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The structure and magnetic properties of nanoporous zeolite-templated carbon �ZTC� and its guest-adsorbed
systems are investigated using potassium and bromine as guest species. In ZTC, nanopores formed by a
three-dimensional curved-graphene network, whose structure is transcribed from the zeolite nanopore structure,
are regularly arranged �periodicity: 1.4 nm�. The regularity of the nanopore structure is preserved during
vacuum heat treatment ��380 °C� and potassium adsorption, though it is destroyed by bromine adsorption.
The pristine ZTC has localized spins, whose origin is attributed to those created in the region having a negative
curvature in the graphene network, as well as to the contribution of an edge state. The spin concentration is
estimated as 1 spin/nanopore and is independent of the heat-treatment temperature up to 380 °C. In potassium-
adsorbed ZTC, potassium atoms forming networked clusters in the nanopores are magnetic and undergo a
weak ferromagnetic transition at 24 K. The ZTC spins, which are not directly coupled with the potassium spins
through exchange interaction, accurately mirror the magnetic behavior of the potassium spins.
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I. INTRODUCTION

The development of materials by employing nanospaces
has recently captured the attention of materials scientists
since these materials can be used for creating unconventional
electronic and magnetic structures, which cannot be built
from bulk systems.1–4 Here, the structure and electronic
functions of the nanospace, which plays the role of a host,
contribute to the development of unconventional electronic
and magnetic nanostructures in the guest species that are
accommodated in the nanospace.

Among the nanospace-based architectures, graphene-
based materials are known to be one of the most interesting
and important host systems that provide nanospaces. In par-
ticular, graphite intercalation compounds have been inten-
sively investigated; in these compounds, a variety of guest
molecules and atoms intercalated in the two-dimensional
�2D� space between graphene sheets form nanostructures
having electronic and magnetic functions different from
those in the existing bulk materials.5 Here, charge-transfer
interaction between the amphoteric graphene-based host hav-
ing � electrons and guest intercalates governs the creation of
the nanostructures.

Nanoporous carbon such as activated carbon fibers
�ACFs� composed of a three-dimensional �3D� disordered
network of nanographene sheets is another useful graphene-
based host material that shares some common features with
graphite, while some features are dissimilar to those in
graphite.6–12 The difference between the features of graphite
and nanographene is caused by the lack of regularity and the
presence of an open edge in its structure. The irregular struc-
ture is a disadvantage in materials design, while the presence
of an edge gives the graphene-based host structural and elec-
tronic features that are otherwise not generally observed. In-
deed, because of the difference in the chemical activities

between the edge and the surface of nanographene sheets,
guest molecules are assembled in a unique manner.12 In par-
ticular, what is most interesting is the contribution of edges
to the magnetic functions in graphene. According to previous
studies,13–15 the edges created by cutting a graphene sheet
generate a strongly spin-polarized nonbonding � state �edge
state�, where edges having magnetic moments participate in
causing magnetic interaction between guests and the mag-
netic nanographene host.

Meanwhile, beginning from an early stage of research on
template-based material design, zeolite has been popularly
used as a template material with regularly arranged nano-
spaces. Interestingly, unconventional magnetic properties
such as ferromagnetism have been known to result from ad-
sorption of an alkaline metal into the zeolite nanopore, even
though the guest alkaline metal and the ingredients of zeolite
consist of nonmagnetic elements.16 Here, the alkaline metal
atoms confined in the nanospace form a “supercrystal” con-
sisting of “superatoms” �clusters of alkaline atom adsor-
bates�. Each s electron of alkaline metal atoms occupies the
electronic states of the superatom, where the electronic struc-
ture of the whole system is described as a tight-binding band
of “superatoms” with strong electron correlation. In other
words, the states in the clusters with well-defined s and p
orbitals act as the basis of the electronic states of the cluster
network.17

Here, it is natural to reach the idea that the nanospace of
zeolite can be utilized as a template to create graphene-based
nanostructures having a regular nanospace arrangement.
Zeolite-templated carbon �ZTC� prepared by CVD �chemical
vapor deposition� is thus an interesting candidate of host
nanospace material. Here, the disadvantage resulting from
the disordered structure appearing in nanoporous carbon can
be overcome. It has a 3D network of graphene sheets that
form a periodic surface with negative curvature.18–20 The
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ideal structure of ZTC is roughly a 3D array of fullerenelike
cages connected to each other by carbon nanotube channels.
In this structure, the cage and the channel correspond to the
super-cage and the channel part of the zeolite template, re-
spectively. The presence of pentagons in the hexagonal
�-electron network is responsible for the positive curvature
at the cage parts, while the presence of higher polygons such
as heptagons results in negative curvature at the parts con-
necting the cage and channel in the ZTC graphene network.

As well as the edge site, the existence of curvature en-
dows graphene with additional functions, and as a result, a
new class of graphene-based host materials that have advan-
tage in creating unconventional electronic and magnetic sys-
tems can be developed. In the electron systems bound to
curved surfaces, as in the curved graphene sheet network, the
curvature creates an effective potential.21 Moreover, accord-
ing to theoretical calculations,22,23 the electronic structure of
such a network of periodic curved surfaces is basically de-
termined by the way in which the network is constructed by
connecting tubes as building blocks. For example, in ZTC,
when we use zeolite A as a template, ZTC having a cubic
network of connecting tubes is obtained, while the template
zeolite Y yields ZTC with a diamond network of tubes. To-
pologically, the structures of the former and the latter ones
are generally called a “P surface” and “D surface,” respec-
tively. By using a different kind of zeolite template,
graphene-based nanoporous host materials having various
electronic structures can be obtained. This is quite interesting
aspect of ZTC from the viewpoint of materials design by
exploiting host-guest interactions.

