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www.rsc.org/ Heat treatment effect on the electronic and magnetic structures of a disordered network of

nanographene sheets has been investigated by in-situ measurements of X-ray photoemission
spectroscopy, near-edge X-ray absorption fine structure (NEXAFS), and electrical
conductance, together with temperature-programmed desorption measurements. Oxygen-
containing functional groups bonded to nanographene edges in the pristine sample are almost
completely decomposed under heat treatment up to 1300—1500 K, resulting in the formation of
edges primarily terminated by hydrogen. The removal of the oxygen-containing groups
enhances the conductance owing to the decrease in the electron transport barriers between
nanographene sheets. Heat treatment above 1500 K removes also the hydrogen atoms from the
edges, promoting the successive fusion of nanographene sheets at the expense of edges. The
decrease in the n* peak width in NEXAFS indicates the progress of the fusion reaction, that is,
the extension of the m-conjugation, which agrees with the increase in the orbital susceptibility
previously reported. The fusion leads to the formation of local m/sp® bridges between
nanographene sheets and brings about an insulator-to-metal transition at 1500—1600 K, at
which the bridge network becomes infinite. As for the magnetism, the intensity of the edge
state peak in NEXAFS, which corresponds to the number of the spin-polarized edge states,
decreases above 1500 K, though the effective edge-state spin density per edge state starts
decreasing approximately 200 K lower than the temperature of the edge state peak change.
This disagreement indicates the development of antiferromagnetic short range ordering as a
precursor of a spin glass state near the insulator-metal transition, at which the random network
of inter-nanographene-sheet exchange interactions strengthened with the formation of the m/sp?
bridges becomes infinite.

1. Introduction can be described in terms of massless Dirac

fermions moving on a two-dimensional honeycomb
Nano-sized graphene (nanographene) has attracted pjpartite lattice. When a graphene sheet is cut into
increasing interest in both basic and applied fragments, the created edges impose boundary
sciences in recent years owing to its unconventional cgonditions on the electrons, and the electronic
electronic structure, which not only provides key structure is considerably modified according to the
issues of fundamental physics and chemistry'” but edge geometry, of which the zigzag and armchair
also enables potential applications such as catalysis, geometries are the two extremes. According to
gas sensors, solar cells, and batteries.”* The theoretical investigations,>’ the spin-polarized edge
behavior of electrons on an infinite graphene sheet gtateg (non-bonding 7 states) along the zigzag edge
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are created around the Fermi level, with a large
local density of states being populated in the
vicinity of the edge region, providing nanographene
with electronic, chemical, and magnetic activities.
In contrast, the armchair edge has no such localized
state, and instead electron wave interference takes
place, contributing to the stability of nanographene.’
Consequently, the activities and stability of
nanographene depending on the edge geometry
enable a variety of functions that lead to potential
applications.

The existence of the edge states and their
magnetic and electronic properties have been
confirmed experimentally for nanographene grown
on substrates, graphene nanoribbons, and
nanographene-based carbon fibers using various
techniques, including scanning tunneling
microscopy/spectroscopy (STM/STS), magnetic
susceptibility, electron spin resonance (ESR), and
near-edge  X-ray absorption fine structure
(NEXAFS).”® Among existing nanographenes and
nanographene-based materials, activated carbon
fibers (ACFs) have been particularly important by
providing an ideal model for experimental
investigations of the edge state and related
electronic structures in nanographene.”” ACFs are
nanoporous carbon consisting of a three-
dimensional disordered network of nanographene
sheets with a mean in-plane size of about 3 nm.'*"
The inter-sheet distance between the nanographene
sheets in ACFs (0.38 nm) is considerably larger
than that of bulk graphite (0.335 nm), so that the
interaction between nanographene sheets is weak in
ACFs. Thus, we can study the properties of
nanographene using ACFs. The small size of the
constituent nanographene sheets leads to a high
density of edge carbon atoms in the ACFs. Actually,
we have confirmed the existence of the magnetic
edge states for ACFs using magnetic susceptibility
and NEXAFS measurements, which was facilitated
by the sufficiently large amount of edge carbon
atoms.’

An important issue, which we discuss in the
present work, is how nanographene fragments are
fused into a larger sheet when they are heat-treated
and how this relates to the edge-inherent electronic
structure. This is the graphenization process, the
opposite of the fragmentation process. What is
interesting is how the electronic, magnetic, and
chemical properties of nanographene, which depend
on the edge geometry, vary in the graphenization
process. Prior to fusion, the edges, which are
terminated by oxygen-containing functional groups,

2| J. Name., 2012, 00, 1-3

which, due to being handled in the ambient
atmosphere, need to be stripped in the
graphenization. Accordingly, fixing both geometry
and chemical details at the edges is crucial to
understand this graphenization process.

