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A co-sol-emulsion-gel synthesis of tunable and
uniform hollow carbon nanospheres with
interconnected mesoporous

JianhuaHou,? Tai Cao,* Faryalldrees® and Chuanbao Cao**®

TOC Figure - Monodispersed
tunable nanoscale hollow carbon spheres with an open interconnected mesoporous
shell have been synthesized by a co-sol-emulsion-gel method.

Monodispersed mesoporous hollow spheres of polymer-silica and carbon-silica nanocomposite with an
“interpenetration twins” nanostructure have been successfully synthesized by a co-sol-emulsion-gel
method. The obtained mesoporous hollow carbon spheres (MHCSs) exhibited an open interconnected
mesoporous shell that endows high specific surface area (Sger, 2106-2225 m?/g) and large pore volume
(1.95-2.53 cm?/g). Interestingly, the diameter of the uniform MHCSs could be precisely tuned on
demand, as an effective electrode materials in supercapacitors, MHCSs with diameter of 90 nm deliver
the shortest time constant (zo=0.75 s), which are highly beneficial for rate capacitance (180 F/g at 100
AJg, a full charge-discharge within 0.9 s) and cyclic retainability (3% loss after 20000 cycles). The new
developed synthesis route leads to unique interconnected mesoporous hollow carbonaceous spheres with

open-framework structures, providing a new materials platform in energy storage.

Introduction

The unique and subtle combination of hollow architectures with
mesoporous nanostructures has the advantages of large void spaces'?
high surface area® and low density*, so the design and controlled
fabrication of mesoporous hollow carbon spheres (MHCSs) is very
significant.>® MHCSs have diverse applications in the field of
adsorption®, drug delivery’®, catalysis,®*® nano-devices,"**® and
energy storage/conversion'®®. When MHCSs have interconnected
open mesoporous channels within carefully controlled shell
thickness and channel length, their performance was enhanced and
even might open up various potential applications. >

The template methods have been well accepted as common
strategies to synthesize hollow carbon nanospheres (HCSs) over the
past few decades, including hard-template and soft-template method.

This journal is © The Royal Society of Chemistry 2013

In general, hard-template method involves multiple steps in which
the core formation of Polymer or SiO, nanoparticles is a key step.5%*
2 For instance, dispersible HCSs with high uniformity are
synthesized using a strict dual core-shell-type
(polystyrene@phenolic resin@SiO,) structure that polystyrene and
SiO, are combined into a confined nanospace at high-temperature
pyrolysis. ® However, their limited surface area and porosity need to
be further increased through physical post-activation treatment.
Furthermore, diameter (<100 nm), pore sizes and mesostructure of
replicated HCSs are limited to their parental template.” 22 The soft-
templating method usually needs fewer steps to synthesize MHCS
when compared with hard-templating techniques. Whereas the
obtained MHCSs are not uniform in size (normally size-variance is
greater than 150 nm and not well defined), hollow core sizes and the
shell  thicknesses are also restricted.®®%2*  Furthermore,
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monodispersed nano scale MHCSs are difficult to obtain, due to
their weak self-assembly with precursor components, and tendency
towards cross-linking with adjacent nanospheres during pyrolysis
process.'2132528 Recently, extension of the Stéber method was found
effective for HCSs synthesis by removal of silica from silica/carbon
nanocomposite materials.22® However, it is complicated to control
core/shell size, and small nanoparticles are often found as well.
Moreover, resulting small pores do not possess accessible
mesochannels, which hinder the potential applications.?
Nevertheless, there is a great need to prepare high-quality MHCSs
materials i.e. ones with highly uniform, monodispersed tunable
particle size and adjustable shell thickness.®™® Specifically,
generated well-defined MHCSs (<100 nm) with open interconnected
mesoporous channels using a facile approach are still unavailable in
literature.®*3 It has stimulated substantial interests for highly
effective diffusivity and ultrahigh loaded capacity for active guest
molecules/ions. The reason is that the guest molecules/ions can
penetrate or diffuse through hollow voids easily by means of
accessible open interconnected mesochannels in shell.>® 12

Keeping all challenges in mind, herein we report a novel
synthesis of hollow-structured uniform polymer-silica and carbon-
silica nanocomposite spheres with tailorable nano-size and shell
thickness using a simple co-sol-emulsion-gel method. The generation
process of MHCSs is illustrated in Scheme 1. It is a one-pot
synthesis method which uses resorcinol-formaldehyde (RF)
(polymer precursor), tetraethyl orthosilicate (TEQOS, inorganic
precursor) and cetyltrimethyl ammonium bromide (CTAB) as
template. The sol-gel rates of RF and TEOS, the formation of silica
spheres is faster, which requires shorter reaction time compared to
the RF spheres under the same conditions of “the Stdber method” %
% Therefore, during the co-sol-gel process are first formed with
CTAB micelles and RF molecules as organic phases act as a
template and then TEOS is added as an inorganic precursor, finally
successful synthesis of hollow nanospheres with “interpenetration
twins” mesostructures. The “interpenetration twins” mesostructure of
inorganic silica functions as a nanoreactor to provide a confined
nanospace, which can immensely reduce structural shrinkage of the
carbon precursor during high-temperature annealing. After removing
silica from “interpenetration twins” (carbon-silica) nanocomposites,
open interconnected mesoporous (2 ~ 20 nm) carbon spheres with
tailorable particle size (90-240 nm) and well controlled hollow voids
(45-105 nm) are obtained. The adopted approach is found to be
facile, efficient for synthesis of well-defined hollow carbon
nanospheres with interconnected mesoporous shells, which may
provide a potential platform for energy storage applications. This
method may reveal that not noly in the process of the controllable
synthesis of high quality MHCSs to avoiding redundancy for hard-
template method, i.e., avoiding the first synthetic core steps but also
effectively prevent the monodispersed nano scale hollow
nanospheres aggregated for soft-template. It is a promising substitute
to traditional methods for the preparation of novel open
interconnected  mesoporous  with twins”
mesostructures of HCSs.

