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a b s t r a c t

Zeolite-templated synthesis is a versatile route to ordered microporous carbons built with single-walled
sp2 framework of various structures, but the use of hazardous HF to dissolve the zeolite template is still a
critical safety issue. We investigated the template-removal process using NaOH and HCl, which are safer
than HF. The results indicated that the residual ash content in the carbon could be lowered to less than
5wt% when the template was removed by consecutive treatments using NaOH and HCl in a proper
sequence depending on the zeolite framework type. The carbon obtained in this manner exhibited a
rather increased supercapacitance in aqueous media at high current density, as compared to carbons
from HF-washing. In the case of the non-aqueous supercapacitor, however, the washing with NaOHeHCl
resulted in low capacitance. This was due to the effect of NaOH to generate oxygen-functional groups,
which could lead to an increase in the hydrophilicity, and a decrease in the electrical conductivity.
Furthermore, the oxygen-functional groups could serve as a base to graft organic amines. When the
carbon was heated in H2, the oxygen content decreased to a similar level to that of the HF-washed
carbon, restoring the conductivity and electrochemical energy storage characteristics.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Zeolites are a family of crystalline microporous aluminosilicate
minerals with various framework types possessing different pore
shapes, connectivity and diameters [1]. Some of the zeolite types,
such as FAU, EMT and beta [2], have pore diameters similar to the
diameter of C60 fullerene and nanotube derivatives [1]. For this
reason, zeolites have been investigated for a long time as a template
for the synthesis of three-dimensionally (3D) periodic nano-
structures built with single-layered sp2 carbon frameworks [3e8].
The zeolite-templated synthesis is performed by deposition of
carbon inside the zeolite pores via pyrolytic carbonization of
organic compounds [8]. The deposited carbon is then released from
the template through the dissolution of the aluminosilicate zeolite
and Chemical Reactions, IBS,

andoltweg 1, Aachen 52,062,
framework.
The template dissolution in synthesis of zeolite-templated car-

bon (ZTC) thus far has been performed mostly using HF [5e10]. HF
is the most effective reagent to dissolve aluminosilicate zeolite, but
its toxicity brings a critical safety issue. Exposure to HF can cause
serious injuries such as severe burns, systemic fluorosis,and even
death [11]. To avoid the safety hazards arising from HF, NaOH has
been considered as an alternative reagent to wash off the zeolite
from a zeolite/carbon composite. Ryoo et al. addressed that the
zeolite template could be dissolved by NaOH and HCl solutions in
the case of beta zeolite [12,13]. Indeed, the NaOH-based dissolution
can be effective for such a high-silica zeolite consisting of more
than 90wt% of SiO2. However, when the aluminum content of the
template is exceedingly high as in the case of FAU (X and Y) type,
zeolite dissolution by NaOH becomes difficult. This is because of the
chemical resistance of AleOeSi covalent bonds in the zeolite
framework [14]. Recently, Moon et al. reported the removal of Y
zeolite template by washing twice with 2 M NaOH solutions, and
subsequently once with 0.1M HCl [15]. When this procedure was
followed in our laboratory, the resultant ZTC product contained
14wt% of non-carbonaceous inorganic residue (see Entry 7 in
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Table 1).
In an attempt to remove the zeolite template more effectively

using NaOH and HCl solutions, we reinvestigated the dissolution of
X, Y and beta zeolites. The zeolite dissolution was investigated
under various conditions, including reagent concentration, treat-
ment temperature, and sequence of NaOH and HCl treatments.
Based on the result, the template-dissolution process was opti-
mized with respect to the individual zeolites with various silicon to
aluminum (Si/Al) ratios. In the course of the present study, we
discovered that the oxygen content in ZTC increased significantly
due to the NaOH treatment. Consequently, the changes of the ox-
ygen content markedly affected the electrical conductivity and
energy storage performance of the carbons in supercapacitor ap-
plications. The oxygen content of the carbons decreased when the
ZTC was heated with H2. In this paper, we report comprehensive
results, including the zeolite-dissolution conditions, the resultant
oxygen content in ZTC, electrical conductivity, electrochemical
energy storage characteristics, and the effect of the H2 treatment.
Moreover, we utilized the oxygen functionality as an anchoring site
for an organic amine group and evaluated its catalytic activity in
Knoevenagel condensation.