In connection to the edge chemistry, previous
works on thermogravimetric (TG) and temperature
programmed desorption (TPD) analyses'>" suggest
that the following scenario in the change of the
functional groups in ACFs depending upon heat
treatment temperature (HTT): The pristine ACFs
sample handled in the ambient atmosphere has
oxygen-containing functional groups bonded to the
edge carbon atoms and molecules, such as H,O,
physisorbed into nanopores. In the low HTT range,
the desorption of adsorbed molecules and the
decomposition of the carboxyl group (—COOH),
weakly bonded to the edges, takes place up to 400
K and 600 K, respectively. In the HTT range from
600 K to 1100 K, the majority of functional groups
become the carbonyl (>C=0) and phenol (-OH)
groups, which are strongly bonded. Above 1500 K,
heat treatment leads to fusion of the nanographene
sheets after all the functional groups have been
removed from the edges.

In the meantime, previous studies have reported
interesting variations in the electronic and magnetic
properties upon heat treatment.'*"” In ACFs, the
electron hopping between nanographene sheets
governs the electron transport with the behavior of a
Coulomb-gap-type variable range hopping in an
Anderson insulator. The randomness in the network,
with the barriers at the edges decorated with
functional groups, then brings about the electron
localization. Heat treatment up to 1500 K induces
the decomposition of functional groups bonded to
the edge carbon atoms, so that it enhances the
electrical conductance because of the reduction of
the hopping barriers. Higher HTT leads to an
insulator-to-metal (IM) transition in the electron
transport around the IM transition temperature 7y =
1500—1600 K.? at which fusion makes the coherent
electron transport network infinite, as indicated by
the increase in the nanographene sheet size. This
heat-treatment induced change in the -electron
transport is also reflected in the magnetic behavior.
The edge-state spins of nanographene behave as
localized spins interacting with each other through
strong intra-nanographene-sheet and weak inter-
nanographene-sheet exchange interactions,
observed as effective Curie-Weiss behavior up to
Tiv. In contrast, above Tiv, the edge state spins
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disappear and instead the orbital susceptibility
governs the magnetism.

Previous papers on the heat treatment process
mentioned above can explain comprehensively the
relationship between edge chemistry, -electron
transport, and magnetism.'>”"> However, there is a
drawback in the experiments and also an important
issue remaining to be clarified, regarding the
interplay between electron transport, electronic
structure, and edge-state-spin magnetism. The
present scenario is based on experiments carried out
independently, and in addition, there is a lack of
information on the edge chemistry in the
temperature region above 1100 K. Moreover, the
relationship between the edge states and the edge-
state spins remains to be clarified, in the latter of
which the exchange interaction is expected to
govern the behavior significantly. It is particularly
important to carry out in-situ experiments of the
chemical analysis and physical properties under the
same condition and without exposure to air to avoid
the effect of ambient atmosphere. In addition, we
should track the behavior of the edge state together
with the electron transport measurement in order to
know the role of the edge state. In the present study,
we have combined the structural characterizations
of TPD, X-ray photon spectroscopy (XPS), and
NEXAFS with in-situ conductance measurements
of ACFs in a wide HTT range up to 1800 K, by
considering the previous study related to this
study'*™'®. This will help us gain insights into what
really happens at the nanographene edges in the
heat treatment process toward fusion.

2. Experimental

We used commercially available ACFs (specific
surface areas of 2000 m?/g, FR-20, Kuraray
Chemical Co.) prepared by activation of phenol-
based precursor materials.

The TPD measurements were performed by a
home-built system equipped with a quadrupole
mass spectrometer (QMS, Transpector 2 H100m,
INFICON). A bundle-of-fibers sample of ACFs was
mounted on a sample holder, which was degassed at
1550 K for 1 hour at a pressure below 5x10” Pa,
and cooled down to room temperature before
experiments began. The vacuum chamber storing
the sample holder was carefully pre-baked for 1
hour at 550 K after the pre-evacuation down to
1x10™* Pa to maintain the sample temperature below
400 K. After a stabilization time of 1 hour for the
pressure and temperature of the chamber, and after

This journal is © The Royal Society of Chemistry 2012

Physical Chemistry Chemical Physics

a pressure below 2x10° Pa was achieved, the
sample temperature was raised to 2100 K at a
heating rate of 10 K per a minute while recording
the QMS signal.

The electrical conductance was measured by
using a 2-probe method in the vacuum chamber
under a pressure below 1x10™ Pa, where a bundle
of fiber sample of ACFs was mounted on a sample
holder. The sample was heat-treated by self-heating
in the electric current flowing for 15 minutes in a
vacuum chamber at various HTTs, which was
controlled in the range from 400 to 1800 K. The
time evolution of the conductance was also
measured during the processes of pre-degassing and
cooling after the heat-treatment.

