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ABSTRACT: Here we report a novel interface tension-
induced shrinkage approach to realize the synthesis of
monodispersed asymmetrical mesoporous carbon nano-
hemispheres. We demonstrate that the products exhibit
very uniform hemispherical morphology (130 X 60 nm)
and are full of ordered mesopores, endowing them high
surface areas and uniform pore sizes. These mono-
dispersed mesoporous carbon hemispheres display ex-
cellent dispersibility in water for a long period without any
aggregation. Moreover, a brand new feature of the
mesoporous carbon materials has been observed for the
first time: these monodispersed mesoporous carbon
hemispheres show excellent thermal generation property
under a NIR irradiation.

ymmetry and asymmetry are primary principles in nature.' >

Mesoporous materials have plenty of applications in
catalysis,“_7 energy storage and conversion,” separation, and
biomedicine'®™"” due to their unique feature and properties.
Ordered mesoporous materials have regular pore channels, high
surface areas, and large pore volume,* ®'®'? which are
considered as one feature of functional single-crystals (meso-
crystals) due to their highly oriented mesostructures,”® >
naturally exhibiting the primary principle of symmetry in
mesophases. Thus, controlling or modifying their structures
and morphologies to realize the asymmetry is still a great
challenge.”*~*” Most of the reported mesoporous nanoparticles
show regular spherical or rod-like morphologies. Anisotropic
particles, such as patchy, misshapen, and Janus particles, have
attracted significant attention in recent years due to their high
complexity and are considered as a next-generation of building
blocks for advanced materials and functional devices."”
However, the controllable synthesis of the monodispersed
asymmetrical mesoporous carbon nanoparticles has not been
reported yet based on our best knowledge. The monodispersed
mesoporous structures can integrate the advantages that are
originated from mesopores (high surface area and large pore
volume), nanoparticles (nanosized effects) into a single entity,
showing novel properties and unique applications.”**** More-
over, discrete and dispersible mesoporous carbon nanoparticles
are of critical importance for both the fundamental study and
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various practical applications such as drug delivery, catalysis, and
so on.>° 3% However, all carbon nanostructures tend to condense
and aggregate during the high-temperature annealing process. It
remains a great challenge to produce mesoporous carbon
nanoparticles with monodispersity and discreteness. In another
aspect, core—shell nanostructures have captivated many
attentions owing to their elegant structures with tunable
functionality. Most current efforts in the core—shell structures
are directed to developing new synthetic approaches with
different components and shell structures. The interface
interaction between core and shell is always ignored by
researchers. However, the interface intension may be a positive
route for the control preparation of unique nanostructures.

In this work, we demonstrate a novel synthesis approach: an
interface tension-induced shrinkage on core—shell nanostruc-
tures interfaces to fabricate monodispersed asymmetrical
mesoporous carbon nanohemispheres. Monodispersed meso-
porous resin polymer nanospheres were used as a carbon source,
and the core—shell structured polymer@SiO, spheres were
obtained after coating a layer of amorphous silica on the surface,
which created a closed spherical polymer—silica interface. The
products exhibit very uniform anisotropic hemispherical
morphology with a diameter of 130 nm and a height of 60 nm.
These mesoporous carbon nanohemispheres have highly
ordered mesopores, endowing them high surface areas and
uniform pore sizes. Furthermore, as the protecting effect of the
silica layer during the carbonization, these mesoporous carbon
hemispheres are not aggregated and thus can be stably dispersed
in solution for even a couple of months.

Moreover, the discovery of important roles of interface tension
in the core—shell nanostructures may reveal a possible alternative
to “classical” methods for the preparation of unique nanostruc-
tures. Furthermore, besides the well-known and widely applied
features of mesoporous carbons (such as good conductivity or
excellent adsorptivity), we have observed a brand new property
here: these carbon hemispheres reveal excellent photothermal
generation property for the mesoporous carbon for the first time;
the temperature can be rapidly raised up to a very high
temperature of 85 °C under a NIR irradiation in a few minutes.
As a proof of concept, the findings provide an insight for building
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a photothermal active platform by these mesoporous carbon
hemispheres such as controlled release system and photothermal
therapy agent.

