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ABSTRACT: Zeolite templating is a versatile synthesis route
to produce various types of ordered microporous carbon.
However, the synthesis thus so far has been limited to the use
of wide-pore zeolites with 12-membered ring (12MR) pore
mouths or more because of the diﬀusion limitation of organic
carbon precursors. Here, we report an extension of the carbon
synthesis to a 10MR zeolite, through acetylene carbonization
in Li+-ion-exchanged ZSM-5 zeolite. The promoting eﬀect of
the Li+ ions on the carbon synthesis could be relevant to the carbide-forming property of the element, similar to the recently
reported cases of La3+, Y3+, and Ca2+ cations in 12MR zeolites. The resultant carbon exhibited an ordered array of
ultramicropores of 0.5 nm diameter, which corresponded to the thickness of the zeolite framework. Because of the
ultramicroporosity, the ZSM-5-templated carbon exhibited an anomalously high value of surface-area-normalized electrical
double-layer capacitance.

1. INTRODUCTION
Ordered nanoporous carbons with controlled pore diameters
have attracted increasing attention in recent years because of
their pore-size-speciﬁc eﬀects in catalysis,1−3 adsorption,4,5
water and air puriﬁcation,6,7 and electrical energy storage.8−10
One of the most interesting methods for the synthesis of
nanoporous carbons is to use mesoporous silica, such as
MCM-48, SBA-15, or KIT-6, as a template.11−13 The silica
mesopores are wide enough (2−50 nm) for the inﬁltration of
organic compounds without diﬀusion limitations. Pyrolytic
carbonization of the organic compounds can be performed
inside the template pores to produce rigidly interconnected
carbon frameworks through the pores. After the dissolution of
the silica template with HF or NaOH, the resultant carbon
exhibits an ordered mesoporous structure, which corresponds
to an inverse replica of the silica template.
Similar to mesoporous silica, microporous zeolites have also
been used as carbon templates. However, carbon synthesis
using zeolite suﬀers from diﬀusion limitations for organic
carbon precursors. Most zeolites have pore apertures of less
than 0.9 nm in diameter, and this often leads to carbon
deposition on the external surfaces of the zeolite particles.14−21
The external carbon prevents the diﬀusion of the carbon
source into the internal pores of the zeolite, resulting in a
failure to replicate the entire pore system faithfully. To prevent
external carbon deposition, the carbon precursor was fed as
highly diluted in an inert gas ﬂow, and the height of the zeolite
bed in the carbon deposition reactor was minimized, preferably
to a few millimeters. Nevertheless, when the carbon synthesis
© XXXX American Chemical Society

was scaled up to produce a zeolite bed greater than 1 cm in
height, inhomogeneous carbon formation occurred between
the upper and lower parts of the zeolite bed. As a strategy to
solve this problem, Kim et al. incorporated La3+, Y3+, or Ca2+
ions into the zeolite template pores through a simple ionexchange process.22 These cations promoted the carbonization
of ethylene or acetylene selectively inside the zeolite pores.
Using the catalytic eﬀect of the cations, they synthesized highly
ordered microporous carbons without carbon deposition at the
external surfaces, even when the amount of zeolite was
increased to 200 g with a bed height of 10 cm.23 A singlecrystal X-ray diﬀraction analysis indicated that the carbon
formed three-dimensional graphene-like frameworks along the
surface of the zeolite pore walls. The resultant zeolitetemplated carbons (ZTCs) were composed of uniform
micropores, and had a high speciﬁc surface area (∼3000
m2 g−1).
Most zeolites have very narrow pore apertures, composed of
a ring of 8, 10, or 12OSiunits. Each aperture is called an
8-, 10-, or 12-membered ring (MR) pore. Zeolites of 12MR
(e.g., FAU, beta, and EMT) have pore apertures that are 0.7−
0.9 nm in diameter, and these zeolites are called “wide-pore”
zeolites. Thus far, all successful syntheses of ordered
microporous ZTCs have been achieved with the 12MR
zeolites.17−21,24 When 10MR zeolites were used as templates,
Received: July 23, 2018
Revised: August 23, 2018
Published: August 24, 2018
A

