlation reaction was carried out at room temperature. How-
ographite itself was prepared from diamond nanoparticles bgver, after the intercalation reaction was oesually in a
heat treatment at 1600 °C. We prepared graphite-intercalatiomatter of few minutesexcess bromine was removed by im-
compoundgGIC's) of potassium, bromine, and iodine with mersing the bromine zone in a liquid-nitrogen bath.
nanographite by employing the standard two-zone vapor- Magnetic susceptibility and magnetization were measured
transport method’ Structural and electronic characteristics with Quantum Design MPMS-5 superconducting quantum-
of these intercalated systems were analyzed on the basis witerference devicéSQUID) susceptometer in the tempera-
x-ray diffraction, Raman scattering, ESR, and magnetic susture range 2-300 K under magnetic fields up to 5 T.
ceptibility studies. It was found that the electronic propertiesK-intercalated samples were transferred into a quartz glass
of nanographite-intercalation compoundss-a-vis bulk-  tube inside a glove box and were sealed under vacuug. Br
graphite-intercalation compounds are crucially controlled byand b-intercalation reactions were carried out kishaped
the charge-transfer rate to/from the nanosizeglectron sys-  glass tubes where one arm was joined to the quartz tube with
tem. nanographite and the other arm to a Pyrex glass tube con-
taining B, or I, inside a breakable ampoule. The whole
chamber was sealed under vacuum and after breaking the
II. EXPERIMENT ampoule intercalation reactions were carried out under con-
The as-prepared nanodiamond parti¢@kister diamond, ditions described as above. After the reaction was over the
Tokyo Diamond Tool Mfg. Co.; grain size4—6 nm) are  arm with By, or I, was immersed in a liquid-nitrogen bath to
featured with transition-metal magnetic impurities, and HCIdrive out excess intercalate, and the quartz tube was sealed,
treatment is found to effectively remove these transition-€nabling SQUID measurements to be carried out without ex-
metal impurities?” 20-50 mg of diamond nanoparticles POsing the intercalation product to outside atmosphere.
boiled in HCI were placed in a graphite crucible and were ESR spectra were measured with a conventioftand
heat-treated at 1600 °C under an inert Ar atmosphere for 3 APectrometeJEOL JES-TE2) where the magnetic field
to obtain nanographite. Intercalation reactions with K, Br and microwave frequency were calibrated using an NMR
and |, for the obtained nanographite were carried out by theJaussmeter and a frequency counter, respectively. The
standard two-zone vapor transport method used for th&-intercalated samples were transferred to a quartz glass
preparation of bulk GIC'S” Potassium-intercalated samples tube inside a glove box and were sealed under vacuum. For
were prepared using the same conditions as those used féle k- and Be-intercalated samples ESR spectra were mea-
stage-1 K bulk GIC’s except for ESR measurements. Fopuredin situ, using similar procedures explained above for
ESR measurements two more samples with different potasoQUID measurements. To obtajnvalues correctly we used
sium concentrations were prepared additionally using théliphenylpicrylhydrazy(DPPH as an internal standard.
procedures similar to stage-2 and stage-3 K bulk GIC’s. The
compositional rati(_)s were estimated fro_m the weight uptake IIl. RESULTS
measured under inert Ar atmosphere in a glove box. The
compositional ratios reported here are averaged over several Weight-uptake measurements indicated the composition
experimental observations. of K-intercalated systems to be KCKC,q, and KGg, very
X-ray diffraction was performed with a rotation-anode- close to those observed for stage-1, stage-2, and stage-3 bulk
type wide-angle x-ray diffractometeiRad-rR RINT2000, GIC’s, respectively, when the same reaction conditions as
Rigaku Co) employing CuK « radiation (50 kV, 300 mA  those for the bulk K GIC’s were employed. In this paper we
with a monochromator and scintillation counter. Intercalatechave restricted our discussion mostly to &&hd compared it
compounds were mixed with Apiezon grease inside a glovéo bromine- and iodine-intercalated systems to make it
box under Ar atmosphere for x-ray diffraction studies, thusclearer for discussion. Though the compositional ratio is very
avoiding any decomposition of the sample. similar to that of stage-1 K-intercalated bulk graphite @KC
Raman spectra were measured in the backscattering come did not observe any staging phenomenon forp,K&3 in
figuration using a 514.5-nm Ar-laser excitation. The scatteredbulk GIC's*® In order to clearly understand the origin of
light was analyzed in a Jobin Yvon HR460 single-gratingcompositional similarity between stage-1 K bulk GIC’s and
spectrometer equipped with a charge-coupled array detect®Cy we have undertaken a detailed analysis of the powder
and a holographic notch filtéKaiser Optical Systems, Inc.  x-ray diffraction of this compound. Figure 1 depicts the de-
10-15 mg of the pristine sample was pressed into a hole ahiled powder diffraction pattern of both pristine nanograph-
the center of Teflon or steel rectangular blocks. These blockise and KG around the 26° region. Diffraction in this region
were then inserted into a rectangular Pyrex glass tube at ormes from the graphité002) peak, which is largely af-
end, and at the other end the intercalate was kept in a breakected by intercalation. We would like to point out that the