2. Experimental section

2.1. Carbon deposition and zeolite dissolution

Beta zeolite (HSZ-931HOA, Si/Al¼ 14) was purchased in a
powder form from Tosoh, and X zeolite (13X, Si/Al¼ 1.2) from
Sigma-Aldrich. Y zeolite (Si/Al¼ 2.4) was prepared, following the
same procedure as previously reported [16]. The zeolites were ion-
exchanged to a Ca2þ form prior to carbon deposition, according to
the carbon synthesis procedure reported in our recent work (see
Section 1.1 for Materials and Methods in Supplementary data) [17].
The zeolite pores were then filled with carbon via pyrolytic
carbonization of ethylene at 873 K, following the procedure using
0.5e30 g of zeolite [17]. In a typical synthesis, zeolite was loaded in
a vertical quartz tube reactor (d¼ 15mm), which was equipped
with a quartz fritted disc. The reactor was heated to 873 K at a
ramping rate of 5 Kmin�1 under dry N2 flow and maintained at this
temperature. Then, the N2 flow was combined with ethylene gas
and switched to pass through a water bubbler. The temperature of
the bubbler was kept at 303 K. The N2/C2H4 ratio was 4:1 in volume
ratio, and the total flow rate was 78 cm3min�1. The gas flow was
continued for 4 h and switched back to dry N2. The zeolite/carbon
composites were subsequently heated at 1123 K for 1.5 h. Removal
of the zeolite template from the resultant zeolite/carbon composite
was tested in a NaOH, HCl, or HF solution. The test was performed
in a single step, or in a sequence using different solutions under
stirring. In the case of NaOH, the NaOH concentration was selected
as 0.1 or 2 M in a 1:1 water-ethanol mixture (in volume ratio),
depending on the zeolite type. The amount of the NaOH solution
was 40 mL per 0.5 g of zeolite/carbon composite. After stirring in a
polypropylene bottle (typically, for 2 h unless specified otherwise),
the solid residue was collected by vacuum filtration (or centrifu-
gation), and dried in an oven at 373 K after washing with doubly-
distilled water. In the case of HCl or HF, the treatment was per-
formedwith an aqueous solution of 0.1MHCl,1MHCl, 3MHCl, or a
1 M HF-1 M HCl mixture.

2.2. Post-synthetic H2 treatment of carbons

Typically, 0.1 g of carbon was placed in a lab-made glass reactor
and evacuated for 1 h under a vacuum. The reactor was subse-
quently heated at 723 K (ramping rate: 5 Kmin�1) for 2 h under H2
gas flow of 60 cm3min�1.
2.3. Materials characterization

Materials characterization was performed with thermogravi-
metric analysis (TGA), X-ray powder diffraction (XRD, X-ray
wavelength of 0.154 nm), scanning electron microscopy (SEM),
energy dispersive X-ray spectroscopy (EDS) transmission electron
microscopy (TEM), argon adsorption at 87 K, elemental analysis, 13C
magic angle spinning nuclear magnetic resonance (MAS NMR),
attenuated total reflectance-Fourier transform infrared (ATR-FTIR),
four-point probe method, and conductive atomic force microscopy
(C-AFM). Solid-state 13C NMR spectroscopy was performed using a
NMR spectrometer (Bruker AVANCE III HD 400WB). The spec-
trometer was equipped with a 4mmMAS probe, and the sample in
a zirconia rotor was spun at 13 kHz. The 13C frequency was
100.63MHz and the p/2 pulse width was 4 ms. 13C cross-
polarization (CP) MAS NMR measurement was conducted with a
contact time of 2ms. The chemical shift was calibrated using ada-
mantane. ATR-FTIR spectra were recorded on an FTIR spectrometer
(Thermo Scientific Nicolet iS50), equipped with a diamond ATR
window. C-AFM was carried out with an atomic force microscope
(Bruker Multimode 8). Sheet resistances were measured with a
four-terminal sensor (Signatone SP4) by the four-point probe
method [18]. Current-voltage (IeV) curves were obtained using a
doped-diamond-coated probe (DDESP-V2, Bruker) at a bias voltage
of 1 V. The remaining characterization procedures were the same as
described elsewhere [17].
2.4. Electrochemical measurement

The specific capacitance was measured in a two-electrode cell,
either in a non-aqueous medium of 1M tetraethylammonium tet-
rafluoroborate/propylene carbonate (Et4NBF4/PC), or in a 1M K2SO4
aqueous solution. For the non-aqueous supercapacitor, the working
electrodes were prepared by following the procedure in the liter-
ature [12]. In brief, Super P was used as a conductive agent. Poly-
vinylidene fluoride (PVDF) was the binder. ZTC, Super P and PVDF
powder samples were homogeneously mixed in an N-methyl-2-
pyrrolidone solution to prepare a carbon ink. The ZTC/Super P/
PVDF ratios were 8/1/1 in weight. The slurry, which was obtained
from the mixture, was uniformly coated on an Al foil (t¼ 30 mm)
and dried at 383 K for 4 h under vacuum. The dried film was
punched out to make a circular working electrode (d¼ 12mm). The
mass loading of ZTC in the working electrode was 2.0mg cm�2.
Cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS) measurements were performed at 298 K using a
workstation (Autolab PGSTAT30). The CV curve was obtained by
repetitive scans for stabilization. Afterward, the galvanostatic
charge/discharge (GCD) profile was recordedwith a current density
range of 0.1e10 A g�1 on a battery cycler (WonATechWBCS3000) at
298 K. The voltage window for the non-aqueous supercapacitor
was 0e2.5 V.

For an aqueous supercapacitor, a carbon ink was prepared by
dispersing 10mg of ZTC in a mixture of 0.2mL of water, 0.05mL of
5wt% Nafion, and 0.75mL of ethanol by sonication for 1 h. The
working electrode was prepared via drop casting 100 mL of the ink
on a circle shape carbon cloth (d¼ 15mm). The mass loading of ZTC
in the working electrode was 1.0mg cm�2. The voltage window for
the aqueous supercapacitor was 0e0.9 V.