DOI: 10.1021/acs.chemmater.8b03132
Chem. Mater. XXXX, XXX, XXX−XXX

Article

Chemistry of Materials

of LiCl. The Ca/Al molar ratio of the resultant CaZSM-5 zeolite was
0.4. Both the Zeolyst zeolite and the laboratory-synthesized sample
gave the same ion-exchange levels.
2.2. TGA Analysis of Carbon Deposition on Zeolite. The
amount of carbon deposition in ZSM-5 zeolite was monitored in situ
using a thermogravimetric analyzer (TGA-50, SHIMADZU). The gas
ﬂow system of the TGA apparatus was modiﬁed to ﬂow a mixture of
N2, acetylene, and H2O vapor at controlled rates. Typically, 8 mg of
zeolite was loaded on a fused-quartz pan. The sample on the pan was
slowly heated to 500 °C under a dry N2 ﬂow of 30 mL min−1. When
the temperature reached 500 °C, the N2 ﬂow was merged with an
acetylene gas ﬂow. The combined gas ﬂow was passed through a water
bubbler, and the N2/acetylene/H2O ratio = 94/2/4 in vol %. The
sample weight was monitored over time under this condition.
2.3. Carbon Synthesis. Carbon was synthesized using acetylene
as a carbon source and LiZSM-5 (or CaZSM-5) as a template. In a
typical synthesis, 0.2 g of LiZSM-5 was loaded in a vertical plug-ﬂow
fused-quartz reactor, which was equipped with a fritted quartz disk.
The reactor temperature was increased to 500 °C and maintained
there for a given time under a N2−acetylene−H2O mixed gas ﬂow of
94/2/4 vol % composition, as in the TGA experiment, except that the
total ﬂow rate was 50 mL min−1. The gas ﬂow was then switched to
dry N2. Subsequently, the reactor temperature was increased to 900
°C and maintained there for 2 h before cooling to room temperature.
The resultant carbon/zeolite composite was slurried in a 0.3 M HF/
0.15 M HCl solution to release the carbon product from the template.
The carbon was ﬁltered, washed with distilled water, and dried in an
oven at 100 °C.
2.4. Characterization. Elemental analysis for Si, Al, and Li in
zeolite was performed by ICP-AES, using a PerkinElmer OPTIMA
4300 DV instrument. Powder XRD data except for Rietveld analysis
were collected on a Rigaku Multiplex instrument, using Cu Kα
radiation (30 kV, 40 mA). SEM images were taken with a FEI Verios
460 instrument at a landing voltage of 1 kV in a deceleration mode
(stage bias voltage = 4 kV). TEM images were collected with an
aberration-corrected FEI Titan E-TEM G2 instrument, operating at a
300 kV acceleration voltage.
Ar adsorption−desorption isotherms were measured at liquid argon
temperature (87 K) with a Quantachrome Autosorb-iQ instrument.
Prior to the adsorption measurement, all samples were outgassed for 6
h at 250 °C. The speciﬁc surface area was calculated from the
adsorption branch in a range of P/P0 = 0.05−0.20, using the
Brunauer−Emmett−Teller (BET) equation. The pore volume and
pore size distribution were calculated based on the nonlocal density
functional theory (NLDFT) with the assumption of a slit-shaped pore
geometry. The micropore and ultramicropore volumes were
determined from the DFT cumulative volume in a pore diameter
range of d < 2 nm and d < 0.7 nm, respectively. The total pore volume
was determined at P/P0 = 0.95.
The 13C solid-state NMR spectrum was acquired with a magic
angle spinning (MAS) rate of 12 kHz using a Bruker Digital Avance
HD 400WB spectrometer (9.4 T) at room temperature. The observed
frequency for 13C was 100.613 MHz. The 13C MAS NMR spectrum
was recorded with a π/2 pulse width of 3.8 μs and a relaxation delay
of 2 s.
2.5. Synchrotron Powder XRD and Data Analysis. Synchrotron powder XRD data of the zeolite/carbon composite were
collected at a wavelength of 1.5178 Å over a range of 2θ = 5 −
125°, on Beamline 9B of the Pohang Accelerator Laboratory. Powder
XRD patterns of the composite were indexed using the DICVOL
program implemented in the FULLPROF program suite.34,35 The
initial zeolite framework of the zeolite/carbon composite was
obtained from the database of the International Zeolite Association.
The proﬁle function and background parameters were obtained from
the Le Bail reﬁnement. Rietveld reﬁnement was performed using the
JANA2006 program suite.36 The detailed reﬁnement process is the
same as that in a previous work.22 In the reﬁnement, the Li+-ion
distribution was ignored because its X-ray scattering cross section is
very small. The ﬁnal Rietveld reﬁnement was obtained with a high
ﬁtting quality (Rp = 3.71%, Rwp = 4.72%; Figure S1 and Table S1 of

