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C
onstruction of well-defined porous
materials has always been one of
the most active areas in materials

science, not only for their fundamental scien-
tific interest, but also for many modern-day
technological applications.1�14 Significant pro-
gress has been attained in structural, composi-
tional, and topological control in both inor-
ganic and organic nanoporous structured ma-
terials. In recent years, there has been a grow-
ing focus on the synthesis and examination of
porous materials with orderedmesopore array
owing to their unique characteristics including
highly periodic pore arrangement, uniform
mesopore size, high surface area, and large
pore volume.15�23 These features are of great
interest for a broad spectrum of applications,
including energy storage, absorption, separa-
tion, drug delivery and catalysis.24�31

In general, organic template-directed
self-assembly is one of the most promising
approaches toward synthesis of ordered
mesoporous polymeric and carbonaceous
materials.32�36 Those organic compounds like
amphiphilic surfactants and block copolymers,

which can self-organize into a diversity of
supermolecular structures, are generally used
as pore templates. Cooperative self-assembly
can drive building blocks around the super-
molecular structures to form a well-defined
organic�organic mesophase. Direct removal
of the organic templates by calcination or
extraction with solvents leads to mesoporous
framework. This organic templatepathwayhas
offered a powerful route to fabrication of or-
deredmesoporouspolymer (OMP) andcarbon
(OMC) materials with various mesostructures,
suitable shapes, and designed functionalities.
Despite these developments, however, chal-
lenges still remain, considering that in most
cases, these orderedmesoporous products are
not easily obtained by using the common
organic template synthetic techniques. The
main reason could be ascribed to the fact that
organic templates usually interact with build-
ing blocks through noncovalent interactions
such as hydrogen bonding, van der Waals
forces, and electrostatic interaction, which
could be too weak to act as a driving force
for formation of ordered mesostructures.32,37
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ABSTRACT As an important method for preparing ordered

mesoporous polymeric and carbonaceous materials, the organic

template directed self-assembly is facing challenges because of the

weak noncovalent interactions between the organic templates and

the building blocks. Herein we develop a novel reactive template-

induced self-assembly procedure for fabrication of ordered meso-

porous polymer and carbon materials. In our approach, the aldehyde

end-group of reactive F127 template can react with the resol

building block to in-situ form a stable covalent bond during the

self-assembly process. This is essential for an enhanced interaction

between the resol and the template, thus leading to the formation of an ordered body-centered cubic mesostructure. We also show that the ordered

mesoporous carbon product exhibits superior capacitive performance, presenting an attractive potential candidate for high performance supercapacitor

electrodes.
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In this report, we describe a new strategy to address
this shortcoming, which is based on the in-situ forma-
tion of strong covalent interactions during self-assembly.
A reactive template is designed and introduced to induce
a self-assembly with phenol-formaldehyde (PF) resol for
construction of orderedmesoporous framework. This new
proof-of-concept synthetic methodology could greatly
develop the self-assembly theories for the fabrication of
well-defined porous polymer and carbon materials.
The reactive template is synthesized by transforma-

tion of the chain ends of the commercial triblock
copolymer EO106-PO70-EO106 (F127) from hydroxy-
methyl group to aldehyde group (Supporting Informa-
tion, Scheme S1). The aldehyde end-group of this
reactive F127 (R-F127) can react with PF resol to form
a stable covalent bond during the self-assembly pro-
cess. In this way, the greatly enhanced interaction
resulting from a magnificent combination of the cova-
lent bond and the hydrogen bond between the PF
resol and the R-F127 leads to a successful self-assembly
for formation of an ordered body-centered cubic meso-
structure, thusobtainingOMPafter template removal and
OMC after carbonization (Figure 1).

RESULTS AND DISCUSSION

As illustrated in Supporting Information, Scheme S1,
oxidation of the hydroxymethyl end-group is carried
out by treating triblock copolymer F127 with a mixture
of acetic anhydride and dimethyl sulfoxide. The validity
of this oxidation reaction can be obviously supported
by the Fourier-transform infrared (FTIR) spectrum and
proton nuclear magnetic resonance (1H NMR) spec-
trum. After the oxidation reaction, a new peak at
9.59 ppm resulting from the �CHO group appears
in the 1H NMR spectrum of the R-F127 (Figure 2A
and Supporting Information, Figure S1),38 and the

characteristic of absorption peak of the �CHO group is
observed at 1734 cm�1 in the FTIR spectrum (Figure 2B
and Supporting Information, Figure S2).39,40 These results
clearly demonstrate the successful formation of targeted
reactive F127.
The as-prepared R-F127 is employed as the reactive

template for cooperative self-assembly with PF resol in
an aqueous solution. The resulting OMP sample shows
three well-resolved diffraction peaks with a d spacing
ratio of 1/(1/