The specific capacitance was calculated from the GCD curve by
following the calculation method in the literature: Cs¼ 2� I�Dt/
DV�m, where I is the constant discharging current, Dt is the dis-
charging time, DV is the discharging voltage, and m is the mass of
active material on one electrode [19]. The current density was the
current divided by a single-electrode mass.
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3. Results and discussion

3.1. Removal of zeolite templates by NaOH and HCl

The zeolite template has various Si/Al ratios from 1 to infinity
according to the structure type [1]. Depending on the zeolite Si/Al
ratio, the zeolite framework is built with different proportions of
SieOeSi and AleOeSi covalent bonds [20]. The SieOeSi bonds can
be relatively easily hydrolyzed in an aqueous solution of NaOH [21].
On the other hand, the AleOeSi bonds show high chemical resis-
tance to NaOH [22]. The framework Al in the bond can alternatively
be leached out with HCl [23]. In this regard, NaOH is often used for
desilication of zeolites, while HCl is employed for dealumination.
Upon the desilication or dealumination processes, structural de-
fects are formed in the zeolite, which destabilizes the aluminosil-
icate framework [14]. Hence, after the desilication by NaOH or
dealumination by HCl, the remainders of the zeolite can be more
easily dissolved when treated with the other solution. Based on the
dissolution characteristics, we tested the zeolite template-removal
procedures using NaOH and HCl solutions either singly or consec-
utively in different orders. The dissolution results obtained in this
manner are summarized in Table 1.

As shown in Table 1, when beta zeolite with Si/Al¼ 14 was used
as a template for ZTC, the template washing at 353 K with a 2 M
NaOH solutionwas able to remove 96% of the initial zeolite content.
Because the beta zeolite had a high silica content (>93%), the zeolite
structure could be destroyed by a single treatment with NaOH [21].
The NaOH-washed product had a non-carbonaceous ash content of
9.8 wt%, as measured by TGA (Entry 1 in Table 1), which was mostly
amorphous aluminosilicate. On the other hand, the washing
treatment with a 1 M HCl solution at room temperature (rt) failed
to dissolve the beta zeolite due to its low Al content, retaining the
zeolite content in the pristine zeolite/carbon composite (Entry 2).
Increasing the HCl concentration to 3Mwas also unable to dissolve
the beta zeolite. The 1M HCl followed by the 2M NaOH treatment
(i.e., rt 1M HCl/353 K 2M NaOH, Entry 3) gave a product with
similar ash content (7.3wt%) to the result using only NaOH, which
suggested that the initial HCl treatment was not effective for dis-
solving the beta template. In contrast, the 2M NaOH followed by
the 1M HCl treatment (Entry 4), lowered the ash content to 2.0wt
Table 1
Zeolite dissolution effects of NaOH, HCl, or HF.

Entry Zeolite-Si/Al Carbon amounta (g gzeolite�1 ) Washing treatmentb

1 beta-14 0.33 353 K 2M NaOH
2 rt 1M HCl
3 rt 1M HCl/353 K 2M NaOH
4 353 K 2M NaOH/rt 1M HClc

5 rt 1MHF-1 M HCl mixd

6 Y-2.4 0.33 rt 1M HCl/353 K 2M NaOH/rt 1
7 353 K 2M NaOH/rt 0.1M HClf

8 rt 1MHF-1 M HCl mix
9 X-1.2 0.32 rt 1M HCl/rt 0.1M NaOH/rt 1M
10 rt 1MHF-1 M HCl mix

a The carbon yield was determined by TGA of zeolite/carbon composite samples.
b The period of each washing treatment was 2 h at room temperature (rt, 298 K) unle
c The beta template was washed by treating twice with a 2MNaOH solution for 2 h at 35

HCl solution for 2 h at 298 K.
d The template was washed twice with a mixture of 1M HF and 1M HCl solutions.
e The Y template was washed with 1M HCl, followed by treating twice with a 2M Na
f The Y zeolite/carbon composite was treated by following the washing method in Re
g The X template was washed twice with 1M HCl, followed by a single treatment with
h The ash content was determined by TGA of carbon samples at 973 K.
i Brunauer-Emmett-Teller (BET) surface area was calculated in a range of P/P0¼ 0.05e
j Micropore volume was obtained by quenched solid density functional theory (QSDF
%. This result indicates that it was easier to remove the residual
aluminous species after destroying the highly siliceous zeolite
structure with NaOH. The resultant ash content (2.0wt%) was
higher than that from the result of HFeHCl treatment (0.5 wt%). The
2.0 wt% ash consisted of amorphous aluminosilicates with Si/
Al¼ 107, as determined by EDS. We tried to further decrease the
ash content through one more NaOH treatment, but the treatment
caused a significant damage to the structure of the carbon (Fig. S1).
For this reason, we believed that the ‘353 K 2M NaOH/rt 1M HCl’
washing (Entry 4) was the optimal method among the four con-
ditions tested for washing off the beta template (Entries 1e4).

