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ABSTRACT: Here, we report preparation of microporous carbon fibers

through carbonization of an Al-based porous coordination polymer (Al-
PCP) with furfuryl alcohol (FA) at 1000 °C under an inert gas atmosphere.
During the carbonization process, the Al species are aggregated to form -
alumina nanoparticles. After the carbonization, the y-alumina nanoparti-
cles (from 2 to 10 nm) are distributed over the entire area. By chemical
treatment with HF, the y-alumina nanoparticles can be easily removed to
obtain pure microporous carbon. Interestingly, the fibrous morphology of

Microporous Carbon Fiber

the original AI-PCP is successfully retained after the carbonization process.

The effect of the loading amount of FA into the porous networks of AI-PCP on properties of the obtained microporous carbon is
carefully examined. From the N, adsorption—desorption isotherms, an increase in the BET surface area upon increasing the loading
amount of FA is observed. The maximum surface area and pore volume of the obtained microporous carbon reach 513 m*/g and

0.844 cc/g, respectively.
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1. INTRODUCTION

Porous carbon materials are one of the most studied materials
because of their enormous applications in a huge variety of fields
such as adsorbents, catalyst supports, and electrode materials.
The effect of nature of templates, carbon sources or precursors,
and carbonization conditions on the preparation of carbon mate-
rials has been investigated."”” The preparation of carbon materials
can be achieved through several synthetic methods, includin;
chemical vapor deposition (CVD),3 laser ablation,* electrical arc,
and so on.

Among these methods, nanocasting is an effective and suc-
cessful way to prepare porous carbon materials.®” For the pre-
paration of carbon materials using the nanocasting method, porous
inorganic templates such as zeolites, colloidal crystals, and
ordered mesoporous silica materials are used with various carbon
sources/precursors such as sucrose, furfuryl alcohol, phenol resins,
polystyrene, mesophase pitches, and so on. Although the carbon
materials have been known for decades, it was Ryoo et al. who
first reported the preparation of mesoporous carbon materials
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using MCM-48 silica as a template.® This report uncluttered the
gateway for the preparation of ordered mesoporous carbon mate-
rials with tunable pore size, structure, and chemical properties.
Several mesoporous silica templates, such as MCM-48 (biconti-
nuous cubic Ia-3d), SBA-15 (2-D hexagonal p6mm), SBA-1
(cubic Pm-3n), and SBA-16 (cubic Im-3m), were also used in
order to obtain their respective carbon replicas, CMK-4,” CMK-
3,171 CMK-2"°, and CMK-6"¢, using various carbon sources/
precursors. Kyotani and other researchers reported several works
on the preparation of microporous carbon materials with high
surface area using zeolites as templates.” >

In the past decade, there has been rapid development on and
much attention paid to porous coordination polymers (PCPs) or
metal—organic frameworks (MOFs) because of their enormous
applications, especially in the fields of gas separation and storage
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and heterogeneous catalysis.”>”>® Porous coordination polymers
(PCPs) are exciting and a fascinating genre of inorganic—organic
hybrid materials, with unique properties like very high surface
area and large pore volume, starkly surpassing far beyond zeolites
and mesoporous materials. The PCPs containing metal ions and
bridging organic ligands have been extensively studied because of
their promising properties for chemistry and application in
storage of gasesflg’38 separation®”” **, and catalysis.**** Thus,
the PCPs with cavities and open channels can be freely accessed
by the small molecules, therefore, exhibiting a potential for the
use of PCPs or MOFs as the templates for the preparation of
nanoporous carbon materials.>*>*

In the previous works, mesoporous silica with acidic sites has
been used as templates for the preparation of mesoporous
carbon. The acidic sites walls can accelerate the polymerization
of the carbon sources. In order to increase the acidic sites, it is
necessary that more amounts of metal species (or metal oxides)
are incorporated into the silica walls. However, with an increase
in the metal species, well-ordered mesostructures are sometimes
distorted or collapsed. To overcome such issues, it is necessary to
find an alternative template material with more acidic sites in a
stable framework.