With respect to magnetism, the curvature in the graphene-
based network results in another interesting feature. Recent
spin density functional calculations for the tetrapod motif
composed of a curved graphene sheet,24 which is considered
as the fundamental unit of ZTC with the zeolite Y template,
indicate the presence of radical spins at the saddle part hav-
ing negatively curved graphene surfaces. This magnetic be-
havior is caused by undercoordinated carbon atoms, which
are introduced as a part of higher polygons into the hexagon
network and sterically stabilized by the p orbital of the sur-
rounding sp2 carbon atoms. Here, the presence of the curva-
ture causes the mixing in the electronic states between � and
� state in the graphene sheet of ZTC, resulting in the forma-
tion of an energy gap in its electronic structure. The presence
of the energy gap in the host material leads to a mismatch
between the electronic states of the metallic guest species in
terms of the energy scale; this reduces the interactions be-
tween the curved graphene host and the guest material. Simi-
lar to the case of the edge state in the nanographene host, the
radial spins produced by the presence of the negatively
curved graphene generate the localized spin magnetism in
the ZTC nanoporous host.

In reality, the zeolite-templated nanopore space is not
completely covered by carbon; rather, it has a large number
of open edges of graphene.25 Therefore, the actual micro-
scopic structure of the ZTC sample has the regular array of
cuplike curved graphene sheets connected by thinner cullis-
like graphene channels, as schematically shown in Fig. 1.
Moreover, the periphery site of graphene is occupied by vari-
ous kinds of functional groups having oxygen as the major

component. Thus, both the edge part of the cuplike curved
graphene and the cullislike graphene can contribute signifi-
cantly to the magnetic and electronic properties of actual
ZTC sample. In addition to the radical spin accompanied by
the negatively curved graphene, it is natural that the edge-
state spin has a role to play in the localized spin magnetism
of ZTC. Recently, an experimental study on the magnetic
properties of actual ZTC samples has indicated ferromag-
netic behavior of ZTC prepared by the furfuryl alcohol im-
pregnation and propylene CVD.26 However, few details have
been provided on the experimental procedure, such as pre-
treatment process and the correlation between the magnetism
and structure.

In this study, the magnetic properties of ZTC as a network
of curved graphene surfaces with a D surface topology were
investigated in terms of the host-guest interaction with po-
tassium and bromine by measuring magnetic susceptibility
and observing electron spin resonance �ESR�; here, the ef-
fects of pretreatment and the guest adsorption on the struc-
ture of ZTC were examined by thermal desorption spectros-
copy �TDS�, Raman spectroscopy, and x-ray diffraction
�XRD�.

II. EXPERIMENTAL

Zeolite templated carbon was prepared by acetylene
CVD �5% acetylene in N2� with powdered zeolite Y
�SiO2 /Al2O3=5.6� at 600 °C for 4 h. Then, heat-treatment at
900 °C for 3 h in N2 and subsequent HF washing were per-
formed in order to remove the zeolite template. Details on
the preparation method of ZTC and their characterization are
given elsewhere.25,27,28

Prior to the guest adsorption and electronic/magnetic
measurements, the ZTC sample was evacuated at 1

FIG. 1. Schematic view of the microscopic structure of ZTC,
where all carbon atoms denoted as small dark gray-colored spheres
have threefold coordination �sp2-carbon�. Larger pale gray spheres
and small pale gray spheres represent minor oxygen and hydrogen
atoms, respectively, which are bonded to the peripheral sites of a
curved graphene cage.
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�10−6 Torr at room temperature and 200–780 °C for 10 h
in order to remove contaminants adsorbed in the nanopores;
then, the sample was vacuum-sealed in a Pyrex glass tube.
Hereafter, the as-prepared sample and the samples preheat-
treated at XXX °C are denoted as non-HT and HTTXXX,
respectively. Guest adsorption was performed by using the
ZTC sample that was subjected to preheat-treatment at
380 °C in vacuum �HTT380�. This sample was referred to as
“nonadsorbed ZTC” with respect to the guest adsorbed ZTC.
Potassium and bromine were absorbed in Pyrex tubes by the
vapor transfer method at 200 °C for 72 h and room tempera-
ture for 1 h, respectively; here, bromine was purified by the
freeze-pump-thaw method prior to adsorption. Because of
the limited amount of the as-prepared ZTC sample available,
both the potassium content and bromine content could not be
experimentally determined. In order to examine the effect of
oxygen contamination on the magnetic measurements,
oxygen-adsorbed samples were prepared by the direct intro-
duction of oxygen gas from a high-pressure cylinder to the
nonadsorbed ZTC at room temperature. Hereafter, potas-
sium, bromine, and oxygen-adsorbed ZTC are denoted as
K-ZTC, Br- ZTC, and O2-ZTC �YYY Torr�, respectively,
where YYY is the pressure of the introduced oxygen gas in
units of Torr.

TDS spectra were measured by using a Spectra Microvi-
sion quadrapole-type mass spectrometer in the temperature
range up to 380 °C, with a temperature elevation rate of
5 °C /min. Raman spectroscopy measurements were per-
formed using Jobin-Yvon T64000 instruments with an argon-
ion laser operated at 514.5 nm �output power: 10–30 mW� in
the backscattering geometry. XRD profiles were measured by
Rigaku Ultra X18 with an imaging plate detector that was
calibrated using polycrystalline silicon. A Cu K� target with
a graphite monochromator was used as the X-ray source.
Magnetic susceptibility measurements were carried out using
a SQUID magnetometer �Quantum Design MPMS5� under a
field strength of 1 T between 2 and 300 K, where approxi-
mately 20 mg of the samples that were vacuum-sealed in
Pyrex tubes was used. At 2 and 300 K, the magnetization
measurements were also performed at field strengths up to
5.5 T. ESR spectra were measured using an ESR X-band
spectrometer �JEOL JES–TE200� at a microwave power of 1
mW in the temperature range 4–280 K for samples with a
typical weight of 1 mg; the samples were sealed in a quartz
sample tube.