the pore apertures were too narrow to form rigid carbon
frameworks. Recently, ZSM-5 zeolite with 10MR apertures was
tested for ZTC synthesis using acetylene as a precursor after
Ca2+-ion exchange.22 The ZSM-5 zeolite has an MFI-type
framework, wherein sinusoidal channels of 0.55 × 0.51 nm
intersect with straight channels of 0.56 × 0.53 nm.25,26 The
resulting carbon had ultramicropores of 0.5 nm, corresponding
to the thickness of the pentasil framework. However, the
carbon product failed to exhibit the zeolite-inherited pore
order.
In the present work, we revisited the ZSM-5-templated
carbon synthesis using various carbon sources such as
acetylene, ethylene, propylene, and bulky organic compounds.
In the case of bulky organics, the carbon sources could not
enter the 10MR pore apertures because of their large molecular
size. On the other hand, ethylene, propylene, and acetylene
had suﬃciently small molecular diameters to enter the zeolite
pores.21,27 However, only acetylene gave a signiﬁcant amount
of carbon deposition in the zeolite micropores. Ethylene and
propylene gave very little amounts of carbon deposition at all
tested temperatures up to 650 °C. This indicated that the
ZSM-5 zeolite pores were highly resistant to coke (or
carbonaceous) depositions,28,29 and that only the acetylene
gas with a low H/C ratio was suitable for the ZTC synthesis.
We conjectured that ZTC synthesis using acetylene in Ca2+ion-exchanged ZSM-5 zeolite might be improved if the Ca2+
ion (0.23 nm in diameter) is replaced by a smaller catalytic
cation. We thereupon tested H+-ion-exchanged ZSM-5, but the
result was poor. As a second attempt, we chose Li+ ion (0.18
nm in diameter), considering the high chemical aﬃnity of Li+
ions with carbon to form graphite intercalation compounds,
acetylides, and carbides.30,31 With this assumption, we
investigated the Li+ eﬀect on ZSM-5-based ZTC synthesis
via thermogravimetric analysis (TGA). The synthesized carbon
product was characterized using transmission electron
microscopy (TEM), scanning electron microscopy (SEM),
Ar gas adsorption, powder X-ray diﬀraction (XRD) analysis,
and electrical double-layer capacitance (EDLC) measurements. In particular, the EDLC characteristics were investigated to assess the recently reported eﬀect of ultramicroporosity on anomalously increasing the capacitance.32

2. EXPERIMENTAL SECTION
2.1. Preparation of Zeolite Template. Two ZSM-5 zeolite
samples were used after Li+-ion exchange. The ﬁrst zeolite was
purchased from Zeolyst (CBV 2314, NH4+ ionic form). The zeolite
exhibited irregular particle morphologies over 100−300 nm in
diameter. The Si/Al molar ratio of the zeolite was 11, which was
determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES). This zeolite sample was used in all synthesis and
characterization studies, except for the synchrotron powder XRD
analysis and carbon-particle contraction analysis. The second zeolite
sample was synthesized with well-deﬁned crystal morphologies with
Si/Al = 11, following the procedure in the literature.33 This sample
with high crystallinity was used for the synchrotron XRD measurement, and for investigation of carbon-particle contraction upon
template dissolution.
For Li+-ion exchange, 1 g of zeolite was added to a 32 mL aqueous
solution of 0.5 M LiCl. The solution with the zeolite was stirred for 3
h at 60 °C and then ﬁltered. This treatment was repeated three times
in total, to increase the ion-exchange level. Subsequently, the zeolite
was washed with distilled water, dried at 100 °C, and calcined at 550
°C in air. The Li/Al molar ratio of the resultant zeolite was 0.8. The
Li+-ion-exchanged zeolite was designated as LiZSM-5. Calcium-ion
exchange was conducted with a 0.5 M CaCl2 aqueous solution instead
B
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the Supporting Information). The details of the reﬁnement data are
summarized in Table S1. A ﬁnal electron-density map corresponding
to the carbon structure was obtained using the diﬀerence Fourier
method again, after removing all carbon atoms obtained from
structure reﬁnement with constraints. The resultant map was
equivalent to the diﬀerence between the total electron-density map
and an electron-density map that corresponds to the zeolite
framework.
2.6. EDLC Measurements. Speciﬁc capacitance was measured
with a two-electrode cell conﬁguration in an aqueous solution of 6 M
KOH. For preparation of the electrodes, a mixture of carbon sample
(80 wt %), polyvinylidene ﬂuoride binder (10 wt %), and carbon
black (10 wt %) was dispersed in an N-methyl-2-pyrrolidone (NMP)
solution. After the solution was stirred for an hour, the resulting slurry
was cast onto a nickel foam, and dried at 70 °C for 12 h to remove
NMP. Subsequently, the Ni foam containing the carbon sample was
pressed under 20 MPa to form a sheet. The sample sheet was cut into
a circular electrode with a diameter of 12 mm, using a punching
machine. The electrode was thoroughly dried in a vacuum oven at 110
°C .
Two electrodes were packed with a separator, as an assembly. The
assembled cell was soaked in an aqueous solution of 6 M KOH for 12
h to allow the electrolyte to fully penetrate the pores of the carbon
materials.
Galvanostatic charge/discharge measurements were carried out in a
voltage range of 0−0.9 V using a WBCS3000 battery cycler
(WonaTech). The speciﬁc capacitance was calculated according to
the equation C = 2 × I × Δt/ΔV × m, where I is the constant
discharging current, Δt is the discharging time, ΔV is the voltage
charge, and m is the mass of active material on one electrode.