In this paper, we focused on Al-PCP [Al(OH)(1,4-NDC)e
2H,0], which has Al sites with the organic ligands (1,4-naphtha-
lene dicarboxylic acid). Octahedral AI(OH),0, with 1,4-naph-
thalenedicarboxylate (1,4-NDC) chains forms the network with
two microchannels with square-shaped cross sections, where the
large channels represents the size of 7 A x 7 A, and the small
channels are about 3 A x 3 A. The used Al-PCPs accommodate
many hydroxyl groups bridging two Al ions, which can act as
Bronsted acids™ to accelerate the polymerization of the carbon
sources.” Here, we report the preparation of microporous car-
bon materials by using Al-PCPs and furfuryl alcohol (FA) as the
carbon source. We carefully investigated the effect of the loading
amount of FA into the porous networks of Al-PCPs on properties
of the obtained microporous carbon. The present finding illus-
trates a new trend of application as a matrix for the preparation of
nanoporous carbon and other porous materials. The present
work is widely applicable for the preparation of in situ loading of
other functional metal—metal oxides within the porous carbon
matrix, which is very important as a future application.

2. EXPERIMENTAL SECTION

2.1. Preparation of Microporous Carbon Using Al-PCP. Al-
PCP was synthesized according to the previous literature.’” The light
yellow-colored Al-PCP was pretreated under reduced pressure condi-
tion (0.01 MPa) at 130 °C for 24 h for the evacuation of water molecules.
The degassed AI-PCP (0.25 g) was then mixed with 1.6 g (0.0163 mol)
of furfuryl alcohol (FA) and heated at 40 °C in a vacuum oven (0.1 MPa)
for 24 h. Polymerization of FA inside the Al-PCP was carried by heating
the Al-PCP/FA composite at 80 °C for 24 h and 150 °C for 8 h under
nitrogen gas atmosphere. The many hydroxyl groups bridging two Al
ions in the Al-PCP can act as Bronsted acids™ to accelerate the polyme-
rization of the FA.*® After the polymerization, the above impregnation
followed by the polymerization process was repeated one more time.
The obtained composites were designated as “Al-PCP-FA; composite”
and “Al-PCP-FA, composite”, where the numbers 1 and 2 indicate the
number of impregnation times of FA. The amounts of the obtained
composites were 0.28 g (for AI-PCP-FA, composite) and 0.30 g (for Al-
PCP-FA, composite), respectively. Therefore, it was roughly calculated
that each composite included around 11 wt % (for AI-PCP-FA,

composite) and 17 wt % polymerized-FA (for Al-PCP-FA, composite),
respectively.

The carbonization of the Al-PCP-FA composite was performed at
1000 °C for S h and then cooled to room temperature, which results in
the black powders. Finally, the as-synthesized samples were treated with
10% HE solution in order to remove the alumina particles. The complete
removal of the alumina particles was confirmed by energy dispersive
X-ray spectroscope (EDX) attached to a TEM machine (Figure S1 of the
Supporting Information). The obtained samples were designated as “Al-
PCP-FA,” and “Al-PCP-FA,”, where the numbers 1 and 2 indicates the
number of impregnation times of FA. To compare the effect of the
impregnation of FA on the formation of microporous carbon, the Al-
PCP itself (without the addition of FA) was carbonized at 1000 °C,
which is denoted as “Al-PCP-FA,”".

2.2. Characterization. Powder X-ray diffraction measurements
(XRD) were performed on an X-ray diffractometer (Rigaku RINT Ultima
IIT) by using Cu Ka radiation (4 = 0.154 nm). The nitrogen adsorp-
tion—desorption measurements were carried out at liquid nitrogen
temperature (—196 °C) on a Quantachrome Autosorb-1. BET surface
area was estimated over a relative pressure range of 0.05—0.3, during
which the BET plot is linear. The pore sizes were calculated by using the
NLDFT (nonlocalized density functional theory) method. The mor-
phologies of the AI-PCP and Al-PCP-FA composite and the resultant Al-
PCP-FA were measured by the SEM images using a HITACHI S-4800
SEM. For transmission election microscopy (TEM), very small amounts
of the powder samples were finely dispersed in ethanol with sonication.
TEM images were acquired with the JEOL JEM-2000 instrument
operated at 200 kV. Raman spectra were recorded at ambient tempera-
ture on a photon design spectrometer with an argon ion laser with an
excitation wavelength of 520 nm. To understand the carbonization
process, three samples (original AI-PCP, AI-PCP-FA, composite, and
AL-PCP-FA, composite) were measured by thermogravimetric (TG)
analysis using Seiko TG-DTA 6200. For each sample, a 5.00 mg amount
was put on the TG sample holder and measured under inert atmosphere

with the heating ramp of 10 °C min .