III. RESULTS

The TDS spectra for ZTC �non-HT� exhibit only three
peaks, at mass numbers of 18, 28, and 44; these peaks cor-
respond to the chemical species H2O, CO, and CO2, respec-
tively, over the entire range of measurement temperatures.
Figure 2 shows the TDS spectra for the ZTC �non-HT�
sample. The H2O signal intensity starts to increase rapidly
around 80 °C, and further increases above 200 °C. The H2O
peak at 80 °C is correctly attributed to the physisorbed H2O
species in the nanopores of ZTC. The magnitude of the peak
becomes high above the temperature corresponding to its
bulk boiling point. This suggests that H2O is weakly bound

to the polar functional group sites in the nanopore. The H2O
signal shows a maximum around 300 °C and starts decreas-
ing above 350 °C. The presence of CO and CO2 in the des-
orbed gas indicates not only the desorption of the foreign
species but also the thermal decomposition of the thermally
unstable oxygen-containing functional groups bonded to the
edge parts of the ZTC structure during the vacuum heat-
treatment. The signal corresponding to CO2 suddenly ap-
pears around 80 °C in spite of the negligible contribution
below this temperature, and it shows a rapid increase in its
intensity above 200 °C. The CO signal intensity gradually
increases as the temperatures rise above room temperature;
the rate of increase with respect to temperature increases
sharply above 300 °C. On the basis of the correlation be-
tween the temperature at which the mass signal is observed
and the species desorbed through the decomposition, as well
as information on the elements included in ZTC, the charac-
teristic temperature 80 °C is partly explained by the decom-
position of carboxyl groups in addition to the desorption of
physisorbed H2O, while the CO2 and CO peaks around
200 °C are attributed to the decomposition of carboxylic an-
hydride groups.29–31 Above 350 °C, the intensities for both
CO2 and CO start decreasing. In other words, the adsorbed
species and unstable functional groups around the edge part
in the ZTC samples are almost removed by heat-treatment up
to 380 °C under vacuum.

Figure 3 shows the XRD profile for the non-HT, HTT380,
K-ZTC, and Br-ZTC samples. The XRD profiles for the non-
HT, HTT380, and K-ZTC samples all exhibited a sharp peak
around 6.5°, corresponding to a periodicity of 1.4 nm. On the
other hand, the XRD profile for Br-ZTC shows almost no
features, although the presence of a peak around 6.5° is con-
firmed for the nonadsorbed ZTC before bromine adsorption.
It is worth mentioning that for all the samples, there is no
peak around 26°, where the strong �002� peak assigned to the
stacking periodicity of the graphene layers appears in graph-
ite.

Figure 4 shows the Raman spectra for the nonadsorbed
ZTC vacuum-degassed at 200 °C, 300 °C, 380 °C, and
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FIG. 2. TDS spectra for the ZTC �non-HT� sample. The solid,
dotted, and dashed lines represent the peak intensities for CO, CO2,
and H2O, respectively. The vertical axis is defined by the partial
pressure of each species.
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780 °C, as well as for non-HT. As typically observed in
materials with a graphitic structure, the G band for bending
sp2-bonded carbons and D band for breathing aromatic rings
are observed around 1600 cm−1 and 1350 cm−1 for the ZTC
samples, respectively. The features of the G- and D-band
peaks are similar, irrespective of the difference in the heat-
treatment temperatures for the non-HT, HTT200, HTT300,
and HTT380 samples. On the other hand, the line shape for
HTT780 is clearly different from that of the others.

The Raman spectra for the guest-adsorbed ZTC samples
are shown in Fig. 5, along with those for ZTC380 and
ZTC780. In the case of K-ZTC, the line shape is similar to
that for HTT380, where the G-band peak of the former is
shifted toward the low-energy side by 9 cm−1. In contrast to
K-ZTC, the spectrum for Br-ZTC is not similar to that for
HTT380; rather, it is similar to that for HTT780. The results
of Raman spectroscopy for the ZTC samples are summarized
in Table I.

Figure 6 shows the temperature-dependence of the mag-
netic susceptibility � and the �T value for the non-HT,

HTT200, HTT300, HTT380, and HTT780 samples. All the
samples show paramagnetic behavior over the entire range of
measurement temperatures �2 K–300 K�, with the �T value
decreasing below 10 K; further, a temperature-independent
diamagnetism term is also present. In the �T plots, humps
appear around 80–100 K in the case of the non-HT and
HTT200 samples. The temperature-dependence of the �T
value is shown for the K-ZTC, Br-ZTC, O2-ZTC �0.01 Torr�,
HTT380, and HTT780 samples in Fig. 7. In contrast to the
case of HTT380, which is used as a host for potassium dop-
ing, a prominent peak appears at 16 K in the �T vs T plots
for K-ZTC. The plot of �T for O2-ZTC �0.01 Torr� also
shows a hump; this hump is quite broad and positioned
around 100 K, similar to that observed for the non-HT
samples �Fig. 7�. The Br-ZTC exhibits no feature in the �T
vs T plots, which is almost temperature independent in the

y
/a

rb
.u

ni
ts

0 10 20 30

In
te

ns
it

y

θ � degree

non-HT

HTT380

K-ZTC

Br-ZTC

FIG. 3. XRD profiles for the non-HT, HTT380, K-ZTC, and
Br-ZTC samples. The vertical axis for each sample is shifted for
clarity.
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higher temperature range �T�10 K� and shows a slight drop
in the lower temperature region �T�10 K� like that for
HTT380. The �T vs T plots for the Br-ZTC and HTT780
samples are almost temperature-independent in the higher
temperature range �T�10 K� and show a slight drop in the
lower temperature region �T�10 K�, similar to the case of
HTT380. However, the absolute value of �T for Br-ZTC and
HTT780 is almost half that in the case of HTT380. Table II
summarizes the temperature-independent diamagnetism
terms for all the samples.

The magnetization curves for the HTT380 sample at 2 K
and those for K-ZTC at 2, 16, and 30 K are shown in Fig. 8
with the Brillouin curve S=1 /2, where the spin concentra-
tion for calculating the Brillouin curve was obtained by using
the Curie constant for HTT380 with assumption of the spin
quantum number of S=1 /2 for the edge-state spin on the
basis of the theoretical results.14

For the HTT380 sample, the magnetization, which shows
localized spin magnetism without hysteresis, is lower than
that expected from the noninteracting spins �Brillouin curve
S=1 /2�

The magnetization curve for K-ZTC shows weak hyster-
esis at 2 K in the intermediate field range between 1 and 4 T,
although the magnetization value is almost equal to that for
HTT380. The hysteresis becomes almost non-noticeable at
temperatures above 16 K.