internal deposition should simultaneously occur from the
beginning of the deposition process. For this reason, it was
diﬃcult to distinguish them accurately in a quantitative manner
based on the TGA proﬁle. As roughly judged by the TGA
curvature changes, the internal deposition appeared to rapidly
saturate at around 0.10 g g−1 of zeolite. The rapid deposition in
the HZSM-5 micropores seemed to be due to the acidcatalyzed polymerization of acetylene.37
Compared to the HZSM-5 zeolite, the other cationexchanged zeolites exhibited slow rates of carbon deposition
in the internal micropores. Nevertheless, the total amounts of
internal deposition upon saturation were noticeably higher
than that of HZSM-5. In particular, the carbonaceous
deposition in NaZSM-5 occurred very slowly. This result
indicates that there were weak interactions between Na+ and
acetylene.22 When the carbonaceous deposition was slow in
the internal pores, it was diﬃcult to deconvolute the TGA
proﬁle to extract the saturation value of the internal pore
deposition. On the other hand, the TGA proﬁles of LiZSM-5
and CaZSM-5 exhibited moderately fast deposition. On the
basis of the TGA proﬁle curvatures, the quantity of
carbonaceous deposits upon saturation for CaZSM-5 was
estimated to be approximately 0.13 g g−1 of zeolite. This value
was based on the mass of aluminosilicate framework only,
excluding the mass of the metal cations. The saturation
quantity for LiZSM-5 obtained in this manner was 0.15 g g−1
of zeolite, which was 20% more than that of CaZSM-5,
indicating that the Li+ ions promoted acetylene carbonization
in the zeolite micropores more eﬀectively than Ca2+. Both the
LiZSM-5 and CaZSM-5 zeolites have very weak acidity. The
deposition process by these metal ions appeared to be slower
than the acid-catalyzed polymerization in HZSM-5. In this
regard, their promotion eﬀects for carbonaceous deposition
could be mainly attributed to interactions between the metal
ions and acetylene, such as the formation of acetylides.
In fact, the carbonaceous deposition in HZSM-5 could occur
at remarkably low temperatures compared to other cationexchanged ZSM-5. When the TGA proﬁle was measured with
increasing temperature under constant ﬂow rate and gas
composition, the HZSM-5 exhibited a sharp increase for
carbonaceous deposition even at 300 °C (Figure S2). In the
case of CaZSM-5 and LiZSM-5 zeolites, the carbonaceous
deposition from acetylene began to occur at 400 °C. The
deposition at low temperature by HZSM-5 was in good
agreement with the acid-catalyzed polymerization of acetylene
to linear polymers, which is well-known with ZSM-5 zeolite
containing strong Brønsted acid sites.37 The linear polymers
would not easily ﬁll the zigzag channels in the zeolite. This
could be the reason why the deposition quantity was smaller in
the HZSM-5 zeolite. In comparison, the carbonaceous
deposition in CaZSM-5 and LiZSM-5 appeared to require
higher temperatures, similar to the formation of polycyclic
aromatic hydrocarbons in Ca2+-ion-exchanged LTA zeolites.27
We suggest that the 20% higher carbonaceous deposition in
LiZSM-5 compared to the deposition in CaZSM-5 could be
due to the smaller ionic diameter of Li+ (Li+ 0.18 nm vs Ca2+
0.23 nm) in the 10MR channels. The 10MR channels (0.55 ×
0.51 nm and 0.56 × 0.53 nm) are extremely narrow for
carbonaceous deposition, and only a slight further decrease of
the channel diameter by a cation could result in serious
blocking of the access of acetylene (kinetic diameter = 0.33
nm). Under this circumstance, the small Li+ ion could have a
signiﬁcant advantage for carbonaceous deposition. However,