SEM and TEM images show that the mesoporous carbon
products are highly uniform with an asymmetrical hemispherical
morphology (Figure 1). They seem to be cut at half off from

Figure 1. (a—e) SEM images of the mesoporous carbon hemispheres
prepared by an interface tension-induced shrinkage. (c) Sectional faces,
(d) side faces, and (e) spherical faces of the hemispheres. (f). Large-scale
observation of the mesoporous carbon hemispheres. (g) Mesostructures
of the hemispheres, observed from various directions: spherical face,
sectional faces, and side faces.

intact nanospheres and have a radial diameter of 130 nm and a
height of 60 nm. By HR-SEM images, ordered mesopores can be
clearly observed on the surface of the nanohemispheres, and the
pore size is estimated to be about 5—6 nm (Figure 1b—d). The
ordered mesostructure is present across all hemispheres.
Observed from the side, the hemispherical morphology can be
further demonstrated. While the sectional face is not totally
smooth, crescent protuberances can be found in the center,
implying that the formation of the hemispheres is related with the
interface-tension effect.

TEM images further confirm the hemispherical morphology of
the monodispersed mesoporous nanoparticles, showing the
uniform size (Figure 1f). The diameter of the hemispheres is
~130 nm, while the height is ~60 nm. The mesostructures of the
carbon hemispheres are clearly demonstrated from observation
in different locations (from the spherical faces, sectional and side
faces) (Figure 1g). From the spherical and sectional faces of the
hemispheres, mesopores with a diameter of 5—6 nm are arrayed
in a close packing manner, implying a body-centered cubic
symmetry of mesostructure. The mesopores are found to be
distributed around the profile of hemispheres by close stacking,
indicating the formation of the mesoporous hemispheres is
related with the interface tension effect. SAXS patterns of the
mesoporous carbon hemispheres show a broaden peak at g value
of around 0.54 nm™" (Figure S1). It is probably related with a
small ordered domain size. The well-ordered mesostructure and
high surface area (~770 m*g™") is further confirmed by the N,
sorption isotherms (see more detail in Figure S2).

The formation process of the mesoporous carbon hemispheres
is initialized from monodispersed polymer nanospheres.
Through a sol—gel process, mesoporous polymer nanospheres
are coated with a layer of amorphous silica (experimental section
in the Supporting Information). TEM images of the as-made
core—shell polymers@SiO, samples show that the mesoporous
polymer spheres are closely attached with the silica layers (Figure
2a). After a carefully controlled drying procedure at room
temperature, the polymer nanospheres are partially contracted.
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Figure 2. TEM images of (a) the as-made mesoporous resin polymers
coated with a silica layer, creating a polymer—silica interface; (b) the
samples after drying, 1/6 large cavity of the nanospheres is displayed; (c)
the samples after calcination at 600 °C, half cavity of the nanospheres is
discovered. (d) HR-TEM, (e) STEM, and (f) HRSEM images of the
mesoporous carbon hemispheres coated with a layer of amorphous
silica. The white arrows indicate the air vents on the silica shells.

About 1/6 volume of the cavity is exposed due to the volume
contraction. It is interesting that the contraction is along the
particular polar direction of the polymer cores (Figure 2b). After
carbonization at 600 °C in N,, the cavity is enlarged to 1/2
volume of the nanospheres, implying further volume contraction
of the inner cores to carbon nanospheres (Figure 2c). Then, the
core—shell hemisphere@cavity@silica nanostructure is formed.
The mesopores on the hemispheres can be clearly observed
(Figure 2d), demonstrating that the hemispheres are fully
composed of ordered mesostructures. The hemisphere@
cavity@silica nanostructures can further be confirmed by
STEM (Figure 2e) and HR-SEM images of the cracked parts
of the nanospheres (Figure 2f). By employing the initial polymer
nanospheres with different particle sizes, the mesoporous carbon
hemispheres with a variable diameter of ~135, 160, and 200 nm,
respectively, can be obtained (Figure S3a—c). These nanostruc-
tures exhibit similar hemisphere@cavity@silica core—shell
morphology; while the height of these hemispheres increases
from 60 to 70 nm and finally to ~90 nm.