Although the ‘353 K 2M NaOH/rt 1M HCl’ treatment was
effective for the removal of beta zeolite template, the method
resulted in a high ash content of 13.3wt% when applied to the Y
zeolite template (Table S1). This result was reasonable considering
the high Al content (i.e., low Si/Al of 2.4) of Y zeolite. The Y zeolite
framework has a high proportion of AleOeSi bonds, which have
resistance to the attack by both NaOH and HCl [24,25]. Considering
the high Al content, we added a 1M HCl treatment prior to the
‘353 K 2M NaOH/rt 1M HCl’ treatment. The ash content then
decreased to 4.3 wt%, indicating that 99% of the initial zeolite was
removed. The ash content of 4.3 wt% was in a form of amorphous
aluminosilicates (Si/Al¼ 24). This result implied that the initial HCl
treatment could effectively destabilize the Y zeolite framework,
thereby facilitating the subsequent silica dissolution by NaOH [24].
Moreover, the HCl concentration of 1M was sufficient for the
template washing. An increase of the HCl concentration to 3M did
not change the resultant ash content significantly, as in the case of
beta template removal.

In the case of the ZTC synthesis using X zeolite (Si/Al¼ 1.2), the
template framework could satisfactorily be removed through
consecutive treatments of ‘rt 1M HCl/353 K 0.1M NaOH/rt 1M HCl’
(5.0wt% of ash, Entry 9). This process was the same as the pro-
cedure optimized for the dissolution of theY zeolite template,
except that the concentration of NaOHwas lowered from 2 to 0.1M.
When 2M NaOH solution was used, the ash content decreased to
4.4wt% (Table S1), similar to the case of Y zeolite (4.3 wt% of ash).
However, the resultant ZTC product completely lost the micropore
order as shown in the XRD pattern (Fig. S2), indicating that severe
damages occurred in the carbon framework during the washing
Ashh (wt%) Carbonaceous (wt
%)

SBETi (m2 g�1) VMicro
j (cm3 g�1)

C H O

9.8
73
7.3
2.0 90.6 1.9 7.5 3,050 1.21
0.5 93.9 2.3 3.6 3,400 1.36

M HCle 4.3 86.6 2.6 10.9 2,000 0.81
14 83.0 2.6 14.4 1,580 0.65
0.3 94.5 1.5 3.7 2,670 1.07

HClg 5.0 91.5 1.5 7.0 2,050 0.81
0.8 94.5 1.5 3.5 2,560 1.00

ss specified otherwise.
3 K (see Experimental section for each procedure), followed by treatment with a 1M

OH solution for 2 h at 353 K. The HCl treatment was repeated once again.
f. [15].
a 0.1M NaOH solution for 8 h at 298 K. The HCl treatment was repeated once again.

0.15.
T) method.
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treatment with 2M NaOH. From this result, it appeared that the Y
zeolite template gave a more chemically robust porous carbon
framework against NaOH than that from X zeolite. Another notable
point was that the X zeolite framework was easily dealuminated by
the initial treatment with 1M HCl [26], and thus the 0.1M con-
centration of NaOH was sufficient in the following treatment.

In summary, the dissolution processes using NaOH and HCl so-
lutions were effective for the removal of zeolite templates from
carbon. The resultant ZTC products from beta, Y and X zeolites had
an incombustible ash content lower than 5wt% (Entries 4, 6, 9). The
ash content was higher than that of carbons washed with a mixture
of 1M HF and 1M HCl (Entries 5, 8, 10). The ZTC products washed
with NaOH and HCl solutions exhibited a BET surface area greater
than 2,000m2 g�1. Details of the porous texture and chemical
properties are provided in the following sections.
3.2. Structure of ZTC from NaOHeHCl

Fig. 1 shows the XRD patterns of the ZTC products obtained by
the optimized zeolite-dissolution procedures using NaOH and HCl
solutions annotated in Table 1. Bragg peaks were found at diffrac-
tion angles between 2q¼ 5e10� in each case, representing the
zeolite-inherited pore orders in the carbon structure [10,17,27].
However, there were no Bragg reflections corresponding to crys-
talline zeolite structures. This result indicates complete breakdown
of the crystalline zeolite structures by the NaOHeHCl washing
processes.

Fig. 2 provides representative TEM and SEM images of the ZTC
products. The TEM images exhibited regular lattice fringes, indi-
cating periodically ordered pore network of the carbons. The
structural ordering was also presented in the fast Fourier transform
(FFT) patterns (insets in Fig. 2). The lattice spacing values from the
FFT patterns were well matched with those from XRD patterns (i.e.,
d¼ 1.1 nm for beta-ZTC and d¼ 1.4 nm for Y-ZTC and X-ZTC), con-
firming the successful replication of the pore system of the zeolite
templates [13]. The SEM images showed that the crystal
morphology of the zeolites was well retained in the carbon prod-
ucts even after they were thoroughly washed with NaOHeHCl
solutions.