3. RESULTS AND DISCUSSION
3.1. Eﬀect of Li+ Ion on Carbonaceous Deposition.
Figure 1 shows the TGA proﬁles for H+-, Li+-, Ca2+-, and Na+-

Figure 1. Quantities of carbonaceous deposition onto ZSM-5 zeolite
with exchanged cations are plotted as a function of time under a N2−
acetylene−H2O mixed gas ﬂow at 500 °C. Elemental symbols indicate
cations that were exchanged into the zeolite.

cation-exchanged ZSM-5 zeolites during the carbon deposition
process using acetylene. The TGA proﬁles were obtained by
monitoring the weight changes in the zeolite as a function of
time while the zeolite was heated under a mixed gas ﬂow of N2,
acetylene, and H2O (94/2/4 in volume ratio) at 500 °C. As
the TGA proﬁles show, the H+-ion-exchanged form of ZSM-5
zeolite (HZSM-5) exhibited a sharp increase in carbonaceous
content until the deposition time reached 20 min. Afterward,
the rate of carbonaceous deposition suddenly slowed down.
The initial sharp increase could be assigned to carbonaceous
deposition in the internal zeolite micropores, while the later
slow increase could be interpreted as external deposition
outside the zeolite particles. In fact, both the external and
C
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this explanation should be limited to the case of 10MR zeolite.
If the zeolite pores were suﬃciently wide, as in 12MR zeolites,
the presence of cations in the zeolite channels would not
seriously cause any additional diﬀusion barriers.
As mentioned above, the total ﬂow rate of N2−acetylene−
H2O for TGA was 30 mL min−1 with 8 mg of zeolite. Because
the gas ﬂow rate was excessively high, it was adjusted to 50 mL
min−1 to synthesize carbon using 0.2 g of commercially
available ZSM-5 zeolite obtained from Zeolyst. For suﬃcient
carbon deposition, the deposition time was also adjusted to 3 h
for HZSM-5, 12 h for NaZSM-5, 7 h for CaZSM-5, and 8 h for
LiZSM-5. The resultant carbon/zeolite composite samples
were further heated for 2 h at 900 °C to complete the
carbonization. Subsequently, the zeolite framework was
removed by dissolution in a solution of HF/HCl, and thus
the residual silica and alumina content could be neglected.
Figure 2 shows representative SEM images of the Zeolyst

Figure 3. NLDFT pore size distribution of (a) LiZSM-5-templated
carbon and (b) CaZSM-5-templated carbon. The insets show the
corresponding Ar adsorption−desorption isotherm for each carbon.

ﬁlling of argon in the carbon micropores. As the pressure was
increased to P/P0 = 0.9, the adsorption quantity increased
gradually. This result indicated low mesoporosity with a wide
pore-size distribution. The NLDFT analysis of the pore
diameters gave the distribution curves shown in Figure 3.
These curves showed a very sharp ultramicropore peak
centered at 0.5 nm, a medium-intensity micropore peak at
1.2 nm, and a low-intensity mesopore peak at 2.6 nm. There
was also a broad shoulder in the mesopore range of 3−6 nm,
but the intensity was not comparable to the three main peaks.
Among the three kinds of pores, the ultramicroporous 0.5
nm diameter was very close to the thickness of a pentasil layer
in the ZSM-5 zeolite framework (Figure S3).22 Accordingly,
the ultramicropores could be interpreted to be a result of
faithful templation of the carbon pores by the pentasil
frameworks. On the other hand, the larger pores could be
attributed to incomplete carbon ﬁlling inside the 10MR
micropores. That is, in the narrow 10MR zeolite, a signiﬁcant
fraction of the pores could remain empty. The empty pores
could be merged from one or more adjacent carbon pores
when the zeolite framework was dissolved. In particular, the
pores of 1.2 nm diameter could originate from the merging
eﬀect of one empty pore. Similarly, larger pores in the range of
2−5 nm could be formed by coalescence of multiple pores.
The analysis of the adsorption isotherms revealed that Li+-ion
exchange could improve the ultramicroporous textural properties of the resultant carbon, as compared to the Ca2+ exchange
(Figure 3, Table 1, and Table S2). The BET surface area of the
LiZSM-5-templated carbon (710 m2 g−1) was remarkably
larger than that from CaZSM-5 (600 m2 g−1). Moreover, the
micropore volume (0.28 cm3 g−1) of the LiZSM-5-templated

