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ABSTRACT

Shaped, mesoporous carbon nanopatrticles (MSP-3) were prepared in high yield by a simple direct synthesis using a block copolymer surfactant
as the mesopore-directing agent and a colloidal crystal to mold the external shape of the particles. The product consisted of monodisperse
nanocubes and uniform nanospheres or tetrapods. The nanocubes contained regularly spaced, cagelike mesopores. The orientation of the
cubic unit cell describing the mesopore symmetry coincided with the templated external cube faces.

Nanoparticles with well-controlled mesoporosity can provide potential applications such as electrochemical electrodes and
ready access to a relatively large surface by reducing energy storage. The most common preparations of meso-
diffusion lengths compared to bulk materials. As a result, porous carbon particles utilize nanocasting strategies that
processes that depend on transport of guest species througimcorporate mesoporous silica nanoparticles as hard tem-
a porous host can often be enhanced. For this reasonplatest4 1’ However, these indirect methods involve labori-
mesoporous nanoparticles have been investigated in theous synthesis procedures and require the use of environ-
context of a variety of applications such as catalysis and mentally unfavorable reagents such as hydrofluoric acid or
adsorptiont 3 controlled release of drugs® packing for strong bases to remove silica templates. To avoid these
chromatography,and energy storage’.Here we describe a  disadvantages, a one-step synthesis of mesoporous carbon
novel dual-templating synthesis of mesoporous carbon spheres was developed by Zhao’s group utilizing an aerosol-
particles, which are amorphous at the atomic level but single assisted self-assembly technid@éVhile this synthesis is
crystalline at the mesostructure level. These particles havefast, it produces carbon spheres with disordered mesopores
well-defined cubic external shapes, uniform sizes in the rangeand a broad particle size distribution from ca. 100 nm to
from 50-150 nm, and ordered arrays of accessible meso- several micrometers. A recent modification of that synthesis
pores with cubic symmetry. The cubic particles are meso- |ed to relatively monodisperse carbon particles with sizes of
structured analogs of much smaller atomic nanoparticles, as~5 ym and ordered mesopore structures witiBm sym-
they contain only ca. 57 unit cells in each dimension. In  metry2® However, certain applications relying on facile mass
addition, spheres and tetrapods are produced in this synthesisransport, for example, fuel cells, would benefit from ordered
Among the class of mesoporous particles, mesoporousmesoporous carbon particles with smaller dimensions in the
silica spheres have been studied most extensively owing torange of ca. 100 nr#. Therefore, an efficient, environmen-
their well-understood chemistry based on-sgel processes.  tally friendly method for the production of monodisperse,
Following the pioneering work of aerosol-assisted synthesesnanometer-sized carbon particles with ordered mesopores is
of mesostructured silica nanoparticles by Lu and co- gesirable.
workersi® a variety of other technigues, including co-

Recently a facile method for the preparation of shaped
surfactant self-assembl? phase-separatiod,and tem- Y brep P

lati ith ionic liauids or f b : mesoporous silica nanoparticles was discovered by our
plating with ionic liquids or fluorocarbon-surfactantsyere group?! By confining surfactant-templated reactions within

developed for the production of mesoporous silica nanopar 4 tace-centered cubic (fcc) colloidal crystal, uniform silica

ticles. Research has also been expanded to MESOPOrOURahocubes and monodisperse nanospheres or tetrapods are

c?rbon ?artlc:jes ‘?'“,e to tdhe'r: ap'peisll.lng properties ZUCh ASobtained from the disassembly of a 3-D ordered macroporous
electrical conductivity and chemical inertness toward most network. This concept is described in Figure 1. Each unit

chemicals. These inherent properties open the door to OtherceII of the fcc colloidal crystal template is composed of four
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(pink spheres) is infiltrated with a precursor solution containing
phenolic resin and surfactant. The precursor phase (golden) occupies
the void space in the colloidal crystal, which is composed of
interconnected octahedr&y) and tetrahedralliy) centers. During
thermal treatments, the connection betweé@nand T4 centers
breaks, thereby forming discrete cubes with concave faces andFigure 2. (A,B) SEM images of mesostructured carbon nano-
tetrapod-shaped particles after the removal of PMMA by pyrolysis. particles MSP-3. (EE) TEM images of the mesoporous carbon
Prolonged heating results in contraction of these primary particles nanoparticles, (C) cubes, (D) tetrapods, and (E) spheres.

to form nanocubes with rounded corners and spheroids.