The XPS and NEXAFS measurements were
performed in the measurement chamber maintained
in ultrahigh vacuum (UHV: ~ 107’ Pa), which was
connected to the electrical conductance
measurement chamber via a gate valve. The fiber
sample was mounted on a sample holder and heated
by electric current for 15 minutes in UHV at various
HTTs in the range from 400 K to 1800 K. The XPS
spectra were measured at room temperature using
non-monochromatized Mg K, radiation (1253.6 eV)
for the excitation and a hemispherical analyzer
(Scienta R3000). The binding energy was calibrated
using Auy = 84.0 eV from the foil sample. The
carbon (C) and oxygen (O) K-edge NEXAFS
spectra were measured at the soft X-ray beam line
BL-7A in the Photon Factory in the Institute of
Materials Structure Science. The NEXAFS spectra
were obtained by measuring the sample
photocurrent (total electron yield method) at room
temperature. The photon energy was calibrated with
respect to the C 1s to ©* peak position of highly
oriented pyrolytic graphite (HOPG) at 285.5 eV.
The NEXAFS spectra were taken at normal X-ray
incidence. The temperature of the sample was
monitored by using a pyrometer in the conductance,
XPS, and NEXAFS measurements.

3. Results

Figure 1 shows the results of the TPD
measurements up to 2100 K. The desorption of
H,0, CO,, CO, and H, is observed in the ranges of
400-1200 K [600 K], 400—1000 K [600 K],
400—-1500 K [1200 K] and 1100—2000 K [1400 K]
([ ]: peak position), respectively. Since the sample
was evacuated below 400 K prior to the TPD
measurement, the physisorbed molecules, including
water and hydrocarbons, had desorbed from the
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ACFs. Thus, all the detected molecules came from
the decomposition of functional groups chemically
bonded to the nanographene edges in the ACFs. The
present results of the TPD measurements agrees
with the previously reported one,'” in which the
maximum measurement temperature was 1000 K.
Consequently the previous report revealed only a
part of the CO desorption, and more importantly, it
did not refer to the H, desorption. The present TPD
measurements up to 2100 K enable us to reveal
clearly the entire desorption process of CO and H,,
providing comprehensive information on what
chemical species terminate the edge carbon atoms
according to the temperature, as no desorption was
observed above 2000 K.

The steep growth of the CO, and the H,O peaks
around 600 K was associated with the
decomposition of —=COOH. As the CO; and the H,O
signals decreased, the CO peak started growing with
a peak temperature around 1200 K. This growth of
the CO peak was associated with the decomposition
of >C=0, —OH, and C-O-C (epoxy) together with
the beginning of the steep increase of the H, signal
at 1100 K. Note that only the H, peak persists above
1500 K. This fact suggests that edge carbon atoms
are primarily terminated by hydrogen atoms in this
temperature range. The absence of any peak above
2000 K is suggestive of edges being stripped with
dangling bonds. The peak of the TPD spectra was

1.6 T T T | T

(@) ’
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TPD (10° mol s' g™)

Integrated TPD (107 mol g™')

1500
Temperature (K)
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Fig. 1. (a) The TPD spectra and (b) integrated TPD intensities
for the mass numbers of 2 (black dotted curve), 18 (red long-
dashed curve), 28 (green short-dashed curve), and 44 (blue
solid curve), corresponding to H,, H,0, CO, and CO,,
respectively.

broad and asymmetric. In the case of nanoporous
ACFs, the peak shape of the TPD spectra depends
on the stability of the functional groups attached to
the edge carbon atoms and diffusion of desorbed
gas molecules in the nanopores. We assign the CO,,
H,O, and CO peaks to the decomposition of
—COOH, >C=0, -OH, and C—O—-C but, there
should be other minor contributions such as lactone,
quinone, and strongly bound intercalated water®'. In
addition, diffusion of desorbed gas molecule is
complex for ACFs. These facts lead to the broad
peaks of the TPD spectra.

Figure 1(b) shows the integrated intensities of
the TPD signals for H,O, CO,, CO, and H, as a
function of temperature. The proportions of the
amount of H,O, CO,, CO, and H, were estimated to
be 6:3:15:35 from the intensities. The amount of H,
was much larger than that of other desorbed
molecules. This excess of H, means that hydrogen
is the major element constituting the functional
groups, particularly at temperatures above 1500 K,
as can be seen from the estimated H:O ratio 82
(=35%x2+6x2) : 27 (=6+3%x2+15). This high H:O
ratio cannot be explained by considering only
oxygen-containing groups. Even in the phenol
group, the H:O ratio is 1:1. Accordingly, the present
results prove that a large percentage of the edge
carbon atoms were terminated with hydrogen even
at low temperatures and that the hydrogen
termination survived as the majority after most of
the functional groups were decomposed above 1500
K.

One round piece of ~7 nm” (~3 nm in diameter)
nanographene sheet is constituted by ~ 350 carbon
atoms, in which about 1/4, namely ~90 atoms are
distributed on the periphery. When we assume that
the edge carbons are completely covered with
hydrogens, the H/C mole ratio is 0.16, although the
ratio slightly depends on the type of edge (zigzag or
arm chair). Under this assumption, the amount of
desorbed hydrogen molecules from 1 g of the ACFs
is 1/2x0.16x1/12=6.7x10 mol. As shown in Fig.
1b, the actual amount was 3x10~ mol, which agreed
with the expected value. This agreement supports
the domain size of ACFs (~3 nm in diameter) and
the number of the edge sites of the ACFs.

