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Recently, our laboratory has developed a zeolite-templated synthesis route to microporous threedimensional (3D) graphene-like carbons via lanthanum-catalyzed carbonization of ethylene. In the
present work, we optimized the ethylene carbonization conditions for a zeolite X template, using an
inexpensive Ca2þ-ion catalyst instead of La3þ-ion catalyst. This synthesis gave a high carbon yield based
on the template pore volume, and exhibited no signiﬁcant amount of carbon deposition on the external
surfaces. Single crystal X-ray diffraction analysis indicated that the carbon had 3D graphene- or
nanotube-like frameworks along the surface of the zeolite pore walls, similar to the case of La3þ catalyst.
With a 70-g batch of carbon synthesis, we demonstrated the potential of this synthesis route for largescale production that would bring about a wide range of practical applications.
© 2017 Elsevier Ltd. All rights reserved.

1. Introduction
Nanoporous carbons have been a target of active research in
recent years as adsorbents [1e3], catalyst supports [4e6], and
electrical energy storage materials [7e10]. In particular, the synthesis of nanoporous carbons with uniform pores of tailored size
has attracted much attention, due to possibilities of optimizing the
porous structure to desired properties. One of the most effective
methods to synthesize such nanoporous carbons is to use a porous
template, as in the synthesis of ordered mesoporous carbons
referred to as ‘CMK’ [11,12]. The CMK carbons can be readily synthesized using mesoporous silica templates because the template
pores are large enough to accommodate a sufﬁcient amount
organic carbon precursors to yield rigid carbon frameworks. When
the carbon synthesis method is employed with microporous zeolite
templates, however, the pore volume becomes too small to host a
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sufﬁcient amount of carbon source. To build a rigid carbon framework, it is necessary to feed the carbon source continuously into the
zeolite pores at a high temperature. The carbon deposition under
this condition tends to occur preferentially on external surfaces or
in the outer regions of zeolite particles, wherever the carbon source
contacts ﬁrst within the reactor [13e18]. This problem can be
reduced by fast ﬂow of carbon source through a thin bed of zeolite
template to ensure rapid diffusion. However, when the synthesis is
upscaled to a thick bed, it causes serious diffusion limitations,
preventing access of the carbon source into inner pores. Despite
this problem, recent studies indicated that zeolite-templated carbons have remarkable potential for CO2 uptake [19,20], methane
storage [21,22], supporting metal catalysts [23,24], and as an electrode material of electric double-layer capacitors [25,26].
Very recently, our group approached the problem of carbon
synthesis by employing La3þ ions [27]. The synthesis using La3þexchanged zeolites as a template and ethylene as a carbon source
showed that the carbon formation occurred selectively inside
pores, without external carbon deposition even in a large-scale
synthesis. X-ray single crystal analysis revealed that the resultant
carbon had a three-dimensional (3D) graphene-like highly ordered
microporous structure inside the zeolite pores. Furthermore, it was
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discovered that the catalytic effect was a common feature of La3þ,
Y3þ, and Ca2þ ions in zeolite. Based on this result, the pore-selective
carbon deposition was attributed to a catalytic effect for carbon
deposition through a d-p coordination bonding between La3þ and
oleﬁns.
Calcium is inexpensive as compared to lanthanum and yttrium,
and can be easily put into zeolites through ion exchange. Employing
Ca2þ ion-exchanged zeolites to produce high-quality carbons
similar to the case of La3þ would offer an excellent advantage for
large-scale applications. However, this possibility was not properly
explored in our previous study; a CaY zeolite was tested only as a
carbon template in an attempt to gain insights into the catalytic
mechanism. In the present work, therefore, we investigated the
possibility of large-scale synthesis. We chose zeolite X as a template
due to its cost effectiveness. This zeolite was ion-exchanged with
Ca2þ to various levels. Various experimental factors affecting the
conversion of ethylene to carbon were studied. Finally, a scale-up
synthesis was tested with 200 g of zeolite.
2. Experimental section
2.1. Synthesis of zeolite X and Ca2þ-ion exchange
Zeolite X was synthesized in a Naþ ionic form (i.e., NaX), according to the literature procedure [28]. Silica gel (Davisil Grade 62,
Sigma-Aldrich) and sodium aluminate (53% Al2O3: 42.5% Na2O:
4.5% H2O, Sigma-Aldrich) were used as silica and alumina sources,
respectively. These reactants were mixed with sodium hydroxide
(97%, Daejung), sodium chloride (99%, Junsei) and deionized water
to give a molar composition of 10.0 SiO2: 1.0 Al2O3: 5.5 Na2O: 6.0
NaCl: 180 H2O. The mixture was heated at 100  C for 1.5 d to achieve full zeolite crystallization. The zeolite product was collected in
a powder form by ﬁltration, washed with deionized water, dried at
60  C, and calcined at 550  C in air. The powder zeolite was polycrystalline and the size of zeolite crystals were about 1e3 mm in
diameter. The Si/Al molar ratio of zeolite was 1.5, which was obtained by inductively coupled plasma atomic emission spectroscopy. This zeolite sample was used throughout the entire work,
except for the X-ray single crystallography. For crystallographic
investigation, a large-crystal sample was synthesized using triethanolamine as an aluminum chelating agent, according to the
literature procedure [29]. The diameter of the crystals was in a
range of 30e40 mm. The Si/Al molar ratio for this zeolite was 1.32.
For carbon syntheses or carbonization measurements, zeolite
was used as NaX or after Ca2þ ion exchange. The ion exchange was
performed by stirring in an aqueous solution of CaCl2 hexahydrate
(98%, Sigma-Aldrich) at room temperature [30]. For a Ca2þ exchange in the range of Ca/Al ¼ 0.08e0.5, the exchange level was
controlled according to the amount of calcium chloride in the solution. For full Ca2þ exchange, the ion exchange treatment was
repeated twice with a 0.5-M CaCl2 solution containing two times
the Na moles contained in the NaX zeolite. After Ca2þ ion exchange,
all samples were ﬁltered, dried at 60  C, and calcined at 550  C in air
again. The fully Ca2þ-exchanged sample is denoted by CaX.
2.2. Measurement of carbon deposition on zeolite
A thermogravimetric analyzer (SHIMADZU TGA-50) was used
for optimization of carbon synthesis conditions. Sample pan holder
placed in the furnace during the measurement was replaced from
platinum to fused quartz. The gas inlet system was modiﬁed to ﬂow
ethylene, N2 and water vapor at controlled rates. Approximately
10 mg of zeolite was placed on the fused-quartz sample pan. The
ethylene ﬂow rate was controlled to 30 cm3 min1 while the N2
ﬂow was at 100 cm3 min1. The two gas ﬂows were combined and