The ESR signal is described by a single Lorentzian line
for all the samples. Figure 9 shows the temperature-

dependence of the ESR intensity and the linewidth for the
HTT380 and K-ZTC samples. In both samples, the intensity
shows Curie-type behavior in the high-temperature region
above ca. 20 K, but the intensity is gradually suppressed and
starts decreasing below 20 K. At room temperature, the line-
width for the HTT380 sample is around 0.06 mT and is
almost temperature-independent, while that for the K-ZTC is
0.11 mT at room temperature and decreases with decreasing
temperature. This decrease in the linewidth is gradually sup-
pressed around 20 K. The minimum linewidth is attained at
16 K, and subsequently, the linewidth rapidly increases as
the temperature decreases.

IV. DISCUSSION

A. Structural change during pretreatment and guest
adsorption

In the ambient condition, the ZTC sample contains a large
concentration of foreign chemical species, which signifi-

TABLE I. The peak positions and the linewidths of the Raman G and D band, as well as the crystalline
sizes for non-HT, HTT200, HTT300, HTT380, K-ZTC, and Br-ZTC. The Raman peak position and its
linewidth are expressed in cm−1, while the crystalline size is expressed in nm.

Sample G position G linewidth D position D linewidth Crystalline size IG / ID

non-HT 1610 26 1353 80 3 0.46

HTT200 1609 25 1352 87 2 0.43

HTT300 1609 25 1356 85 2 0.44

HTT380 1610 27 1355 75 3 0.47

HTT780 1596 37 1340 75 3 0.56

K-ZTC 1601 25 1345 50 3 0.62

Br-ZTC 1593 32 1345 78 3 0.61

Graphitea 1582

aReference 4.

TABLE II. The temperature independent terms of the magnetic
susceptibility for non-HT, HTT200, HTT300, HTT380, K-ZTC, and
Br-ZTC.

Sample �0 /emu g−1�10−6

non-HT −0.6

HTT200 −0.7

HTT300 −0.6

HTT380 −0.6

HTT780 −0.4

K-ZTC −0.4

Br-ZTC −0.2
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FIG. 7. The temperature-dependence of the �T value for nonad-
sorbed ZTC �HTT380�, HTT780, Br-ZTC, K-ZTC, and O2-ZTC
�0.01 Torr�. The open triangles, squares, open circles, closed circles,
and crosses represent ZTC �HTT380�, ZTC �HTT780�, Br-ZTC,
K-ZTC, and O2-ZTC �0.01 Torr�, respectively. Each datum is ob-
tained after the temperature-independent term is subtracted from the
observed susceptibility.
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cantly modify its magnetic properties because of its very
large specific surface area ��3000 m2 g−1�.28 Thus, such
chemical species should be removed from the sample prior to
measurements by degassing it at a high temperature in
vacuum. However, there is a possibility that the heat-
treatment process in vacuum at high temperatures damages
the structure of ZTC. The guest adsorption process can also
be harmful to the host ZTC structure. In order to investigate
the details of the host-guest interaction, it is important to
carefully evaluate the stability of the host material structure.
Thus, the stability of vacuum-heat-treated and guest-
adsorbed ZTC samples was first investigated by structural
analysis.

Prior to the investigation of the effect of vacuum-heat-
treatment or guest adsorption, the stability of the 3D curved
graphene network structure of the as-prepared ZTC was ex-
amined. The sharp peak around 6.5° appearing in the XRD
profiles for the non-HT samples proves the presence of a
periodic structure with a periodicity of 1.4 nm. Indeed, it
matches the periodicity of the networked cages of the zeolite
Y template rather than that of the graphene honeycomb or
sheet stacking structure. The periodicity of 1.4 nm is there-
fore attributed to the 3D network in the ZTC structure. In
addition, the absence of the XRD peak for graphite �002�
suggests that the graphene sheets in ZTC are not stacked.
This suggests that the arrayed nanopore structure of the zeo-
lite template is transcribed into the graphene network of
ZTC.

The results of Raman spectroscopy reveal specific fea-
tures of the graphene honeycomb structure of ZTC. The
emergence of the G and D bands in the Raman spectrum
means the presence of the graphene structure; the G band
and the D band correspond to the vibrational modes assigned
to the �-conjugated bonding and ringed sp2-carbon structure,
respectively. The ratio of the G band and D band intensities,
IG / ID, provides information on the degree of the spatial ex-
tent of the graphene honeycomb network. By applying the

empirical formula for graphitic carbon materials,32 the size
of the graphene sheet is estimated as 2–3 nm for the non-HT
sample �see Table I�. Here, the coefficient in the formula is
corrected with respect to the excitation-energy dependence.33

Since the diameter of the supercage of zeolite Y �1.3 nm� is
smaller than the size of the graphene sheet, the graphene
sheet having a size of 2–3 nm cannot exist as a flat sheet but
must exist as a curved sheet along the wall of the supercage
of the zeolite template in ZTC.

Next, the effect of vacuum heat-treatment on the structure
of ZTC was investigated. The structural change in the 3D
network of the arrayed nanopores during heat-treatment is
well characterized by the XRD results. As shown in Fig. 3,
the periodic structure of the arrayed nanopores was preserved
even after the vacuum-heat treatment up to 380 °C. This
implies that the thermal decomposition of the functional
groups at the edge part of graphene sheets, as indicated by
the TDS results, does not destroy the fundamental graphene
backbone of the ZTC structure during the vacuum-degassing
process up to 380 °C.

The Raman spectra also support the thermal-proof nature
of the ZTC network structure. The common features of the
spectra for non-HT, HTT200, HTT300, and HTT380 indi-
cates the robustness of the backbone structure of ZTC to the
heat treatment up to 380 °C. On the other hand, the line
shape for HTT780 is clearly different from that of other
samples. The increase in the linewidth and the downward
shift of the G-peak position for HTT780 �see Table I� indi-
cate the destruction of the ZTC graphene backbone. The
G-band peak position for HTT780 is much closer to that for
graphite, suggesting that the curved graphene structure re-
laxes into a thermodynamically stable flat graphene struc-
ture. This local structural modification induces successive
disappearance of the periodicity of the 3D graphene network.
This is indicated by the fact that the peak around 6.5° in the
XRD profile is gradually suppressed with an increase in the
heat-treatment temperature above 380 °C, and completely
vanishes at 780 °C.34