The vyield of carbon was 94 wt %, assuming a fully

the precursor condenses, connections betw@emand Ty crosslinked phenolic resin as the carbon source.
centers become thinner, and under the appropriate conditions Scanning electron microscopy (SEM) images of the
break to generate discrete nanocubes and tetrapods. Furthgryrolized products show nanoparticles with a bimodal size
contraction to minimize surface energies causes rounding ofdistribution (Figure 2 A,B). Particles with cubic shapes and
cube corners and the transformation of tetrapods to sphericakedge lengths of 156 5 nm, as well as spherical particles
particles. The edge lengths of the nanocubes and diametersvith diameters of 67 9 nm, are present throughout most
of the spheres are defined by the dimensions of the of the sample (8595%). A small fraction of extraordinary
templating spheres used in the colloidal crystal. Uniform particles consisted of larger pieces composed of incompletely
mesoporous carbon nanoparticles can be prepared by nanodisconnected particles as well as rods or deformed cubes that
casting from these silica nanoparticles via a chemical vapor probably originated from defects in the colloidal crystal
deposition technique, but because the mesopores in the silicaemplate. Within experimental error, the ratio of larger cubes
particles are not ordered, those in the carbon replica particlesto smaller spheroids is close to the theoretical ratio (1:2) of
are also disordered. Similarly, mesoporous cubes with the numbers oD, and T4 holes in the face-centered cubic
disordered mesopores were prepared by a triconstituentcolloidal crystal template; among 2096 particles counted in
synthesis process that required a silica component and etchinghe SEM image (Figure 2A), 745 cubes and 1351 spheroids
in hydrofluoric acid?> Here we describe a much simpler are visible, the difference being attributed largely to tetra-
approach that combines templated disassembly with a directpodal particles that were observed by transmission electron
carbon synthesis to prepare uniformly sized carbon nanocubesnicroscopy (TEM) (Figure 2D) but may be hidden below
with well-ordered mesopores, together with smaller uniform the visible layers in the SEM image. Many of the cubes
spheres, in a single step. originating fromQ;, interstices have rounded corners (Figure

In a typical synthesis, 2.0 g of phenolic resin solution in 2B), although in TEM images (Figure 2C), the concave
ethanol (50 wt %° was mixed with 1.5 g of ethanol and nature inherited from the colloidal crystal mold is visible.
1.0 g of 0.2 M aqueous hydrochloric acid under magnetic The rounded features arise from contraction of solids during
stirring. The acid was found to be vital to ensure complete thermal treatment as a result of polymerization and carbon-
dissolution of the surfactant during the following step. Next, ization of the phenolic resin and the natural tendency to
0.5-0.7 g of triblock copolymer surfactant, Pluronic F127 minimize surface energies during product formation. These
(EOs7POsEQs7, BASF) was added and stirred 6 h atroom processes also caused a transformation of tetrapodsTigom
temperature to form a homogeneous solution. Monolithic sites (Figure 2D) to mostly spherical carbon particles (Figure
colloidal crystal templates composed of poly(methyl meth- 2E). The TEM image (Figure 2C) revealed that many
acrylate) (PMMA) spheres (diameter: 4#611 nm) were nanocubes are covered with jagged edges, which may be
infiltrated with this precursor solution at room temperature attributed to either fragments from the ruptured bridges or
until the template was fully wetted. Solvents were removed carbonaceous residues from decomposed PMMA.
from the precursor-infiltrated monoliths by exposing these  The carbon nanocubes exhibit ordered mesostructured
to a reduced pressure of ca. 0.5 mmHg for 3 h. The monoliths patterns with cubic symmetry (Figure 2C). The average
were then thermally polymerized within a closed container mesopore diameters estimated from TEM images are ca. 2.4
at 100°C for 48 h. Carbonaceous samples were obtained bynm. The cubic mesopore symmetry was confirmed by
heating under flowing nitrogen at 40C for 3 h and then rotating a single particle during TEM analysis. Images were
at 900°C for 2 h at aramping rate of C min~*. The final taken from three viewing directions, [100], [110], and [210].
product is denoted as MSP-Blés@&ructuredParticles-3). The observed patterns of pores are similar to those found in
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Figure 3. TEM images (A-C) and arrangements of spherical ™ \/ \ v
mesopores with fcc symmetry based on the space gimgm(D— “c 2504 \\ /
F). Here “a” indicates the length of the cubic unit cell amy"“(n ] N
= 1—4) the characteristic distances between adjacent projections 2004 1 1o

of mesopores. These distances are summarized in Table 1.

