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M
icrospheres (MS) withwell-controlled
porosity can provide ready access
to a relatively large surface by re-

ducing diffusion lengths compared to their
bulk counterparts due to their large surface-
to-volume ratio.1 Particularly, mesoporous
microspheres have recently attracted
much attention for their large pore size, high
surface area, open-framework structures,
and unique spherical morphology and their
potential applications in the areas of catal-
ysis,2�4 controlled drug release,5�9 column
packing,10 and separation.11 As a kind of
advanced carbon nanomaterials, ordered
mesoporous carbons have beenwidely used
in various fields due to their uniform and
tunable pore size (2.0�50 nm), regularly
aligned pore architecture, high surface area
(up to 2500 m2/g), large pore volume, good
electrical conductivity, chemical inertness,

and hydrophobic property.12�14 Undoubt-
edly, the combination of the ordered meso-
porous structure and regular spherical
morphology to form uniform mesoporous
carbonmicrospheres (MC-MSs) holds a great
promise in enhancing their performances
and extending their applications. So far,
ordered mesoporous silica microspheres
have been extensively synthesized through
a sol�gel process, and their morphology
and porosity can be readily tunable.15�17

However, it still remains a big challenge
to synthesize mesoporous carbon micro-
spheres, especially to precisely control their
morphology, internal mesostructure, and
porosity.18,19 Moreover, direct and control-
lable integration of ordered mesoporous
carbons with functional components (e.g.,
catalytic nanoparticles) has not yet been
reported.
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ABSTRACT A general confined coassembly process has been

demonstrated to produce discrete uniform mesoporous carbon

microspheres with 0.8�1 μm particle size using 3-D-ordered

macroporous silica as the template. The obtained mesoporous

carbon microspheres (MC-MSs) have uniform and discrete spherical

morphology, variable symmetry (hexagonal p6mm or cubic Im3m) of

mesostructures, high specific surface areas (500�1100 m2/g), large pore volumes (0.6�2.0 cm3/g), and highly accessible large mesopores (7�10.3 nm).

The particle size of the carbon microspheres can be easily tuned by simply using templates with different macropore sizes. It was found that the smaller

MC-MSs (330 nm) with higher surface-to-volume ratio tend to shape into an integral monolithic MC-MS matrix and larger MC-MSs (>800 nm) with lower

surface-to-volume ratio to discrete spherical morphology. This feature is attributed to the difference in shrinkage behavior of mesoporous carbon spheres

confined in the macropores caused by the interaction between the silica wall and carbon microspheres. Adsorption experiments indicate that the cobalt-

based nanoparticle-incorporated mesoporous carbon microspheres exhibit excellent size selectivity for protein adsorption in a complex solution and good

magnetic separability for easy recycling.
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Although some efforts have been made to fabricate
MC-MSs via nanocasting or chemical vapor deposition
(CVD), strategies using preformed mesoporous silica
microspheres as a hard template, the mesostructure,
mesopore, and particle size of final MC-MSs are
strongly dependent on the silica templates.20�23 Com-
bined with the surfactant-templating method, an
aerosol-spraying technique was also applied for the
synthesis of MC-MSs, but the particle size distribution
of obtained microspheres is much wider, resulting in
polydispersed particles.24,25 The suspension-assisted
approach has been adopted to synthesize MC-MSs,
but it is limited to hugemicrosphereswith particle sizes
up to 50 μm.26 Recently, mesoporous carbons with
pore diameters of 30�140 nm have been synthesized
through a low-concentration hydrothermal synthesis
approach based on the coassembly of Pluronic copol-
ymers and soluble resol and subsequent thermo-
polymerization. The MC-MSs obtained have small
mesopores of 2.0�3.5 nm, which is not favorable for
loading biomacromolecules (e.g., proteins) and func-
tional nanoparticles.27,28 Mesoporous carbons with
an appropriate particle size of 1�10 μm and large
pore size are crucial for bioimmunology applications,
involving large molecule transportation such as pro-
tein enrichment, separation, and enzymolysis of
biomolecules.29,30 In addition to the pore size, the
control toward the mesostructure of MC-MSs is vital
to their application because it directly influences the
effective diffusivities of guestmolecules.31,32 Until now,
the synthesis of MC-MSs possessing variable meso-
structures (different symmetries), tunable particle sizes,
and large mesopores (>8 nm) has not been reported.
Herein, we report a general synthesis of discrete