235407-2



INTERCALATED NANOGRAPHITE: STRUCTURE AND.. .. PHYSICAL REVIEW B4 235407

ol to the graphitg002), stage-2(003), and stage-1002) com-
5. p,i:tine pounds, respectively. Each peak intensity was further nor-
£ malized for differentc-axis repeat distances and different
z compositional ratios of pristine, stage-1, and stage-2 com-
g pounds enabling the calculation of corrected intengity
£ utilizing the equation

20 30 40

20(deg) A

AC:
FIG. 1. The observed x-ray diffraction profiles in the vicinity of [1+1F/nFe)l/le

26° for the pristine and Kg&samplesA, B, andC denote the ex-  yyhereA is intensity from fitting,n is number of carbon at-
pected peak positions for nanographif2), stage-2(003, and 55 per intercalate in each sta@ein stage 1 and 24 in stage
stage-1(002), respectively. 2), Fx andF are the atomic scattering factors of potassium
and carbon, respectivet),andl  is thec-axis repeat distance
overall intensity of the x-ray diffraction is rather weak in the for the respective stage. The ratios of corrected intensities
entire range observe®°—909 and we could observe a rea- thus obtained correspond to the ratio of each component C,
sonable diffraction intensity only in this region with our in- CKy; and CK,,in KCq. We assumed that the difference in
strument. As can clearly be seen in this figure the intercalatetbtal weight uptake from the obtained ratios of different com-
system retains the peak from pristine nanographite, a featurgonents and observed weight uptake corresponds to free neu-
quite different from bulk GIC’s. In bulk GIC’s because of the tral potassium atoms present in the sample. Thus from quan-
staging phenomenon theaxis repeat distance is quite dif- titative analysis of x-ray diffraction we could estimate that
ferent for each stage, that is, @02 peak is observed at the total weight is made up of 36% of nonreacted carbon,
different locations, while the peak from the bulk graphite 33% of CKyg, 26% of CK,,4 and 5% of potassium clusters.
(002 diffraction around 26° is absent. Thus persistence of The compositional ratio for the Brand b-intercalated
the graphite(002) peak even after K intercalation indicates systems, determined from weight-uptake measurements, was
that there is still some amount of unintercalated nanographit€,,Br and Ggl, respectively. However, x-ray scattering for
remaining. On the other hand, the small shoulders appearinge |- and Be-intercalated samples was below the detection
around 29° and 33° clearly show the difference between infimit of our instrument, indicating an increase in the struc-
tercalated and nonintercalated systems. It is worth notingural disorder in these samples. It is interesting to note here
here that the peaks at 29° and 33° correspond td@B8)  that similar observations were made og-intercalated
diffraction peak of stage-2 and tl@@02 peak of stage-1 bulk SWNT’s1®
GIC's, respectively, and they are the maximum intensity Raman scattering spectra of K-, Brand b-intercalated
peaks in stage-2 and stage-1 systéin3o gain further samples along with the pristine sample are provided in Fig.
knowledge, especially about the quantitative distribution of3, The observed peaks were fitted with Lorentzian functions
different stages in K¢ the following analysis was under- for the pristine and Bf and bL-doped samples. For the
taken. The observed x-ray intensities were first corrected fok-intercalated sample a Breit-Wigner-Fat®WF) function
the Lorentz polarization factor and atomic scattering fattor. is employed for the peak around 1560 cinall other peaks
The atomic scattering factors for potassium and carbon wergeing fitted with Lorentzian functions. The fitting parameters
obtained from x-ray crystallographic tabfsand the scat- are provided in Table I. The pristine sample mainly shows
tering factor for the observed compositional ratio was estithree peaks at 1353, 1593, and 1623 ¢nThe peak at 1593
mated. Then the corrected profile could be fitted with thregsm=1 corresponds to the gfaphiﬁzgz mode, which is nor-

Lorentzian functions as depicted in Fig. 2 and the peak pop gy found upshifted from the bulk-graphite value of 1582
sitions obtained were 25.4°, 29.1°, and 32.2°, correspondingy;-1 i these finite-sized systemsThe peaks at 1352 and

1623 cm'* are recognized to be originating from the disor-

- y - - dered nature of these systefi®oping of potassium clearly
7 | - —9raphite (002) ----- stage-2 (003) induces visible changes in the Raman spectrum. Ehg
T |—. stage-1(002) Total . . . . L2
5 _ mode is downshifted and displays a BWF line sifapgven
E ) S e by
z SN N 5 )
- e e (@) =1o{1+ (0= wo)/al'} {1+ (0~ w)/T}7,
% I /——_—_ = ~—— ] . - ; ;
= wherel (w) is the intensity as a function of frequendy,,
L : : : wg, andT" are the peak intensity, renormalized frequency,
20 25 30 3% 40 and full width at half maximum{FWHM) of the unweighted
26 (deg) Lorentzian function(as q—o this equation represents a

FIG. 2. The x-ray diffraction profile obtained after corrections Lorentzian function 1/q represents the. interac@ion between
for the Lorentz polarization factor and atomic scattering fattee the d'screteEZQZ mode and Raman-active continuum. From

text for detail3. It was deconvoluted using contributions from pris- this analysis we find the peak position at 1566 ¢nand
tine nanographit¢002), stage-1(002), and stage-2003). 1/g=—0.32. It is interesting to note that both the BWF peak
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of Raman peaks of neutral Bor I,. The origin of a small
Raman Shift (cm™)

broad peak at 1526 crl in the Br-intercalated sample is
FIG. 3. Observed Raman spectra for the K-intercalated, pristin r,IOt Ivery clebar y?t’dbUt tge presenr?e hqf r?dsrc])rbeg rBoI— £ Vi
Bro-intercalated, and Jintercalated samples. The pristine, ecules can be ruled out because the higher harmonics of vi-

