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Nanoporous Carbons

Abstract

Here we have prepared ZIF-67 derived nanoporous carbons (NPCs) under different carbonization
temperatures ranging from 800 to 1000 °C, and investigated the effect of the temperature on the porous
structure. Raman analysis confirms that the graphitic degree of the obtained samples increases as the applied
carbonization temperature is increased. With the gradual increase of the graphitic degree, the surface area is
decreased.
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Abstract

Here we have prepared ZIF-67 derived nanoporous carbons
(NPCs) under different carbonization temperatures ranging
from 800 to 1000°C, and investigated the effect of the tem-
perature on the porous structure. Raman analysis confirms
that the graphitic degree of the obtained samples increases as
the applied carbonization temperature is increased. With the
gradual increase of the graphitic degree, the surface area is
decreased.

1. Introduction

Nanoporous materials are promising candidates for several
applications ranging from catalytic supports toward water
treatment to electrode materials for batteries, fuel cells, and
supercapacitors, and drug delivery carriers.! Among many
compositions, nanoporous carbon (NPC) materials have re-
cently attracted great interests due to their unique physical and
chemical properties, like excellent chemical and mechanical
stability, good electrical conductivity, and high specific surface
area.” While mesoporous carbons with ordered porous arrange-
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ments have been extensively studied to date, metal-organic
framework (MOF)-derived NPCs with unique pore structures
have been recently becoming a research hotspot.’

The mostly adopted strategy for the synthesis of porous car-
bons is the hard-templating method, in which a broad variety
of porous materials can be selected to act as molds.* This
templating process has the advantage of precisely controlling
the morphology and average pore size. However, the compli-
cated steps involved in the preparation of the starting template
materials (carbonization inside the pores and removal of the
template matrix) are limiting its implementation in large-scale
industrial production. In recent years, MOFs or porous coordi-
nation polymers (PCPs), which are formed by assembling
metal ions with organic ligands, have attracted a great interest.’
Motivated by their fascinating properties, such as high surface
area, as well as tunable chemical compositions and textures,
several types of MOFs have been utilized as precursors for
the preparation of NPCs,*’ acting both as sacrificial template
and secondary carbon precursor. Compared with the above-
mentioned hard-templating method, this approach is relatively
simple.

Previously, NPCs have been successfully synthesized from
zeolitic imidazolate framework precursors (e.g., ZIF-8).F
Zeolitic imidazolate frameworks (ZIFs) comprise a well-known
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Figure 1. (a) Schematic illustration of the synthesis of
nanoporous carbons. (b) Wide-angle XRD pattern and
(c) SEM image of the ZIF-67 crystals. Inset in (c) shows
a high-magnification SEM image of an isolated ZIF-67
crystal.

subfamily of MOFs formed through the coordination between
metal ions and imidazole derivatives. Compared to ZIF-8, ZIF-
67 contains Co species which are converted into metalic Co
during the carbonization process. These deposited Co nano-
particles can act as catalysts for the graphitization of carbon.”
Therefore, by adjusting the applied carbonization temperature,
we can control the degree of graphitization of the materials,
which finally determines the material properties. In this work,
we carefully study the effect of the applied carbonization
temperature on the surface area, pore size distribution, and
graphitization degree of NPCs (Figure la).

2. Experimental

Chemicals. Cobalt nitrate hexahydrate (Co(NOs),+6H,0,
99%) was purchased from Sigma-Aldrich Chemical Co. 2-
Methylimidazole (Melm, purity 99%), hydrofluoric acid, and
methanol were obtained from Nacalai Tesque Reagent Co. All
chemicals were used without further purification.

Synthesis of ZIF-67 Derived Carbons. The preparation
of ZIF-67 crystals was adapted from our previously report-
ed synthetic method."” Cobalt nitrate hexahydrate (0.87 g)
was dissolved in methanol (30 mL), while 2-methylimidazole
(0.98 g) was dissolved in methanol (10mL). The two solutions
were then mixed together and stirred vigorously for 5 min. The
mixture was aged at room temperature for 12 h, after which the
precipitate (ZIF-67) was collected, separated by centrifugation,
washed carefully with methanol, and dried at 80 °C. The NPCs
were obtained after carbonizing the ZIF-67 crystals under nitro-
gen flow at temperatures ranging from 800 to 1000°C for 2h
with a heating rate of 2°C.min~'. The resulting NPCs con-
taining small Co nanoparticles were washed extensively with a
HF solution (10wt %) in order to remove any trace of metals.
The obtained carbons are denoted as C-n, where n represents
the carbonization temperature.