fed to sample, or after further combined with 5.5 cm3 min1 H2O
vapor (N2/ethylene/H2O ¼ 74/22/4 in vol%). The changes in sample
weight were monitored in situ while the temperature was ﬁxed or
increased at a desired rate. The amount of the ﬁnal carbon deposition was checked by sample weight loss in air ﬂow while the
temperature was increased from room temperature to 800  C.
2.3. Templated synthesis of carbon
Carbon was synthesized using ethylene as a carbon source, and a
CaX as a template. In a typical carbon synthesis process, 0.3 g of CaX
was placed in a vertical plug-ﬂow fused-quartz reactor, which was
equipped with a fritted disk of 15-mm diameter. The reactor temperature was raised to 600  C (heating rate: 3  C min1) under dry
N2 ﬂow. At 600  C, the N2 ﬂow was combined with ethylene gas and
was switched to pass through a water bubbler before reaching the
zeolite bed. The N2/ethylene ratio and the total ﬂow rate were
controlled with a mass ﬂow controller (Line Tech M2030V). The
H2O content was controlled by the temperature of the bubbler. The
N2-ethylene-H2O ﬂow was continued for a desired period at 600  C.
After the full deposition of carbon, the gas ﬂow was subsequently
switched back to N2. The temperature was increased to 900  C and
was maintained for 2 h. After cooling to room temperature, the
resultant carbon-zeolite composite samples were treated with a
0.3 M HF/0.15 M HCl solution for 0.5 h twice, in order to dissolve the
zeolite framework. The carbon products obtained in this manner
were dried at 100  C after ﬁltration and washing with deionized
water.
For a large-scale synthesis, 200 g of CaX was used as a template.
A vertically mounted fused-quartz reactor of 75 mm in inside
diameter was used, and the zeolite was mounted on a quartz wool
plug instead of a fritted disk. The N2/ethylene/H2O volumetric ratio
was 0/87/13, and the total gas ﬂow rate was 230 cm3 min1.
2.4. Collection of crystallographic data
A CaX single crystal sample was treated in a N2-ethylene-H2O
ﬂow (N2/ethylene/H2O ¼ 64/32/4 in vol%) for 3 h at 600  C for full
carbon deposition. The sample was dehydrated under N2 ﬂow at
600  C for 2 h, and then kept under vacuum at 350  C for 2 h. Then,
the sample was coated with a silicone oil (Parabar 10312, Hampton)
in a glove box, which was performed to prevent moisture absorption during X-ray diffraction (XRD) measurements. A coated crystal
was mounted on a single crystal sample holder. XRD was measured
at 150  C over the range of 2q ¼ 5 e149 , using a Bruker D8Venture diffractometer with graphite-monochromated Cu Ka radiation (l ¼ 0.15418 nm) and a Photon 100 CMOS detector. The
diffractometer was equipped with an open-ﬂow cryostat using dry
N2 gas. The exposure time was 120 s per frame. Bruker APEX2
program was used for data collection, and SAINT program was used
for cell reﬁnement and reduction [31]. Absorption correction was
applied using the SADABS program [32].
2.5. Derivation of electron-density maps for carbon
Single crystal XRD data collected from a zeolite-carbon composite sample were analyzed by means of full-matrix least squares
calculation, based on F2 values with JANA2006. The detailed procedure was the same as described elsewhere [33]. In brief, a total
electron-density map (i.e., zeolite framework þ carbon) was obtained by the dual-space method with a charge-ﬂipping algorithm.
Based on the density map, a space group of Fd-3m was determined
with an overall agreement factor of 1.5. Zeolite framework structure
was reﬁned according to this space group. At ﬁrst, the zeolite
framework was reﬁned with XRD data which was collected above
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sinq/l ¼ 0.25 (corresponding to d  0.2 nm). This process disregarded all effects of intra-pore carbon deposition on XRD in the