√
2)/(1/

√
3) in its low-angle X-ray diffrac-

tion (XRD) patterns, which can be indexed as 110, 200,
and 211 diffractions of a highly ordered body-centered
cubic mesostructure (Figure 3).37 These three peaks
still exist in the XRD pattern of the resulting OMC,
indicating that the ordered mesostructure is thermally
stable (Figure 3). The unit cell parameter (a) of OMP and
OMC are calculated to be 14.5 and 11.7 nm (Table 1),
respectively, which reflects a slight shrinkage after car-
bonization. For comparison, a control polymer sample is
prepared using the unreactive F127 as the template. As
shown in Figure 3, the control sample does not display
any diffraction peaks in the XRD pattern, indicative of
the absenceofmesostructure regularity. This is probably
due to the weak interaction between F127 and PF resol.
Such a comparison further confirms that the reactive
nature of R-F127 plays a crucial role in the cooperative
assembly of ordered mesostructure.
Transmission electron microscopy (TEM) images of

the OMP, OMC, and control polymer sample are shown
in Figure 4. OMP reveals a typical body-centered cubic
mesostructure37 that containswell-distributed ordered
mesopores arising from the thermo-decomposition of
hydrophobic PPO segment of R-F127. After a carboni-
zation process, the ordered mesopore structure can
still be observed in the TEM image of the resulting
OMC (Figure 4B). In contrast, the TEM characterization

Figure 1. Schematic diagram for the route of reactive template-induced self-assembly to prepare the ordered mesoporous
polymer and carbon materials.
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of the control polymer sample shows a very poor and
disordered pore framework. These findings are in good
agreement with the XRD data shown in Figure 3.
Taking the above results together, it is clearly demon-
strated that the employment of the reactive template
R-F127 is the key to formation of an ordered meso-
structure. Generally, a periodic polymeric mesostruc-
ture can be formed only if there exists a strong enough
interaction between building blocks (e.g., polymer pre-
cursor) and organic templates (e.g., triblock copolymer).
However, at present, the organic templates generally
interact with the building blocks just through non-
covalent interactions such as hydrogen bonding, van der
Waals forces, and electrostatic interaction.41,42 Such
kinds of interaction are too weak to act as a driving
force for the formation of ordered mesostructures
under many cooperative self-assembly conditions. For
example, hydrogen-bonding interaction between the hy-
drophilic PEO segments of the unreactive F127 and
hydroxyl groups of PF resol is not large enough for the
ordered assembly, resulting in a disordered mesostruc-
ture. When using the reactive template R-F127, the alde-
hydeend-groupofR-F127can reactwithPF resol to forma
stable covalent bond during the aqueous self-assemble
process. Such an additional but necessary covalent bond
greatly enhances the interactionbetweenPF resol and the
template and thus allows for a successful self-assembly for
an ordered mesostructure.

The pore structure of the as-prepared samples is
quantitatively analyzed by measurement of N2 adsorp-
tion at 77 K (Figure 5). Both OMP and OMC show a type
IV adsorption isotherm, indicative of a uniform meso-
pore structure.37 It should be noted that the adsorption
and desorption branches in the isotherm of OMP are
not closed at the low relative pressure, which may be
related to the activated adsorption effect, swelling
effect, or limited access of nitrogen molecules to the
pores.43 The diameters of mesopore are calculated to
be 5.0 nm for OMP and 3.2 nm for OMC with density
functional theory (DFT) (see the inset in Figure 5). On
the other hand, the adsorption amount of OMP in-
creases very sharply at low relative pressure, indicating
the existence of numerous micropores.44 These micro-
poresmainly center at 1.3 nm. After carbonization, numer-
ous new micropores of 0.5 nm diameter are generated
within the resulting carbon framework of OMC probably
due to burnoff of many noncarbon elements and carbon-
containing compounds during pyrolysis (see the inset
Figure 5), which is similar to the case of OMCs obtained
by conventional self-assembly procedures.32,45 As a result,
OMP andOMCexhibit high surface areas (311�637m2/g)
and large pore volumes (0.25�0.32 cm3/g), as shown in
Table 1.
The porous polymer and carbon materials with

