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Formation of Nanographite Using GaPO4-LTA as Template
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An attempt was made to prepare nanographite with uniform size by pyrolysis of 4-methyl pyridine (MPy),
which is the structure-directing agent for the formation of GaPO,-LTA single crystals, in the GaPO,-LTA frame-
work at 760 C. The as-prepared nanographite has been examined by Raman spectroscopy, transmission electron
microscopy (TEM), electron spin resonance (ESR) and magnetization characterizations. The TEM image shows that
the size of individual nanographite particles is about 7 nm, and it is proved that there are spins of sp>type (n-type)
radical electrons localized on the zigzag edge sites of the nanographite. The magnetic susceptibility of the
nanographite shows crossover from a high-temperature diamagnetic to alow-temperature paramagnetic behavior, in

good agreement with the theoretical expectation.
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Introduction

Recently, nanosized graphite with open edges has
been targeted for intensive studies due to its interestin
electronic properties related to nanosized systems.*™*
Nanographite particles represent a new class of meso-
scopic intermediate between aromatic molecules and
extended graphite sheets. Tanaka® and Fujita et al.*
theoretically predicted the existence of an edge state of
nonbonding z-orbital origin around the Fermi level in
the finite-size graphene. The graphene edge of an arbi-
trary shape comprises two types of edges (Figure 1),
zigzag and armchair. The former has a trans-polyace-
tylene structure while the latter has a cis-polyacetylene
one. According to theoretical studies,**>*" the graphite
networks with zigzag edges have a localized edge state
at the Fermi level, but those with armchair edges have
no such state. The size effect of the edge state is of great
significance, since the relative importance of edge state
should vanish in bulk graphite. Therefore, graphite net-
works with a nanometer size are the best candidates to
exhibit the specia edge state. Meanwhile, the synthesis
of nanographite has recently been the subject of much
experimental work.2® These experimental findings sug-
gest that the electronic density of state (DOS) is consid-
erably enhanced due to the presence of the edge- inher-
ited nonbonding n-orbitals at the Fermi level, being con-
sistent with theoretical studies.

In this paper, we describe the preparation of 7 nm
sized nanographite particles through pyrolyzing 4-
methyl pyridine occluded as a structure-directing tem-
plate in the cage of GaPO,-LTA, which is an open-

framework gallophosphate with a chabazite topology.
The spins observed in the nanogrphite system are con-
sidered to arise from the nonbonding edge states of z-
electron. In the presence of magnetic field, the magnetic
susceptibility of these nanographite particles shows a
crossover from high-temperature diamagnetic to low
temperature paramagnetic behavior, in accordance with
the theoretical calculation.™

(a) (b)

Figure1l The networks of graphenes with (a) zigzag edges and
(b) armchair edges.

Experimental

Preparation

Gallophosphate GaPO4-LTA single crystals were
synthesized by following the procedures described pre-
viously."*? 4-methyl-pyridine (MPy) was used as the
structure-directing agent. The as-prepared GaPO,-LTA
sample was placed in the center of a conventiona hori-
zontal tubular furnace, followed by the pyrolysis of
MPy in the GaPO,-LTA cages under N, flow at 760 ‘C
for 10 h. The heating rate was 5 ‘C/ min from room
temperature to 760 ‘C. A carbon/GaPO,4-LTA compos-
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ite was formed after this treatment. To extract the car-
bonaceous material from the carbon/GaPO,-LTA com-
posite, the crystals were soaked in HCI solution (37% in
wt) to dissolve the gallophosphate framework of the
composite. The carbonaceous material was obtained as
an insoluble fraction, which was filtered, washed copi-
ously with deionzied water, and dried at room tempera-
ture.

Characterization

The powder X-ray diffraction (XRD) patterns were
recorded on a Siemens D5005 diffractometer by using
Cu Ko radiation (1=0.15418 nm). The Raman spectrum
of the carbonaceous material was measured at room
temperature with an incident line of 514.4 nm on a Spex
1403 double monochromator Raman spectrometer. The
elemental analysis was performed on a Perkin-Elmer
240 element analyzer, whereas the TEM image of the
carbonaceous material was taken on a Hitachi-81001V
transmission electron microscope at 200 kV. The infra
red spectrum was obtained on a Nicolet 5DX FTIR
spectrometer. Prior to measurement, KBr pellet with the
sample was mounted in a quartz cell with CaF, win-
dows and evacuated at 10 “ Pa and 150 °C for 1 h,
followed by cooling to room temperature. The ESR
spectrum was recorded under the protection of pure ar-
gon on a Bruker ER 200D ESR spectrometer at X band
(9.77 GHz) with a microwave power of 20 mW, and
DPPH (1,1-diphenyl-2-picryl-hydrazyl) was used as the
standard to determine the g-factor value. The magnetic
susceptibility was measured with a Quantum Design
MPMS-5T SQUID magnetometer in the temperature
range of 2—300 K under a magnetic field of 50 kOe.