A high-temperature process can lead to further condensation
and carbonization of the phenolic resin polymer spheres. With
the temperature rising, the shrinkage of the mesoporous polymer
spheres is aggravated, while the cavity is enlarged (Figure 3). We
define R (red bar) to be the height of the cavity, and R, (blue bar)
as the height of the solid; and the ratio of R, and (R + R.) implies
the shrinkage extent (Figure 3a—c). For the samples dried at 100
°C, the shrinkage extent along radius direction is measured to be
~13%. While with the temperature increasing, the shrinkage
increases to ~35% at 350 °C and ~56% at 600 °C. These results
indicate that the constriction of the polymer spheres and the
height of the hemispheres are greatly affected by temperatures.

The polymer—silica interface plays an important role on the
formation of hemispherical morphology (Figure 3d—i). For
comparison, the case with absent polymer—silica interface was
also examined. A selected etching method was employed to
selectively remove the silica in a weak base solution (Na,CO;)
and to form a yolk—shell nanostructures. When the polymer—
silica interfaces are absent and the mesoporous polymer
nanospheres are directly carbonized in N, atmosphere, uniform
spherical mesoporous carbons instead of the hemispheres are
obtained. After carbonization at 600 °C, the particle size is
reduced from ~130 to 100 nm. Thus, the volume shrinkage of
the polymer nanospheres is calculated to be ~54%. For the
hemispheres prepared by the controlled interface-tension-
induced shrinkage method, the whole volume shrinkage is
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Figure 3. TEM images of the mesoporous carbon hemispheres with
different shrinkage extent after calcined at temperatures of (a) 100; (b)
350; (c) 600 °C; R, (red bar) means radius of the cavity, and R, (blue
bar) is the radius of the solid. TEM images of (d) the naked polymer
nanospheres without silica layer and (e) the mesoporous carbon
nanospheres derived from the polymer spheres; TEM images of (g) the
polymer nanospheres with an unattached layer of silica and (h) the
mesoporous carbon nanospheres after etching off the silica layer. (j)
TEM and (k) HR-SEM images of the samples dried in a frozen drier,
showing that the nanospheres keep spherical shapes. (m) TEM and (n)
HR-SEM images of the samples dried at 100 °C in an oven, showing the
partially cracked morphology.

measured to be ~59%, agreeing well with that without silica layer
coating.

Furthermore, the drying process also plays a key role in the
formation process. The hemispheres can be fabricated under a
mild room-temperature drying condition. It is interesting to note
that some air vents on the silica shells are discovered on the cavity
parts of the nanospheres (as shown by the arrows in Figure 2),
implying that the formation process is probably related to the
evaporated solvent steam. To further confirm this hypothesis, the
room-temperature drying procedure is replaced with a frozen
drying or/and a high temperature drying. Under the frozen
drying procedure, the steam is frozen and reduced through this
treatment (Figures 3j—1 and S4). The condensed core—shell
structures instead of the hemisphere@cavity@silica are formed
after calcination. After etching oft the silica shells, the
nanospheres show integrated spherical morphology and
accessible mesopores, instead of hemispherical morphology.
Under the high temperature drying condition, as the steam is
quickly evaporated, uneven shaped nanospheres are fabricated
(Figure 3m—o). A partial cavity is found on each core—shell
nanosphere, implying the uneven contraction during the high-
temperature drying.

The formation of the ordered mesoporous carbon hemi-
spheres has undergone an interface tension-induced shrinkage
procedure (Scheme 1). The polymer—silica interface is
introduced by in situ growth of a layer of amorphous silica on
the surface of polymer nanospheres. During the synthesis, some
Si—O—C chemical bonds are formed on the silica—polymer
interface. The interface tension force tends to pull the polymer
nanospheres close to silica shells (yellow arrows). In addition, the
shrinkage of the polymer nanospheres occurs during the drying
process, with a constriction tendency away from silica shells
(green arrows). As all of the reactions are carried out in solution
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Scheme 1. Formation Process of the Mesoporous Carbon
Nanohemispheres through an Interface Tension-Induced
Shrinkage

tching
. S,
‘I
x

calcination

to keep the humidity of the whole system, parts of solvents
originating from the sol—gel process remain inside the silica
shells, and they evaporate and become steam during drying (blue
arrows). This steam can insert and break the Si—O-C
interconnections, leading to the reduction of the interface
tension force. The steam repel, interface tension, and
constriction force coexist and interact with each other at the
same time during the process. Under the effect of constriction
force, the polymer nanospheres shrink and constrict, thus the
contraction is along particular polar direction because of the
solvent steam repel force while retaining the spherical shape as
the silica shell connection. Then asymmetrical nanostructures are
constructed inside the silica shell. Finally, during the carbon-
ization, the shrinkage degree is enlarged (~50%) to form the
hemispherical mesoporous carbon nanoparticles.