mesoporous carbon microspheres with ordered meso-
pores, variable mesostructures (2-D hexagonal p6mm

space group or 3-D cubic Im3m), tunable particle
sizes, and larger mesopores (7�10 nm) compared with
conventional mesoporous carbons prepared by the
soft-templating process.12 Furthermore, this general
method can make MC-MSs easily functionalized with
metal oxides in one step during the generation of
carbon microspheres. Such a controllable synthesis
was accomplished based on fine-tuning the synthetic
parameters of a confined self-assembly process in
inverse opals.

RESULTS AND DISCUSSION

Mesoporous Carbon Microsphere Generation. Taking mes-
oporous carbon microspheres with 2-D hexagonal
mesostructure (denoted as MC-MS-1) as an example,
the synthetic route is described as the following two
steps: First, the monolithic opal structures of poly-
styrene (PS) spheres (ca. 1.1 μm diameter) were repli-
cated inversely with an ethanolic silicate solution to
form a silica inverse opal monolith. Then, a confined
self-assembly process was accomplished in the voids

of this inverse silica opal monolith with a precursor
solutionwhich is normally employed in an evaporation-
induced self-assembly (EISA) method for mesoporous
carbon synthesis (Scheme 1).12 This precursor solution
consisted of phenolic resol as a carbon precursor and
triblock copolymer Pluronic F127 (EO106PO70EO106) as a
structure-directing agent. A typical precursor was pre-
pared by adding 1.25 g of resols in (20 wt %) ethanolic
solution into the mixture containing 0.25 g of F127 and
2.5 g of ethanol. During the self-assembly, the solvent
was evaporated completely and the obtained compo-
site was subjected to thermal curing at 100 �C and
carbonization at 600 �C in N2. Then the carbon micro-
spheres were formed in situ in the uniformmacropores
of the silica inverse opals. After a removal of the silica
template, monodispersed mesoporous carbon micro-
spheresMC-MS-1were obtainedwith discrete spherical
morphology.

The as-prepared PS microspheres have a mean
diameter of ∼1.1 μm with a standard size deviation
of less than 5%, as determined from the SEM images
(Supporting Information Figure S1a). The uniformity of
size guarantees the ordered alignment of the polymer
microspheres during the sedimentation and also the
uniform diameter of the final MC-MS products. After
a simple sedimentation, the PS microspheres can pack
into the highly ordered opal macrostructure which
shows colorful sheen (Figure S1a, inset). After the
impregnation with the acidic TEOS/ethanol solution
and consolidation process, the interstitial voids among
the microspheres can be filled by the silica composite,
and gel-like species around the polymer microspheres
can be visible in the SEM images (Figure S1b and inset);
meanwhile, the3-D-ordered colloidal crystal structure is
well-retained. After the calcination in air at 500 �C, the
PS microsphere templates are removed, and ordered
macroporous structure is obtained with amacropore of
∼1.0 μm and apertures of∼120 nm (Figure S1c,d). This
indicates that the ordered opal structure is faithfully
replicated into the inversemacroporous silica. This silica

Scheme 1. Formation process of the uniform, discrete, and
large-pore-ordered mesoporous carbon microspheres with
variable mesostructures using the general confined self-
assembly strategy.
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inverse opal can be then used in the confined self-
assembly step as a template for the synthesis of MC-
MSs. After the casting with F127/resol/ethanol solution,
solvent evaporation process, thermal curing, and car-
bonization at 600 �C, MC-MSs can be in situ generated
in each macropore of the silica inverse opal (Figure 1a).
The obtained silica/carbon monolithic composition is
still lustrous, indicating the uniform particle size of the
MC-MSs (Figure 1a, inset). It is worth noting that all
of the MC-MSs are discrete in individual macropores
(Figure 1a�c). Subsequently, the silica template can be
removed by HF dissolution. Discrete MC-MSs with
a uniform size are left and recovered (Figure 1d and
Figure S2a). Numerous ordered stripe-like mesopores
can be observed on the surface of MC-MSs, which is
attributed to the removal of block copolymer Pluronic
F127 (Figure S2a). The diameter of the MC-MSs