Table 1. Measured Characteristic Distances between Adjacent

150 _.._““.“‘i.:

Pore diameter (nm)
$:9%-8—820%—8=0—0=0-089

Volume adsorbed (cm” g’

Projections of Mesopores Viewed along Different Axes 100+
distance distance length in calculated a® 50 |
axis notation (nm) unit cell value (nm) ]
[100] di 9.2 al2 185 0 , , , ,
[110] dy 12.2 alv2 17.3 0.0 0.2 0.4 0.6 0.8 1.0
[110] ds 11.7 V6a/4 19.1 /P
[210] dy 9.3 al2 18.6 0

a“a”is the length of one cubic unit cell. See Figure 3 for definitions of
the distancesl, (n = 1—4).

Figure 5. Nitrogen sorption isotherm of carbon nanoparticles.
Inset: pore-size distribution curve (adsorption branch) calculated

. . . . by the BJH thod.
published TEM images of materials with fcc mesopores and yihe metho

Fm3m symmetry?® and they could be modeled based on that a unit cell parameter af = 18.14 0.3 nm, consistent with
space group (Figure 3). Characteristic distances betweenthe TEM observations. The relative order of peak intensities
adjacent mesopores measured from the three TEM imagesn these small shaped particles is different from that reported
(Table 1) indicate an average unit cell length of 18.40.8 for larger cubic mesoporous particles, where thg peak
nm. Interestingly, the orientation of the mesoporous unit cell is commonly most intende 2° but comparable with patterns
coincides with that of the carbon nanocube, and at the cubefor highly oriented mesoporous thin films with cubic
surface, cages follow the surface curvature, suggesting thatsymmetry in which (200) planes are oriented parallel to the
the packing of micelles is dictated by the colloidal crystal substraté®3! This intensity pattern may be a result of
template. In the tetrapodal particles, the mesostructural orderpreferred orientation of the uniformly shaped mesoporous
could not be established from TEM analysis because of the particles and therefore of the mesostructured unit cell during
highly curved surfaces in these particles. Confinement to the SAXS measurements. Such preferred orientation is also
narrow dimensions of the tetrapod legs did not permit apparentin the SEM image (Figure 2A), which shows mostly
micelles to form ordered structures in these regions. Simi- the (100) faces of the cubes. The carbon walls within each
larly, a mesopore structure could not be unambiguously MSP-3 particle are amorphous, as reflected by the two broad
identified by TEM in the nanospheres that originate from peaks at 22 and 43 20 in the powder X-ray diffraction
the Ty centers (Figure 2D), possibly as a consequence of (XRD) pattern (Figure 4B).
contraction and densification of the tetrapodal parent struc- More detailed information about the porosity of the carbon
tures. nanoparticles was obtained by nitrogen sorption measurents.
Small-angle X-ray scattering (SAXS) was used to verify Adsorption and desorption processes follow a type-l isotherm
the overall mesostructural ordering of the MSP-3 sample (Figure 5), according to the IUPAC definitidAwith some
(Figure 4A). Because typical cubes contain only ca.75 type-IV character (two narrow hysteresis loops). This
unit cells in each direction and they are diluted with spheres behavior is typically associated with micropores and narrow
whose mesostructure is less well defined, the SAXS patternmesopores. The hysteresis loop betwBé?y of 0.2—0.6 is
is weaker than typical SAXS patterns for larger particles. attributed to capillary condensation in mesopores; the other
The most intense peak at 0980 and two much weaker loop at higherP/Py (0.9—1) may reflect the interparticle
peaks at 0.83and 1.39 26 can be indexed to the (200), texture within the sample. Pore size calculations employing
(111), and (220) planes of the fcc lattice, respectively, with the Barrett-Joyner-Halenda (BJH) method reveal a meso-
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pore size peaking at 2.6 nm. This value is close to our TEM (DMR-0212302), which supports the University of Min-
estimates but is slightly smaller than that of mesoporous nesota Characterization Facility.

carbon films prepared by an evaporation-induced self-
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