Here, it should be mentioned that the G-band position
�1610 cm−1� is significantly higher than that in the case of
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graphite �1582 cm−1� �Ref. 4� for non-HT, HTT200,
HTT300, HTT380 �see Table I�. In the graphene structure,
the G-band position is generally related to the occupation of
the � band through strong electron-phonon coupling, where
electrons �holes� partially occupying the bottom �top� of the
antibonding �bonding� ��-��-� band cause softening �hard-
ening� of the C–C bonds. The TDS results indicate that the
non-HT sample has oxygen-contained functional groups,
whose concentration is estimated as 8.9% on the basis of
recent results.25 Thus, charge transfer from the graphene
backbone to the oxygen sites of the functional groups on the
edges can contribute to hole doping and the upward shift of
the G-band peak. However, even in the case of the sample
heat-treated at 380 °C, which is determined to have a low
oxygen concentration on the basis of TDS results, the G band
still remains at the higher position. The observed upward
shift therefore cannot be explained by the charge transfer; the
mechanism of this shift is different. A recent theoretical
study reveals the hardening of the G mode for SWNT
through the enhancement of the electron-phonon coupling,
when the graphene structure is curved.35 This allows us to
conclude that the curved nature of graphene sheet is the rea-
son for the observed upward shift of the G band; nonetheless,
a small contribution of charge transfer cannot be ignored,
taking into account the slight upward shift observed in
HTT780 with respect to graphite. The minor thermally stable
oxygen-containing functional groups, which survive even af-
ter the heat-treatment up to 780 °C, are responsible for the
slight charge transfer.

Let us discuss the effect of the guest adsorption on the
ZTC structure. As shown in Fig. 3, the x-ray diffraction peak
around 6.5° corresponding to the 3D periodic nanopore net-
work of ZTC is preserved during the potassium adsorption
process. The line shape of the Raman spectrum for K-ZTC
shown in Fig. 5 resembles that for the HTT380 sample, ex-
cept for the downward shift in the G-band peak �from
1610 cm−1 to 1601 cm−1�. The observed XRD and Raman
spectroscopy results for the K-ZTC sample suggest that the
ZTC backbone structure does not collapse during the potas-
sium adsorption process. Moreover, the downward shift of
the Raman G band upon potassium uptake is understood by
considering the occupation of the �-band via charge transfer
from the guest potassium, which is a strong electron donor.
Empirically, the doping-induced peak shift 	k �cm−1� of the
G band in graphene is related to the rate fc of charge transfer
per carbon atom from graphene to guest species according to
the relation;36,37 −1.63�10−6�	k�2=0.157fc+0.146fc

3/2

+0.236fc
2. Using this relation with 	k=1601–1610, the

charge transfer rate fc is estimated as fc=1–2�10−3 for
K-ZTC, which is more than two orders of magnitude smaller
than that for bulk potassium intercalated graphite �fc=0.075
for KC8�.5 This extremely small charge transfer can be ex-
plained by the structural features of the ZTC, which consists
of an arrayed nanopore network of nonstacked single sheets
of curved nanographene. First, because of the absence of
stacking structures, chemically active graphitic galleries into
which potassium atoms are intercalated for charge transfer in
the case of graphite intercalation compounds cannot be ob-
tained. Instead, the adsorbed potassium atoms are accommo-
dated into the nanospace surrounded by the curved graphene

wall and form nanoclusters in ZTC, where a loosely bounded
structure is responsible for the weak interaction between the
adsorbed potassium and graphene. In addition, and more im-
portantly, we have to take into account the fact that the am-
photeric nature of graphene is degraded in the curved struc-
ture of the nanographene sheet. Indeed, the curvature causes
the mixing of sp3 character in the pz-electronic state, result-
ing in a lower density of states or the creation of a gap at the
Fermi energy in the ZTC host. This negatively affects the
charge transfer, as evident from the extremely small charge
transfer rate.

Regarding the Raman spectra, it should be noted that the
linewidth of the G band for K-ZTC is reduced compared to
that for HTT380. In general, the broadening of the Raman
peak occurs in the case of structural damage because of the
random potential and structural disorder. In the case of the
HTT780, where the curved graphene structure is destroyed,
the downward shift of the G band is accompanied by line-
width broadening. Meanwhile, it is known that the G-band
shift induced by charge transfer in the curved graphene is
accompanied by linewidth narrowing;38 here, the shift of the
Fermi energy by doping suppresses the phonon annihilations
into an electron-hole pair through the Kohn anomaly effect.
This contributes significantly to the homogeneous broaden-
ing of the G-band peak. It follows that the linewidth narrow-
ing followed by the downward shift in the G band of the
K-ZTC is a consequence of the charge transfer from potas-
sium; the curved structure of the graphene in the ZTC struc-
ture is preserved during potassium adsorption unlike the case
for HTT780.

In contrast to K-ZTC, the ZTC structure is drastically
modified in the case of bromine adsorption, as indicated by
the disappearance of the fingerprint diffraction peak �6.5°� of
the ZTC superstructure. The Raman spectrum for Br-ZTC is
different from that for HTT380 and resembles that for
HTT780, where the ZTC backbone structure is destroyed.
The bromine adsorption results in the downward shift of the
G-band accompanied by an increase in the linewidth �Table
I�. These experimental results demonstrate that the graphene
sheet becomes flat after the curved graphene network of ZTC
is completely destroyed in Br-ZTC. Here, it should be noted
that the occurrence of a slight shift in Br-ZTC with respect to
graphite is given by fc=1–2�10−3, which is similar to that
for K-ZTC, and it indicates that the charge transfer between
ZTC and bromine, as well as that between K-ZTC and
graphene, is quite weak. Remember that a similar charge
transfer indicated by the slight Raman shift with respect to
graphite occurs in the case of HTT780; this is caused by
thermally stable minor oxygen-containing functional groups
bonded to the graphene edges. Eventually, the bromine ad-
sorbed in the nanopores slightly contributes to the charge
transfer; the extent of this charge transfer is similar to that
induced by the oxygen-containing functional groups.