Figure 2. SEM images of (a) ZSM-5 zeolite and (b)−(e) carbon
products from diﬀerent cation-exchanged ZSM-5 zeolites.

ZSM-5 zeolite, and the carbon products synthesized with
various cation-exchanged ZSM-5. As shown in Figure 2a, the
starting zeolite exhibited polycrystalline morphologies, which
were somewhat diﬃcult to deﬁne precisely. Roughly, the
individual particles had 300 nm long cylindrical shapes with
irregularly polygonal cross sections. Compared to the zeolite
template, the carbon product from NaZSM-5 exhibited
shrivelled balloon-like morphologies (Figure 2b). This result
indicates that the carbonaceous deposition occurred mainly at
the external surfaces, leaving the internal pores almost empty in
this zeolite. The external carbon layers must have collapsed to
the shrivelled structure when the zeolite template was
dissolved out. In the case of the carbon from HZSM-5, the
shrivelling occurred to a lesser extent. However, the carbon
product completely lost the edged cylinder-like morphology of
the mother zeolite. On the other hand, in the cases of CaZSM5 and LiZSM-5, the carbon products could inherit the original
zeolite morphologies to a much better extent. Still, the carbon
product underwent conspicuous shrinkage in the directions
perpendicular to the long axis of individual particles.
3.2. Ultramicropores in Zeolite-Templated Carbon.
Pore diameters of the LiZSM-5 and CaZSM-5 zeolitetemplated carbons were analyzed by Ar adsorption−desorption
measurements (Figure 3). Both carbon products gave Type II
adsorption isotherms exhibiting a sharp increase of the
adsorption quantity in the low-pressure range of P/P0 <
0.02. The low-pressure jump could be assigned to sudden

Table 1. Textural Properties of Carbon Products Obtained
by Various Ion-Exchanged ZSM-5 Zeolite Templates
cation

SBETa
(m2 g−1)

Vtotalb
(cm3 g−1)

Vmicroc
(cm3 g−1)

Vultramicrod
(cm3 g−1)

Vmicro/
Vtotal

Li+
Ca2+

710
600

0.46
0.44

0.28
0.22

0.09
0.06

0.61
0.50

a

BET surface areas were calculated in a range of P/P0 = 0.05−0.20.
Total pore volume was determined at P/P0 = 0.95. cMicropore
volumes were determined in a pore diameter range of d < 2 nm from
the DFT cumulative volume. dUltramicropore volumes were
determined in a pore diameter range of d < 0.7 nm from the DFT
cumulative volume.
b

D
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carbon was higher than the carbon from CaZSM-5 (0.22 cm3
g−1).
The TEM image of the LiZSM-5-templated carbon in Figure
4 shows lattice fringes with a d value of ∼1.0 nm. The lattice

Figure 4. TEM images of (a) LiZSM-5-templated carbon and (b)
CaZSM-5-templated carbon.
Figure 5. HRSEM images of (a) LiZSM-5 zeolite and (b) LiZSM-5templated carbon. Schematic illustrations of (c) ZSM-5 zeolite and
(d) anisotropic contraction of carbon particle after removal of the
zeolite template, depending on the axis.