Br,-intercalated, andydintercalated samples were fitted with three, Prational modes of Brmolecules do not fall in this randg.
three, and two Lorentzian functions, respectively. For theThus the above-noted analysis clearly indicates that the
K-intercalated sample, on the other hand, a BWF function and thregraphite Exg, mode is found to downshiftupshify when
Lorentzian functions were used. The fitting curves are also showrintercalated with donor&acceptors This trend is very simi-
The fitting curves were shifted down, where ever necessary, fofar to that observed in bulk G|C“57, except that 4 was not
clarity (see Table | for the fitting parametgrs known to intercalate in bulk graphite. We have carried out
N _ ) Raman scattering analysis of the ,Bmtercalated product
position and the coupling parameterc()L/observgd in the  poth in the presence of a large excess of\Bapor in the cell
case of K@ are closer to those observed in K-dopedgng py driving out all the excess gy freezing the By zone
SWNT's (Ref. 23 than bulk GIC's(Ref. 24. The other fea- j, 3 Jiquid-N, bath. In both cases we found no appreciable
tures of the Raman spectrum are also qualitatively morgtference in theEzg2 peak shift, except that in the former

similar to those of K-doped SWNT’s than bulk GIC's, the . .
case we could see very intense peaks corresponding to har-

origin of which is not very clear yet. In case of Brand i o
. ; . monics of vibrational modes of neutral Bmolecules. The
I-intercalated systems the graphlg, mode is upshifted .~ . . . " .
92 similarity in the position oﬁEzg2 peak in both cases clearly

(1607 and 1603 ct, respectively by about 14 and 11 . . o .
cm~* compared to that found in pristine nanograplfiiable suggests that the intercalation reaction is fairly irreversible.
b b grap The magnetic susceptibilities of all intercalated samples

:).r\rg\(/ﬁecc(ijlljtleds ?Asfhggg?Lﬂgfcg:::etgZr:r:rzgof%drﬁi;,bfg)ti ren along with pristine sample are depicted in Fig. 4. The sus-

2 PIEs, %%ptibility of pristine sample is negative in the entire tem-
TABLE |. Parameters for the Lorentzian and BWF functions perature ra'ng@'.T_he. absolute va!ue 'at roolm. temp;]erat.ure

used for fitting the observed Raman spectra. Note that the BwElays negative in iodine and bromine intercalation, showing a

function is used to fit th&,,, peak of KG, decreasing trgpd from iodine to bromine. Th_e susceptibility
becomes positive at low temperatures for the-iBtercalated
Peak position Peak width system, while it is positive in the entire temperature range for
Sample (cm™b (cm™b the K-intercalated system. All the samples show a Curie-like
rise at very low temperatures. The spin density, calculated
Pristine 1352.9 30.8 from the Curie-like behavior, is about 0<207° spins/
1592.7 25.7 carbon atom in the pristine sample and decreases to
1623.2 171 (0.1-0.08)x 10" 2 spins/carbon atom after intercalation. The
KCy 1187.9 65.0 decrease in spin density after intercalation can be ascribed to
1257.4 291 the termination of localized defects or edge sites by forma-
1334.8 50.9 tion of covalent bonds with the guest species. The value of
1566.1 39.4 Xo (susceptibility atT=~) is —26.6, —11.4, —6.1, and
(BWF) +5.85 (in units of 10 ® emu/mol of C atomfor the nonin-
Br, intercalated 1360.1 37.2 tercalated, iodine-, bromine-, and potassium-intercalated sys-
1526.4 60.0 tems, respectively. This trend is directly controlled by the
1606.5 29.6 charge-transfer rate from/to the graphitesystem as it be-
I, intercalated 1358.4 48.4 comes clear later.
1603.3 31.6 The pristine nanographite shows an ESR linewidth of 3.5

mT and ag value of 2.0013 at room temperature, where the
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[x107] tioned above. Here, the interesting point to note is that the
2.0 T T T dependency of linewidths on potassium concentration is very
(@ similar in case of bulk GIC’s and nanographite 1&sThe
\bulk-graphite (average value) absence of an ESR signal inBand b-intercalated samples
1.0/, 7 is again very similar to bulk-graphite systems. This is attrib-
o 1 e———o uted to the charge transfer from the guest species to the nan-
ﬂo sl o///" ] ographite and the resulting enhancement of spin-orbit cou-
) _ ) pling as explained for acceptor-intercalated bulk GI€'s.
i . ® nano-graphite The similarity in the ESR behavior of bulk GIC’s and nan-
[ 4 4 bulk-graphite ographite intercalation compound€’s) clearly shows that
0.0 A :‘ ] T uniform charge tran.sfer between the nanographite and inter-
—— # (b) f:alate. takes place in t_he bulk for aI.I the nanographite I_C’s
80 | / J investigated. Other points worth noting here are the weight
™ » / uptake and magnetic susceptibility. If the reactions only took
@ 60 | // J place on the surface, then it is very difficult to understand the
3 e 7 large weight uptakes as observed here. The susceptibility
= 40 F 0 20 a0 30 w0 /S 4 shows consistently larger upshifts upon intercalation than
% - H(mT) il that of pristine nanographite as shown in Fig. 4. This cannot
20 } \"—.—-’ - be explained by a simple summation of contributions from
N —aA intercalated surface regions, nonintercalated interior regions,
0 A 1 1 and nonreacted intercalate species on its surface. Hence it is
0.00 0.04 0.08 0.12 proved unambiguously that the reactions observed here are
KIC intercalation reactions and not arsurface-onlyphenom-

enon.
FIG. 5. (a) The g-value deviation [Ag|=|gobs—9ol|), and (b)

