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ABSTRACT: Nanoporous carbon (NPC) is prepared by
direct carbonization of Al-based porous coordination
polymers (Al-PCP). By applying the appropriate carbon-
ization temperature, both high surface area and large pore
volume are realized for the first time. Our NPC shows
much higher porosity than other carbon materials (such as
activated carbons and mesoporous carbons). This new
type of carbon material exhibits superior sensing
capabilities toward toxic aromatic substances.

arbon materials, such as nanoporous carbon (NPC)

(including mesoporous carbon)' and carbon nanotubes,’
have been thoroughly studied to find practical applications.
NPCs with high surfaces are especially promising. The unique
nature of nanoporous structures permits their use in a variety of
research, such as contamination removal, gas storage, super-
capacitors, and carriers for drug delivery systems. For these
applications, both high surface areas and large pore volumes are
the most critical. To enhance these factors, many attempts have
been made. For example, thermal decomposition of wood, coal,
or organic materials; a template method; CVD; and laser
ablation have been used to fabricate the nanostructured
carbons.?

Ordered mesoporous carbons, which are promising as NPC
materials, are generally prepared with a hard-templating
method relying on mesoporous silicas. Hyeon et al. synthesized
well-ordered mesoporous carbons by using mesoporous silicas
as hard templates.* Ryoo et al. have reported mesoporous
carbons (CMK family) by using mesoporous silicas, such as
MCM-48, SBA-1, and SBA-15, as hard-templates.5 Very
recently, porous coordination polymers (PCPs) or metal—
organic frameworks (MOFs), which are crystalline compounds
consisting of metal ions coordinated to rigid organic molecules
to form one-, two-, or three-dimensional structures,® have been
demonstrated as novel templates to prepare microporous
carbons.” By choosing suitable PCPs or MOFs with high
thermal stability, the carbonization of carbon sources occurs
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inside the micropores, and the original porous structures of
PCPs or MOFs are thus retained. For instance, when furfuryl
alcohol is used as a carbon source, its molecular dimensions
make it sufficient for entering and filling the framework of
MOF-5 (zeolite-type MOF, ZIF-8)"*' or Al-based PCP.”® After
the carbonization of furfuryl alcohol, the resultant NPCs
showed surface areas larger than 500 mz-g_l, even larger than
3000 m*-g~". On the basis of such promising results, MOF- or
PCP-templated carbonization deserves more attention.”

Here, we propose an alternative simple pathway for synthesis
of NPC material. Considering the large carbon content of
organic components in MOFs or PCPs, additional carbon
sources as additives (e.g, furfuryl alcohol) are not always
necessary. This idea provided the motivation to try a new
system of “direct conversion of MOFs or PCPs.” This process
is a very simple, one-step pathway. Here, we selected a typical
Al-based PCP (AI-PCP, (Al(OH)(1,4-NDC)-2H,0)® as an
initial precursor. This Al-PCP was carbonized directly in an
inert atmosphere. By changing the calcination temperatures, we
investigated the changes of the surface areas. Surprisingly, the
NPC treated at 800 °C showed very high surface area and large
pore volume. Recently, several coordination polymers that
exhibited large porosity have been demonstrated as a new
category of porous materials. For example, Furukawa et al.
reported a novel MOF having a high surface area of ~6000
m*g™°* and Ben et al. reported a porous polymer of ~7000
mz-g_l.gb Compared to them, pure NPC materials are currently
in high demand for sensing applications.

In the experiments, AI-PCP powders as the initial precursor
were prepared according to a previous report.® Then, the Al-
PCP powders were directly calcined in a furnace under
protection of an inert gas. The applied calcination temperatures
were varied from 500 to 800 °C. After the calcination, the
obtained samples were washed extensively with an HF solution
to remove the residual Al component. The obtained samples
were designated as “PCP-x,” where the “x” indicates the applied
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calcination temperatures. Interestingly, the original fibrous
shapes observed in the case of the Al-PCP precursor® were well
retained in the final products (Figure 1).

Figure 1. Bright- and dark-field TEM images of AI-PCP calcined at
800 °C (a) before and (b) after washing with HF. The inset is the
corresponding ED pattern. (a-3, b-3) High resolution TEM images of
Al-PCP calcined at 800 °C before and after washing by HF,
respectively. The graphitic sheets are indicated by arrow.

Wide-angle X-ray diffraction was performed on all the
samples (Figure Sla—d). Several broad peaks, belonging to a
typical (002) interlayer peak of graphitic carbon, were observed
at 20 = 25° and 44°. However, we did not see an in-plane
structural sign of typical graphitic carbon at around 26 = 13°,
indicating that the graphitic structures were not well developed
in the products. PCP-800 before HF treatment showed a small
peak assignable to alumina (JCPDS 88-1609) (Figure Sle).
The alumina was formed by a dehydration reaction of Al(OH)
parts of AI-PCP under high temperature. After HF treatment,
the alumina was totally removed. To further check the
compositions of the samples after HF treatment, elemental
analysis (carbon, hydrogen, and nitrogen) was performed. The
results confirmed that the main composition was carbon (~8S
wt %) together with trace amounts of nitrogen (~1.0 wt %).
Oxygen (~10 wt %) and hydrogen (~4.0 wt %) were also
detected, likely due to the oxygen-containing carbon network,
hydroxyl groups, and adsorbed water molecules.'® On the basis
of both the XRD patterns and the elemental analysis results,
carbon was successfully obtained through the thermal
decomposition of Al-PCPs, and the other inorganic elements,
such as Al, could be completely removed using HF.