spacing is consistent with an ordered array of carbon
frameworks possessing the aforementioned 0.5 nm ultramicropores. The structural order was limited to a short range,
but the order was corroborated by a low-intensity peak at 2θ =
8.2° (d = 1.0 nm) in the powder XRD pattern (Figure S4).
Hence, we believe that the carbon pore order could be
inherited from the ordering of the (101) plane of the zeolite
template. However, in the short-range order, each domain of
the regular 0.5 nm micropores would be connected to the
neighboring disordered regions of larger pores that were
formed by the collapse of two or more layers of the carbon
framework. A broad XRD peak over 20−30° (Figure S4)
supported the presence of the disordered regions. This broad
XRD peak is often observed with amorphous carbons
containing sp2 and sp3 bonds together. In the present
LiZSM-5-templated carbon, however, only sp2 bonding was
detected in the 13C solid-state MAS NMR spectrum (Figure
S5).
3.3. Carbon Framework Analysis by Powder XRD. In
the previous sections, the Zeolyst ZSM-5 zeolite was used as a
template for carbon because of the advantage of facile diﬀusion
of acetylene in the small zeolite particles. However, the
irregular agglomeration of tiny particles obscured the detailed
morphological changes occurring in the carbonization process
(SEM images in Figure 2). In this section, we investigate the
SEM images more precisely using a laboratory-synthesized
ZSM-5 zeolite with a well-deﬁned hexagonal platelike
morphology.
As shown in Figure 5, the ZSM-5 hexagonal plates were
approximately 400−700 nm in diameter and about 150 nm in
thickness. When this zeolite was used as a template after Li+ion exchange, the resultant carbon exhibited similar porous
properties to the result from the commercial ZSM-5 zeolite
(Figure S6). The cross-sectional SEM image of the carbon
showed that the carbon was not a hollow particle, indicating
that the carbon was deposited inside the zeolite pores, not near
the external surface (Figure S7). More importantly, the SEM
images of the carbon showed that the carbon particles
underwent anisotropic contraction, compared to the welldeﬁned hexagonal ZSM-5 crystals. The contraction was more
severe along the c-axis than the a- and b-axes, which were
parallel to the ZSM-5 sinusoidal and straight channels,
respectively (Figure 5c,d). This indicated that the connectivity
of the carbon framework along the c-axis was not rigid enough
to retain the pore structures.

To further investigate the framework connectivity, a powder
XRD analysis by Rietveld reﬁnement was performed after
acetylene carbonization in LiZSM-5 zeolite at 500 °C. In
particular, we obtained an electron density map for the carbon
atoms using the diﬀerence Fourier method (see Experimental
Section for details). The electron density in Figure 6 shows

Figure 6. Electron density map of ZSM-5 zeolite after carbonization
of acetylene. Electron density map of the carbon framework (cyan) is
visualized from diﬀerent viewpoints: along the (a) [010] and (b)
[100] axis. Yellow lines represent the ZSM-5 zeolite framework. The
iso-surface level of the electron density is set to 0.37 electrons Å−3.
Blue areas represent cross-sectional cuts. Red arrows represent
disconnected parts of the carbon framework. Compared to the left
panel, the right panel shows the corresponding electron density maps
without the zeolite framework.

that the carbon atoms formed a rodlike shape inside the
narrow 10MR channels in the ZSM-5 zeolite. This was
markedly diﬀerent from the hollow nanotube-like shape of
carbon that was formed in the case of carbon synthesis using
12MR FAU zeolites.22 It is reasonable that the ZSM-5 zeolite
channels would be too narrow to build a nanotube-like hollow
carbon structure. The electron density map shows that the
rodlike carbon frameworks were rigidly built inside the straight
E
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channels along the b-axis of the ZSM-5 zeolite. However, in the
sinusoidal channels running perpendicular to the b-axis (i.e., in
the ac plane), the carbon frameworks had many empty defects.
The channel tortuosity in the sinusoidal channels appeared to
hinder continuous growth of the carbon framework,28,29
causing the formation of defects. Because of the defects, the
carbon framework could undergo conspicuous contraction
when the zeolite template was dissolved. More contraction
could occur in the c-direction among a- and c-axes as the
zeolite channels were connected more tortuously in this
direction. This may explain why the carbon morphologies in
Figure 5 show noticeable anisotropic shrinkage in the cdirection.
3.4. Anomalously High EDLC Capacitance. Microporous carbons with a high speciﬁc surface area are currently
used as an electrode material in the fabrication of supercapacitors, which store and discharge electric energies at high
speeds. The supercapacitors are based on the EDLC
phenomena involving ionic attractions to the carbon electrode
surfaces when immersed in an electrolyte solution under an
applied voltage. The carbon electrodes often incorporate a
transition-metal oxide that possesses multiple oxidation states.
This increased the total energy storage capacity by the Faradaic
pseudocapacitance of the metal oxide.38 However, the main
function of supercapacitors is based on the EDLC phenomenon taking place on the surface of the microporous carbon.
The EDLC capacitance of the carbon is aﬀected by various
experimental parameters, such as the speciﬁc surface area,
electrolyte species and concentration, solvent, and discharge
current density. As shown in Figure 7, the capacitance value