The porous texture of the NaOHeHCl-washed ZTC products was
analyzed by Ar adsorption, and compared to that of the carbon
products washed with HF (Fig. 3). As shown in the insets in Fig. 3,
Fig. 1. XRD patterns of beta-ZTC, Y-ZTC, and X-ZTC samples obtained by washing with
NaOH and HCl solutions (Entires 4, 6, 9 in Table 1).
the Ar adsorption isotherms exhibited a very sharp increase in the
adsorption amount (i.e., type-I isotherm) at a relative pressure re-
gion below P/P0¼ 0.02, indicating that the carbons were highly
microporous. The Ar adsorption capacity of the NaOHeHCl-washed
carbons was approximately 20% smaller than that of the HF-
washed carbons. The decrease in the Ar adsorption capacity
correspondingly resulted in lowered BET surface area and micro-
pore volume of the carbons (Table 1). This loss of porosity can be
attributed to pore blocking by the ash residues andminor structural
damage after the NaOHeHCl washing. Nonetheless, the BET surface
area of the beta-ZTC was as high as 3,050m2 g�1, and it was roughly
2,000m2 g�1 for both Y-ZTC and X-ZTC. The pore size distributions,
derived by the QSDFTmethod, showed sharp characteristic peaks at
around 1 nm in all the carbon samples, which agreed well with the
lattice spacing information. This result implies that the pore
structure of the carbons was well maintained despite their
decreased adsorption capacity after the NaOHeHCl washing
treatments.

3.3. Oxygen functionalization due to NaOH

When washed with the NaOHeHCl solutions, the resultant ZTC
products showed an increase in the oxygen content by a factor of
approximately two, as compared with the HF-washed carbons
(Table 1). To investigate the cause of this phenomenon, we treated a
HF-washed beta-ZTC sample in a 2 M NaOH solution at room
temperature under stirring for 2 h. Similarly, beta-ZTC-HF was
treated in a 1 M HCl solution. The NaOH treatment resulted in a
distinct increase of the oxygen content in the carbon from 3.6 to
9.2wt%, but the HCl treatment caused no significant changes.
Moreover, XRD and BET surface area analyses indicated a consid-
erable loss of structural order by the NaOH treatment, whereas the
HCl-treated ZTC retained most of the original microporous struc-
ture (Fig. S3). As this result shows, the carbon treatment in NaOH
solution was the cause of the change in the oxygen concentration.

It has been reported that oxygen-containing functional groups
can be generated by a NaOH treatment in the case of activated
carbons and carbon black [28e30]. The amorphous carbons such as
activated carbons and carbon black are known to contain a signif-
icant portion of sp3 carbons [31], where the formation of oxygen-
functional groups is attributed to the surface reaction of NaOH
with ether and lactone groups. The increased oxygen content,
caused by NaOH, could thus be ascribed to the formation of hy-
droxyl or carboxyl groups by hydrolysis of the ether and lactone
groups [28,29]. Unlike the amorphous carbons, the ZTC is built with
mainly sp2 carbon frameworks, similar to the case of graphenes
[13,17]. Many previous works reported that graphenic carbon ma-
terials composed of a sp2 framework did not exhibit a notable in-
crease in oxygen content upon treatments with NaOH solution
[32,33]. We ascribed the discrepancy among the sp2 carbon mate-
rials to the strain in the 3D curved graphene structure of ZTC, which
was formed inside the nanopores of the zeolite. The ZTC had a
tendency to release such strain during the template-dissolution
process by hydrolysis of the carbon framework. Nevertheless, it is
still unclear how the NaOH treatment could cause the generation of
oxygen content on the ZTC surfaces, and further studies are
required to understand this phenomenon.

Oxygenation is an important route to functionalization of car-
bons to increase the hydrophilic property and to graft organic
functionalities. In the case of porous carbons, the oxygen func-
tionalization is usually performed with mild oxidizing agents, such
as nitric acid, sulfuric acid, or peroxides. A drawback of the oxida-
tive treatment is degradation of the porous structure while the
carbon framework undergoes oxidation [34,35]. The structural
damage is particularly severe when the pore walls are built with



Fig. 2. TEM (left column) and SEM (right column) images of (a) beta-ZTC, (b) Y-ZTC, and (c) X-ZTC samples obtained by washing with NaOH and HCl solutions (Entires 4, 6, 9 in
Table 1). Insets in the left column are corresponding Fourier diffractograms.
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curved surfaces of extremely thin, single-layered carbon frame-
works as in ZTC [13,17,36,37]. In comparison, the NaOH-washing is
a relatively safe route to oxygen functionalization of ZTC with
retained pore orders (see the XRD peaks in Fig. 1). We investigated
the chemical bonding of the beta-ZTC, Y-ZTC, and X-ZTC samples,
using solid-state 13C NMR and ATR-FTIR spectroscopies (Figs. 4, S4,
and S5). The 13C MAS NMR spectrum of the NaOHeHCl-washed
beta-ZTC (beta-ZTC-NaOH) showed that the sp2 framework of the
ZTC was well retained after the NaOHeHCl washing treatments
(120e150 ppm in Figs. 4a and S4) [13,38]. It was difficult to obtain
quantitative information on oxygen-functional groups from the
NMR spectra due to the low intensity of the peak at 180 ppm
associatedwith carboxyl group [13]. Instead, the baseline-corrected
ATR-FTIR spectra showed the presence of the oxygen-functional
groups of the beta-ZTC (Figs. 4b and S5). Notably, there were in-
creases in IR absorbance at 1,720 cm�1 corresponding to C]O
stretching vibrations and 3,420 cm�1 to OeH [39], when NaOH was
used for the template removal instead of HF (Fig. 4c). We attributed
this result to the introduction of hydroxyl or carboxyl groups by the
NaOH-based template washing. Moreover, the C]C stretching vi-
bration regarding the conjugated system of C¼C bonds was simi-
larly observed at 1,580 cm�1 in both FTIR spectra [39], in
accordance with the NMR result.