Characterization. Scanning electron microscopy (SEM)
images were obtained with a Hitachi SU-4800 microscope at an
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Figure 2. SEM and TEM images of the NPCs prepared at
different temperatures [(a—c) 800°C, (d-f) 900°C, and
(g-1) 1000°C].

accelerating voltage of 5kV. Transmission electron microscope
(TEM) and high-angle annular dark-field scanning transmission
electron microscope (HAADF-STEM) observations were per-
formed using a JEM-2010F system operating at 200kV. Wide-
angle powder X-ray diffraction (XRD) patterns were measured
using a Rigaku RINT 2000 X-ray diffractometer using mono-
chromated CuKa radiation (40kV, 40 mA) at a scanning rate
of 2°C+min—'. Raman spectra were measured using a Horiba-
Jobin-Yvon T64000 (Photon Design). Nitrogen adsorption—
desorption analysis was performed using a Quanta Chrome
Autosorb Automated Gas Sorption System at 77 K. The total
pore-size distributions were calculated from the adsorption
branches of the isotherms based on the non-localized density
functional theory (NLDFT) method.

3. Results and Discussion

The obtained ZIF-67 crystals were characterized by XRD
and SEM. The XRD pattern (Figure 1b) shows that all the
peaks can be indexed to the standard simulated pattern of ZIF-
67 without any impurities.!” The SEM images (Figure Ic and
inset) reveal that the well-dispersed ZIF-67 crystals have a
typical rhombic dodecahedral morphology, and an average
particle size ranging from 1 to 2 um.

During the carbonization process of the ZIF-67, the Co
species tend to aggregate, thus forming metallic nanoparticles
(Figure S1). Wide-angle XRD pattemns for ZIF-67 derived car-
bon samples before the HF treatment are shown in Figure S2.
With increasing the applied temperature, the intensity and
sharpness of the peaks corresponding to face-centered-cubic
(fee) Co crystals gradually increases. Using the Scherrer equa-
tion, the average crystallite size was estimated to be around 27
nm (for 800 °C), 38 nm (for 900 °C), and 42 nm (for 1000 °C).

Figure 2 shows the SEM and TEM images for all the NPCs
after ZIF-67 carbonization followed by HF treatment. The
overall particle size and shape of the original ZIF-67 precursor
were retained, although the surface appeared distorted and
bumpy after carbonization. Highly magnified SEM images of
the samples show higher degrees of distortion and the appear-
ance of surface porosity, especially at higher carbonization
temperature.

© 2017 The Chemical Society of Japan



Figure 3. Low- and high-magnification TEM images of the
NPCs, after HF treatment, prepared at different temper-
atures [(a, d) 800°C, (b, ) 900 °C, and (c, ) 1000°C]. The
deposited Co nanoparticles are indicated by white circles
in the low-magnification TEM images, while the formed
mesopores in the chemically etched samples are indicated
by yellow circles in high resolution TEM images.

Figure 4. HAADF-STEM images and elemental mappings
of NPCs prepared at different temperatures [(a, b) 800 °C,
(c, d) 900°C, and (e, f) 1000°C]. The scale bars are
500nm.