Through the controlled interface tension-induced synthesis
strategy, the particular mesoporous carbon hemispheres can be
fabricated. Meanwhile, the obtained carbon hemispheres display
excellent dispersibility in water because with the silica layer
coating®®*" no aggregation between the carbon spheres occurred
during the carbonization process. Even after 6 months’
quiescence, the mesoporous carbon hemispheres are still
dispersed well in water to form a uniform sol (Figure SS). The
complete etching of silica layer is confirmed by TGA analysis of
these carbon nanohemispheres (Figure S6). In comparison, the
mesoporous carbon nanospheres prepared without the silica
protector deposits on the bottom of water within 1 month.

The uniform and monodispersed mesoporous carbon hemi-
spheres exhibit an excellent heat generation property under the
near-IR (NIR) irradiation (Figure 4) because of nonaggregation.
At a low concentration of the carbon hemispheres (50 yg/mL),
rapid photothermal heating occurs upon irradiation by a low
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Figure 4. (ab) Time-dependent photothermal activities of the
mesoporous silica nanoparticles (25 yg/mL) and mesoporous carbon
hemispheres with different concentrations in solution (labeled on
graph) irradiated with 1 and 2 W/cm? laser. (c) Thermal images of the
mesoporous carbon hemispheres with a concentration of 50 pg/mL
irradiated with 808 nm laser at 1 W/cm? for (c1) 0; (c2) 1; (c3) 2; (c4)
3; (c5) 4; (c6) S; (c7) 6; (c8) 7; and (c9) 8 min.
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power laser (808 nm) at 1 W/cm? (Figure 4a). At every minute’s
interval, the color temperature of the hemispheres changes from
cool color to warm color in the thermal images (Figure 4c).
Samples irradiated by a laser with the higher energy density (2
W/cm?) show superior photothermal heating (Figure 4b) than
that with the lower one (1 W/cm?) at all concentrations.
Furthermore, the mesoporous carbon hemispheres exhibit a
concentration-dependent photothermal heating effect (from S to
75 pg/mL), which increases monotonically with the hemisphere
concentration. For the carbon hemispheres with a high
concentration of 75 ug/mlL, the temperature can raise up to 85
°C in a short time irradiation of 4 min (Figure 4b and
Supplementary Movie S1), which is almost the highest
temperature ever as far as we know. An off-lattice Monte Carlo
method was built to simulate carbon nanohemisphere solutions
under the illumination of near-infrared radiation (shown in
Supporting Information). In this simulation, we build up the
models by consideration of the morphology, size, and
concentration of the nanohemispheres. Our simulation results
obtain good agreement with the experimental data. The heat
generation process can be understood by lack of sp® carbon
atoms in the amorphous mesoporous carbon hemispheres, in
which almost all of the light energy adsorbed is transferred into
heat (Figure S7). In contrast, for the mesoporous silica
nanoparticles, no obvious temperature raise is observed (Figure
4), suggesting the poor photothermal effect. However similar to
silica materials, the mesoporous carbon nanoparticles are
demonstrated to be good drug nanocarriers.”**® Thus, these
carbon hemispheres may possess benefits in building photo-
thermal response platform. As a proof of concept, a controlled
release system and photothermal therapy based on the
mesoporous carbon hemispheres have been established and
tested (Figures S8 and S9).

In conclusion, monodispersed asymmetrical mesoporous
carbon nanohemispheres with a diameter up to ~130 nm and
a height of ~60 nm have been successfully fabricated by a
controlled interface tension-induced shrinkage synthesis ap-
proach for the first time. Meanwhile, these uniform hemispheres
have a well-ordered mesostructure, a high surface area (~770 m*:
g™'), and a large pore volume (~1.0 cm®g ") and can be discrete
and well dispersed in water for a long period without any
aggregation. Moreover, these monodispersed carbon hemi-
spheres show excellent thermal generation property under a
NIR irradiation, revealing the photothermal generation property
of the mesoporous carbon materials for the first time. As a proof
of concept, these mesoporous carbon hemispheres may possess
benefits in building photothermal response platform such as
controlled release system and photothermal therapy agent.
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