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A single-crystal is a solid in which the atoms and molecules are
periodically stacked by chemical bonds across its whole volume.
The special repeating manner offers good opportunities to under-
stand the growth mechanism of crystals and find important
applications in integrated circuits, optic devices, etc. Mesoporous
silica single-crystals, although well-known in the form of amorphous
silica, have mesoscopic periodic regularity.1 It is quite different
from atomic single-crystals in which each atom is related to every
equivalent atom in the structure by translational symmetry. Meso-
structured single-crystals with prefect long-range ordering in
mesoscale also facilitate the structural resolution and understanding
of the formation of mesostructures2 and have great potential
applications as nanodevices based on crystallization on the mesos-
cale. A variety of mesoporous silica single-crystals with 3-D cubic
or hexagonal structures have emerged.1-6 The syntheses were
achieved by the surfactant-templating inorganic-organic self-
assembly strategy under aqueous conditions.

Carbons with common crystalline forms of diamond, graphite,
and fullerene are of great importance, because of their remarkable
properties. Ordered mesoporous carbons have evoked enormous
researches owing to their great potential applications in catalysis,
separation, electrochemical double-layer capacitors, fuel cells,
batteries, etc.7-13 Such materials were first demonstrated by
employing a nanocasting strategy.7 The obtained ordered mesopo-
rous carbons have the reverse mesostructures with the same
symmetries as mesoporous silica. To date, a variety of mesoporous
carbon materials have been successfully obtained from this
strategy.7-9 However, during the fussy nanocasting procedures,
numerous defects and large shrinkage were generated and ag-
grandized. In addition, the small entrance of 3-D cubic caged
mesoporous silica may also inhibit the infiltration of carbon
precursors. As a result, the replication of mesoporous carbon single-
crystals is still difficult. Recently, we reported a one-step aqueous
route to synthesize mesoporous carbon materials.13 This organic-
organic self-assembly strategy results in the formation of a variety
of mesoporous carbon, such as FDU-14 (Ia3d), FDU-15 (p6mm),
and FDU-16 (Im3m). The aqueous route is an industrially feasible
method for preparing highly ordered mesoporous carbons in large
quantity. Nevertheless, the formation mechanism is not well
understood.

In this paper, we report, for the first time, the synthesis of 3-D
cubic mesoporous carbon FDU-16 single-crystals of rhombdodeca-
hedron with the uniform size of∼5 µm by an aqueous organic-
organic assembly of triblock copolymer F127 and phenol/
formaldehyde resols. SEM and TEM images directly show a layer-
by-layer growth mode of body-centered cubic FDU-16 single-
crystals from the centers of twelve{110} planes.

Mesoporous carbon FDU-16 (Im3m) with rhombdo-
decahedral morphology was synthesized by an aqueous
organic-organic assembly under a base condition with the com-

ponent molar ratio of F127/phenol/HCHO/NaOH/H2O equal to
0.044:2.1:10:0.50:580. The small-angle X-ray scattering (SAXS)
pattern (Supporting Information Figure SI 1A) of single-crystal
mesoporous carbon FDU-16 shows a highly ordered cubic meso-
structure ofIm3m symmetry with a lattice size of 11.5 nm. The
SEM image (Figure 1A) reveals that the calcined mesoporous
carbon FDU-16 sample is composed of∼100% single-crystals of
∼5 µm with rhombdodecahedral morphology. High-resolution FE-
SEM images (Figure 1B) show that the perfect rhombdodecahedron
carbon crystals have a symmetry with three 4-folder axes and four
3-folder axes, commensurate with them3mpoint group. The twelve
equivalent faces can be indexed as the{110} planes, which have
the highest plane density and the lowest surface energy during the
growth of crystals accordingly, as shown in a structural model
(Figure 1C). High magnification FE-SEM image (Figure SI 2)
further reveals the thin platelike layer structures in different levels
that may reflect the trace of the crystal growth. A layer-by-layer
growth of crystals from the centers of twelve{110} planes can be
clearly established. Several layers can grow simultaneously on one
face of {110} planes, and the terrace-like morphology is formed
on each plane (Figure SI 3).