Organic functionalization is important for the development of



Fig. 3. QSDFT pore size distributions and corresponding Ar adsorption-desorption isotherms (insets) of (a) beta-ZTC, (b) Y-ZTC, and (c) X-ZTC samples obtained by NaOH- and HF-
based template-washing methods (Entires 4, 6, 9 for NaOH-washing and 5, 8, 10 for HF-washing in Table 1). (A colour version of this figure can be viewed online.)

Fig. 4. Spectroscopic analysis of beta-ZTC samples obtained by NaOH- and HF-based template-washing methods. (a) 13C MAS NMR and (b) baseline-corrected ATR-FTIR spectra of
the beta-ZTC. (c) The FTIR spectra were expanded in the wavenumber regions of 1,675e1,750 cm�1 (top) and 3,100e3,750 cm�1 (bottom). Asterisks in the NMR spectra indicate
spinning sidebands corresponding to a MAS rate of 13 kHz. (A colour version of this figure can be viewed online.)
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future applicability of ZTC. Thus far, however, the functionalization
of ZTC has only been reported in two limited cases: chemical
grafting of a sulfonic acid group, and electrochemical bonding of an
aniline moiety [40,41]. In the case of sulfonic acid, the functional-
ization was achieved via the reaction of chlorosulfuric acid with
oxygen on the ZTC pore wall. The reacting oxygen-functional group
might exist on the ZTC before the addition of chlorosulfuric acid, or
more likely, it is generated in situ due to the oxidizing function of
the chlorosulfuric acid. The functionalization resulted in a con-
spicuous decrease of pore orders and framework damage in the
carbon [40]. On the other hand, in the case of aniline, the aromatic
amine could be functionalized on the carbon more safely without
structural damages [41], but the method requires a specialized
electrochemical set up.

We speculated that the spontaneous generation of oxygen
groups by NaOH, which is reported in this section, might provide a
simpler and safer basis for organic functionalization in ZTC. To
investigate this possibility, we grafted N,N-dimethylenediamine
(DMEDA) groups through covalent bonding onto the beta-ZTC-
NaOH sample, utilizing the one-pot carbodiimide-crosslinking re-
action (see Section 1.2 in Supplementary data). After the func-
tionalization treatment, the ZTC sample was analyzed by 13C CP
MAS NMR spectroscopy, elemental analysis, XRD and Ar adsorption
(Fig. 5). The 13C NMR spectrum of the amine-treated ZTC presented
a chemical shift at 170 ppm (Fig. 5a), indicating that the amide bond
was formed by the reaction of the carboxyl groupwith DMEDA. The
presence of the amine group was checked by NMR peaks at around
30e40 ppm [42]. According to the elemental analysis, the nitrogen
content of the amine-grafted beta-ZTC-NaOH (beta-ZTC-NaOH-
DMEDA) was 2.4mmol g�1, which revealed that 1.4 times more
amine groupwas grafted as compared with beta-ZTCeHFeDMEDA.
In this manner, we confirmed that the increased oxygen content of
the ZTC was useful for increasing the degree of amine functionali-
zation. This was supported by the lower XRD peak intensity and
micropore volume of beta-ZTC-NaOH-DMEDA (Fig. 5b and c),
suggesting a higher amount of amine groups inside the carbon
micropores. In addition, the amine-grafted beta-ZTCwas tested as a
catalyst in the Knoevenagel condensation between benzaldehyde
and malononitrile at 333 K (see Section 1.3 in Supplementary data).
The conversion of benzaldehyde at a reaction time of 6 h was 99%
for beta-ZTC-NaOH-DMEDA, whereas it was only 31% for beta-
ZTCeHFeDMEDA (Fig. 5d). These results indicated the higher
amine group density of beta-ZTC-NaOH-DMEDA was useful for the
catalytic application of ZTC. Comparatively, the benzaldehyde
conversion of beta-ZTC-NaOH and beta-ZTC-HF was 0%. Moreover,
the ZTC catalyst maintained the pore order after the reaction
(Fig. S6), demonstrating the solvothermal stability of the carbon
during the organic functionalization.



Fig. 5. Amine functionalization of beta-ZTC obtained by NaOH- or HF-based template removal. (a) 13C CP MAS NMR spectra, (b) XRD patterns, (c) Ar adsorption-desorption iso-
therms, and (d) Knoevenagel condensation reaction of the amine-grafted beta-ZTC-HF (black) and beta-ZTC-NaOH (red). Asterisks in the NMR spectra indicate spinning sidebands.
Conversion: amine-grafted beta-ZTC-NaOH (�, red), beta-ZTC-HF (▪, black). Reaction conditions: benzaldehyde 5mmol, malononitrile 7.5mmol, catalyst 1mol%, tempera-
ture¼ 333K. (A colour version of this figure can be viewed online.)
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3.4. Effect of oxygen functionalities on conductivity and
supercapacitance

ZTC has been investigated as an electrode material for super-
capacitor applications by taking the advantages of their high elec-
trical conductivity and ordered microporous structure
[8,13,43e46]. The oxygen-functional groups generated by the
NaOHeHCl washing might have a negative impact on the electrical
conductivity of the ZTC, while hydrophilic oxygen functionality can
provide favorable interaction with an aqueous electrolyte [47]. In
this regard, we measured the sheet resistance, local electrical
conductance, and solution resistance (in non-aqueous and aqueous
solutions) of the NaOH-washed ZTC for comparison with those of
the HF-washed ZTC.