The conductance of the ACFs heated at various
HTTs was measured at room temperature as a
function of time during the cooling process after the
heat treatment. This confirms the our previous
results, which indicated the presence of an IM
transition at Ty = 1500—1600 K.'*'* Figure 2 shows
the resistance Ryuyrr/Ro (Ro: the resistance of the

This journal is © The Royal Society of Chemistry 2012
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Fig. 2. The resistance of ACFs at room temperature as a
function of HTT. The resistance (Ryrr) is normalized with
respect to the resistance of the pristine sample (Ry). The
solid curve is provided as a guide for the eyes.

pristine sample) of the ACFs at room temperature as
a function of HTT from 1100 K to 1800 K, which
covers 71y and almost the entire desorption process
of H,. Rurr/Ry decreased steeply as HTT was
elevated. It was approximately 14% for HTT =
1100 K, and it became roughly 6% in the region of
the IM transition.

The characterization of the heat treated ACFs
were performed using XPS. Figure 3(a) shows the
Cls XPS spectra for the pristine ACFs and the
ACFs heated at 1800 K. The Cls peak was
observed at 284.4 eV, which was assigned to
graphitic carbon,” with no fine structure. The Cls
XPS spectra did not change with HTT. In the
literature, the Cls peak has other components
located at 286.5 eV, 287.5 ¢V, and 290.0 eV, which
are assigned to the C—OH or C—O—C, >C=0, and
—COOH functional groups, respectively.” Because
the Cls XPS spectra did not have these peaks for
the pristine sample nor changed upon heat
treatments in the present measurements, the amount
of such oxygen-containing functional groups was
very small, even for the pristine sample. Figure 3(b)
shows the Ols XPS spectra for the ACFs heated at
various HTTs. The intensity of the Ols peak was
large for the pristine ACFs, which was explained by
weakly adsorbed molecules (e.g. water). The
intensity of the Ols peak decreases sensitively with
HTT, and becomes negligible above 1400 K. This
HTT was close to the temperature above which the
CO signal disappeared in the TPD spectrum (Fig.
1). The inset of Fig. 3(b) shows the peak

This journal is © The Royal Society of Chemistry 2012
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deconvolution of the Ols XPS spectrum for the
ACFs heated at 900 K. Double Gaussian curves
were employed for the deconvolution with two
peaks located at 531.0 eV and 533.5 eV
corresponding to >C=0 and C-OH or C-O-C,
respectively. Accordingly, the oxygen-containing
functional groups bonded to edge carbon atoms
were assigned to >C=0, —OH, and C—O—C for the
ACFs heated at 900 K, in good agreement with the
previously proposed model based on the TPD
measurements.”'”> Furthermore, the disappearance
of these two peaks above 1400 K confirmed the

1 I 1 I 1
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g
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1 I 1 I 1
280 285 290 295
Binding energy (eV)

Intensity (arb. units)

535
Binding energy (eV)

FIG. 3. (a) The Cls XPS spectra of the pristine ACFs and the
ACFs heated at 1800 K denoted by black and red curves,
respectively. (b) The Ols XPS spectra of the ACFs after heating
at 900 K, 1100 K, 1400 K, and 1800 K, denoted by red, blue,
green, and black curves, respectively. The dotted line is the
NEXAFS spectra for the pristine ACFs. The inset shows double
Gaussian fits to the spectrum of the ACFs heated at 900 K. The
light-gray and the dark-gray ingredients originates from C—OH
and >C=0, respectively.
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absence of the oxygen-containing functional groups
and that the majority of the edge carbon atoms were
covered with hydrogen instead.

Figure 4 shows the O K-edge NEXAFS spectra
of the ACFs after heat treatments at various HTTs.
The normalization have not been performed. The
edge jump, which is defined as the difference in the
intensity of signal before and after the O K-edge, is
proportional to the amount of oxygen atoms in the
target sample.”> Here again, the intensity of the
peaks and the edge jump for the O K-edge
NEXAFS spectra were large for the pristine ACFs.
The edge jump decreases with HTT, indicating a
decrease in the amount of oxygen contained in the
ACFs. Figure 4(b) shows a close-up of the pre-edge

I I I I I
(a) | ) .
pristine 5
RoZANE |
2 Tooo| 2
= w’/\/ = | :
e VAN 11024 -~
E—""N~"1 E
A 1200 B
= £
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500 540 580 510 530 550
Photon energy (eV) Photon energy (eV)

FIG. 4. (a) The O K-edge NEXAFS spectra of the ACFs
after heat treatments at various HTTs. The spectra are
parallel shifted along the vertical axis for clarity. (b) The
close-up of the pre-edge region of the O K-edge NEXAFS
spectrum of the ACFs heated at 900 K and the result of
Gaussian fits, denoted as the circles and thick black curve,
respectively. The deconvolution comprises three Gaussian
peaks corresponding to n*c_o (red curve), 6*c o o-n (blue
curve), and 6*c_o (green curve) with a step function (thin
black curve).