high-angle region [34]. Hence, the zeolite framework data, obtained in this approximate manner, was taken as an initial value for
further reﬁnements. In the next step, a difference Fourier method
was employed to derive electron densities for carbon atoms, from
the difference between total electron density and zeolite framework. In this analysis, the entire set of XRD data over sinq/
l ¼ 0.05e0.63 were taken into account, but zeolite framework was
still assumed as the reﬁnement result based on sinq/l > 0.25. It was
also assumed that all carbon atoms should have the same atomic
displacement parameters. This assumption was taken to reﬁne the
carbon atoms without restraints for atomic bonding and geometry.
Then, using the carbon atoms and zeolite framework obtained
above as initial values, the entire structure was further reﬁned. The
reﬁnement was continued with the assumption of same atomic
displacement parameters for all carbons until convergence was
conﬁrmed (We failed to converge without this assumption). The
details of the reﬁnement data were provided in Table S1. Finally, we
used the difference Fourier method again, to obtain an electrondensity map for carbon after removing the carbon atoms obtained from the structure reﬁnement with the constraints. This
map was equivalent to the difference between the total electron
density and ﬁnally reﬁned zeolite framework.
2.6. Characterization
Si, Al and Ca contents of zeolite were analyzed by inductively
coupled plasma atomic emission spectroscopy using a Perkin Elmer
OPTIMA 4300 DV instrument. Powder XRD data were collected on a
Rigaku Multiplex instrument using Cu Ka radiation (30 kV, 40 mA).
Transmission electron microscopy (TEM) images were collected
with a FEI Titan E-TEM G2 instrument operating at a 300 kV acceleration voltage, after supporting sample powder on a holey
carbon grid (300 mesh) with ethanol dispersion. Scanning electron
microscope (SEM) images were taken with a FEI Verios 460 instrument at a landing voltage of 1 kV in a deceleration mode (stage
bias voltage ¼ 5 kV). Argon adsorption-desorption isotherms were
measured at liquid argon temperature (186  C), using a Micromeritics ASAP 2020 volumetric adsorption analyzer. Prior to
adsorption measurements, all samples were outgassed for 2 h at
300  C. The Brunauer-Emmett-Teller (BET) equation was used to
calculate the speciﬁc surface area using the adsorption data points
in a relative pressure range of 0.05e0.15. Pore size distribution and
pore volume were determined using quenched solid densityfunctional theory (DFT), assuming a slit-shaped pore geometry.
The micropore volume was determined from the DFT cumulative
volume in the pore diameter ranges of d < 2 nm. The total pore
volume was determined at P/P0 ¼ 0.97.
13
C solid-state nuclear magnetic resonance (NMR) spectrum was
acquired with magic angle spinning (MAS) using a Bruker Digital
Avance HD 400WB spectrometer at 9.4 T and at room temperature.
The observed frequency for 13C was 100.613 MHz and the MAS
speed was 12 kHz. 13C MAS NMR spectrum was recorded with a p/2
pulse width of 3.8 ms and a relaxation time of 5 s. Raman spectrum
was recorded on a Horiba Jobin Yvon ARAMIS spectrometer with a
laser excitation wavelength of 514 nm.
3. Results and discussion
3.1. Effect of Ca2þ on carbon deposition
Fig. 1a shows a plot of carbon deposition quantities on CaX
zeolite (i.e., the fully exchanged sample with Ca2þ ion in Section
2.1.) as a function of time in a N2-ethylene-H2O mixed gas ﬂow at
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Fig. 1. Amount of carbon deposition in zeolite X plotted as a function of time at 600  C.
(a) CaX with N2/ethylene/H2O ﬂow, (b) NaX with N2/ethylene/H2O ﬂow and (c) CaX
with N2/ethylene ﬂow.