3. RESULTS AND DISCUSSION

Figure 1 shows the SEM images of the original AI-PCP and the
obtained microporous carbon materials. From the images, it is
very clear that the original AI-PCP morphology was retained even
after the conversion to carbon (Figure le—h). In our study, the
impregnation of FA into the AI-PCP was performed under
reduced pressure. The SEM image of the AI-PCP-FA; composite
before carbonization (Figure 1d) represents the original mor-
phology of Al-PCP. Therefore, the method under the reduced
pressure condition effectively avoided the adsorption of guest
molecules on the outer surface of the templates. After the carbo-
nization, the wide-angle XRD pattern of Al-PCP-FA, after HF
treatment (i.e., after removal of alumina) displayed two broad
peaks 20 = 25° and 44° corresponding to the typical peaks of
carbon (Figure 2c). For the wide-angle XRD pattern of Al-PCP-
FA, before HF treatment (i.e., before removal of alumina), seve-
ral obvious diffractions assignable to y-alumina (Al,O3) crystals
were also observed apart from the diffractions corresponding to
carbon (Figure 2b). However, after the HF treatment, the -
alumina phase was completely removed (Figure 2c). In the
previous study on preparation of microporous carbon using
Zn-based MOF-5, such a chemical treatment was not necessary
to remove metal—metal oxide particles, which were formed
during the carbonization process.”*** This is because ZnO was
reduced during the carbonization process at temperatures higher
than 800 °C, and then the Zn metal easily vaporized away at

1226 dx.doi.org/10.1021/cm102921y |Chem. Mater. 2011, 23, 1225-1231



Chemistry of Materials

Figure 1. SEM images of (a) original AI-PCP and (b) Al-PCP-FA, before removal of alumina, (c) AI-PCP-FA, after removal of alumina, (d) Al-PCP-
FA, composite before carbonization, (e—f) AI-PCP-FA, before removal of alumina, and (g—h) AI-PCP-FA, after removal of alumina. The very small
bright particles observed over the entire area in (f) indicate they formed y-alumina nanoparticles.

Intensity (a.u.)

~ (a)

20 40 60 80
2 theta (degree)

Figure 2. Wide-angle XRD patterns of (a) original AI-PCP and (b) Al-
PCP-FA, before removal of alumina, and (c) AI-PCP-FA, after removal
of alumina. In panel (b), several peaks are assignable to (311), (222),
(400), and (440) diffractions of y-alumina crystal. In panel (c), the
broad peak assignable to the typical carbon is observed, as indicated by
the dot.

around 900 °C. The boiling point of Zn is 908 °C, close to the
applied carbonization temperature (1000 °C). However, the
melting and boiling points (i.e., vaporization temperature) of
AL, O3 are extremely higher (2327 °C) rather than the applied
carbonization temperature (1000 °C). Therefore, the y-ALOs
phase cannot be spontaneously removed during the carbonization
step itself, and it needs to be removed by chemical treatment only.