shells. Since the work of Gogotsi et al., the EDLC of
ultramicroporous carbons has been a hot topic that is also still
somewhat under debate. In this light, we analyzed the EDLC
capacitance of the LiZSM-5-templated ultramicroporous
carbon (LiZSM-5-C), in comparison to those of a beta
zeolite-templated microporous carbon (β-ZTC) and an
activated carbon (AC) sample. The results are presented in
Figure 7.
The β-ZTC sample in Figure 7 was synthesized as reported
in the literature.22 This carbon exhibited a narrow distribution
of pore diameters with a peak at 0.95 nm. The speciﬁc BET
surface area was 2950 m2 g−1 (Figure S8). On the other hand,
the AC sample was purchased from Sigma-Aldrich, and it
exhibited a broad distribution of micropore diameters over 1−
3 nm. The speciﬁc surface area of the AC sample was 1520 m2
g−1. As shown in Figure 7a, the β-ZTC and AC samples
provided EDLC values that were roughly proportional (or
corresponding) to their speciﬁc surface areas. Hence, the
EDLC values of the microporous carbons became very similar
when divided by the BET areas (Figure 7b). However, in the
case of the ZSM-5 zeolite-templated carbon, the surfacenormalized EDLC value was 2.5−3 times higher than those of
β-ZTC and AC. This result is in good agreement with a
previous report by Gogotsi et al.32 The abnormal increase in
capacitance in the case of the LiZSM-5-C sample can be
attributed to the ultramicropores, which are too narrow to
allow full solvation of ions. It appears that in the narrow pores
each ion can exist only with a partially solvated and distorted
shell. Under this situation, it is likely that an electrical double
layer would be diﬃcult to form, and that the capacitance would
increase dramatically. We measured the adsorption capacities
of the LiZSM-5-C, β-ZTC, and AC samples for CO2 and
methane. The measured values of the adsorption capacities
were proportional to the BET surface areas of the carbon
samples, regardless of the presence of ultramicropores or
micropores (Figure S9). This result conﬁrmed that only the
EDLC capacitance anomalously increases in the case of the
ultramicroporous carbon, unlike the gas adsorption of CO2 and
methane.

4. SUMMARY
ZSM-5 zeolite-templated carbon synthesis has remained a
challenge because of the diﬀusion limitations in the extremely
narrow 10MR pores. Regarding this issue, we discovered that
Li+-ion exchange into ZSM-5 is an eﬀective means to promote
acetylene carbonization in the zeolite pores. The use of Li+
ions improved the connectivity and microporosity of the
resultant carbon product by enabling a 20% greater amount of
carbon deposition, compared to the previously reported Ca2+ion-exchanged ZSM-5. The synthesis using LiZSM-5 zeolite
successfully produced an ordered array of 0.5 nm ultramicroporous carbon. We expect that the Li+-ion eﬀect would
be useful for the synthesis of ultramicroporous carbons using
narrow-pore zeolites. Furthermore, we conﬁrmed that the
ZSM-5 zeolite-templated carbon exhibited an anomalously
high EDLC capacitance because of the presence of the
ultramicropores.

Figure 7. (a) Speciﬁc capacitance and (b) speciﬁc capacitance
normalized by BET surface area of various carbons, as a function of
discharge current density in an aqueous solution of 6 M KOH.

decreases as the current density is increased. This is due to an
increase in the electric resistance under high current densities.
Carbons with similar surface properties are expected to exhibit
capacitance values that are approximately proportional to their
speciﬁc surface areas, if all measurements are performed under
the same conditions except for the current density.39,40
However, according to a recent work by Gogotsi et al.,32
ultramicroporous carbons exhibited an anomalously high
EDLC capacitance value when compared to microporous
carbons with the same speciﬁc surface area. The high EDLC
capacitance of the ultramicroporous carbon was attributed to
increasing concentration of the electrolyte ions when the pores
were too small to form electrical double layers and solvation
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