We can summarize the effect of heat-treatment and guest
adsorption as follows: The ZTC structure can be preserved in
the heat-treatment below 380 °C or potassium adsorption,
whereas it is destroyed above this temperature or during bro-
mine adsorption. The destructive feature of bromine adsorp-
tion will be discussed later in relation to the origin of the
localized spins.
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B. Magnetic properties of ZTC

As mentioned in the introduction, the ferromagnetic fea-
tures of the as-prepared ZTC �non-HT� have been previously
reported.26 According to the reported study, a ferromagnetic
transition occurs at 30 K. This is accompanied by slight
spontaneous magnetization created below the Curie tempera-
ture. However, the details of the sample characterizations
and the measurements are not provided. In the present study,
no ferromagnetism is detected in the nonadsorbed ZTC �non-
HT, HTT200, HTT300, HTT380�, although we confirmed
the reproducibility of the experiment many times. As we re-
port here, the magnetism of ZTC is sensitive to the atmo-
sphere and sample treatment conditions. Such strong depen-
dency of magnetism on the sample is understood by
considering the nanoporous nature and the presence of
chemically active site, namely, the curved part and the edge
of graphene. Therefore, without detailed characterization of
the sample, we cannot conclude the presence of the ferro-
magnetism of the nonadsorbed ZTC.

First, we discuss the magnetic properties of ZTC in rela-
tion to the heat-treatment effect. In the present study, the
non-HT sample and the samples heat-treated up to 380 °C
show paramagnetic behavior over the entire range of mea-
surement temperatures �2–300 K�, as seen in the static sus-
ceptibility �Fig. 6�. The ESR intensity �Fig. 9� shows an ap-
parent decrease, indicating a magnetic transition in the
lowest temperature region. However, this apparent decrease
is a consequence of the saturation effect because of the high
microwave power in this experiment �1 mW�.39 In addition, a
hump appears in the �T plot for the non-HT and HTT200
samples. The hump corresponds to the magnetism of the ad-
sorbed oxygen molecules included in the ambient gases, as
this generally appears in the porous materials. Indeed, a simi-
lar hump appears in the sample that was intentionally con-
taminated by a small amount of oxygen �O2-ZTC �0.01
Torr��, as shown in Fig. 7. The suppression of the hump upon
a further increase in the heat-treatment temperature indicates
the successful degassing of the adsorbed oxygen molecules.
The oxygen content becomes lower than the detection level
in the magnetic measurements for HTT300 and HTT380. In
this case, TDS results reveal that the thermally unstable func-
tional groups at the edge sites of curved graphene are also
decomposed. On the other hand, the magnetic susceptibility
for HTT780 changes significantly and its absolute value de-
creases considerably relative to the corresponding values for
non-HT, HTT200, HTT300, and HTT380. This is consistent
with the fact that the ZTC structure is destroyed in the
HTT780 sample, and the magnetism of the HTT780 sample
is very different from the intrinsic magnetism of ZTC. Thus,
in the following discussion, we mainly focus on the sample
vacuum-heat-treated at 380 °C �HTT380� as nonadsorbed
ZTC.

The magnetic susceptibility for the nonadsorbed ZTC
�HTT380� is expressed in terms of the Curie-Weiss term �C
and the temperature-independent term �0. The temperature-
independent term is obtained as −0.6�10−6 emu g−1 by ex-
trapolating the susceptibility to infinite temperature. The ab-
solute value of �0 for HTT380 is smaller than that in the case
of flat nanographene with an in-plane size of 2–3 nm �−0.8

�−0.9�10−6 emu g−1� in ACFs �Refs. 6 and 7� but larger
than that in the case of diamond �−0.5�10−6 emu g−1�. The
value of �0 for diamond is well explained by the Pascal core
diamagnetism. The larger absolute value of �0 for nan-
ographene is attributed to the contribution of the orbital mag-
netism of the � electron. The strength of the orbital suscep-
tibility represents the extent of the �-conjugate system in
carbon materials. The observed absolute value �−0.6
�10−6 emu g−1�, which is smaller than that of nanographene
in ACFs, indicates that ZTC has a graphitic �-electron net-
work whose extent is smaller than that of the nanographene
sheet in ACFs. This is caused by the nonflat graphene struc-
ture, in which the sp3 nature is admixed with the �-electron
state. The absolute value of �0 in HTT780 �−0.4
�10−6 emu g−1� is slightly less than that for HTT380, being
consistent with the defective nature caused by the destruction
of the curved structure of graphene sheet in HTT780. The
disorder in the graphene sheet structure, which is evidenced
by the large linewidth of the G-band peak in the Raman
spectrum, gives the smaller extent of the �-conjugate system
in HTT780.

Let us investigate the detailed behavior of the localized
spins on the basis of the experimental results. From the
Curie-Weiss term �C, the localized spin density is found to
be 1�1020 g−1 for HTT380. The reduction in �T, which
represents the effective magnetic moment, below 10 K indi-
cates the presence of weak antiferromagnetic interaction be-
tween localized spins. This is also indicated by the small
negative Weiss temperature �less than 1 K�. From the spin
density and mass density of ZTC �1.63 cm−3 g�, the latter of
which is calculated by using the structural model based on
the geometry of the pore for Y-zeolite, the average inter-spin
distance is estimated as 1.8 nm; the estimation is based on
the assumption of the homogeneous spatial distribution of
the spins in average. The obtained average inter-spin distance
roughly matches the periodicity of ZTC �1.4 nm�. Thus, we
can conclude that each structural unit of the ZTC porous
network has a single spin.

The following discussion is devoted to the origin of the
localized spins present in ZTC. In amorphous carbon mate-
rials, the unpaired electrons belonging to the dangling bonds
are attributed to the origin of the localized spin. However, in
the case of nanoporous carbon materials like ZTC, where
�-dangling bonds are completely exposed to the ambient at-
mosphere, the dangling bonds are immediately terminated
because of foreign species such as oxygen molecules in the
ambient environment. Therefore, the dangling bond spins
cannot be classified as the localized spins observed in ZTC.
The present experimental result that the spin concentration is
independent of the heat-treatment temperature suggests that
the functional groups are not responsible for the localized
spins, because the heat-treatment decomposes the functional
groups as indicated by the TDS results. Instead, we should
remember that ZTC consists of a combination of cup-like
curved graphene and the thinner cullislike curved graphene,
where the edge-state spin and radical spin of negative curved
graphene exist at the graphene edges and the crotch-shaped
part between the cup and cullis, respectively, in the curved
graphene network. The localized spins of the nonbonding
�-edge states can survive in the presence of the chemically
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active foreign species. The radical spins of the unpaired elec-
trons of undercoordinated carbon atoms are also relatively
inert as they are sterically stabilized by surrounding sp2 car-
bon atoms in the strained saddle parts of the negatively
curved graphene network. This is similar to the case of radi-
cal molecules stabilized by bulky functional groups whose
steric effect protects the radical state against the attack by
chemically active foreign species in the environment.40 We
can conclude that the edge-state spins and the spins in the
negatively curved graphene are the origin of the observed
spin magnetism in ZTC. This is supported by the change in
the magnetism that accompanies the heat-treatment at
780 °C and bromine uptake; in particular, a reduction by
half occurring in the spin concentration in HTT780 and Br-
ZTC �see Fig. 7�, in which the negatively curved structures
relaxed and the graphene edges are not seriously affected.
Some localized spins remain in Br-ACFs and HTT780; this
indicates the coexistence of the radical spins at the curved
part and edge-state spins at the graphene edges.

