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A new restriction effect of hard templates for the shrinkage

of mesoporous polymer results in anomalous increase of the

mesopore size during carbonization.

Mesoporous carbons have generated considerable interest

because of their potential applications in catalysis, separation,

electrode materials, and gas storage.1 The nanocasting method

has been used extensively in the preparation of mesoporous

carbons.2 However, the pore sizes of mesoporous carbons

obtained by this method are always less than 5 nm and the

method is costly and fussy.3 More recently, the organic–

organic self-assembly approach has been successfully used to

synthesize mesoporous carbons.4 However, serious shrinkage

of polymer during carbonization results in very small

mesopore sizes, low pore volumes, and small mesopore

surface areas for products. Thus, inhibiting the shrinkage of

mesoporous polymer is an effective method to obtain

mesoporous carbons with large mesopore sizes, high pore

volumes, and large mesopore surface areas.5

With the progress of mesoporous carbons, hierarchical

mesoporous carbon materials, such as mesoporous carbon

nanofiber6 (MCNF) and mesoporous–macroporous carbon7

(MMC), have attracted increasing attention because of their

interesting structures and properties. Anodic aluminium oxide

(AAO) membrane and colloidal crystal are two typical hard

templates for the preparation of hierarchical mesoporous

materials. Previous studies have demonstrated the nano-

confinement effect of these two hard templates for the meso-

structure of mesoporous materials.8 Herein, we report for the

first time a new restriction effect of these two hard templates

for the shrinkage of mesoporous polymer during carbonization.

This novel restriction effect for the shrinkage results in

anomalous increase of the mesopore size and the window size

of the mesopores during carbonization. Finally, hierarchical

MCNF and MMC with very large mesopore sizes, high pore

volumes, and large mesopore surface areas were obtained.

The precursor solution for the AAO template was similar to

the F127–resol ethanol solution of FDU-16 (see ESIw).4b

Several AAO membranes were added into the solution. After

ethanol evaporated thoroughly at room temperature, the

complex of AAO–F127–resol was taken out and heated at

100 1C for 24 h. The complex was then heat-treated at 350,

500, and 700 1C in N2, respectively. The corresponding

products were denoted as AAO–MPNF-350 (MPNF is the

abbreviation for mesoporous polymer nanofiber),

AAO–MPNF-500, and AAO–MCNF-700, respectively. For

AAO–MPNF-350 and AAO–MCNF-700, AAO templates

were removed with 10% aqueous HF. The corresponding

products were denoted as MPNF-350 and MCNF-700,

respectively. Furthermore, some of MPNF-350 were

carbonized at 700 1C in N2 and the product was denoted as

MCNF-350-700.

Fig. 1 shows the BJH pore size distribution curves from

adsorption branches for AAO–MPNF-350, AAO–MPNF-500,

and AAO–MCNF-700 obtained by using AAO with an

average pore diameter of 90 nm as template. The average

mesopore sizes for AAO–MPNF-350, AAO–MPNF-500, and

AAO–MCNF-700 are about 11, 13.5, and 15 nm, respectively,

which indicates that the mesopore size of mesoporous

nanofibers (MNFs) increases with increasing heat treatment

temperature.

Fig. 2 shows the transmission electron microscopy (TEM)

images of MPNF-350 and MCNF-700 obtained by using

AAO with an average pore diameter of 90 nm as template.

The average mesopore size and the average wall thickness of

Fig. 1 BJH pore size distribution curves from adsorption branches

for AAO–MPNF-350, AAO–MPNF-500, and AAO–MCNF-700

obtained by using AAO with an average pore diameter of 90 nm as

template.
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MPNF-350 are about 11 and 5 nm, respectively, while the

average mesopore size and the average wall thickness of

MCNF-700 are about 15 and 2 nm, respectively. These results

also indicate that the mesopore size of MNFs increases with

increasing heat treatment temperature. (For the scanning

electron microscopy (SEM) images, low-magnification TEM

images, and Raman spectra of MCNF-700 see Fig. S1–S3,

ESIw.)
The N2 adsorption–desorption isotherms for MCNF-700,

MPNF-350, andMCNF-350-700 obtained by using AAO with

an average pore diameter of 90 nm as template are shown in

Fig. 3a. A typical type-IV curve with a clear capillary

condensation step in a relative pressure range of 0.8–0.9 is

observed for MCNF-700, implying a uniform mesopore with

large pore size. The BJH pore size distribution curves from

adsorption branches for the samples are shown in Fig. 3b. The

average mesopore sizes of MPNF-350 and MCNF-700 are

about 11 and 15 nm, respectively, which indicates that the

mesopore sizes of MNFs hardly change after removal of the

AAO template. The results also indicate that the mesopore size

of MNFs increases with increasing heat treatment temperature.

However, the mesopore size of FDU-16 mesoporous materials

decreases with increasing heat treatment temperature

(the mesopore sizes of FDU-16-350 and FDU-16-700 were

6.6 and 3.8 nm, respectively).4b The BJH pore size distribution

curves from desorption branches (Fig. S4, ESIw) show that the

window size of the mesopores of MCNF-700 is also obviously

larger than that of MPNF-350, which indicates that the

window size of the mesopores also increases during carbonization.

The Brunauer–Emmett–Teller (BET) surface area and the pore

volume for MCNF-700 are estimated to be 1154 m2 g�1 and

3.44 cm3 g�1, respectively, which are much larger than those of

FDU-16-700. Due to its thin mesopore wall, very large

mesopore size, and the stacking of MCNFs, MCNF-700 has

such a large pore volume. The micropore area and the

micropore volume of MCNF-700 are only 246 m2 g�1 and

0.12 cm3 g�1, respectively. These results indicate that most of

the BET surface area and the pore volume of MCNF-700 are

from the mesopores, which is different from FDU-16-700.