AH variations as a function of the K/C ratio for bulk and nan-
ographite K-intercalated samples. The value for bulk graphite
was used when comparing the deviatidfes K/C=0) and the av-
erageg value g,,= (29, +g,)/3 is also shown in the graph. Solid
and dashed lines are only guides for the eye. The inset shows t
room-temperature ESR spectral profile of KC

IV. DISCUSSION

Each particle of nanographite prepared at 1600 °C is
fgund to have a polyhedral shape that is hollow inSidée
average particle size is about 7—8 nm, where each face of the
polyhedron is made up of 3—7 graphene shdteach of
g value is close to that of free-electron spigo]. All the  the nanographite particles is visualized as 3—6 closed poly-
potassium-intercalated nanographite samples show only orteedral cages of different sizes contained in each other, it is
asymmetric ESR peak. A representative ESR spectra for thifficult to comprehend the process of intercalation, since
sample KG is given as an inset in Fig. 5. As the intercalatedthere is no way for the intercalates to access the graphene
potassium concentration increases the linewidths go througinterplane galleries. However, these polyhedra are known to
a minimum(~2 mT for KC,g) before becoming very broad be formed by adjacent faces having opetbond edges at
for KCq (~9.5 mT) as can be seen from Fig(l§. The de- the crossing point. Although participation of cross-linking
pendency ofjy values on the potassium concentration in bulkbonds between adjacent graphene sheets may modify the fea-
K GIC’s is very small. They always stay in the vicinity of the tures of the edges, a large number of them are expected to be
free-electron spin value showing a linear dependency with ¢eft with open gaps due to termination of the edges by hy-
small negative slope as the potassium concentratiodrogen or oxygen, since nanographite is treated in air. The
increase$’ In K-intercalated nanographite the dependency ispresence of open edges enables the intercalate to access the
quite pronounced with Kg€showing the largest deviation interplane galleries of the graphene sheets to form the inter-
(gops= 1.9980) as compared with the pristine nanographitecalation compounds. This makes the nature of the intercala-
which is depicted in Fig. ®). This could be attributed to the tion reaction different from that of fullerenes and carbon
enhanced spin-orbit coupling due to the specific sizes ofanotubes having closed edges, where the dopants are
these sample®. Br,- and b-intercalated samples do not present only in the interstitial sites.
show any ESR signal. X-ray characterization reveals the absence of staging phe-

The x-ray diffraction results, Raman spectra and componomenon. The absence of staging phenomenon could be a
sitional ratios could be interpreted in two ways; the resultsdirect consequence of the particle size, which is smaller than
are either due to intercalation or just due to reaction on théhe correlation length of the density correlation function re-
surface of nanographites with the remaining core part unrelated to the staging transition, as the fluctuations overwhelm
acted. Because Raman analysis probes only the surface andhe energy gain due to the transitihMoreover, for finite
rays penetrate more deeply, it could be argued that the Ralomain sizes, it is argued that the domination of entropy
man results reveal a uniform phase formation whereas x-raierm leads to a form of stage disorder called “random
results show mixed-stage formation. However, the ESR restaging.”®® In the present sample, which contains “pack-
sults, where the microwave skin depth is larger than the pamges” of intercalate and host that fluctuate in size, staging
ticle size, suggest the homogeneity of the samples as megannot be stabilized due to kinetic limitations in the interca-
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lation process or imperfections in the host lattice. Thexis  staging the charge transfer might be quite uniform among all
repeat distances from the Bragg peak positions of stage-the graphene layers, leading to the observation of only one
and -2 phases in these mixed stage systems were found to peak, which is in good agreement with ESR results. The
0.56 and 0.92 nm, respectively; about 4-5% higher thamenormalized frequency from the BWF analysis in the case
those observed for the same stages in the bulk K GiC'’s. of KCq is found to be 1566 cit, giving Aw=27cm !
Owing to the turbostratic nature tlweaxis repeat distance of (Table ), where Aw is the difference in the Ramal,g,

pristine nanographite itself is about 5% higher than the bulkpeak positions between the intercalated and pristine samples.
graphite value, which explains the observed difference in thgpe peak position observed here is somewhat higher than
intercalated sample. Another interesting feature is the Presstage-1 alkali-metal bulk GIC'51547 cm* (Ref. 24] but
ence of neutral potassium clusters. At present it is difficult tovery close to the K-doped SWNT[4567 cm * (Ref. 23]. It
pinpoint the location of these clusters in this sample. Twgs generally found that the dependence of peak shift on the
possible locations are the interstitial sites of the polyhedragharge-transfer rate is linear in case of donors, and with use
cage(very similar to K-doped g and SWNT's where the K of the relatio® betweerAw and the charge-transfer rate per
is present in the interstitial sitesr in the hollow present in  carpon atomf, the charge-transfer rate is estimated at
each particle. Further studies such as high-resolution trans- 0.03, which is about half of that for the bulk K GIG {
mission electron microscopy are needed to answer this ques:g 75