Microporous carbon (Al-PCP-FA,) before and after the removal
of y-AL, O was investigated by TEM observation (Figures 3 and 4).
Before the chemical treatment by HF, alumina nanoparticles
were distributed over the entire area of AI-PCP-FA,, which

was more clearly confirmed by the dark field TEM image
(Figure 3b). From the highly magnified TEM image, the lattice
fringes corresponding to y-Al,O; nanoparticles were observed,
as indicated by the arrows in Figure 3c. The size of the alumina
nanoparticles ranged from 2 to 10 nm. In the selected area elec-
tron diffraction (ED) patterns, the diffraction rings (400 and 440
diffraction patterns) assignable to the y-AlL,O3 phase was over-
lapped along with the diffraction rings of carbon (Figure 3a,
inset). A few sheet-like nanostructures were stacked on each
other and were bending in a random order (Figure 3c). After the
chemical treatment using HF solution, y-Al,O3 nanoparticles
were completely removed, and the respective selected area ED
patterns showed no diffraction rings corresponding to the y-
Al,O; (Figure 4). The complete removal of the alumina particles
was also confirmed by energy dispersive X-ray spectroscope
(EDX) attached with TEM machine (Figure S1 of the Support-
ing Information).

Nitrogen adsorption—desorption isotherms of Al-PCP-FA,
before and after the removal of y-Al,O; are shown in Figure 5.
For comparison, AI-PCP-FA, and Al-PCP-FA, after removal of
y-AlL, O3 are also shown. The surface areas and total pore volumes
are listed in Table 1. The surface areas of the obtained micro-
porous carbon increased significantly with an increase in the
number of impregnation steps of FA into the PCPs. The shape of
the isotherms of the AI-PCP-FA, indicated the existence of both
micropores and mesopores (Figure 5). The steep increase at low
relative pressure indicates the presence of the micropores. The
mesopore sizes were also calculated by using the NLDFT (non-
localized density functional theory) method. Although Al-PCP-
FA, and AI-PCP-FA, showed no mesoporosity, the Al-PCP-FA,
possessed the presence of mesopores clearly (Figure S2 of the
Supporting Information). The size distribution was observed in
the range of the mesopore size, and its peak-top was located at
around 5 nm (Figure S2 of the Supporting Information).
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Figure 3. TEM images of AI-PCP-FA, before removal of alumina.
Panels (a) and (b) are the bright field and dark field images, respectively.
Panel (c) is the high resolution bright field image of Al-PCP-FA, before
removal alumina, and the presence of alumina particles are indicated by
the arrow. The inset image in panel (a) is the selected area electron
diffraction (SAED) patterns. The inner and outer circular patterns are
assigned to the 400 and 440 planes derived from alumina, which overlaps
with the diffraction patterns of porous carbon.

From TEM images (Figures 3c and 4e), it was partially obser-
ved that the voids with 5 nm in size were formed by a few carbon
layers, although their arrangements were disordered and could
not be observed clearly in the TEM images. It should be noted
that after the removal of y-Al, O3, the pore size distribution of the
Al-PCP-FA, further broadened, and the mesopores larger than 5
nm were formed (Figure S2c of the Supporting Information).
The origin of such mesopores is the voids formed by dissolution
of the y-Al,O; nanoparticles distributed inside the carbon matrix
(Figure 3c).

Thermogravimetric (TG) analysis of Al-PCP-FA; and Al-
PCP-FA, composites (before carbonization) was carried out to
understand the formation process of the microporous carbons
(Figure 6). For comparison, Al-PCP without carbon source (FA)
was directly measured. In all cases, two main weight losses were
observed. The first step weight loss started at 250 °C and ter-
minated at 450 °C. The corresponding weight loss should be
attributed to the loss of unpolymerized FA and solvent molecules
accommodated in the cavities of AI-PCP. With the addition of FA
to the AI-PCP, the weight loss was increased gradually. The
second step of the weight loss between 500 and 600 °C corres-
ponded to the decomposition of the host frameworks. After the
decomposition of the organic frameworks, the dispersed Al species

Figure 4. TEM images of AI-PCP-FA, after removal of alumina. Panels
(a) and (b and e) are low and high magnification bright field images,
respectively. Panels (c) and (d) are low and high magnification dark field
images, respectively.

were aggregated to form Al, O3 matrix. Probably, the crystalliza-
tion to y-Al,O3 occurred over 900 °C. Thus, in the TG measure-
ment, both the AI-PCP as host frameworks and the polymerized
FA as the carbon source showed weight loss. As shown in
Figure 6, three samples showed similar weight loss at the end.
It was indicated that the total weight loss of the polymerized FA
(until conversion to carbon is complete) was almost the same as
that of AI-PCP. Actually, it was previously reported that when
only polymerized FA was measured by TG analysis (from 100 to
900 °C) about a 50 wt % weight loss was confirmed.*® Also, the
original AI-PCP showed about a 55 wt % weight loss in total
(Figure 6). Therefore, we could not confirm large difference of
total weight losses at the end among the three samples.