600  C, which was measured by thermogravimetry (see Section
2.2.). The carbon amount increased following a typical S-shape
curve with an initial induction period, then steep elevation, and
saturation at the end. The carbon deposition proﬁle is similar to our
previous result obtained using La3þ-exchanged zeolites [27]. We
explained such a deposition proﬁle by a ‘rapid-spot-growth’
mechanism involving the following steps: (1) nucleation (i.e., seed
generation) in a zeolite cage, (2) rapid growth of the carbon
framework into neighboring cages, and (3) termination of the
framework growth. The plot for CaX in Fig. 1a indicates that carbon
deposition on CaX was terminated with a carbon amount of
approximately 0.36 g g1 zeolite after 6 h. This amount is very close
to a value of 0.37, which can be calculated by assuming that whole
zeolite micropores (pore volume ¼ 0.24 cm3 g1) would be occupied by carbon with a framework density of 1.56 g cm3 [27].
Compared to the carbon deposition of 0.36 g g1 CaX zeolite
after 6 h, NaX zeolite exhibited a very small amount of carbon
deposition, speciﬁcally 0.09 g g1 zeolite even after 12 h. The carbon deposition on NaX did not follow an S-shape curve, but rather it
exhibited a rapid initial saturation behavior followed by a slow
increase, without an induction period (Fig. 1b). When we compared
these two results from CaX and NaX, it was evident that Ca2þ ion
exchanged zeolite could promote carbonization of ethylene, similar
to the case of La3þ-exchanged zeolites. However, as shown in
Fig. 1c, when H2O vapor was excluded from the N2-ethylene-H2O
stream, the Ca2þ effect was delayed until 5 h of deposition time
indicating a long induction period. The amount of carbon deposition increased until 15 h following the induction period, but
stopped at just 0.27 g g1 zeolite. The limited carbon deposition
(i.e., 0.36 vs. 0.27 g) indicated that there was a diffusion problem,
similar to the case of carbon syntheses using acidic zeolite templates [15,17].
As proposed in our previous work, the Ca2þ effect in the presence of H2O appears to be due to the coordination of oleﬁnic hydrocarbon species to Ca2þ by electron donation from a p -bonding
orbital to an empty d-orbital of calcium. As in the case of La3þexchanged zeolites, this effect seems to disappear when H2O is not
present as the regeneration of uncoordinated calcium sites does not
occur. Feeding H2O vapor appears to result in a dissociation of
carbonaceous species from calcium, and thus uncoordinated calcium sites can be regenerated for continuous build-up of carbon.
Although the CaX zeolite in the absence of water vapor exhibited slow carbon deposition, it was still more effective as a carbon-
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deposition template than NaX zeolite. This may be attributed to a
higher zeolite acidity of CaX than that of NaX. In CaX, however, the
carbon deposition stopped at 0.27 g g1 zeolite. It seems that the
ethylene diffusion into zeolite pores was more easily blocked in the
acid-catalyzed coking process without H2O in CaX than in the case
of rapid carbon growth with H2O.
Fig. 2 shows carbon deposition proﬁles (i.e., carbon amounts vs.
time at 600  C) measured in the presence of H2O for X zeolite with
different Ca2þ levels. The results indicated that the carbon deposition slowed down as the Ca2þ levels were progressively lowered
to 0.2 Ca/Al. However, the carbon deposition on each sample
eventually reached a saturation value within 0.36 ± 0.02 g carbon
per g zeolite. When the Ca2þ-ion level was further decreased to 0.14
Ca/Al or lower, the carbon deposition rate decreased more
dramatically (see also Fig. S1), and became saturated at a markedly
lower value. Taking these ethylene conversion rates and yield data
into account, we believe that at least a 40% Ca2þ-ion exchange level
(i.e., 0.2 Ca/Al) is required for effective deposition of carbon on
zeolite at 600  C.
3.2. Porous properties of carbon
In this section, three carbon samples were synthesized using the
X zeolite samples with Ca/Al ¼ 0.5, 0.35, and 0.22, which are shown
in Fig. 2. Each zeolite sample was heated under the same N2ethylene-H2O conditions at 600  C until carbon deposition became
saturated. The zeolite after carbon deposition was heated at 900  C
in a dry N2 ﬂow, and the zeolite template was subsequently
removed with a HF/HCl solution (see Section 2.3.). Argon
adsorption-desorption isotherms of the resultant template-free
carbon products were measured to analyze the porous properties.
All the adsorption isotherms were of Type I, and looked almost
identical (see the representative isotherm in Fig. S2). These isotherms indicated that the carbons were mainly microporous. When
the pore size distribution was analyzed by a quenched solid DFT
method, the result showed a very narrow peak centered at 0.93 nm
with a slightly tailing shoulder with diameter in the range of
1.3e3.0 nm. The main peak can be regarded as a result of faithful
replication of zeolite frameworks into carbon micropores. The 0.93nm pores contribute to approximately 80% of the total volume.
The minor pores of 1.3e3.0 nm can be explained by the
incomplete carbon ﬁlling in some of the remaining zeolite pores
when the ethylene diffusion paths became ﬁnally closed