measured from SEM images is∼810 nm, a little smaller
than that of the reverse silica macropores, due to the
shrinkage (19%) of the carbon frameworks during the
high-temperature carbonization. Nitrogenadsorption�
desorption isotherms (Figure S2b) of the sample
MC-MS-1 exhibit typical type I�V curves with a pro-
nounced H2 hysteresis loop and sharp capillary con-
densation steps which occur at the relative pressure
of 0.6�0.8, indicating uniform mesopores. The pore
size distribution curve derived from the Barrett�
Joyner�Halenda (BJH) model (Figure S2c) further
confirms the uniform large mesopore size centered
around 8.1 nm. The sample MC-MS-1 has a Brunauer�
Emmett�Teller (BET) specific surface area of∼526m2/g
and a total pore volume of 0.64 cm3/g. The former is
lower than those of the mesoporous carbon powders
reported previously; however, the latter is higher than

Figure 1. SEM images (a�d) and TEM images (e,f) of the ordered mesoporous carbon microspheres (MC-MSs) prepared by a
confined self-assembly method: (a�c) MC-MSs supported in the silica inverse opals before the template removal; (d,e)
obtained MC-MSs; (f) TEM image of the crushed MC-MSs. The inset in panel a is the picture of the silica supporting MC-MSs
before template removal. Red marked areas in panels b and c indicate the discrete property of MC-MSs and strong affinity
between the internal surfaces of macropores for the silica inverse opals and external surface of MC-MSs.
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that for the powders, due to the relatively larger
pore size of the MC-MS-1.12,33 TEM images of the
sample MC-MS-1 show a unique hexagonal mesostruc-
ture (Figure 1e,f). Since the size of MC-MSs is too large,
the particle is milled and crushed before the TEM
observations in order to reveal its internal structure
(Figure 1f). Then, the highly ordered hexagonal mes-
opore arrays can be clearly observed at the edge of
the crushed particles with an average pore-to-pore
distance of ∼12.7 nm. According to small-angle X-ray
scattering (SAXS) measurements, the MC-MS-1 sample
shows a scattering peak at 0.6 nm�1 indexed to the 10
reflections of a 2-D hexagonal mesostructure (space
group p6mm) (Figure S2d), indicating the certain
periodicity of the mesostructure with calculated unit
cell parameter (a) of∼12.5 nm, in agreement with TEM
observations. The diameter of MC-MSs can be easily
varied to ∼1.0 μm just by replacing the starting PS
microspheres into∼1.6 μmones (Figure S3). Compared
with 800 nm MC-MSs, the 1 μm ones have stronger
shrinkage behavior. That is because the larger carbon
spheres have lower surface-to-volume ratio. The surface
affinity between internal surface of the silica inverse
opals and the external surface of the microspheres
cannot prevent the shrinkage effectively.

Tuning toward Mesostructure and Porosity of MC-MSs. In
this confined self-assembly process, mesostructures
of the carbonaceous spheres can be easily tuned by
varying the concentration of Pluronic F127 in the
casting precursor. When the weight ratio of F127/
resol/ethanol is changed to 1:2:18, the mesoporous
carbon microspheres (designated as MC-MS-2) with
3-D cubic mesostructure are obtained. Numerous
sphere-like mesopores can be clearly observed from
the exposed portion of the spherical particles in SEM
images (Figure S4a,b), implying an open pore structure
on the surface. The SAXS pattern (Figure S4a, inset)
of the sample MC-MS-2 shows a clearly resolved
scattering peak at q values of ∼0.52 nm�1 and a weak
shoulder peak around 0.92 nm�1. These peaks with
the q2 ratio about 1:3 can be indexed as the 110 and
211 reflections of a body-centered cubic (space group
Im3m) mesostructure. The TEM images (Figure S4e and
inset) show that the carbonaceous spheres have a
highly ordered mesostructure. N2 sorption isotherms
reveal that the sample MC-MS-2 has a BET surface area
and pore volume of ∼825 m2/g and 1.19 cm3/g,
respectively, both higher than the those of the sample
MC-MS-1 with 2-D hexagonal mesostructure (Figure
S4g). This is probably because the 3-D pore architec-
ture, which has better connectivity than the 2-D
one, benefits from the burn-out of exhaust gas
from the phenolic resin/F127 composite framework
during pyrolysis at 600 �C and the formation of well-
developed meso- and microporosity. The mesopore
size of the sample MC-MS-2 is around 10.3 nm
(Figure S4g, inset).