High-resolution TEM (HRTEM) images (Figure 3) provide
more details about the structure of the samples prepared at
different temperatures. It was found that all the samples showed
porous structures with a high degree of graphitization. During
the carbonization process, the Co nanoparticles can act as a
catalyst to assist the graphitization of carbon.>'® Figure 3a-c
revealed that most of the Co nanoparticles were removed by
chemical etching. At relatively low sintering temperature, how-
ever, some Co nanoparticles are still present. With increasing
the temperature, most of the Co nanoparticles are efficiently
removed from the carbon matrix. The results from the elemen-
tal mapping analysis (Figure 4) are consistent with the TEM
observations. The content of elemental Co gradually decreases
as the calcination temperature increases. The Co content for
each sample was 2.5% (for C-800), 0.3% (for C-900), and
<0.1% (C-1000). All the samples are treated with the same
acidic solution, the only difference being the applied carbon-
ization temperature. As shown in Figure 2g-i, the surface
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Figure 5. (a) Wide-angle XRD patterns, (b) Raman spectra,
(¢) N> adsorption—desorption isotherms, and (d) NLDFT
pore-size distributions of NPCs prepared at different
temperatures (800 °C, 900°C, and 1000 °C).

structure tends to collapse at higher temperature, and the Co
nanoparticles are etched more efficiently.

The crystalline structure of the NPCs was analyzed by XRD.
As revealed in Figure 5a, all the samples undergo structural
transformation after carbonization. By increasing the temper-
ature up to 1000 °C, the diffraction peak at around 25°, which
is representative of the characteristic carbon (002) interlayer,
becomes sharper and more intense, implying the formation of
carbon with a higher degree of graphitization. On the other
hand, the (111) and (200) diffractions of the fce Co crystal
located at 44.2° and 51.6°, respectively, can still be observed,
because some Co nanoparticles are still present even after HF
treatment.” The peaks become weaker as the temperature is
increased, which is in accordance with the elemental mapping
analysis (Figure 4).

Raman spectroscopy was also conducted to investigate the
structural characterization of samples obtained at different
carbonization temperatures. As seen in Figure 5b, two peaks
located at around 1350 and 1580 cm™!, which can be indexed
to the disorder-induced (D) and graphite (G) peaks of carbon
materials, respectively, are observed. The relative intensity
ratios of G to D bands ({;/1p) become larger as the temperature
increases, implying that the graphitization degree of carbon
increases. Moreover, the intensity of the 2D band arising from
the overtone of the D band at around 2700cm~' becomes
stronger at higher temperatures, which further confirms that
graphitic structures are well-developed. Interestingly, the
HRTEM data for C-1000 (Figure 3c, 3f and S3) shows that
carbon nanotubes (CNTs), of a few hundred nanometers in
length, grew on the particle surface. The graphitic carbon
structure is known to have higher electrical conductivity than
amorphous carbon. Such a CNT-rich surface can form electri-
cally conductive bridges between the NPC particles and play an
important role for several electrical applications.!

To investigate the variation of specific surface areas and pore
size distributions between the samples carbonized at different
temperatures, N> adsorption—desorption analysis has been
carried out at 77K (Figure 5¢). All the samples exhibit steep
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increases at very low relative pressure, indicating the pres-
ence of micropores. For P/Py > 0.2, the isotherms exhibit a
slight capillary condensation, corresponding to the presence of
mesopores with different sizes. The specific surface areas of the
samples are 337m?.g ! (for 800°C), 260 m?.g~! (for 900°C)
and 205m?.g~! (for 1000°C). These surface areas are not as
high as our previously reported NPCs derived from ZIF-67
prepared by a different method.® The pore-size distribution
determined by NLDFT calculation is plotted in Figure 5d. The
obtained samples exhibit both micropores and mesopores. The
pore-size distribution becomes broader and slightly shifted
towards larger pore diameters as the carbonization temperature
increases. The ~0.8 nm micropores, comparable to the ZIF-68
parent precursor, mostly vanish after carbonization at 1000 °C.

4. Conclusion

Nanoporous carbons were successfully obtained through a
one-step process. After carbonization at different temperatures,
the samples showed different chemical and physical properties.
It highlights how the pore-size distribution, surface area and
graphitic degree can simply be tuned by changing the carbon-
ization temperature. This work provides new insights regarding
the design optimization of nanoporous carbon materials using
MOFs as precursor.

This work was partly supported by an Australian Research
Council (ARC) Future Fellow (FT150100479), the AIIM-
MANA 2016 grant, and JSPS KAKENHI Grant Number
17H05393 (Coordination Asymmetry). Y.Y and Z.A.A. are
grateful to the Deanship of Scientific Research, King Saud
University for funding through Vice Deanship of Scientific
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