Fig. 2. Carbon deposition proﬁle at 600  C for X zeolite with different Ca2þ exchange
levels. The Ca/Al molar ratios in the zeolite samples were (a) 0.5, (b) 0.35, (c) 0.22, (d)
0.14, and (e) 0.08.

[15e17,25,27]. In all the template-free carbons resulting from 0.5,
0.35, and 0.22 Ca/Al zeolites, the BET surface areas were within
2740 ± 30 m2 g1, and the micropore volumes were
1.07 ± 0.02 cm3 g1. Further analysis results on the porous properties are summarized in the top three rows of Table 1. The results
conﬁrm that high-quality carbons with similar porous properties
can be synthesized using X zeolite with 40% or higher Ca2þ-ion
exchange levels.
The crystal morphologies and micropore ordering of the 0.5-Ca/
Al-zeolite carbon are shown in SEM and TEM images in Fig. 3. The
SEM images (see also Fig. S3) show that the original morphologies
of the zeolite template were well retained in the carbon replica. As
shown in the TEM image, the carbon also inherited a highly ordered microporous structure from the CaX template. The structural
order was supported by a well-resolved peak at 6.5 (d ¼ 1.34 nm)
in the powder XRD pattern in Fig. 3d. This peak position is in good
agreement with the spacing of lattice fringes in the TEM image
(inset of Fig. 3c). No carbon deposition was observed in TEM images on the external surfaces of the zeolite crystals. The carbon
synthesis without external carbon deposition indicates that the
catalytic effects of Ca2þ ions lowered the carbonization temperature and hence prevented thermal carbonization of ethylene on the
external surfaces of zeolite, similar to the case of La3þ-exchanged
zeolites.