tion, but the extreme air sensitivity of these samples is a big Tne 14=—0.32 we observe here has the same sign as

hurdle to overcome. _ bulk K GIC's (—1.2), but smaller in magnitud® and again
lodine- and bromine-intercalated systems did not shovs(,ery close to that of K-doped SWNT(s-0.35.% The mag-

any x-ray diffraction, although the experiments were carriediyyde and sign of the /value depict the strength of cou-

out under conditions similar to those of potassium-yjing and indicate whether the coupling is to a continuum of

intercalated compounds. The low charge-transfer rate geneys,,qr- (negative sigh or higher- (positive sign frequency

ally associated with acceptor-intercalation systems results ig,io5 Thys the negative sign observed here indicates that the

a smaller interlayer interaction, which is known to contribute . : .
20— iscreteE honon i |
to the random stage orderiiyThe low charge-transfer rate discreteEzg, phonon state is coupled to a Raman continuum

is also confirmed in the present iodine- and bromine-Of lower frequency vibrational states similar to bulk K&
intercalated nanographites as we will show later. ThereforeVe also observed many modes in the range000—1300
in case of bromine and iodine intercalation we have moré€m *, similar to K-doped SWNT's. There may be two pos-
disordered systems compared to the K-intercalated systemsible reasons for this. The SWNT's used for the intercalation
This leads to very weak scattering, well below the detectiorfeactions might contain a few nanosized graphite particles,
limit of our instrument. similar to those studied here, and the intercalation of potas-
Raman scattering has been an invaluable tool in analyzingium into these nanoparticles might account for the similar
the various forms of carbons as well as their doping prodfeatures observed in these two independent studies. If that is
ucts. Intercalation of donor or acceptor guests into graphite ithe case the intensity of these mid-frequency peaks compared
accompanied by charge transfer. In case of donor intercalas the BWF line should be very less in the K-doped SWNT
tion, charge is transferred to the graphit& band resulting case, since the number of nanosized graphite particles com-
in an in-plane lattice expansion. As a consequence the graphared to the SWNT's is considered to be very I@ess than
ite Epg, mode is found to be downshifted in addition to the 1gos by weight.3? But we observed that the relative intensi-
BWEF line shape observed. The origin of the BWF line shapeties of the BWF line and the mid-frequency modes in these
observed mainly for stage-1 alkali-metal-intercalation com-+wo studies are quite similar. The other origin for the similar
pounds, is explained as the interference of the disdfgle  feature could be the size effects; since both these are finite-
mode with a Raman-active continudff.The continuum size systems, doping of potassium into them might lead to
states are considered to arise from both in-plane@axlis  similar effects. It is shown that there are non-negligible den-
zone-folding effects owing to the lowering of symmetry, sity of vibrational states in the region 1100—1300 ¢nfor
leading to a large number of Raman-active modes aftebulk graphite, which become Raman active at finite sizes due
intercalatior?® It is somewhat surprising that we see only theto the breakdown of wave-vector conservationin the
BWEF line shape characteristic of stage-1 formation while thepresent case also the significant Raman intensity in this re-
x-ray study reveals that these compounds, in fact, argion could be related to the breakdown of selection rules due
random-stage inhomogeneous compounds and are expectiedpotassium doping in a random fashion. The similarities in
to show distinct Raman features corresponding to the graphhe peak shifts, the @/values, and the observation of mid-
ite bound and interior layers. In the higher-stage bulk GICfrequency peaks are all in favor of the conclusion that both
Raman spectra, especially for third- and higher-stage comSWNT’s and nanographite are featured with finite-size lattice
pounds, two distinct peaks corresponding to the graphit@metworks, behaving in a similar way after potassium doping.
bounding and interior layers having different amounts ofThis makes nanographite all the more interesting because
charge transfer are sethtHowever, in the third- and higher- from a structural point of view, these two are quite different
stage bulk GIC’s the graphite interior layers are almost comfrom each other; the SWNT'’s are of a closed seamless cylin-
pletely screened from the bounding layers and have neglidrical type, while nanographite is a weak assembly of finite-
gible charge transfer. In the present case due to randosize flat graphene sheets with open edges. However, the clear

235407-6



INTERCALATED NANOGRAPHITE: STRUCTURE AND . .. PHYSICAL REVIEW B4 235407

assignment of these mid-frequency peaks in both these castets, favorable for intercalation even for weak acceptors
must await further work. such as 4. Here, it should be noted that forzgBr and Ggl
Here, we consider the results of intercalation of acceptorshe charge-transfer rafg. from both the Raman shift of the
into nanographite. As stated earlier, acceptor doping intd&,, mode and the compositional ratios are overestimated
graphite is accompanied by a charge transfer from the graphye to the oversimplified assumption in thev-vs-f rela-
ite ~ band to the acceptor molecules resulting in an upshift ifjon and the formation of covalent bonds as described below.
the Eq, peak positiort” For Br,- and L-intercalated nan-  Ajternative procedures are necessary for these two cases for
ographite the peak positions are found to be upshifted by 14ébtaining convincingf-'s and are discussed in the subse-
and 11 cm?, respectively, indicating the stiffening of C-C quent paragraphs.
bonds due to introduction of holes into thkeband. In bulk Another interesting feature of acceptor-intercalated nan-
GIC’s, the RamarE,y, peak shift is directly related to the ographites is irreversibility. In case of bulk BGIC’s, about