6 | J. Name., 2012, 00, 1-3

region of the O K-edge NEXAFS spectrum of the
sample treated at 900 K with the fitting results. The
deconvolution comprised one step function (538.0
eV) and three Gaussian peaks located at 528.4 ¢V,
535.4 eV, and 539.7 eV, corresponding to the
transitions from the O 1s to the m*c—o, 6*c-0.0-n,
and o*c_ o states, respectively.”?* The fit again
shows that the oxygen-containing functional groups
on edge carbon atoms of nanographene were >C=0
and —OH and C—O—C for the ACFs heated at 900
K. It was difficult to perform the deconvolution of
the O K-edge spectra for the ACFs heated above
1000 K owing to the insufficient amount of oxygen
contained in the ACFs.

This journal is © The Royal Society of Chemistry 2012
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Figure 5(a) shows the C K-edge NEXAFS
spectra of the ACFs after heat treatments at various
HTTs. The NEXAFS spectra were normalized with
respect to the value of the edge jump at 340 eV. All
the spectra show two peaks, at 285.5 eV and 291.9
eV, corresponding to the transitions from the C ls
to the n* and o* states, respectively.”” Although it
was reported that the contributions of relevant
functional groups (i.e., >C=0, C—0O, and C—-H)
typically appeared in the region of 287—291 eV by
virtue of the transitions to the n*c-o, o*c.o, and

@[T
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kAT
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Intensity (arb. units)
Intensity (arb. units)

]

900
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:

280 295 310
Photon energy (eV)

283 285 287
Photon energy (eV)

Fig. 5. (a) The C K-edge NEXAFS spectra of the ACFs
after heat treatments at various HTTs. (b) The close-up of
the pre-edge region of the C K-edge NEXAFS spectra of
the ACFs heated at 900 K (black curve), 1400 K (green
curve), 1600 K (red curve), and 1800 K (blue curve). The
dotted line is the NEXAFS spectra for the pristine ACFs.
The inset shows the spectrum of the sample heated at 900
K (circles) and double Gaussian fits (thin line and dark-
gray region). The sum of the two Gaussian peaks is

o*c g states,zs*29 these transitions are not observed
in the present measurement as shown in Fig. 5(a). In
addition, the spectral features hardly changes in
spite of the heat treatments. Thus, we have
confirmed the small ratio of the carbon atoms
bonded to >C=0, —OH, and C—O—C to the graphitic
carbons in the ACFs samples in accordance with the
Cls XPS spectra shown in Fig. 3(a). However,

This journal is © The Royal Society of Chemistry 2012
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Fig. 6. The variation of (a) the intensity of the XPS Ols
peak normalized with the Cls peak, (b) the resistance of
the ACFs normalized with the value of the pristine sample,
(c) the width of the n* peak, (d) the integrated intensity of
the edge state peak normalized to the NEXAFS n* peak,
and (e) the content of hydrogen bonded to the
nanographene edges, as a function of HTT. The black
symbols denote the data obtained experimentally and the
solid curves are guides for the eyes, except for the solid
curve in (e), which denotes the experimental data. The
previously reported magnetic measurements [(c): orbital
diamagnetic susceptibility: y,, (d) spin density: N;] are also

taking a careful look at the pre-edge region of the C
K-edge NEXAFS spectra, we find a reduction of the
width of the w* peak with HTT, together with an
increase in the intensity of the n* peak as shown in
Fig. 5(b). The inset of Fig. 5(b) shows the C K-edge
NEXAFS spectrum of the sample treated at 900 K
and the curve fitting result, assuming that the
energy of the n* peak was same as that of HOPG,
similar to our previous works.** The deconvolution
comprises two Gaussian peaks at 284.5 eV and
285.5 eV, which correspond to the edge state and
the * state, respectively.®’ The integrated intensity
of the edge state peak is 7% of that of the n* peak
for the pristine ACFs, which agrees with the

J. Name., 2012, 00, 1-3 | 7
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previously reported result within error bars.” Based
on this result, we can roughly estimate the edge
structure of the ACFs. Because only zigzag edges
lead to the edge state peak in NEXAFS spectra,
about 30 % of the edges were zigzag and 70 % of
the edges were armchair. The introduction of
dopants to graphene could also lead to the
appearance of the additional pre-edge peak in the
NEXAFS spectra®. However, the pre-edge peak
was observed even for the ACFs heated above 1500
K, where there was little charge transfer between
molecules and nanographene, which supported that
the pre-edge peak originated from the edge state.