highly ordered mesopore arrangement developed by
the reactive template-induced self-assembly method
can show potential for use in many applications. Here,
the electrochemical capacitive performance of OMC is
evaluated.As shown inSupporting Information, FigureS3,
the cyclic voltammogram of OMC exhibits a rectangu-
lar-shaped pattern, implying a typical near-ideal capac-
itor behavior. For comparison, a commercial activated
carbon YP-50 with BET surface area of 1417 m2/g used
for supercapacitors is also investigated under the same
experimental conditions. It is found that OMC pos-
sesses superior specific capacitance to YP-50, no mat-
ter whether the sweep rate is high or low (Supporting
Information, Figure S4). For example, at the sweep rate
of 10 mV/s, the specific capacitance of OMC is 159 F/g,
higher than 145 F/g for YP-50. This difference becomes
more prominent with increasing sweep rates, indicat-
ing an excellent rate performance for OMC. Therefore,

Figure 2. (A) 1H NMR spectrum and (B) FTIR spectrum of triblock copolymer R-F127 and F127.

Figure 3. XRD patterns of typical samples.
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OMC shows a higher capacitance retention ratio as
compared to YP-50, especially at the high sweep rates
(Supporting Information, Figure S5). The significant
superiority of OMC over YP-50 in terms of the electro-
chemical performances could be attributed to its more
advanced porous structure. As an activated carbon,
YP-50 contains a large proportion of disorderedmircro-
pores (Supporting Information, Figure S6), most of
which are located in the micrometer/millimeter-scaled
carbon particles.46 Many of its inner micropores are
difficult to immerse by electrolyte because of the
absence of enough transport pathways for the ion
diffusion, leading to a poor utilization of the surface
area. For OMC, its mesopores are well-distributed in a
regular pattern, which is very favorable for access of
ions, and provide fast ion transport pathways to the
micropores within the well-arranged carbon frame-
work of ca. 7 nm thickness, greatly enhancing the

utilization of the pore surface. As shown in Figure 6,
the specific capacitance per surface area for OMC far
exceeds that of YP-50 at all sweep rates, suggesting
that the surface of nanopores for OMC is much more
electrochemically active than that for YP-50. Particu-
larly, the specific capacitance per surface area of OMC
obtained at 5 mV/s is 25.1 μF/cm2, a value higher than
those of many other typical carbonmaterials including
conventional porous carbons,47�50 OMC with hexago-
nal mesostructure,25 OMC with body-centered cubic
mesostructure,51 andmodified graphene52 in aqueous
electrolytes (7�21 μF/cm2). These superior capacitive
behaviors, including large capacitance, excellent rate
capability, and extraordinarily efficient electrochemi-
cally active surface area, may provide OMC with great
potential for use as high performance supercapacitor
electrodes.

CONCLUSIONS

A novel synthetic methodology based on the reac-
tive template-induced self-assembly has been success-
fully developed to prepare ordered mesoporous
polymeric and carbonaceous materials. The aldehyde
group at the chain end of reactive template R-F127 can
react with PF resol to in-situ form a stable covalent
bond during the self-assembly process. With the em-
ployment of this reactive template for enhancing the
interaction between PF resol and triblock copolymer,

Figure 4. Typical TEM images of (A) OMP, (B) OMC, and (C) the control sample.

Figure 5. N2 adsorption�desorption isotherms of OMP and
OMC. The inset shows their DFT pore size distributions.

TABLE 1. Nanostructure Parameters of OMP and OMCa

sample a (nm) SBET (m
2/g) Vt (cm

3/g) Vmes (cm
3/g) Vmic (cm

3/g)

OMP 14.5 311 0.25 0.31 0.02
OMC 11.7 637 0.32 0.15 0.21

a a, SBET, Vt, Vmes and Vmic are the unit cell parameter, BET surface area, total pore
volume, mesopore volume obtained by BJH method, and micropore volume
obtained by t-plot method, respectively.

Figure 6. Capacitance per surface area of OMC and YP-50 at
various sweep rates.
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a highly ordered body-centered cubic mesostructure
can be formed. Such an ordered mesostructure can be
directly transformed into ordered mesoporous poly-
mer after template removal and ordered mesoporous
carbon after carbonization. The ordered mesoporous
carbon demonstrates better capacitive performance
than the commercial activated carbon for supercapacitor,
presenting an attractive potential candidate for high

performance supercapacitor electrodes. These as-prepared
ordered mesoporous materials could find utility in
many other applications like fuel cell, catalysis, and
adsorption toward volatile organic compounds. We
hope that this new concept of reactive template-
induced self-assembly would promote the progress of
fabrication science for mesoporous polymer and car-
bon materials.