By slightly modifying and tuning this self-assembly
process, the surface area and pore volume of the
obtained MC-MSs can be easily enhanced. When
30 wt% of the phenolic resols in the precursor solution
is replaced by tetraethoxysilane (TEOS), mesoporous
carbon/silica composite microspheres can be formed
in macropores of the inverse silica opal template.
During the removal of the silica template, the compo-
nent of the silica in microspheres can be removed at
the same time, and the porosity of final MC-MSs
(designated as MC-MS-3) can be enhanced. The SEM
image shows that the surface of the sample MC-MS-3
becomes more porous and much rougher than those
of samples MC-MS-1 and MC-MS-2 (Figure S4c,d). The
TEM image (Figure S4f) and SAXS pattern (Figure S4c,
inset) clearly reveal that the ordered hexagonal
mesostructure is still retained. The sample MC-MS-3
has much higher surface area (1177 m2/g), pore vol-
ume (2.06 cm3/g), and larger mesopores of ∼10.5 nm
(Figure S4h and inset). The porosity enhancement is
mainly due to the addition of silica species which can
increase themesoporosity after the silica component is
etched. Additionally, the introduction of silica species
was found to have little influence on the discreteness
of the mesoporous carbon microspheres.

Formation Mechanism. When the particle size of MC-
MSs decreased to ∼330 nm by using silica inverse
opal with smallermacropores as a template for the self-
assembly process following the same synthesis proce-
dure, only ordered arrays of MC-MSs are generated
and no discrete microspheres can be obtained. For
comparison, we used the silica inverse opal with a
macropore size of∼330 nm and apertures of∼120 nm
(the same size of aperture as the previous template)
as a template for the synthesis (Figure 2a). After the
MC-MS generation, all themicrospheres of∼330 nm in
diameter (same as macropore size) are located in the
silica macropores with the external surface strongly
sticking to the internal surface of the inverse opal
(Figure 2b,c). It can be seen that MC-MSs are twinborn
with neighboring ones with clear symbiotic parts
(Figure 2c, the red marked area). After the removal
of the template, an integral MC-MS matrix can be
obtained (Figure 2d). This MC-MSmatrix was subjected
to ultrasonic treatment for 5 h to disperse it. Although a
few discrete MC-MSs can be found (Figure S5a,b), most
of them still aggregate into the matrix (Figure S5c,d).
Different from the MC-MSs located in the large macro-
pore (Figure 1a) of silica templates, many hemisphere-
like residues of MC-MSs in smaller macropores can
be observed from SEM images before removal of
silica (Figure 2b,c) because MC-MSs are partially cut
down during the sample preparation. This reflects the
affinity between internal surfaces of the silica inverse
opal, and the external surface of the microspheres
largely affects the shrinkage behavior of the carbon
particles.
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The distinct difference in shrinkage behavior be-
tween large and small MC-MSs plays an important
role governing the discreteness and mesopore size of
the obtained MC-MSs, which is mainly driven by the
interface interaction between the internal surface of
macropores of the silica inverse opals and the external
surface of MC-MSs. Although the resultant large
MC-MSs are discrete in the silica template, there is still
certain affinity between the internal surfaces of the
template and external surface of carbonmicrospheres.
It can prevent the excessive shrinkage of the carbona-
ceous frameworks of MC-MSs during the thermal
curing and carbonization (Figure 1c, the red marked
area), resulting in MC-MSs with larger unit cell param-
eter andmesopore size (∼8.1 nm) compared to that for
conventional mesoporous carbons.12 Reversely, such
a light shrinkage of the carbonaceous frameworks is
still strong enough to prevent the contact between
different MC-MSs, resulting in discrete microspheres
(Figure 1b, the red marked area). Undoubtedly, the
shrinkage of these large MC-MSs, which have low
surface-to-volume ratio, is from the outside to the
center of the microspheres. When the particle size
of MC-MSs decreases, the volume of each particle
decreases. During the carbonization, the interaction
between the inverse opals and external surface of
MC-MSs is firm enough to drastically prevent the
volumetric contraction from the outside to the center.
Therefore, microspheres bind to each other by the
contact area since there is no significant shrinkage
of the small MC-MSs, resulting in an integral MC-MS