4. Discussion

Previous research gave us an idea about how the
electronic and magnetic structures of networked
graphene sheets are changed in the heat treatment
process. Specifically, decomposition of various
functional groups bonded to the edge carbon atoms
and ensuing fusion of graphene sheets take place
according to the heat treatment temperature.'” "’
Indeed it was revealed that an IM transition at Ty =
1500—1600 K was triggered by the fusion process.
Importantly, it is accompanied by the edge-state
spins forming a spin glass state. Above that
temperature region, the orbital susceptibility is
enhanced at the expense of the edge state, the
former and the latter of which are the signatures of
the extension of m-conjugation and zigzag edges,
respectively. This demonstrates that the fusion plays
an important role in the changes of the electronic
and magnetic properties. However, in this scenario
it is not possible to get information about the
relationship between the chemical structure and the
electronic structure, particularly in the HTT region,
where the IM transition takes place together with
the fusion of the nanographene sheets. The present
work uses NEXAFS as the important tool for the
electronic structure investigation and the TPD and
XPS investigations to cover the region in which the
fusion takes place. This provides the necessary
important information on the chemical structure-
electronic structure relationship, in addition to the
collective magnetic behavior of the edge-state spin
system. Thus, our understanding of the scenario can
now be more comprehensive and defect-free.

Let us summarize the experimental results of the
present and previous investigations to get
information on the relationship between the
chemical and electronic structures. Figure 6 shows
the results of the in-situ conductance and electron

8 | J. Name., 2012, 00, 1-3

spectroscopic measurements and the TPD spectrum
in the HTT region of 1100—1800 K. It shows the
intensity of the Ols peak normalized to the Cls
peak (O/C) in the XPS spectra, resistance of the
ACFs normalized with the value of the pristine
sample (Rurt/Ro), the width of the wn* peak and
integrated intensity of the edge state peak
normalized to that of the n* peak ([egee/I7+) in the C
K-edge NEXAFS spectra, and the amount of
hydrogen bonded to nanographene edges (ny). In
addition, it also incorporates the previously reported
results for the orbital susceptibility (y,) and the
effective concentration of edge-state spins (Ny)."?
Note that the magnetic properties investigation in
the previous work'* was carried out without
exposure to air during the entire measurement, as in
the present work. Accordingly, the magnetic data in
the previous work can be utilized together with the
present results. As explained in the previous
section, in the pristine ACFs, the peripheries of the
nanographene sheets were covered predominantly
with hydrogen atoms together with —COOH, >C=0,
—OH, and C—-O—-C. Heat treatment led to the
decomposition of —-COOH, weakly bonded to the
edge carbon atoms at around 600 K, and then the
decomposition of >C=0, —OH, and C—O—C which
was nearly completed at 1500 K as revealed by the
TPD measurement (Fig. 1). Note that O/C reached
the limit of detection at around 1300 K as shown in
Fig. 6(a). Thus, we conclude that >C=0, —OH, and
C—O—C were almost completely removed in the
HTT range from 1300 K to 1500 K. Moreover, the
removal of >C=0, —OH and C—O—C was tracked
with fidelity by the reduction in the electrical
resistance shown in Fig. 6(b). Indeed, the complete
disappearance of oxygen content around 1300 K led
to a less HTT dependent resistance, which became
6—7% of that in the pristine sample at 1800 K. Thus,
this coincidence of the extinction of the oxygen-
containing groups and the remarkable reduction in
the resistance indicates that the negatively charged
bulky oxygen-containing functional groups play an
important role as a barrier for electron hopping
between nanographene sheets.

An important issue to be discussed is at what
temperature the fusion actually starts in the heat
treatment process. We can discuss this issue in
terms of the changes in the n* peak width and
Leaoe/ I+ in the NEXAFS spectra, and ny calculated
from the TPD results, together with the previously
reported values of y, and N;. Figures 6(c) and 6(d)
show the evolution in the n* width and Z.gee//r+,

This journal is © The Royal Society of Chemistry 2012
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respectively. Both of them obviously start
decreasing at 1500 K.

The peak width in the NEXAFS spectra depends
on the energy resolution of the beam line (0.3eV in
the present setup), uniformity of the electronic
structure of the atoms which is excited by photon,
life time of the core hole, and other effects.”” Along
with the increase in the size of nanographene, the
number of the interior carbon atoms increases,
which leads to the increase in the uniformity of the
electronic structure of carbon atoms. Thus, ©* width
decreases with HTT, reflecting the extension of the
nanographene sheets. The peak intensity in
NEXAFS spectra is roughly proportional to the
density of states of certain electronic state (i.e.
state or edge state).22 I.qec and I+ are proportional to
the numbers of the interior carbon atoms and zigzag
edge carbon atoms, respectively. As a consequence,
the reduction in /.q.//r+ means the decrease in the
edge carbon atoms. Therefore, both changes in the
n* width and [l.e/l+ indicate the fusion of
nanographene sheets. These findings are in good
agreement with the presence of the IM transition
previously reported to be triggered by fusion.'*'?
Furthermore, the present TPD measurement has
clearly revealed the importance of the H, desorption
for the fusing process. Figure 6(e) shows that ny
starts decreasing above 1300 K and becomes
negligible around 1800 K. Note that the reduction in
ny is attributed to the decomposition of —OH in the
HTT region of 1300—1500 K, and the removal of
hydrogen atoms from the edges above 1500 K. The
behavior of the amount of hydrogen has a
quantitative trend almost identical with the ones for
the =n* width and /.e/l+. This coincidence
demonstrates that the removal of hydrogen from the
edges starting around 1500 K immediately brings
about the fusion in a concerted manner. The simple
chemical structure of edges bonded with hydrogen
atoms after the complete removal of oxygen-
containing functional groups facilitates the fusion
above 1500 K. Moreover, above 1800 K, at which
no hydrogen remains bonded, the fusion gives
sufficiently grown nanographene sheets, for which
the contribution of the edge state is negligible. As
shown in Figs. 6(c) and 6(d), the n* peak width and
the orbital susceptibility, both of which represent
extensions of the m-conjugation, have the same
variation with I.4./I+ depending on HTT, except
that y, has a slight decrease far before 77y. Taking