In general, the pore size of the carbon materials replicated by
mesoporous silicas (e.g,, SBA-15, MCM-48) coincides with the
wall thicknesses of the starting mesoporous silicas. However, in
our case, the template AI-PCP network represents two square-
shaped channels with the size of 0.7 nm X 0.7 nm and 0.3 nm X
0.3 nm, which justified the micropores in the AI-PCP-FA,, (n =0,
1, and 2). The present work using Al-PCP is quite different from
the previous nanocasting process using hard templates. From TG
data (Figure 6), the large weight losses were confirmed during
the pyrolysis of the polymerized FA in the pores of AI-PCP. It is
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Table 1. Surface Areas and Pore Volumes Calculated by N,
Adsorption—Desorption Isotherms

surface area pore volume

sample names (mz/g) (cc/g)
Al-PCP-FA, 178 0.245
Al-PCP-FA, 263 0.439
Al-PCP-FA, 513 0.844
Al-PCP-FA, (before alumina removal) 343 0.402
800
® O ALPCP-FA, O
¥ v AI-PCP-FA, (Before removal of alumina) <><>
600 1 A A A-PCP-FA, &
. ® O ALPCP-FA, o© o
g Y .
8 e
° R *
@ 400 <
£ o o00®
2 oot
>

0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/P)

Figure 5. Nitrogen adsorption—desorption isotherms of (@O) Al-
PCP-FA, after removal of alumina, (AA) Al-PCP-FA, after removal
of alumina, (¥V) Al-PCP-FA, before removal of alumina, and (HO) Al-
PCP-FA, after removal of alumina. Adsorption and desorption iso-
therms are indicated by the filled and open symbols, respectively.

indicated that the pore space in the Al-PCP was not completely
filled by the FA sources.

Furthermore, during the carbonization process, the AI-PCP
framework itself thermally shrinks. Thus, unlike mesoporous
silicas, the AI-PCP cannot act as a direct template. Insufficient
loading of the FA collapsed the original nanospace of the Al-PCP
by the thermal shrinkage (Table 1). With an increase in the FA
amount by the impregnation steps, the nanospace originated
from the Al-PCP effectively can remain after the carbonization
process (Table 1).

Raman spectroscopy was carried out to obtain further infor-
mation on the surface and topology of porous carbon materials.
In Figure 7, the spectra exhibits D and G bands at 1355 cm ‘and
1585 cm™ !, respectively, corresponding to the defects/disor-
dered structures in the carbon and vibrational mode to the move-
ment in opposite directions of two carbon atoms in a single
crystal graphite sheet. The relative intensity (In/I;) ratios were
almost constant with an increase in the loading FA amount. In
general, the relative intensity ratio is proportional to the number
of defects in graphitic carbon. The degree of graphitization in the
obtained microporous carbons (Al-PCP-FA, Al-PCP-FA;, and
AI-PCP-FA,) was not changed very much.

It is important to note that in our process we could successfully
replicate the fibrous morphology of the original AI-PCP
(Figure 1) by using FA as the carbon source. Liu et al. prepared
microporous carbon material using MOFE-5 as a template.’***
They used FA as the carbon source and introduced the vapor of
the FA into the pores of the MOF-S. However, they could not

100
= A|-PCP-FA, composite
= Al-PCP-FA, composite
mmmmm Original Al-PCP
2 80 |
"]
]
2
-
<
2
2 60}
40 |

200 400 600 800 1000
Temperature (C degree)

Figure 6. TG curves of original AI-PCP, Al-PCP-FA; composite, and
Al-PCP-FA, composite before carbonization.