Here, the highly sensitive nature of the curved graphene
structure of ZTC to bromine uptake is discussed. In compari-
son with the interior carbon site of flat graphene, which is
robust to the bromine attack, the carbon site on the geometri-
cally strained network is more sensitive to the reaction with
bromine. Therefore, the negatively curved graphene structure
is destroyed by the bromine adsorption, following by the
approximately 50% reduction in the spin concentration.

C. Magnetic order in potassium adsorbed ZTC

In this section, we discuss the magnetism of potassium
clusters accommodated in the nanopore space. The
temperature-independent term �0 �−0.4�10−6 emu g−1� for
K-ZTC shows a slight positive shift compared to that for the
nonadsorbed ZTC �−0.6�10−6 emu g−1�. The change in the
Fermi energy of ZTC induced by the charge transfer from
potassium �fc=1−2�10−3� is too small to induce a change
in the Pauli paramagnetism of ZTC. In fact, it is two orders
of magnitude smaller than that for bulk graphite potassium
intercalation compounds5 and less than that in potassium-
adsorbed flat nanographene of ACFs.10 Thus, the slight ob-
served change in �0 is attributed partly to magnetism origi-
nating from the adsorbed potassium atoms, which form
clusters in the nanopore space.

As shown in Fig. 7, �T for K-ZTC exhibits a sharp peak
at 16 K; there is no other significant difference between
K-ZTC and ZTC �HTT380�. This peak is well reproduced for
the samples prepared by using the pristine ZTC in various
pre-treatment conditions �HTT200, HTT300, and HTT380�
and is not attributed to an extrinsic origin. As possible rea-
sons for the appearance of this peak, we note the contamina-
tions of the oxygen molecules and KO2 during the potassium
adsorption process, the latter of which is possibly contained
as an impurity in starting potassium even after sufficient pu-
rification. KO2 exhibits an antiferromagnetic transition.
Here, a peak feature in the �T value is sometimes observed.
However, the transition temperature of KO2 is 7.1 K,41 which
is clearly lower than the peak temperature of 16 K for
K-ZTC. The contamination of the magnetic oxygen mol-

ecules is also often suspected to occur during the magnetic
measurement. However, in the temperature-dependence plot
of �T for O2–ZTC �0.01 Torr� shown in Fig. 7, as generally
seen in oxygen-contaminating porous materials, the �T value
shows a broad hump around the temperature range 50–100
K; this hump is different from the peaklike feature appearing
around 16 K. The contribution of either oxygen molecules or
KO2 species is therefore excluded. Although the change in
the magnetism of ZTC upon potassium uptake should also be
considered as another reason for the appearance of the peak,
the adsorbed potassium influences the ZTC structure to a
lesser extent, and its interactions with the graphene cage are
weaker, as discussed in the previous section. The observed
ESR linewidth is still sharp and is only doubled upon the
adsorption of potassium in ZTC380. If the exchange interac-
tion between the host ZTC and potassium clusters occurs, a
large increase in the linewidth in the ESR spectrum is ex-
pected for K-ZTC, contradictory to experimental results,
since the spin-orbit interaction of potassium is large
�38 cm−1�.42,43 It is finally suggested that adsorbed potas-
sium does not influence the magnetism of ZTC. This is also
consistent with the fact that the charge transfer interaction
between the guest species and host ZTC is quite small. This
is because of the mixing in the electronic states between �-
and � state in the curved graphene sheet of ZTC, resulting in
the less interaction between ZTC and the guest material.
Thus, the �T peak at 16 K is attributed to the magnetism of
potassium clusters confined in the nanopores in ZTC.

Let us discuss the magnetism of the spins of the potas-
sium clusters in detail. Because the magnetism of the ZTC is
not influenced by potassium adsorption, as seen in the ESR
linewidth, the contribution of potassium clusters to the mag-
netism �dM� is determined by subtracting the magnetization
values for ZTC �HTT380� �M� from those for K-ZTC, as
shown in Fig. 10. The magnetization exhibits the ordinary
Curie-Weiss type temperature-dependence in the high-
temperature region �T�24 K�, while a sharp increase in the
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magnetization starts appearing around 24 K. The rapidly in-
creasing magnetization tends to saturate as the lowest tem-
perature is approached. This suggests the onset of ferromag-
netic ordering around 24 K. An indication of the
ferromagnetism of potassium cluster also appears in the
magnetization curves shown in Fig. 8 for the K-ZTC at 2, 16,
and 20 K. Here, a hysteretic ferromagnetic contribution of
the potassium clusters in K-ZTC is visible in the magnetiza-
tion at 2 K, on the background of the majority paramagnetic
contribution of the spins of curved graphene. As the tempera-
ture is increased, the ferromagnetic component becomes un-
noticeable above 16 K. Interestingly, the observed remnant
magnetization is negligibly small at the zero magnetic fields.
Therefore, the small observed hysteresis and remnant mag-
netization more conclusively suggest the presence of weak
ferromagnetism that appears in the range of intermediate
field strengths �0.5–4 T�.