MNFs were also synthesized by using AAO templates with

average pore diameters of 50, 200, and 300 nm, respectively.

The results of N2 adsorption–desorption analysis (Table S1

and Fig. S7, S10, S12, ESIw) indicate that the mesopore size of

MNFs increases with increasing heat treatment temperature.

Furthermore, the increment of mesopore size from 350 to

700 1C for MNFs (Table S1, ESIw) decreases with increasing

pore diameter of AAO template. (For the SEM and TEM

images of MNFs see Fig. S5, S6, S8, S9, S11, ESIw.)
The restriction effect of the AAO template for the shrinkage

of mesoporous polymer is illustrated in Fig. 4. The nanopores

of AAO were completely filled with F127–resol mixture after

the ethanol evaporated. After heat treatment at 100 1C for

24 h, the resol transformed into a rigid polymer network

around the F127 micelle by thermopolymerization.4a,b There

was an interaction between the resin polymer and the interior

surface of AAO, since they both have a large number of

hydroxyl groups.6f,9 The F127 template was removed after

heat treatment at 350 1C in N2. During the heat treatment

process, for FDU-16, the resin polymer shrank continuously.4b

However, the resin polymer nanofiber within the nanopore of

AAO could not shrink freely because of the strong interaction

between the polymer and the alumina.6f Although nanofibers

could not shrink integrally, shrinkage still existed in the

interior of the nanofibers. The mesopore wall of the nanofibers

shrank continuously with increasing temperature. Thus, the

thickness of the mesopore wall decreased and the mesopore

size increased continuously with increasing temperature.

Meanwhile, the window of the mesopores was also enlarged

continuously. The plan-view TEM image (see Fig. S13, ESIw)
of AAO–MCNF-700 indicates that the surface of MCNF-700

still connects tightly with the pore wall of AAO after

carbonization at 700 1C, which proves the interaction between

the MNFs and the pore surface of AAO during carbonization.

Fig. 2 TEM images of (a) MPNF-350 and (b) MCNF-700 obtained

by using AAO with an average pore diameter of 90 nm as template.

Fig. 3 (a) N2 adsorption–desorption isotherms and (b) BJH pore size

distribution curves from adsorption branches of MCNF-700,

MPNF-350, and MCNF-350-700 obtained by using AAO with an

average pore diameter of 90 nm as template. The isotherms of

MPNF-350 and MCNF-350-700 are offset vertically by 1500 and

2000 cm3 g�1, respectively.

Fig. 4 Schematic illustration of the restriction effect of AAO for the

shrinkage of mesoporous polymer during carbonization.
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The increment of mesopore size from 350 to 700 1C for MNFs

decreases with increasing pore diameter of AAO template,

which indicates that the restriction effect for the shrinkage

weakens with increasing pore diameter of AAO. When

MPNF-350 was carbonized at 700 1C, it shrank freely due to

the disappearance of the restriction effect and its mesopore size

decreased accordingly (Fig. 3b). In addition, in our previous

work, MCNFs with core–shell structure were obtained by

using the F127–resol ethanol solution of FDU-15 as the

precursor solution.6f The formation of the core–shell structure

is also due to the restriction effect of the AAO template.

SiO2 colloidal crystal self-assembled by SiO2 microspheres

was also used as the hard template because it had nanoscale-

space between the SiO2 microspheres. The precursor solution

for SiO2 colloidal crystal was similar to the F127–resol ethanol

solution of FDU-15.4b The complex of SiO2–F127–

resol was heat-treated at 350, 700, and 900 1C in N2,

respectively. After removal of the SiO2 template, the corres-

ponding products were denoted as MMP-350 (MMP is the

abbreviation for mesoporous–macroporous polymer), MMC-700,

and MMC-900, respectively (for the detailed preparations of

MMP and MMC see ESIw). The results of N2 adsorption–

desorption analysis (Fig. 5) show that the mesopore size of

MMC-700 is larger than that of MMP-350, which indicates

that the restriction effect for the shrinkage also exists in the

nanoscale-space of the SiO2 colloidal crystal. The average

mesopore size of MMC-700 is about 14.8 nm, which is much

larger than 3.2 nm of FDU-15-700. The BET surface area and

the pore volume of MMC-700 are estimated to be 1243 m2 g�1

and 3.49 cm3 g�1, respectively, which are also much larger

than those of FDU-15-700. Furthermore, the micropore area

and the micropore volume of MMC-700 are only 333 m2 g�1

and 0.16 cm3 g�1, respectively. In addition, the mesopore size

of MMC-900 (Table S1, ESIw) is almost the same as that of

MMC-700, which indicates that the shrinkage is very

slight from 700 to 900 1C (for the SEM and TEM images of

MMC-700 see Fig. S14, ESIw).
In summary, the carbonization process of mesoporous

polymer within the nanoscale-space of the hard templates is

different from that under unrestricted conditions due to a

new restriction effect. This novel restriction effect results in

anomalous increase of the mesopore size and the window size

of the mesopores during carbonization and provides a new

approach for the synthesis of mesoporous carbons with large

mesopore sizes, high pore volumes, and large mesopore

surface areas. Furthermore, this restriction effect may be

applicable to other mesoporous materials which are prone to

shrink during the heat treatment and to other hard templates

with nanoscale-space.
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