3.3. Carbon framework structure
Here, a question arises as to whether the carbon in CaX can be
synthesized with a three-dimensional graphene-like network of
carbon atoms as in the case of La3þ-exchanged X zeolite [27]. In this
regard, we investigated the carbon structure built in CaX through a
single crystal XRD analysis after the carbon deposition. We obtained an electron-density map of atoms in the zeolite micropores
from the obtained XRD data, using a difference Fourier method (see
Section 2.5. for details). The electron-density map showed the
distribution of the atomic positions in the supercages and the necks
of the zeolite (Fig. 4).
As in the case of La3þ zeolite [27], the electron density corresponding to hexagonal carbon rings, was distributed along the
surfaces of the supercages. The results conﬁrm that carbon atoms
are deposited in the form of a graphene-like structure along curved
surfaces of the zeolite. However, one deviation from the case of La3þ
zeolite was that we could ﬁnd additional electron-density peaks
localized inside the supercages (Fig. 4b). The localized density was
completely separated from the carbon framework density. We
considered it as artifact density, which can result from structure
reﬁnement of the Ca2þ-exchanged zeolite framework having low Xray contrast. Except for the presence of the artifacts, the overall
three-dimensional arrangement of the obtained carbon using CaX
was similar to that of La3þ-zeolite templated carbon.
We also studied the carbon structure by 13C solid-state MAS
NMR spectroscopy and Raman spectroscopy (Fig. S4). The NMR
spectrum showed predominant sp2 carbon peaks, which are
broadly distributed over 120e180 ppm. These peaks can be
assigned to 5 or 6-membered carbon rings with a variety of CCC
angles [35]. No other peaks corresponding to sp3 or sp carbons were
detected in the NMR analysis. The Raman spectrum exhibited Gand D-bands at 1598 and 1349 cm1, respectively. In particular, the
G-band exhibited a strong upshift compared to that of graphite
(1577 cm1), indicating the presence of nanosized graphene layers
[36]. The D-band was much broader than that of planar graphene,
which we attribute to bond disorders or odd-numbered carbon
rings in curved carbon surfaces with signiﬁcant defects in the
zeolite pores [37].
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Table 1
Carbonization conditions and textural properties of carbon replicas of Ca2þ-ion exchanged X zeolites.
Ca/Ala

0.22
0.35
0.50

Gas ﬂow rateb

Textural properties of resultant carbonsc

Note

N2 (cm3 min1)

Ethylene (cm3 min1)

Water vapor (cm3 min1)

SBETd (m2 g1)

VTotale (cm3 g1)

VMicrof (cm3 g1)

120
120
120
0
0

15
15
15
200
200

3
3
3
30
30

2770
2700
2710
2340
2400

1.32
1.32
1.38
1.18
1.16

1.05
1.04
1.09
1.02
1.00

Topg
Bottomg

a

The molar ratios were measured by inductively coupled plasma atomic emission spectroscopy analysis.
Flow rates of N2 and ethylene were controlled by mass ﬂow controllers. Volume of water vapor in the total ﬂow was ﬁxed by controlling the temperature of water bubbler
according to the Antoine equation.
c
Argon sorption isotherm was used to assess textural properties of the carbons.
d
BET speciﬁc surface area was calculated from the adsorption data in the region of 0.05 < P/P0 < 0.15.
e
Total pore volume was determined at P/P0 ¼ 0.97.
f
Micropore volume was determined from the DFT cumulative volume in the pore diameter ranges of d < 2 nm.
g
The carbons were obtained by using the carbon/zeolite aliquots taken from the top and bottom bed of the large reactor.
b

Fig. 3. Ordered microporous carbon obtained using CaX as a template. (a,b) SEM images of at different magniﬁcations, (c) TEM image and (d) XRD pattern of carbon replica of CaX.
The white box area in (a) is magniﬁed as shown in (b). The inset of (c) is a Fourier diffractogram corresponding to the TEM image.