METHODS
Preparation of the Reactive Template R-F127. The reactive tem-

plate R-F127 containing the aldehyde end-group was synthe-
sized by oxidization of the triblock copolymer F127 with the
mixture of acetic anhydride (Ac2O) and dimethyl sulfoxide
(DMSO). A 2.5 g portion of F127 was immersed in 10 mL of
DMSO in a conical flask. Subsequently, 0.5 mL of Ac2O was
added to themixture to achieve a final Ac2O/�OHmolar ratio of
about 20:1. The reactionwas allowed to proceed for about 8 h at
room temperature under stirring. The resulting polymer sample
was precipitated in 8 volumes of diethyl ether. After that, the
polymer was redissolved in minimum methylene chloride and
precipitated again in 8 volumes of diethyl ether. The above
precipitation�dissolution procedure was repeated four times.
The polymer was finally dried overnight under vacuum, leading
to the R-F127.

Preparation of Ordered Mesoporous Materials. According to the
molar ratio of phenol/formaldehyde/NaOH/R-F127 = 1.0/3.5/
0.24/0.0075, 1.0 g of phenol and 2.8 mL of 40 wt % formalde-
hyde were dissolved in 25 mL of 0.1 M NaOH solution, and then
a clear phenol-formaldehyde resol was obtained after stirring at
68 �C for 30 min. Subsequently, 1 g of R-F127 was completely
dissolved in 25 mL of water, followed by the addition of the as-
made resol solution. The mixture was continuously stirred at
65 �C for 96 h and then stirred at 70 �C for another 24 h. The
product was collected, washed with water, and dried at 100 �C
in air. After that, the as-made samplewas calcined under N2 flow
at 350 �C for 3 h to obtain the OMP, and at 800 �C for 3 h to
obtain the OMC. The heating rate was 1 �C/min below 600 �C
and increased to 5 �C/min above 600 �C. For comparison, a
control sample was synthesized. Its preparation procedure was
exactly the same as that of the OMP except that the unreactive
F127 was employed as the organic template.

Structure Characterization. Low-angle XRD patterns were re-
corded on a D-MAX 2200 VPC diffractometer using Cu KR
radiation (40 kV, 30 mA). The unit cell parameter (a) was
calculated using the formula a = (

√
2)d110, where d110 represents

the d-spacing value of the 110 diffraction. TEM images were
obtained by a JEM-2010HRmicroscope. The FTIRmeasurements
of the samples were performed with IR spectroscopy (Bruker
TENSOR 27), using the KBr disk method. 1H NMR was measured
onaMercury-Plus 300 spectrometer.N2 adsorptionmeasurements
were carried out using aMicromeritics ASAP 2010 analyzer at 77 K.
The BET surface area (SBET) and the mesopore volume (Vmes) were
determinedbyBrunauer�Emmett�Teller (BET) theoryandBarrett�
Joyner�Halendar (BJH) method, respectively. The total pore
volume (Vt) was estimated from the amount adsorbed at a
relative pressure P/P0 of 0.990. Themicropore volume (Vmic) was
determined by t-plot theory. The pore size distribution was
analyzed by original density functional theory (DFT) combined
with non-negative regularization and medium smoothing. The
framework thickness (t) was calculated using the formula t =
(
√
3)a/2 � D,32 where a and D are the unit cell parameter and

the DFT mesopore diameter, respectively.
Electrochemical Measurement. The carbon electrodes in the

form of a round sheet were obtained by pressing a mixture film
of 92 wt % carbon sample and 8 wt % polytetrafluorethylene
into a nickel foam current collector. Cyclic voltammetry mea-
surement was carried out using an IM6e electrochemical work-
station with a typical three-electrode configuration in 6 M KOH

aqueous solution. Hg/HgOwas chosen as a reference electrode.
The specific capacitance (Cm) was calculated according to the
equation Cm = I/(νm), where I, v, andm represent the current at
themiddle voltage of the potential window, the sweep rate, and
the mass of the carbon sample, respectively. The capacitance
per surface area (Cs) was calculated according to the equation
Cs = Cm/SBET, where SBET is the BET surface area.
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