matrix. Compared with larger MC-MSs, the smaller
ones have larger pore volume (1.54 cm3/g) and pore
size (12.1 nm), further confirming that the shrinkage of
the smaller microspheres is much less than the bigger
ones (Figure S6).

Functionalization of MC-MSs with Co-Based NPs. As an-
other important advantage of this strategy, the MC-
MSs can be easily functionalized and decorated with
metal/metal oxide nanoparticles supported in their
frameworks by simply modifying this self-assembly
process. Here, 5 wt % of Co(NO3)2 3 6H2O with respect
to resol was added as a metal source to the casting
precursor when the weight ratio of F127/resols/
ethanol in the precursor was 1:1:14. After a similar
self-assembly process in the presence of this metal
source, ordered MC-MSs supporting Co/CoxOy nano-
particles can be synthesized (designated as Co-MC-MS).
SEM images show that the Co-MC-MS sample has a
uniform spherical appearance of ∼820 nm in diameter
(Figure S7a). TEM images show the stripe-like and
hexagonally arranged pore morphology over large
domains, confirming an ordered mesostructure with
2-D hexagonal pore symmetry (Figure 3a and inset).
As seen in this TEM image, uniform Co/CoxOy nano-
particles are highly dispersed in the carbon matrix with
particle sizes of around∼13 nm. N2 sorption isotherms
(Figure S7b) of the sample Co-MC-MS also show repre-
sentative I�V curves with pronounced H2 hysteresis
loop and large uptake at a low relative pressure due
to the existence of well-developed meso- and micro-
porosity. The BET specific surface area and pore volume

Figure 2. Integral monolithic MC-MS matrixes prepared from the confined self-assembly method by using the silica inverse
opal templates with a pore size of∼330 nm: (a) SEM image of the silica inverse opal template; (b,c) SEM images with different
magnification of the MC-MS supported in the silica inverse opal before the template removal; (d) SEM image of the obtained
MC-MS matrixes. Red marked area in panel c indicates the conjunction of two mesoporous carbon microspheres.
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are 401 m2/g and 0.5 cm3/g, respectively. The mesopore
size is around 7.0 nm, slightly lower than that of the
sample MC-MS-1 due to the presence of metal oxide
nanoparticles (Figure S7b, inset). Thermogravimetric anal-
ysis indicates that the Co-MC-MS samples have Co3O4

content of about 9.6 wt % (Figure S8a). Wide-angle XRD
pattern (Figure S8b) shows that clearly observed diffrac-
tion peaks can be assigned to mixed phase of CoxOy (Co,
CoO, and Co3O4). Scanning transmission electronmicro-
scopy (STEM) images and corresponding elements
mapping further confirm the existence of cobalt-based
nanoparticles inside the microspheres (Figure S9). The
magnetic properties of the Co-MC-MS composites have
a magnetization saturation value of ∼2.64 emu/g at
25 000 Oe (Figure 3b). The magnified hysteresis loops
further confirm the superparamagnetism of the parti-
cles. As a result, themicrospheres in their homogeneous
aqueous dye-contained dispersion show fast moment
to the applied magnetic field and redisperse quickly
with a slight shake once the magnetic field is removed
(Figure S10). This suggests that the microspheres pos-
sess good magnetic responsivity and redispersibility,
which is anadvantage for their applications as a sorbent.
Furthermore, these particles could be easily separated
by a hand-held magnet (2000 Oe) from their homo-
geneous dispersion in 2 min, which suggests the
application feasibility of these spheres in separation,
adsorption, and so on.