With respect to the anomalous weak ferromagnetic behav-
ior, we should remember that the potassium cluster confined
in the zeolite nanopore shows weak ferromagnetism.16,17 In
the potassium clusters accommodated in a nanopore of zeo-
lite, potassium 4s electrons successively occupy the 1s and
1p states of the super atom �the cluster states�. The strong
anisotropic interaction between the magnetic moments of ad-
jacent clusters causes a large-angle spin canting with a nega-
tive Weiss temperature. This results in the weak ferromag-
netic ordered state with a transition temperature of �10 K.
The transition temperature is in the same temperature range
as the temperature �24 K� at which the magnetization starts
increasing in the present experiment. In K-ZTC, the zeolite
periodic nanopore network is preserved in the microscopic
structure, as discussed above. Thus, the potassium clusters in
K-ZTC are arranged in the nanopore network in a manner
similar to that in the potassium-doped zeolite systems.
Therefore, a similar mechanism might be responsible for the
magnetism observed in the potassium clusters in the present
system. Interestingly, in comparison with potassium-doped
zeolite LTA, K-ZTC has a higher weak ferromagnetic transi-
tion temperature �24 K�. This is explained by the greater
channel width of zeolite Y, which is the template material for
the ZTC in the present study. The greater overlap of the wave
function of the potassium clusters through the wider channel
is a favorable condition for the transition temperature to in-
crease.

For discussing the details, let us assume a magnetic mo-
ment similar to the potassium cluster in zeolite, i.e., 0.24
B
per cluster at 100 Oe and 1.7 K,16 as the potassium content is
not available in the present experiment. Since the excess
magnetization below 24 K originates from the spontaneous
magnetization in the weak ferromagnetic state of potassium
clusters, we can estimate the number of potassium clusters
having the spontaneous magnetization from the value of the
excess magnetization at T=0 K. Then, from the value of the
excess magnetization, the number of potassium clusters is
estimated as �1�1018 /g, which is two orders of magnitude
smaller than that expected from the nanopore density of ZTC
��1�1020 /g�. This is a reasonable result, since the nano-
pore network of ZTC does not have a perfectly ordered struc-
ture. In other words, the network of the magnetic clusters
comprising regular arrays is imperfectly and inhomoge-

neously formed in K-ZTC, and the volume fraction of the
magnetically ordered area is small �0.01� in the present
sample.

Interestingly, the ferromagnetic transition of the potas-
sium cluster can be investigated by obtaining the ESR spec-
trum of the spins of the host ZTC. As seen in the magneti-
zation curves and the ESR linewidth, the magnetism of
K-ZTC is governed by that of the host ZTC, and the minority
spins in the potassium clusters are not coupled with the spins
in ZTC. Namely, the ESR spectrum in K-ZTC is assigned
neither to the potassium spins nor to the coupled system of
the graphene and potassium spins; rather, it is attributed only
to the graphene spins as discussed already. Indeed, using the
number and the values of the magnetic moments of the po-
tassium clusters estimated from the magnetization �0.24
B

with a density of 1�1018 /g, respectively� and assuming a
homogeneous distribution of the moments, the dipolar field
of the potassium spins is estimated as 0.07 mT, which is
roughly equal to the increase in the observed linewidth upon
potassium uptake. Therefore, it is concluded that the spins in
the host ZTC are merely affected by the dipolar field of the
potassium spins; there is no exchange interaction between
the two spin systems. However, as shown in Fig. 9�b�, the
linewidth for K-ZTC slightly decreases with a decrease in
temperature, and this decrease is accompanied by an abrupt
increase below 16 K, in contrast to the case of nonadsorbed
ZTC. The temperature at which the linewidth begins to
broaden is identical to that at which the peak feature appears
in the �T plot. The abrupt increase in the linewidth is a
consequence of the development of the ferromagnetic inter-
nal field in the case of the potassium spins. The development
of the magnetic ordering of the potassium cluster spins gen-
erates fluctuations in the internal field in K-ZTC. As a result,
through the dipolar field, the magnetic ordering of the potas-
sium cluster is reflected in the behavior of the paramagnetic
graphene spins of ZTC, which are fundamentally indepen-
dent of the former.

As already discussed above, the observed ESR signal is
assigned to the paramagnetic host spins, which are not sub-
jected to the exchange interaction with potassium spins.
Eventually, the abrupt increase in the linewidth is a conse-
quence of the development of the ferromagnetic internal field
at the potassium spins. The development of the magnetic
ordering of the potassium cluster spins generates fluctuations
in the internal field in K-ZTC. As a result, the magnetic
ordering of the potassium cluster is mirrored to the behavior
of the paramagnetic graphene spins of ZTC, which are inde-
pendent from the former.

Finally, we comment on the difference between the be-
havior observed in the present results and that of the ACFs
consisting of flat nanographene sheets.10 In the latter case,
potassium antiferromagnetic clusters created in the ACF
nanopores interact more strongly with flat nanographene
sheets than they do with the curved graphene sheets in the
present case. The curvature in the graphene sheets plays an
important role in producing the weak ferromagnetic feature
similar to that in the potassium cluster in zeolite and dissimi-
lar to the magnetism of the potassium cluster in ACFs.
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V. CONCLUSION

The curved graphene network with the regularly aligned
array of nanopores is investigated from the viewpoints of
structure and magnetism, and its guest adsorption effect by
using zeolite-templated carbon �ZTC�, which is composed of
the curved graphene cups that form nanopores with a diam-
eter of �1 nm and are connected by the graphene cullis with
a diamond network structure. The ZTC structure is preserved
during both heat-treatment up to 380 °C under vacuum and
potassium adsorption, in spite of the destructive effect of
heat-treatment up to 780 °C and bromine adsorption. The
presence of curvature, as well as an edge, in graphene gen-
erates localized magnetism. In particular, the edge-state spins
at the edge and radical spins at the regions of negative cur-
vature of the graphene network generate the localized spins,
resulting in paramagnetism for nonadsorbed ZTC at all mea-

surement temperatures down to 2 K. In the case of potassium
adsorption, potassium atoms are accommodated as clusters
in the nanopores in ZTC without significant electronic inter-
action with the curved graphene host. Potassium clusters in
the nanopore network in ZTC exhibit weak ferromagnetic
ordering around 24 K; here, a spin canting is responsible for
the weak ferromagnetism. The localized spins of the ZTC
host system, which are well isolated from the potassium
guest, can act as an accurate probe for the detection of the
magnetism of guest species.
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