- AI-PCP-FA,

3

s

2

7]

c

2

= Al-PCP-FA,
A-PCP-FA,

1000 1200 1400 1600 1800

Raman Shift (cm-1)

Figure 7. Raman spectra of AI-PCP-FA,, AI-PCP-FA,, and AI-PCP-FA,

after the removal of alumina.

show the replication of the morphology of the original template.
To realize the perfect replication of the morphology, the mole-
cular dimension and the size of the used carbon source should be
considered. Carbon sources with larger molecular dimensions
become impossible for the loading/impregnation into the pores
of the template materials. In the general preparation of carbon
replicas using mesoporous silicas, polymerized sucrose has been
used as the carbon source (i.e., sucrose molecules are polymer-
ized before the impregnation step.).'®” '* It is easy for polymer-
ized sucrose to load into the mesoporous silicas with larger pore
size.'”'* When we used polymerized sucrose as the carbon
source, the morphological replication was not successful (Al-
PCP-Suc). From the SEM images (Figure S3 of the Supporting
Information), the unsuccessful replication of morphology of the
parent Al-PCP was clearly confirmed. The reason for the failure is
that the size of the polymerized sucrose molecule is larger than
the square-shaped channels of the used Al-PCP. The polymer-
ized sucrose molecule, which has larger molecular dimensions,
finds it difficult to impregnate inside the pores of the Al-PCP.
On the other hand, unpolymerized FA used in this study has
molecular dimension of 8.4 A x 6.4 A x 4.2 A, which is smaller
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than the AI-PCP pore channels, and it can be widely used as the
carbon source, especially for the preparation of microporous
carbon materials. The FA is particularly attractive because FA is
liquid at room temperature and readily miscible with water and
many organic solvents. Moreover, it can be polymerized at vari-
ous conditions such as vapor and liquid under heating at various
temperatures and/or in the presence of a flexible choice of
catalysts. Hence, we consider that FA is more suitable as the
carbon source in our present work than other carbon sources.

Apart from the size of the carbon source, the influence and
interaction of the template on the polymerization of the carbon
source must be considered. There have been several reports on
polymerization of FA monomer molecules into poly(furfuryl
alcohol) by utilizing acids and/or catalysts.””~** The polymer-
ization step is a process of reacting monomer molecules together
in a chemical reaction to form three-dimentional networks or
polymer chains. As explained already, the Al-PCP accommodates
many hydroxyl groups bridging two Al ions, which can act as
Bronsted acids™ for the polymerization of FA guest monomer
molecules.”® Therefore, during the impregnation process, the
furfuryl alcohol molecules penetrate into the AI-PCP pore
channels and react with acidic sites of the template. The resulting
rigid AI-PCP composite with polymerized FA easily transforms
into carbonaceous chains at high temperature.

4. CONCLUSION

We successfully prepared microporous carbon fibers through
carbonization of an Al-based porous coordination polymer (Al-
PCP) with furfuryl alcohol (FA) as the carbon source. From SEM
and TEM observation, the original fibrous morphology of Al-
PCP was successfully replicated in the products. During the
carbonization process, Al species were aggregated to form y-alu-
mina nanoparticles. The size of the alumina nanoparticles ran-
ged from 2 to 10 nm, and they were well distributed over the
entire area. By chemical treatment with HF, the alumina was easily
removed to obtain pure carbon with a microporous structure. With
an increase in the amount of FA loading into the AI-PCP, both the
surface areas and pore volumes of the microporous carbons were
gradually increased up to 513 m”/g and 0.844 cc/g, respectively.
The present finding illustrates a new trend of application as a matrix
for the preparation of nanoporous carbon and other porous
materials. In another viewpoint, the present work can be applicable
for the preparation of in situ loading of functional metal—metal
oxides (such as alumina, iron oxide) within the porous carbon
matrix, which is very important as a future application. These types
of functional nanoporous carbons can be applied as magnetically
separable materials and highly active catalysts.
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© Ssupporting Information. Figure S1: EDX spectra of Al-
PCP-FA, before removal of alumina and AIl-PCP-FA, after
removal of alumina. Figure S2: Pore size distribution calculated
by NLDFT method. Figure S3: Low and high magnification of
Al-PCP-Suc. This material is available free of charge via the
Internet at http://pubs.acs.org.
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