Protein Adsorption. Size-selective adsorption of guest
species, which mainly relies on the porous properties
of sorbents, is crucial for many applications, especially
biomolecule enrichment, separation, detection, and
so on.34�36 Although usual porous sorbents have
good capacities and selectivities toward adsorbates,
sorbents are difficult to collect and separate from the
mixture solution after the adsorption since most of
the sorbents are prilled into fine particles and well-
dispersed in order to further increase the exposed
surface to adsorbates.37,38 Our Co-MC-MS composites
have numerous large mesopores of ∼7.0 nm and dis-
crete spherical morphology, which makes them ideal

candidates for size-selective adsorption. Furthermore,
their good magnetic property is beneficial to effective
practical manipulation by magnetic separation. Here,
biomacromolecule absorption experiments were per-
formed to study the applicability of the Co-MC-MS
materials for size-selective separation of bovine serum
albumin (BSA, globular ellipsoid, 5.0 � 7.0 � 7.0 nm)
and cytochrome c (Cyt c, 2.5 � 3.2 � 3.0 nm)35 in
aqueous solution (Figure S11a). After the adsorption,
sorbents were collected by a hand-held magnet and
supernatant was subjected to sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and
UV�vis spectrum recording.

The SDS-PAGE analysis (Figure 4) shows two bands
in each lane, indicating the adsorption results for BSA
(band2) andCyt c (band1), respectively. Areas a, b, and c
represent the results of mixture solution containing
BSA and Cyt c, Cyt c solution and BSA solution before
(lanes 2, 4, and 6) and after (lanes 1, 3, and 5) the
adsorption by Co-MC-MS, respectively. It can be seen
that, after the adsorption, the width of band 2 in lanes
1 and 5 (areaa a and c) has no significant decrease
related to that before shown in lanes 2 and 6. It clearly
indicates no significant adsorption on the Co-MC-MS

Figure 3. (a) TEM image and (b) magnetic hysteresis loops of the Co-MC-MS sample prepared by the confined self-assembly
approach using phenolic resol as a carbon precursor, F127 as a structure-directing agent, and Co(NO3)2 3 6H2O as a metal
source. The Co-MC-MS samples haveCo3O4 content of about 9.6wt%. The inset in panel a shows a high-resolution TEM image
of the sample Co-MC-MS.

Figure 4. SDS-PAGE analysis results of (area a) the mixture
solution containing BSA and Cyt c, (area b) Cyt c solution,
and (area c) BSA solution before (lanes 2, 4, and 6) and after
(lanes 1, 3, and 5) the adsorption by the Co-MC-MS samples.
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sample toward BSA neither in BSA solution nor in
mixture solution. However, band 1 in lanes 3 and 5
(areas a and b) almost disappears compared with that
before the adsorption in lanes 4 and 6, suggesting a
much larger adsorption capacity for Cyt c either in Cyt c
solution or in mixture solution. These results suggest
that the Co-MC-MS materials with large mesopores of
∼7.0 nm can provide access for smaller object Cyt c
but not for the larger-sized molecule BSA. This implies a
good size-selective adsorption. Furthermore, the quan-
titative analyses using UV�vis spectroscopy show that,
toward Cyt c molecules, the sample Co-MC-MS has
much higher adsorption capacity (∼100 mg/g) than
that (∼4.1 mg/g) toward BSA (Figure S11).36,39 Such
good selectivity and capacity are mainly attributed to
their numerous large accessible mesopores and the
high surface area. ICP characterization was carried out
for the remaining solution after the protein adsorption,
and no surplus Co element could be found in it,
indicating that cobalt or cobalt oxides did not leach
from the carbon scaffolding.