The sheet resistance of the NaOH-washed ZTC, measured by the
four-point probe method, was higher than that of the HF-washed
ZTC regardless of the zeolite framework types (Table S2). The
local electrical conductance of the ZTC was determined by taking
the slope of each IeV curve, which was taken from C-AFM mea-
surements. Consistent with the sheet resistance results, the
conductance of the NaOH-washed ZTC was lower compared with
the HF-washed ZTC. We attributed this decrease in conductivity to
the increase in the oxygen content, since these functional groups
are known to disrupt an electrically conductive network [48].
Nonetheless, the conductance of the beta-ZTC-NaOH was still
higher than that of mesoporous carbon (referred to as CMK-3) [49].
Furthermore, the EIS analyses of the ZTCwas performed in both 1M
Et4NBF4/PC and 1 M K2SO4 (aq) solutions (Fig. S8). As determined
by the EIS curves, the solution resistance of the NaOH-washed ZTC
in the non-aqueous Et4NBF4/PC electrolyte was higher than that of
the HF-washed ZTC (Table S2), while the trend was in a reverse
order in the case of aqueous K2SO4 electrolyte. This result may be
due to the combination of the decrease in the conductivity and the
increase in the amount of the hydrophilic oxygen-functional
groups.

The effect of the oxygen-functional groups on the electro-
chemical characteristics was examined by CV with two-electrode
cells assembled with beta-ZTC electrodes in both the 1 M
Et4NBF4/PC and 1 M K2SO4 (aq) electrolyte. In the case of the non-
aqueous system, the stabilized CV curves of beta-ZTC in a potential
range of 0e2.5 V showed a quasi-rectangular shape, indicating
electrical double-layer capacitance (EDLC) together with pseudo-
capacitance as evidenced by faradaic responses associatedwith due
to the oxidation/reduction of oxygen-functional groups (Figs. S9
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and S10) [19]. The capacitive current of beta-ZTC-NaOH electrode
was lower than that of beta-ZTC-HF due to the favorable interaction
between the hydrophobic carbon framework and the non-aqueous
electrolyte. In the case of the aqueous system, the CV curves of
beta-ZTC also exhibited a quasi-rectangular shape, indicating the
presence of the pseudocapacitance by broad faradaic responses
associated with the oxidation/reduction of oxygen-functional
groups (Fig. S10). Notably, the capacitive current of beta-ZTC-
NaOH was higher than that of beta-ZTC-HF due to the increased
oxygen content by the NaOH-washing, providing facilitated diffu-
sion of the aqueous electrolyte through the micropore of the ZTC.
The GCD curves of the electrochemical cells, measured at various
current densities ranging from 0.1e10 A g�1, presented a quasi-
linear shape (Figs. S11 and 12). The GCD curves demonstrated
both EDLC and pesudocapacitance regardless of the electrolytes
[19], in a good agreement with the CV analysis. Derived from the
discharge curves, the specific capacitances measured in the 1 M
Et4NBF4/PC electrolyte were shown in Fig. 6b as a function of cur-
rent density. At low current density (<1 A g�1), the beta-ZTC-HF
electrode showed higher capacitance of 93 F g�1 than that of
beta-ZTC-NaOH (74 F g�1). This 20% lower capacitance can mainly
be ascribed to the difference in surface area of the ZTC, since the
electrical charge storage in porous carbon materials has a positive
correlation with their surface area [50,51]. As the current density
was increased, the capacitance of the beta-ZTC-NaOH electrode
decreased more rapidly compared with beta-ZTC-HF. The lower
rate capability of beta-ZTC-NaOH can be attributed to the increased
oxygen-functional groups, which impeded the electrolyte diffusion
due to the decreased conductivity and the increased hydrophilicity
[52].

To confirm that the decrease of conductivity and non-aqueous
supercapacitor performance was due to the oxygen-functional
groups on the ZTC, we attempted to reduce the oxygen content
through H2 gas treatment. The beta-ZTC-NaOH was treated by
heating in H2 at 723 K. After the H2 treatment, the oxygen content
of the carbon was reduced to 3.6wt%, which was similar to that of
the beta-ZTC-HF. The conductivity of the H2-treated carbon (beta-
ZTC-NaOH-[R]) was increased to a level comparable to that of beta-
ZTC-HF (Fig. 6a). The non-aqueous supercapacitor performancewas
improved, and this result could be attributed to the increased
conductivity. These results proved that the conductivity and elec-
trochemical characteristics of the ZTCwere changed by the increase
and decrease of the oxygen contents. Given that the conductivity of
beta-ZTC-NaOH and characteristics of the non-aqueous
Fig. 6. Electrical conductance and supercapacitor performance of beta-ZTC samples obtaine
ZTC-NaOH. (a) IeV curves of the beta-ZTC. Specific capacitance of beta-ZTC electrodes in
current density. (A colour version of this figure can be viewed online.)
supercapacitor could be restored to a level similar to that of beta-
ZTC-HF by the H2 treatment, this phenomenon strongly re-
sembles the reduction of graphene oxides for the restoration of the
electrical properties [53,54].