3.4. Large-scale synthesis of carbon
In general, for carbon synthesis using zeolite templates, hydrocarbon gases diluted with N2 are ﬂowed through a packed bed of
zeolite. The use of the dilute gas is to prevent external carbon
deposition by reducing the contact between the carbon source
molecules as much as possible [13e18,27]. Even if carbon sources
are diluted, it is normally very difﬁcult to achieve a uniform carbon
synthesis throughout a zeolite template without any external
deposition when the zeolite bed is thicker than a centimeter. This
problem could be resolved in the present work, owing to the catalytic effect of Ca2þ ions. We were able to synthesize a carbon

sample in a ﬂow of ethylene-H2O mixture without N2 in an ambient
pressure, using 200 g of CaX zeolite template in a large vertical
quartz reactor. This reactor was 25 times larger in cross sectional
area, compared to the synthesis of the carbon shown in Fig. 3
(Fig. S5). The sample bed height was approximately 10 cm. Fig. 5
shows photographs of the zeolite bed, which was taken out of the
heating vertical furnace intermittently during the carbon deposition process. These photographs indicate that the carbon deposition occurs progressively from the top to the bottom of the reactor.
It took at least 5 h for the carbon deposition front to reach the
reactor bottom. This means that the zeolite in the reactor top
portion should contact the carbon source ﬂow for 5 h longer than
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Fig. 4. Electron-density map of zeolite X after carbon deposition. 3D electron-density map of the carbon framework (magenta) formed at 600  C, including the zeolite framework
(yellow), from different viewpoints: along (a) (111) and (b) (100) axes. The iso-surface level of the electron density is set to 0.35 electrons per Å3. The white areas represent crosssectional cuts. (A colour version of this ﬁgure can be viewed online.)

Fig. 5. Photographs of quartz reactor for large-scale carbon synthesis ﬁlled with a thick bed of CaX sample at various carbonization times. (a) 0 h, (b) 10 min, (c) 3.5 h, and (d) 7 h. (A
colour version of this ﬁgure can be viewed online.)

the bottom portion. Despite such a big difference in ethylene contact time throughout the sample, the quality of the resultant carbon
after template removal was similar to that of the small-batch carbon shown in Fig. 3. The carbon yield was approximately 0.35 g g1
of zeolite. Characterization of the product aliquots taken from
various locations of the reactor (top vs. bottom) indicated that all
sample portions were identical and had similar porous properties
to the small-batch carbon, without external carbons (Fig. S6 and
Table 1). Owing to this feature, our synthesis strategy using Ca2þ is
highly promising as an efﬁcient route for mass-production of
zeolite-templated carbon materials.
4. Conclusions
In summary, we synthesized 3D graphene-like microporous
carbon through carbonization of ethylene in CaX zeolite. The Ca2þ
ions embedded in the zeolite framework promoted the ethylene
carbonization under the present conditions at 600  C, similar to
La3þ ions in our previous report [27]. A graphene-like sp2-carbon
structure was formed along the zeolite micropores without any
undesirable carbon deposition at the external surfaces of the
zeolite. The Ca2þ ions were sufﬁciently effective when the ion exchange level was higher than 40% (i.e., Ca/Al > 0.2). The dilution of
ethylene with an inert gas was unnecessary to prevent external
carbon deposition, which is beneﬁcial for mass production. Producing a 70-g batch of carbon, we demonstrated the potential of
this synthesis route for large-scale production. Thus far, difﬁculties
in scaling up the synthesis process have been the major limiting
factor hindering extensive research on zeolite-templated ordered

microporous carbons. In this context, the synthesis protocol using
inexpensive Ca2þ-exchanged zeolites can bring about a wide range
of practical applications of zeolite-templated carbon. The carbon
reported in the present work is similar to a microporous structure
made of triply periodic graphene surfaces, resembling a threedimensional network of carbon nanotubes. The synthesis of such
porous carbons may open a breakthrough in research on new
possible carbon allotropes having triply periodic graphene surfaces
(i.e., carbon Schwarzite).
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