charge-transfer rate between the graphiteand and guest 30% of Br, uptake at saturation seems to be retained when
species. It was estimated based on Raman scattering studié¢ Br, vapor pressure is below a threshold limit, forming a
during continuous electrochemical doping byS®, that ~ ‘residue” compoundl.7 The formation of the residue com-
Aw/fe~+460cnT! in acceptor GIC's, wherdw and fo ~ Pound is ascribed to trapping of Bmolecules at the in-plane
represent the peak shift and degree of charge traffskart, ~ imperfections (stacking faults and dislocations
such a linear relation is not valid for weak acceptors likeBrz-intercalated SWNT's show a fairly reversible natéte,
halogens, which are featured with very Idwvalues® Nev- ~ Where deintercalation is achieved by simply reducing the Br
ertheless, in the present case the peak shifts observed fapor pressure in the cell. Howevegsihtercalated SWNT's
acceptor nanographite IC’s are generally higher than the coRave to be heated to high temperatures of 250°C for
responding peak shifts of bulk acceptor GIC's, and we asdeintercalatior’r? In the case of B‘rnanographite IC’s, sim-
sume that a linear relation betweég and the peak shift is Ply decreasing the Brvapor pressure in the cell does not
valid. This is partly justified by the fact that iodine, which lead to deintercalation. Since nanographites are characterized
does not form intercalation compounds with bulk graphite with many defects and open edges, it is possible that inter-
does so with nanographite, proving that nanographite is §alate molecules are trapped at these places, leading to the
better donor than bulk graphite. Based on the valudwif.  irreversible nature of intercalation reaction. From ESR re-
given above and present Raman results, we find, for the BSults we could confirm that both Band |, could be partially

and , samplesf~0.030 and 0.024, equivalent to 1 hole per driven out from the nanographite IC’s by heat-treating them
33 and 42 carbon atoms, respectively. This is roughly comabove 150°C° The localized spin-density estimations
parable to the charge-transfer rate calculated on the basis 6fearly reveal a decreasing trend with intercalation
weight-uptake measurements~0.026 and 0.015 for Br [0-2<10° spins/carbon atom in pristine sample, and
and |, intercalation, respectively, which is estimated on the(0.1-0.08)<10"° spins/carbon atom after intercalaion
assumption of a complete charge transfer and conversion &fom the spin-density estimations we can conclude that
all intercalate molecules into Bror 1™. I, is not known to ~ Some of the guest species have formed covalent bonds with
intercalate into bulk graphite; nevertheless, it is known todefect sites. The partial deintercalation could be due to inad-
form charge-transfer complexes with small aromatic mol-€quacy of this heat treatment to remove covalently bonded
ecules such as perylefi&The small aromatic molecules and Promine and _|od|ne species.

infinite-sized bulk graphite can be taken as examples of two \We next discuss the consequences of charge transfer on
extremes of the conjugated-electron system. According to the electronic structure of nanographite based on magnetic
the results on ACF's there seems to be a threshold limit of Gusceptibility studies. In Fig. 6 we provide the changes in
nm for the in-plane size, above which iodine cannot reaco— Xcore: WhEre xcore is the core diamagnetism estimated
with the ConjugatedT_e|ectron Systemgﬁ_ In the present case from Pascal’s rule, as a function of the absolute value of the
the average in-plane size of the graphene sheet is aroundRRManE,y, peak shift. The Ramah,,, peak shift is known

nm, thereby allowing a moderate charge transfer from theo be crucially controlled by the charge-transfer rate per car-
graphite band to iodine. SWNT’s also form intercalation bon atom,fc.%%® y,— xcore has contributions from the or-
compounds withj, displaying a moderate charge transfer of bital susceptibilityy oy and Pauli susceptibilityp,y; where
0.018, leading to the formation of land E species in the x.q is due to the itinerant motion of conduction carriers and
interstitial channels of the SWNT bundieln ACF’s, with  xpa; iS related to the density of states at Fermi levgl.
many neutral 4 molecules present in the micropores, the — x.qe IS Negative for the pristine nanographite. From the
charge-transfer rate is reported to be 0.808he roughly figure it is clear that as the peak shift increases the absolute
similar charge-transfer rates with iodine thus suggest thatalue of yp— xcore decreases from pristine through the
these three mesoscopic systems have a similar affinity tdsromine-intercalated sample, ang— xcore finally becomes
wards iodine. Nanographites are featured with several depositive in KG,. This is directly related to the charge-transfer
fects as well as opem-bond edges. It is normally proposed rate from/to the guest species, a scenario similar to bulk
that the intercalation is nucleated at the edges or defect I65IC’s. In bulk acceptor GIC's the charge transfer is low and
cations in the graphite network, slowly encompassing thehe orbital susceptibility remains diamagnéticn the other
whole graphite network. The nanographite studied in thenand, the charge-transfer rate for K8 very high and the
present case possesses large fractions of edge sites and debital susceptibility is paramagnefi€.In other words, the
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'1°°0 ,'5 1'0 1'5 2'0 2'5 3'0 3'5 size host-guest system, and the several stages formed might

have appreciable interactions with each other. Hence we can
easily expect that the charge transfer is quite uniform among
all the graphene layers. The observation of only one Raman
peak around thE2g2 region and the ESR results also support

this contention. Thus we need a more comprehensive analy-
sis of the magnetic susceptibility.