Raman spectra for all the samples are shown in Figure S2. All
the spectra exhibited D and G bands at 1345 and 1588 cm™,
respectively. In general, the appearance of the D peak is
associated with the presence of a disordered carbon structure.
In addition, as the number of defects increases, the intensity of
the D band increases. In the case of carbon nanotubes (single-
wall carbon nanotube) and pure graphitic carbon, the D peaks
are not observable, and only G peaks appear. The relative ratios
of the G bands to the D bands (I;/Ip) illustrate the
crystallization degree of graphitic carbon. On the basis of the
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Raman spectra shown in Figure S2, the relative ratios of the G
bands are almost constant, irrespective of the applied
calcination temperatures. These values are almost the same as
those of active carbon. The appearance of the obvious D peaks
in all the samples indicated that, unlike graphite, graphene
sheets were not developed in the products. In fact, high-
resolution TEM images (Figure 1b-3) reveal the obtained
carbon materials were made up by randomly assembling the
nanometer-sized sheets, which coincided with the Raman and
XRD results (TEM data details are given in a later section).

To observe the morphology, SEM images were taken from all
the samples (Figure S3). Compared to initial Al-PCP,° the
obtained carbon materials had a similar fiber-like morphology.
It is noteworthy that such a fiber-like morphology was retained
even after HF treatment. In some parts, large cracks/voids were
formed after the calcination followed by HF treatment, which
was most likely caused by the large weight loss during thermal
decomposition of organic components of the Al-PCPs.
Compared to the initial AI-PCP weight before the calcination,
an ~60—70 wt % weight loss was confirmed by the calcination
process (from 500 to 800 °C), as confirmed by TG data
(Figure S4). When the applied calcination temperature was S00
°C, the fibrous shape slightly collapsed by HF treatment, which
was caused by insufficient carbonization of the carbon. By
increasing the applied calcination temperatures, condensed
carbonized networks with more chemical stability were formed.
Therefore, the original fibrous shapes were well retained.

To characterize the detailed microstructure of the obtained
NPC, PCP-800 samples before and after HF treatment were
carefully observed by TEM. Bright-field TEM images (Figure
1) showed both samples possessed nanoporous structures.
Large cracks/voids were observed and confirmed by SEM
observation (Figure S3). In a sense, a hierarchical porous
structure was realized here. In both samples, selected-area
electron diffraction (ED) patterns presented a weak ring-like
pattern derived from typical amorphous carbon. From a high-
resolution TEM image, we observed that a few carbon layers
were randomly aggregated inside the fibers. Before HF
treatment, a very weak ring could be assigned to a (220)
peak of the alumina phase. However, after HF treatment, no Al
content was confirmed by elemental analysis.

For all the samples (PCP-500, PCP-600, PCP-700, and PCP-
800), their specific surface areas and pore-size distribution were
characterized by using N, adsorption—desorption isotherms
(Table S1). At low relative pressure area (P/P, < 0.1), the
isotherms showed a drastic uptake at very low P/P,, indicating
the presence of micropores (Figure 2a). The pore-size
distribution calculated using a method called Non-Localized
Density Functional Theory (NLDFT) was widely distributed
from 1 to S nm (Figure SSa). Specific surface areas and pore
volumes were calculated by BET and t-plot methods,
respectively (Figure 2b). After removing the Al species by
HF treatment, the surface areas were further increased. In
particular, in the case of PCP-800, the amounts of adsorbed
nitrogen increased drastically in the range of P/P, = 0.05—0.3,
showing an extremely high surface area (5500 m*g™'). To
confirm reproducibility, we prepared 10 samples under the
same conditions and then used their average surface areas for
Figure 2b. The average pore volume in PCP-800 was calculated
to be 4.3 cc-g™" by the t-plot method, which was also confirmed
by NLDFT (44 ccg™') (Figure SSb). When AI-PCP was
calcined at higher temperatures (over 900 °C), the surface areas
decreased drastically to ~200 m*g~" due to the collapse of the
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Figure 2. (a) N, adsorption—desorption isotherms for the obtained
samples calcined at various temperatures (PCP-500, PCP-600, PCP-
700, and PCP-800). The isotherm for active carbon is also shown as a
reference. (b) Summary of surface areas and total pore volumes for the
obtained samples. For comparison, the samples before HF treatment
are also shown, as indicated by (*). The exact values are given in Table
S1.

nanoporous structure caused by graphitization. In such a case,
additional carbon sources as additives (e.g., furfuryl alcohol) are
necessary for the retention of porous structure.