TEM images of mesoporous carbon FDU-16 single-crystals are
shown in Figure 2 (Figure SI 4 of higher magnification), viewed
along [110] and [100] directions. The crystals exhibit the same
morphology with 3-D repetition of a body-centered cubic packing
pattern as predicted from the structure models viewed along each
direction (insets of Figure 2). The periodicity of the pattern extends
throughout the whole material. No other type of patterns can be
observed in the other area of the crystals. These observations
confirm that the obtained mesoporous carbons with rhombdodeca-
hedron morphology are single crystals. It is worthy to note here
that the layered structure can be directly observed viewed along
the [100] directions. Moreover, the thickness of each layer is∼8.0
nm, which is the same as thed110-spacing value estimated from
TEM images. It gives further evidence of the growth of carbon
single-crystals via a layer-by-layer way from twelve{110} planes
(Figure SI 3), which is similar to that of mesoporous silica SBA-
16 with the same symmetry,14 indicating a relating underlying
driving force for the formation of mesostructured crystals with
different composition.

The hexagonal mesoporous carbon FDU-15 with discuslike
morphology can be obtained by using P123 and F127 as mixed
templates. The SAXS pattern (Figure SI 1B) of calcined FDU-15
reveals ordered 2-D hexagonalp6mmstructure with a lattice size
of 9.4 nm. The SEM image shows that the mesoporous carbon
FDU-15 has a uniform discuslike morphology with the size between
0.5 and 1µm (Figure SI 5). The close-packed mesochannels can
be directly seen on the external surface of FDU-15 as shown in
the FE-SEM images with high magnification (Figure 1D,E). All
channels of FDU-15 grow along the circumference of the discus.
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N2 sorption isotherms (Figure SI 6) of mesoporous carbon FDU-
16 and FDU-15 show type-IV curves with clear condensation steps,
indicating uniform mesopores. Mesoporous carbon FDU-16 has a
pore diameter of 2.8 nm calculated based on the KJS (Kruk-
Jaroniec-Sayari) model,15 a pore volume of 0.38 cm3/g and a BET
surface area of∼750 m2/g. FDU-15 possesses a mesopore diameter
of 2.6 nm, a pore volume of 0.40 cm3/g, and a surface area of
∼800 m2/g.

Our results show that both the stirring rate and synthesis
temperature are key factors for the formation of high-quality FDU-
16 single-crystals. The optimal rate is controlled at∼300 rpm, and
the reaction temperature is close to 66°C. A higher stirring rate
(∼500 rpm) could result in irregular morphology, while small
crystals (1-2 µm) were obtained at a lower rate (∼150 rpm). No
precipitation could be observed at a temperature of∼70 °C, and
only irregular crystals were obtained at∼60 °C.

The fabrication of mesoporous carbon single-crystals involves
the building of a crystal layer by layer in mesoscale. The growth
of crystals is limited by either the growing rate determined by the
cross-link and polymerization of phenol resols or the assembly
between resols and the triblock copolymer templates. It should be
noted that both of them are in mesoscale, different from atomic
crystals. The extremely low growing rate and strong hydrogen
bonding16 between resols and the PEO segments of the copolymers
favor the growth of mesostructured large single-crystals. Under the

present aqueous condition, it takes about 48 h to get the precipitation
of crystals. The low stirring rate (∼300 rpm) leads to suitable mass
transport and slow growth rate, favoring the formation of large
crystals. However, a too slow rate (∼150 rpm) would bring about
small crystals, implying a determined step of mesoscale mass
transportation for controlling crystal growth, which is quite different
from that for atomic crystals. The temperature can directly influence
the polymerization of the resols and the hydrogen-bond interaction.
With the increase of temperature, the hydrogen-bond interaction
between the resols and the triblock copolymer templates is
weakened and the polymerization of resols is accelerated. A medium
temperature is adopted to balance the assembly and polymerization.

In summary, ordered cubic mesoporous carbon single-crystals
with perfect rhombdodecahedral morphology (FDU-16,Im3m) have
been successfully synthesized by employing the organic-organic
self-assembly of triblock copolymer and phenol/formaldehyde
resols. A layer-by-layer growth mechanism of the mesoporous
carbon single-crystals is directly demonstrated by the SEM and
TEM images. 2-D hexagonal mesoporous carbon FDU-15 crystals
with discuslike morphology have also been fabricated by mixing
F127 with P123 as templates. These materials not only provide
specification of crystal growth and mesostructure, but also will meet
the demands of emerging nanodevice technologies.
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Figure 1. SEM images of calcined FDU-16 (A, B) and FDU-15 (D, E);
structural model of FDU-16 (C).

Figure 2. TEM image of FDU-16 single crystals viewed along [110] (A)
and [100] (B) directions. Insets are the images of low magnification and
structural models. The rectangle in each inset shows from where the
corresponding large image was taken.

C O M M U N I C A T I O N S

J. AM. CHEM. SOC. 9 VOL. 129, NO. 25, 2007 7747