Results and discussion

Asshown in Figure 2, the XRD patterns indicate that
the framework of GaPO,-LTA is not destroyed after
thermal treatment at 760 ‘C. Therefore, the carbona-
ceous material was formed inside the GaPO,-LTA crys-
tals. Elemental analysis of the carbonaceous material
reveals that the molar ratioof C : H © N is about 4.6 -
1:0.3. It is clear that the carbonaceous material ex-
tracted from the carbon/GaPO,-LTA composite mainly
consists of carbon, and the minor amount of N and H
atoms may exist as hetero atoms on the carbon graphene
edges. In the IR spectrum (Figure 3), the bands at 2950
and 2874 cm * could be assigned to C—H stretching
mode. The bands in the 1400—1600 cm* region were
assigned to C=C and C=N double bonds, and the band
at 1350 cm ! was assigned to in plane C—H bending.
The TEM image of the carbonaceous material is shown
in Figure 4, where the regular carbon nano-particles of
about 7 nm in diameter can be seen. The MPy, which is
the structure-directing agent for the formation of
GaPO,-LTA, is located near the middle of the 8-ring
window of the a-cage. During pyrolysis, some parts of
the GaPO4-LTA framework were collapsed to form
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Figure 2 XRD patterns of (a) as-synthesized GaPO,-LTA and
(b) carbon/GaPO,4-LTA composite.
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Figure 3 IR spectrum of nanographite extracted from the car-
bon/GaPO,-LTA composite.

Figure 4 Transmission electron micrograph of the carbon
nanographites extracted from the carbon/ GaPO,-LTA composite.

small holes, the diameter of which could be controlled
by varying the heating-rate. These holes provided
enough space for the formation of nanographite. In this
experiment, the particle size of the material is reasona-
bly uniform, in accordance with the fact that the



Nanographite

nanoparticles are formed in the nearly uniform col-
lapsed space of the GaPO,4-LTA host compound.

It is well-known that Raman spectroscopy provides
important information on graphite structure.’*> Figure
5 shows the Raman spectrum for the extracted carbona-
ceous material. There are two broad peaks at around
1610 and 1380 cm *. The one at 1610 cm * was attrib-
uted to stretching mode of the individual sheets in
graphite (Ez, mode),'® and the other around 1380 cm *
was assigned to an Ajg-type mode called the disorder
band.!” The appearance of these two peaks is in agree-
ment with the finite size of the nanographite particles.
Using the empirica formula Ly = 4.4 X lig10/l1380,"°
where |10 and 1359 are the intensities of peaks corre-
sponding to the Eyq and Aiqg modes respectively, L, (the
in-plane carbon particle diameter) can be estimated to
be L,=6.9 nm. This particle coincides with the size ob-
served from the TEM image as indicated earlier in this

paper.
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Figure 5 Raman spectrum of the nanographite extracted from
the carbon/GaPO,-LTA composite.

Both TEM and Raman spectroscopy suggest that the
carbonaceous material consists of graphite fragments of
nanometer scale, that is, nanographite. Nanographites
represent a new class of mesoscopic system intermedi-
ates between aromatic molecules and extended graphite
sheets. In these systems the boundary regions play an
important role so that edge effects may strongly influ-
ence the n-electron states near the Fermi energy. There
are two basic shapes for graphite edges, namely, arm-
chair and zigzag ones. Theoretical study™**" has shown
that graphite networks with zigzag edges have a local-
ized edge state at the Fermi level, but those with arm-
chair edges have no such state. The edge structure in a
real micrographite is naturally rather irregular and com-
plicated. The general edge shapes of the real carbon
material can be represented as a mixture of zigzag and
armchair sites. The studies by Dresselhaus and cowork-
ers® suggest that three or four zigzag sites in a sequence
are enough to show a non-negligible edge state, when
the size of graphite particleisin afew nanometer scale.

Figure 6 illustrates the ESR spectrum of the carbo-
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naceous sample where a strong ESR signa appears. For
comparison, the ESR spectrum was also recorded for
the as-synthesized GaPO,-LTA. No ESR singal was ob-
served for the crystals, indicating that the ESR signal of
the nanographite is not due to the presence of magnetic
impuries in the GaPO,-LTA framework. In the nano-
graphite system, two possibilities arise to account for
the strong signal. One is sp’-type carbon with ¢ dan-
gling bonds in the peripheries of the graphene sheets,
and the other is n-type edge-carbon atoms. Before car-
rying out the ESR experiment, the nanographite parti-
cles were exposed to air for a few days, so that the for-
eign chemica species such as hydrogen or oxygen
tended to react with the ¢ dangling bonds to form com-
pleted bonds in the atmosphere. Therefore, the para-
magnetic behavior of the nanographite can not be due to
the ¢ dangling bonds, and the only possibility for the
observed paramagnetism is n-type spins.
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Figure 6 ESR spectrum of the nanographite extracted at room
temperature.

Figure 7 shows the temperature dependence of
magnetic susceptibility for the nanographite in the tem-
perature range of 2—300 K. From 50 to 300 K, the total
magnetic susceptibility is ca. —0.25 emu/moal, indica-
tive of diamagnetism. At temperatures below ca. 50 K,
the susceptibility shows a Curie-type increase. On the
basis of the theoretical prediction by Wakabayashi,™® the
total susceptibility mainly consists of orbital diamagne-
tism yon, and Pauli paramagnetism y,,. The y, isrelated to
the DOS at the Fermi level, which represents an impor-
tant component in zigzag nanographite where an en-
hanced DOS appears at the Fermi level. Note that y, is
negligible in armchair nanographite, aromatic molecules
and graphite sheets, because their DOS is suppressed at
the Fermi level. As a result of competing y, and yom, a
crossover occurs from a high-temperature diamagnetism
to a low-temperature paramagnetism as observed for the
nanographite prepared.

Conclusions

Using GaPO,-LTA framework as template, nano-
sized graphite particles with uniform size of about 7 nm
can be prepared through pyrolyzing MPy. ESR and
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Figure 7 Temperature dependence of mass magnetic suscep-
tibility of the nanographite extracted.

magnetic susceptibility measurements show the pres-
ence of open n-bond edges in the nanographite material.
This interesting electronic feature was considered to be
associated with the specific size of the graphite parti-

cles.
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