It has been reported that the reaction of hydrogen
peroxide with Cyt c produces highly reactive ferryl-
heme species, which are capable of oxidizing biomo-
lecules and initiating lipid peroxidation.40,41 In order
to demonstrate that Cyt c desorbed on the sample
Co-MC-MS is still in an active form, the peroxidase
activities of Cyt c and desorbed Cyt c were investi-
gated by using a chromogen, 2,20-azinobis(3-ethyl-
benzthiazoline-6-sulfonic acid) (ABTS) as a substrate
(Figure S12). ABTS is water-soluble and has a strong
absorption at 340 nm. On oxidation, ABTS forms a
stable blue-green product presumed to be the cation
radical, ABTSþ•, conveniently followed at λmax of
415 nm.41 Thus, the increase of the absorbance at
415 nm indicates the peroxidase activity of Cyt c. It
was found that the enzymatic activity of the desorbed
Cyt c only decreased slightly compared with its activity
before the adsorption on the sample Co-MC-MS
(Figure S12), suggesting that the conformation of Cyt
c was maintained during the adsorption�desorption
process. Therefore, we believe that with further care-
fully designed and engineered surface properties

combined with its large mesopores, discrete spherical
morphology, and good magnetic property, the novel
ordered porous functional material Co-MC-MS can be
created as an easily separated sorbent for size-selective
absorption and enrichment, which is extremely impor-
tant for diagnosis, drug delivery, and disease-relevant
biomarker screening.

CONCLUSIONS

In summary, we have demonstrated a general con-
fined self-assembly process to create discrete uniform
mesoporous carbon microspheres with a particle size
of 0.8�1 μm. During this process, carbonmicrospheres
were fabricated via a self-assembly process in the
micrometer-sized macropores of the silica inverse opal
templates. These mesoporous carbon microspheres
have uniform and discrete spherical morphology, vari-
able symmetry (hexagonal p6mmor cubic Im3m) meso-
structures, high specific surface areas (500�1100m2/g),
large pore volumes (0.6�2.0 cm3/g), and large-sized
mesopores (7�10.3 nm) which are highly ordered, open,
and accessible. The particle size of the carbon micro-
spheres can be easily tuned by simply using templates
with different macropore sizes. We found that the
smaller MC-MSs (330 nm) with higher surface-to-volume
ratio tend to shape into integral monolithic MC-MS
matrixes, while larger MC-MSs (>800 nm) with lower
surface-to-volume ratio shape into discrete spherical
morphology. This discreteness property is mainly con-
trolled by the difference in shrinkage behavior of meso-
porous carbon spheres confined in the inverse opals,
led by the interaction between the silica template and
carbon microspheres. Adsorption experiments indicate
that the cobalt-containing mesoporous carbon micro-
spheres exhibit excellent size selectivity for the adsorp-
tion in the mixture protein solution of BSA and Cyt c
and good magnetic responsivity, which makes them
easily recoveredmagnetically. This synthetic strategy is a
general and powerful pathway for the functionalization
of mesoporous carbon microspheres with embedded
metallic nanoparticles and such types of materials hold
great potential in biologicalfields such asdiagnosis, drug
delivery, and disease-relevant biomarker screening.

MATERIALS AND METHODS
The mesoporous carbon microspheres were prepared

through a general confined self-assembly process in silica
inverse opal templates. The silica inverse opals were synthe-
sized according to previously reported literature.29,42,43 An
ethanolic precursor solution containing F127 and resol was
infiltrated in the macropores of the silica templates. The weight
ratio of F127/resol/ethanol was 1:1:14 for the sample MC-MS-1
and 1:2:18 for MC-MS-2. After complete evaporation of ethanol,
the templates were taken out from the gel and the excess gel
was scraped. Then, the resultant F127/resol/silica composites
were subjected to thermal curing at 100 �C for 24 h followed by
a carbonization process at 600 �C for 3 h in a N2 atmosphere.

Finally, the MC-MSs were obtained after the silica templates
were etched in 10%HF solution for 10 h. For the sampleMC-MS-
3, 30wt%of the resol was replaced by TEOS before the confined
self-assembly process. The weight ratio of F127/resol/TEOS/
ethanol was set to 1:0.7:0.3:13. For the sample Co-MC-MS,
5 wt % of Co(NO3)2 3 6H2O and 4 wt % of acetyl acetone with
respect to resol were added to the precursor. The weight ratio
of F127/resol/Co(NO3)2 3 6H2O/acetyl acetone/ethanol was
then 1:1:0.05:0.04:14. Detailed procedures for resol synthesis,
PS microspheres, and silica inverse opal preparation and the
adsorption tests for proteins can be found in the Supporting
Information.
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