Here in order to get a rough quantitative estimatg &f;
for all the nanographite-intercalated systems, with the new
protocol of uniform charge transfer, we adopt the following

Fermi level in bulk acceptor GIC's is very close to ther* WO procedures. The,y, of bulk K and Bp, GIC’s are known
contact point, while in K@ it is shifted away from it. The to crucially depend on the compositional ratio, and we as-
large diamagnetic susceptibility in bulk graphite is attributedSUMe that thevor, for KCo and GgBr are the same as that of
to the interband transitions due to the overlapmoand 7* ~ PUlk K (Ref. 36 and Bp, GIC's (Ref. 37 with similar com-
bands at the&< point of the Brillouin zone where the Fermi Positional ratios. Then, using the equati®g— Xcore= 3 Xorb
energy is located However in bulk KG the Fermi energy T Xpaui @nd with théxo— xcore values obtained, we can cal-

is shifted ~1 eV higher than the Fermi level of pristine CUl@t€xpauifor KCqand GgBr, where the factog in the first
graphite as a consequence of charge transfer from the pota@-rm is associated with the directional average f_or powdered
sium 4s level to the graphiter* band. This means that the S@MPples. For gl, however, we cannot follow similar proce-
interband transition between the and 7* bands does not dures since bulk graphite does not form intercalation com-
contribute to the orbital susceptibility; instead it comes fromPOUNds with iodine. However, the observed susceptibility of
the intraband transitiofr, For pristine nanographite also we |z-intércalated system displays a small temperature depen-
found that the susceptibility is negative in the entire temperad®nce around room temperature, similar to pristine
ture range investigated, in which orbital diamagnetismn"’mogr"j‘ph,:té'S‘uggesung that the Fermi level is very close
(xon), Plays an important rol&In addition we proved that (© the -7 degeneracy point. Hence in this case we could
the Pauli susceptibility in pristine nanographite is enhance'y out a detailed analysi&ig. 7) of the susceptibility as
almost by two orders of magnitudegood evidence for the Ccarried out for pristine nanographﬁe,pased on the
presence of edge inherited non-bondingstates near the Kotosonov equatioff for disordered graphite,

Fermi energy as predicted by many theoretical stutfié3in

the case of KG the susceptibility becomes positive in the , . (107®emu/g=—
entire range, in sharp contrast to the behavior of pristine

sample(Fig. 4. From x-ray analysis we found that K& in  \yhere E; is the Fermi energy andT is the degeneracy
fact a mixed-phase inhomogeneous compound. In a prelimimperature representing the energy level broadening due to
nary report earlier we have shown that the total susceptibilitysndomness. The estimated values of the Fermi energy and
observed at room temperature could be accounted for as thygeneracy temperature from this analysis are 0.2 eV and
algebraic sum of the susceptibilities of individual compo-1400 K, respectively. The small changeBr compared to
nents of KG, multiplied by their respective fractions, ob- pristine nanographiteB:~ 0.1 eV) is clearly in accordance

tained from x-ray analysi¥. o with small charge transfer. In fact, here we can estimate the
This analysis is based on two assumptiofisthe pres- fo's for CsgBr and Gl using the equatiold
ence of inhomogeneous charge transfer to graphite(iand

the several stages formed are quite independent from each
other. But as stated earlier the formation of inhomogeneous
or rather random staging is a consequence of the nanometer-

|Ezgzpeak shift| (cm™)

FIG. 6. The variation ofyg— xcore @S @ function of absolute
value of RamarE,,, peak shift. The peak shifts for bulk-graphite
samples are shown with respect to 1582 &r(EZQZ peak position
of bulk graphit¢ and those of nanographite samples are with re-
spect to 1593 cmt (Ezg2 peak position of pristine nanographite
The line is only a guide to the eye.
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TABLE Il. Comparative values of,q, (directionally averaged pristine bulk graphité.l Pristine nanographite, on the other
value and xpy for nanographite and their intercalated compounds.hand, shows a large enhancement in Pauli susceptibility that
Comparative values for bulk graphite and K&re also shown. is attributed to the edge inherited nonbonding stassiter K
intercalation, however, the Pauli susceptibility decreases and