The surface area obtained here exceeds that of commercially
available active carbons (as shown in Figure 2a, surface area =
1142 m*g™") and single-wall carbon nanotubes (at most 2500
m*g "), to the best of our knowledge. To date, many attempts
have been made to prepare NPC materials with high surface
areas. Kyotani et al. have reported ordered microporous carbon
synthesized in the confined space of zeolite nanochannels,
realizing surface areas of ~4000 m*g~.'" Hyeon et al. and
Ryoo et al. have reported various types of mesoporous
carbons.”® Although the surface areas can be controlled by
the selection of original mesoporous silica templates and carbon
sources, the surface areas of mesoporous carbons are limited to
less than 2000 m*g~".*>'* The above replication processes are
complex because the synthetic pathway involves several steps:
(i) formation of the original templates, (ii) filling the carbon
precursors into mesopores, (iii) converting the precursors into
solids, and (iv) removal of the original templates. In contrast,
our new system, “direct conversion of MOFs or PCPs,” is a
really simple pathway.

To investigate the mechanical stability of PCP-800, we
checked the change in surface area by applying a mechanical
pressure treatment (10 MPa for 10 min). After the treatment,
the loss of surface area and pore volume was calculated to be
~35%. Our NPC could still work under such high pressure,
although the performance could not be as good as that under
mild conditions.

Encouraged by the high surface area and large pore volume,
we examined the sensing capabilities for toxic aromatic
substances using a quartz crystal microbalance (QCM)
technique. Currently, molecular sensing of toxic substances
has been extensively investigated and has revealed that well-
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designed host structures are essential for high sensitivities as
well as of fundamental importance in chemical sensing
applications.” For this purpose, we designed a QCM sensor
by mixing PCP-800 powder with polyelectrolyte binders. For
comparison, commercially available active carbon (shown in
Figure 2) was also introduced. The same amounts of sample
(20 pg-em™) were deposited onto the QCM electrode. Then,
the designed QCM sensor with PCP-800 was exposed to
vaporized gas, and the time dependence of the frequency shifts
(Af) was plotted (Figure 3a). The sensing of benzene vapors
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Figure 3. (a) QCM frequency shifts upon benzene adsorption into
(red line) PCP-800 film and (blue line) active carbon film. Changes in
QCM frequency shifts are examined through alternate exposure (open
arrows) and removal (filled arrows) of the benzene molecules. (b)
Summary of QCM frequency shifts of PCP-800 film caused by
exposure to various vaporized gases. These QCM frequency shifts are
recorded 500 s after the PCP-800 films are exposed to vapors.

can be repeated well through alternate exposure and removal of
the benzene molecules (Figure 3a). In the case of PCP-800, we
clearly observed large adsorption uptake for benzene vapors.
The response was very fast, and the frequency was immediately
changed (Af = 392 Hz) after a few seconds. Compared to
active carbon, PCP-800 provided almost 4 times higher uptakes
for benzene vapors. The large difference in adsorption capacity
was caused by the very high porosity.

In contrast, our QCM sensor coated with PCP-800 showed
very small adsorption uptakes for cyclohexane and hexane
vapors. Their frequency shifts (Af) were 141 Hz (for
cyclohexane) and 130 Hz (for hexane), respectively. The
sensing activity of benzene is approximately three times higher
than that of cyclohexane and hexane, although the three have
similar molecular sizes and molecular weights (Figure 3b). The
graphitic carbon containing sp>-hybridized carbons (observed in
Figure 1b-3) has a higher affinity for aromatic hydrocarbons
than for their aliphatic analogues.">*® As clearly indicated in
Figure 3b, our QCM sensor has superior affinity for aromatic
compounds than for aliphatic compounds, which is very
important for the highly selective detection of aromatic
substances. The vaporized aromatic hydrocarbons can freely
diffuse inside the pores with 7—x interaction between benzene
molecules and graphitic carbon frameworks. Toluene is also a
very toxic aromatic substance to humans. Superior sensing
capabilities for toluene vapor could also be realized by both
enhancement of host—guest interaction and an increase of the
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surface area. When PCP-800 was exposed to toluene vapors, a
drastic decrease in the frequency of QCM was observed due to
the large adsorption uptake for toluene molecules (Figure S6).
The frequency shift (Af) was 438 Hz, which was almost two
times higher than that of active carbon. It has been generally
known that an amorphous carbon contains both sp* and sp*-
hybridized carbons. The sp®/sp® ratio can be roughly estimated
by using Raman spectroscopy.'* Figure S2 shows that both
PCP-800 and active carbon have G peaks at ~1589 cm™ and
their I/I;, ratio is almost the same, indicating that the sp*/sp*
ratios in both samples were very similar. Therefore, it was
concluded that the large differences in adsorption capacity were
caused by the surface areas. From theoretical calculation (see
Figure S7), it was further demonstrated that toluene adsorption
into PCP-800 proceeded more rapidly than that in active
carbon.

In conclusion, we successfully prepared NPC with a high
surface area and large pore volume by the simple thermal
decomposition of AI-PCPs. By using this novel carbon material,
we realized a large uptake of aromatic compounds within a very
short time. These findings are a striking indication toward the
highly selective detection of aromatic guests. Through this
report, we demonstrated that AI-PCP was a very promising
precursor for preparing NPCs with advanced functions.
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