Furthermore, the effect of oxygen functionalities in the ZTC on
the aqueous supercapacitor performance was also investigated.
Interestingly, we found that the increase in the oxygen function-
alities dramatically improved the supercapacitive performance in
the aqueous medium at higher current density. The specific
capacitance was measured with the same procedure, except that an
aqueous solution of 1MK2SO4 was used as an electrolyte (Fig. 6c).
At a low current density of 0.2 A g�1, beta-ZTC-NaOH exhibited high
specific capacitance of 390 F g�1 because of the high surface area,
which was close to that of ZTC-HF (379 F g�1). As the current den-
sity was increased, there was a significant drop in the capacitance
in the case of beta-ZTC-HF, whereas beta-ZTC-NaOH showed a
relatively small decrease in the capacitance with an increase in
current density. In particular, beta-ZTC-NaOH exhibited high spe-
cific capacitance of 133 F g�1 at a high current density of 10 A g�1,
whereas beta-ZTC-HF showed only 44 F g�1 even at a lower current
density of 4 A g�1. The excellent aqueous supercapacitor perfor-
mance of beta-ZTC-NaOH can be attributed to enhancedwettability
of the micropore of the ZTC due to the presence of hydrophilic
oxygen-functional groups. It is known that the micropores of car-
bon materials cannot be fully wetted in an aqueous solution,
thereby impeding accessibility to the aqueous electrolyte [55]. The
increase in the oxygen-functional groups in the beta-ZTC-NaOH not
only improved the wettability, but also enhanced transportation of
electrolyte ions through the ZTC micropores, which can promote
facile diffusion for the electrochemical capacitive behavior [56,57].
To confirm the role of oxygen functionalities on the aqueous
supercapacitor performancewe reduce the oxygen in the beta-ZTC-
NaOH through H2 gas treatment. As the current density was
increased, the specific capacitance of beta-ZTC-NaOH-[R] was
significantly decreased in spite of the increase of conductivity
(Fig. 6a and Table S2). In addition, when the X-ZTC and Y-ZTC
samples obtained by the NaOH and HF-basedwashing were used as
electrodes, the trends in electrochemical characteristics were
similar to the case of the beta-ZTC sample in both electrolyte media
(Fig. S13). We further conducted the charge/discharge cycling of the
capacitor assembled with beta-ZTC-NaOH at a current density of
2 A g�1 for 10,000 cycles (Fig. S14), since the beta-ZTC-NaOH elec-
trode showed the highest specific capacitance among all materials
tested in this study. After 4000 cycles, the specific capacitance of
d by NaOH- and HF-based template-washing methods and after H2 treatment of beta-
(b) 1M Et4NBF4/PC and (c) aqueous 1MK2SO4 electrolytes as a function of discharge
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beta-ZTC-NaOHwas decreased to 75 F g�1 and remained almost the
same even after 10,000 cycles, revealing the electrochemical sta-
bility of the ZTC [19]. Overall, the increase in oxygen content by the
NaOH-based zeolite-dissolution process significantly influenced
the energy storage characteristics by decreasing the electrical
conductivity and increasing the hydrophilicity of the ZTC. On the
basis of these results, we suggest that the oxygen content of ZTC
should be controlled for the desired energy storage applications.

4. Conclusions

In the present work, ordered microporous ZTC was successfully
obtained by HF-free template removal using NaOH and HCl solu-
tions, which was applicable to zeolite templates with various Si/Al
ratios. The simple replacement of HF with NaOH of proper con-
centration could dissolve beta zeolite with high silica content,
whereas an additional HCl treatment prior to the NaOH treatment
was necessary in order to effectively eliminate aluminum in the
case of FAU (Y and X) zeolites with low silica content. Compared
with the HF-based washing, the ZTC obtained in this manner had
higher oxygen content, which was due to oxygen-functional groups
generated during the NaOH washing treatment. The increased ox-
ygen functionalities could serve as a base for organic functionali-
zation on the ZTC, as shown in the amine grafting for catalytic
Knoevenagel condensation. Moreover, the increased oxygen con-
tent altered the electrical energy storage characteristics of the ZTC
significantly, due to the decrease in electrical conductivity and the
increase in hydrophilicity of the carbons. As a result, the super-
capacitance in the non-aqueous Et4NBF4/PC electrolyte was low,
but could be restored by reducing the oxygen functionalities
through H2 treatment under heating. On the other hand, in the case
of an aqueous electrolyte system, hydrophilic oxygen-functional
groups could facilitate the interaction with the aqueous K2SO4 so-
lution, therebymarkedly enhancing the retention of capacitance up
to high current density. We believe that the NaOH-based template-
washingmethods offer a safer and environmentally friendlier route
to ordered microporous carbons, which have high potential in
various applications in electrical energy storage and heterogeneous
catalysis.
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