into account that the absolute value of yo (|z,|)

decreases upon the charge transfer from/to dopants

This journal is © The Royal Society of Chemistry 2012
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due to the Fermi level shift from the Dirac point,”'
the slight decrease in yo (increase in |y|) can be

understood in terms of the declination of charge
transfer to the oxygen-containing functional groups
upon the removal of the functional groups as
evidenced in the O/C ratio (Fig. 6(a)). The behavior
of the n* peak width and y, above 71y demonstrates
that the m-conjugation becomes extended
successively in the fusion process at the expense of
the edges. This explanation of the fusion is in good
agreement with the increase of the nanographene
size observed in the G/D ratio in the Raman bands
in previous work, although the Raman experiment
was carried out in ambient atmosphere, not meeting
the conditions of the present work."

The IM transition is at stake in an in-depth
discussion regarding the fusion. The fusion starting
near Ty is initiated by the formation of a local n/sp2
bond between the edge carbon atoms of adjacent
nanographene sheets. The nanographene sheets,
which are then weakly interacting with each other
against the barriers of functional groups, are being
successively and randomly networked through the
n/sp® bond bridges in the percolative manner.”> The
local n/sp® bond as a strong electronic interaction
can work to extend the m-conjugation between the
nanographene sheets concerned, though the edge
states in the edge region still exist. As the
temperature approaches Tjy, the number of
nanographene sheets participating in the /sp’
bridge network grows, and finally the network
becomes infinite at 77y, at which the percolation
limit is achieved. The infinite sized network of
nanographene sheets contributes to the coherent
electron transport in the metallic state above Tyy.
Further heat treatment at higher HTT makes
nanographene sheets merge with the successive
disappearance of the edges possessing edge states.

Finally, we discuss the behavior of the edge-
state spins in relation to the fusion process. Here it
should be noted that the HTT dependence of Nj is
different from that of /.4,.. The former is estimated
as the effective spin concentration from the Curie-
Weiss plot at an applied magnetic field of H =1 T.
Indeed, N, starts decreasing well before [I.gg
decreases. This  discrepancy is somewhat
inconsistent, since the magnetic moment of the edge
state is expected to be independent of HTT. The
difference between /.4, and N, can be understood
based on the development of an exchange
interaction acting between the edge-state spins of
adjacent nanographene sheets. Below 7y, the
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function of HTT.

nanographene sheets are independent from each
other, although a weak electronic interaction, which
is responsible for the electron hopping, exists.
Consequently, the exchange interaction between
edge-state spins in the individual nanographene
sheet should be the main factor in the change in the
observed magnetic moments. According to previous
work,” the cooperation of the strong intra-zigzag-
edge ferromagnetic interaction J, and the
intermediate strength inter-zigzag-edge
antiferromagnetic/ferromagnetic  interaction  J;
results in a ferrimagnetic structure with nonzero net
magnetic moment in the individual nanographene
sheet, which behaves as a superparamagnetic
nanoparticle. Upon the raising of HTT, the fusion of
nanographene sheets starts near 77y, where the
formation of a local m/sp® bond at the edges between
adjacent nanographene sheets develops. This gives
a strong electronic interaction, which not only
enhances the inter-nanographene electron transport,
but also bridges between the edge-state spins on the
adjacent nanographene sheets as an exchange
interaction. It brings about a magnetic short range
ordering toward a spin glass state as observed in
previous studies.'*'"> Figure 7(a) gives the effective
edge-state spin concentration per edge state as
represented by Ny/l4,. normalized to the ratio at
HTT = 1100 K as a function of HTT. We plot the
data up to 1600 K, since both N and /.q4e are small,
and thus it is hard to obtain a reliable Ny/I.q4. value.
Ny/lq4e decreases steeply upon raising HTT. This is
an important indication of the enhancement of an
antiferromagnetic internal field acting between the
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edge-state spins of different nanographene sheets.
The effective edge-state spin concentration N is
being reduced steeper than the edge state
concentration Nge.. The latter is proportional to
L.qee- The internal field using the molecular field
approximation can be estimated with the equation
below, taking into account that the behavior of the
ferrimagnetic  moment of the  individual
nanographene sheet can be simplified. Thus, the

spins of S = 1/2 interacting with weak inter-
nanographene antiferromagnetic exchange
interaction [z/, ~ —2 to —3 K (z: number of

neighboring nanographene sheet with respect to the
nanographene sheet concerned)] for the ACFs up to