_ Ko _ XPaui becomes very similar to that of bulk KC This clearly
(10" emu/mol (10" "emu/mol  r5yes that the electronic structures of nanographitg &@

of C atom of C aton) bulk KCq are similar to each other. The electronic structures
Bulk graphite —8@ 0.2 of pristine bulk and nanographite mainly differ at the zero
Nanographite —40.F 20.4£ gap poin't, where the Fermi energy and the edge inherited
Cesl (from nanographite —243 19.2 nonbondingr states are located. However, charge transfer
C.eBr (from nanographite 1.4 0.8 due to the intercalation of donor atoms such as potassium
KC, (from nanographite 7 5 ;hlfts the Fermi energy away from the zero gap point, ma_k-
KC, (from bulk graphite 5d 5f ing the_elgctronlc structure of nanographite and bulk grap_hlte
quite similar to each other; where they can be characterized
%Reference 42. with a combination of the 2Br band and the 3D interlayer-
bReference 43. intercalate banét
‘Reference 6. In Br,- and b-intercalated nanographites, on the other
dCalculated from the extrapolated values of Ref. 37. hand, the charge-transfer rate is very low and hence the
®Calculated from the extrapolated values of Ref. 36. Fermi energy is still very close to the-7* contact point.
fReference 36. The striking point here is the survival of the large Pauli sus-

ceptibility in the iodine-intercalated sample. Since iodine is
known to be a very weak acceptor, we cannot relate this large
Pauli susceptibility to the intercalate-interlayer band as we
Gid for potassium intercalatioh. Alternatively, the small
shift in Fermi energy readily provides an explanation for the
large Pauli susceptibility observed here. Many theoretical

where yg is 3.12 eV andEg(l) andEg(P) are Fermi ener-
gies of intercalated and pristine systems, respectively. Th
Fermi energy of GgBr is estimated througlyp,,i from Ref.

40 and that of @l was obtained from the fitting of the

8 . . .
Kotosonov* equation(Fig. 7), discussed above. In Table I studies?>**as well as experimental investigatiéiave al-

we provide the comparative values g, and xpayi for bulk ready proved that the nanographites are featured with edge
graphite and nanographite and their intercalated systems,, -rited nonbonding states around the Fermi energy.

Table III'dispIgys the charge-transfer rate; forthe nanographl-.hough theoretical reports suggest that the nonbonding
ite IC’s investigated here. From Table Ill it is clearly proved states from the edges appear as a flat band near the contact

that the charge-transfer rate is in the order Ofpoint of the m-7* levels, the disordered structure of the
fc(potassiump fc(bromine}>1c(iodine), which is similar present samples would induce an energy-level broadening.

to the trends observed in bulk GIC5although there is an Therefore, it is clear that near the Fermi level gICthere

interesting difference from the bulk GIC's. ,N_amely, the is an appreciable presence of nonbonding edge states and
charge-transfer rate for donor nanographite IC’s is lower thalp1ence the enhancement in Pauli susceptibility

that of bulk counterpart$f-=0.03 for K nanographite IC
andf-=0.075 for bulk K GIQ, whereas the formation of |
nanographite IC’s suggests the enhancement of charge trans- V. CONCLUSIONS

fer for acceptor nanographite IC. L . -
Table Il provides very important information regarding . Investigation of structural and electronic characteristics of

the electronic structure of these systems. It is clear that thiftercalated nanographite, which itself was prepared from the

XYpauiS Of bulk KC4 and nanographite Kgare same and the heat treatment of diamond nanoparticles, is reported. The
aull

enhancement observed in the case of pristine nanographite jfRaction procedures used for the preparation of bulk-
comparison with bulk graphite is absent. In Kfom bulk graphite-intercalation compounds are found to be working

graphite the large density of electronic stateEatue to the ﬁvﬁ(n for nha}nographitle._The staging pgenqmenk;)n obsgrveg in
three-dimensional3D) interlayer-intercalate states causes?PY/<-graphite-intercalation compounds s absent in the

the enhancement of Pauli susceptibility when compared tganogrgphite-intercalation systems., owing to the geometryiof
the particles and the nanoscale size, where the correlation

length of the density correlation function related to the stag-

_TABLE Ill. The charge-transfer rates per carbon atom deter-ing transition will be larger than the particle size. Potassium-
mined for the three intercalates studied here. Different procedureg,iarcalated systems also indicated the presence of potassium

were adopted to calculate these values and the details are prOVid%ﬂJsters along with random stage systems. The vibrational

In the text. characteristics of intercalated nanographite were very similar
f to the vibrational properties of doped single-wall carbon
c nanotubes rather than intercalated bulk graphite. The
KCq 0.03 nanometer-sizer system and many defects are considered to
CagBr 0.001 play a major role in accepting las an intercalate in these
Cedl 0.0005 systems. The absence of complete reversibility of intercala-

tion reaction even at elevated temperatures is ascribed to the
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formation of covalent bonds between the guest species armmfraphites are crucially determined by their size and the
the defect sites or edge sites. With K and,Bwihich are a  charge-donating/accepting capacity of the guest species.
relatively stronger donor and acceptor thanrespectively, They also reveal that iodine forms nanographite intercalation
the charge transfer is appreciable, shifting the Fermi levetompounds with a feature quite unique to nanographites and
away from thew-7* contact point and leading to an elec- other nanosizedr-electron networks.
tronic structure similar to that of bulk GIC's. It is clearly
proved that iodine forms charge-transfer complexes with
nanographite systems unlike bulk graphite. However, the
charge-transfer rate is very low, leading to a small shift in the
Fermi energy, thus keeping the Fermi level in the vicinity of The present work was supported by the Grand-in-Aid for
edge inherited nonbonding states, leading to an enhance- “Research for the Future Program,” Nano-carbons, from
ment in density of states. JSPS. A.M.R. and P.C.E. would also like to acknowledge
In summary, the present investigations confirm that thdinancial support from the MRSEC NSF Grant No. DMR
structure and electronic properties of the intercalated nar8809686.
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