1100 K;"
(5(4) = M(4) :SBS[gﬂBS(H+A<S(A)>)],
N ioe 815 kT
where < > is the thermal average. In addition, S, M,
Nedges 8> MB, and A4 in the Brillouin function Bg(x)
denote the edge-state spin, magnetization, edge state
concentration, g-value (g~2), Bohr magneton, and
internal exchange field, respectively. The last of
these is proportional to the exchange interaction J,
between the nanographene sheets;
_2zJ, .
gHp

In reality, the ferrimagnetic moment of the
edge-state spins depends on the size and shape of
the individual nanographene sheet. Consequently,
we should take an ensemble average for the
distribution of the ferrimagnetic moments in all of
the constituent nanographene sheets having
different sizes and shapes. However, the rather
complicated procedure of the ensemble average is
less informative and instead the simplification of a
unique S can allow us to give the magnitude of the
exchange interaction J,.*° Using the concentration
of the edge states N, at HTT = 1100 K, at which J,
is negligible (zJ, ~ —2 to —3 K) and consequently
N, (1100)=N,, (1100) < I, (1100) , the estimation of

zJ, is given as a function of HTT as shown in Fig.
7(b), in which 7 = room temperature (300 K) and
the applied field # =1 T. In the estimation, M(A4=0)

and <S (A = 0)> are obtained from the above equation

with HTT = 1100 K under the simplification that
the internal field of the sample treated at HTT =
1100 K is negligible (zJ; ~ —2 to —3 K). The sign of
zJ, is antiferromagnetic and its strength becomes
increasingly steep as HTT approaches 1500—1600
K, where the strength is estimated as zJ, ~ 1600 K.
Because of the strengthening of the exchange
interaction between nanographene sheets, a short

)

)

4
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range antiferromagnetic ordering develops in the
nanographene sheets randomly networked through
the exchange interaction, which is mediated by the
local 7t/sp” bond bridge. Interestingly, the n/sp” bond
bridge can create a strong antiferromagnetic
exchange interaction ranging from 10> to 10° K
between nanographene sheets. This is comparable
with the intra-nanographene sheet interactions J
and J,*° and participates in the formation of a
collective spin structure of the networked
nanographene sheets. In the vicinity of the IM
transition at the percolation threshold, the network
becomes infinite, giving a spin glass state as
observed."* Here the weak magnetic anisotropy of
carbon having a negligible spin-orbit interaction of
5 cm™ together with the serious randomness in the
exchange interaction network causes the spin glass
temperature to be lowered to ~7 K.'* In the further
development of the m/sp” bond bridge network upon
fusion above the percolation threshold, the fusion
works to merge the nanographenes sheets, bringing
about the formation of a continuous graphene sheet
with negligible edge contribution. The edge state
spins disappears accordingly.

5. Conclusions

We have investigated the heat-treatment-induced
variation of the electronic and magnetic structures
in the network of nanographene sheets using
electron transport, NEXAFS, XPS, and TPD
measurements with the employment of ACFs and
with the assistance of the magnetic data presented in
previous work.

The edges of the nanographene sheets in the
pristine ACFs are mainly bonded to hydrogen atoms
together with the oxygen-containing functional
groups of —COOH, >C=0, —OH, and C—O—C. Heat
treatment first removes —COOH around 600 K and
then >C=0, —OH, and C—O—-C the removal of
which is completed in the HTT range of 1300—1500
K. The removal of the oxygen-containing functional
groups brings about a drastic increase in the
conductance due to the lowering of the barriers in
the electron  hopping  transport between
nanographene sheets. Above 1500 K, the fusion of
nanographene sheets starts occurring, which is
confirmed by the reduction in the n* peak width and
Leqoe/ I+ in the NEXAFS spectra upon the elevation
of HTT, along with the previously reported increase
in the absolute value of the orbital susceptibility. In
addition, the present work has revealed that the
removal of hydrogen atoms from the nanographene

This journal is © The Royal Society of Chemistry 2012
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edges starts simultaneously with the fusion in a
concerted manner. The edges bonded to hydrogen,
which appears as the governing edge termination
group above 1500 K after the disappearance of the
oxygen-containing  functional  groups. This
facilitates the fusion of nanographene sheets. In the
percolative fusion process with the development of
local w/sp® bond bridges between nanographene
sheets, an IM transition takes place at the
percolation threshold (HTT = 1500—-1600 K), at
which the continuous m/sp® bond network becomes
infinite, accompanied with the development of a
spin glass state of edge-state spins. The different
heat-treatment-induced behaviors between the edge
state peak intensity in NEXAFS and the effective
concentration of the edge-state spins demonstrates a
magnetic short range ordering as a precursor in the
development of the spin glass state. Further heat
treatment at higher HTT above 1800 K leads to the
merge of nanographene sheets accompanied with
the disappearance of the edge state.
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Verification of edge chemistry of nanographene sheets and development

of antiferromagnetic interaction between the sheets upon heat treatment

temperature (HTT).
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