“interpenetration
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Scheme 1. The formation process of mesoporous hollow spheres of
polymer-silica and carbon-silica nanocomposite with an
“interpenetration twins” nanostructure by a co-sol-emulsion-gel
method.

Experimental section

Synthesis ofmesoporous hollow carbon spheres (MHCSs).In a
typical synthesis, resorcinol (0.2 g), and CTAB (0.6 g) were
dissolved in 30 ml solution containing absolute deionized water
(25~22) and ethanol (5~8 ml) at 25°C under vigorous stirring. After
resorcinol fully dissolved, ammonia aqueous solution (NH,OH, 0.2
mL, 25 wt.%) was added and continuously stirred for 20 min, then
the formaldehyde solution (0.28 mL) was added and allowed a few
minutes until it changed from transparent to an emulsion, then TEOS
was immediately added to the prepared solution, stirred for 24 h at
25 C, and subsequently heated for 24 h at 80 C in a Teflon-lined
autoclave. The solid product was obtained through centrifugation
and freezing to dry. The obtained product was annealed at 850 C
for 3 h with ramp rate of 1°C/min under nitrogen flow and
mesoporous  hollow carbon/silica sphere  (MHSs-X-C/SiO,)
composites were obtained as a result. The mesoporous hollow
carbon spheres (MCHSs-X) were obtained when silica was removed
by immersing in 15 % HF aqueous solution at room temperature for
24 h, followed by subsequent washing with deionized water.
Alternatively, the mesoporous hollow silica spheres (MHSs-X-SiO,)
were obtained by calcination of the MHSs-X-C/SiO, composites at
650 °C for 5 h in air. Here X represents the spherical average
diameters.

Characterization. In order to see morphology more clearly field
emission scanning electron microscopy (FESEM) and
transmission electron microscopy (TEM) tests were performed
through Hitachi S-4800, JEOL-2100F, JEM-ARMZ200F,
respectively. Powder X-ray diffraction (XRD) patterns from at
low (10-80° in 20) were measured through PANalytical-X-pert
diffractometer (Cu Ka radiation at 40kV and 40mA). Raman
spectrum was measured at 514 nm excitation by Renishaw.
Dynamic light scattering (DLS) measurements were carried out
on a Malvern Zetasizer NanoZS Instrument. Axis Ultra
spectrometer was used for XPS analysis. Nitrogen adsorption-
desorption isotherm was measured at 77K and relative pressure
p/p° of 3.3x1077-0.989 using Micromeritics-ASAP-2020. Prior
to the measurement, samples were degassed at 300 <C for at
least 5 h. Brunauer-Emmett-Teller (BET) and density
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functional theory (DFT) tests were performed to measure
specific surface area and pore size distribution.

Electrochemical measurements. Electrochemical performance of
MHCSs was measured for a two electrode system with 6 M
KOH as electrolyte. 85 wt.% of obtained carbon, 10 wt.% of
acetylene black and 5 wt.% of PTFE binder were used for
electrode preparation. Stainless steel meshes were used as
current collectors for the supercapacitors, with 6 M KOH as
electrolyte. The electrodes were then dried under vacuum at
120<C for 8 h. Then this slurry was coated on the substrate with
8-10 mg loading per 1 cm? area (~0.25 mm in thickness). The
details of it are summarized in Table S4 and Figure S7. A
polypropylene membrane was used as the separator for the
supercapacitors. Cyclic voltammetry (CV), galvanostatic
charge/discharge and AC impedance spectroscopy (EIS) tests
were measured through the CHI660D electrochemical
workstation. Impedance spectra were measured for 0.01 Hz-10
kHz frequency range with 5 mV voltage amplitude. The cutoff
charge voltage for the capacitor using 6 M KOH was set as 0-
1.0 V. Specific capacitance for a single electrode was
calculated using equation (1)
% = @ramm O

Where, I (A) = discharge current, dV /dt (V/s) = slope measured
through discharge curve after ohmic drop and (g) m = active
material mass for single electrode. Specific energy density (E e;),
and specific power density (P..;) for symmetrical supercapacitors
were also calculated by using equation (2 & 3),

CqAV?
Ecen = 89><3.6 2
Ece
Peen = Tu (3)
Where, AV (V) = cell voltage after ohmic drop, and t (h) = discharge

time.

Results and discussion

30mm

30 nm 30 nm 30 nm
eman ‘e e

Figure 1. Typical SEM images of (a) MHSs-90-C/SiO, and (b)
MHCSs-90; TEM images of (c) MHCSs-90 and (d) MHSs-90-SiO»;
(e, f) BF and HAADF-STEM images of MHSs-90-C/SiO,; (g-i) the
corresponding EDX elemental mapping of carbon, silicon and

oxygen, (j) along with an overlay of those three maps.
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SEM images show dispersible mesoporous spheres with high
uniformity and average diameter of 90 nm (Figures la, b). The
spherical structure is well retained i.e., carbon-silica composite,
carbon and silica have almost the same diameter (~90 nm) and void
sizes (~45 nm) (Figure la-d). These indicate that carbon and silica
based on the “interpenetration twins” structure formation of the
composites material (Figures 1a) and they also have a self-governing
framework (Figure 1b-d). The high angle annular dark field and
bright field scanning transmission electron microscopy (BF-STEM,
HAADF-STEM) images (Figure 1le, f) and elemental mapping
images (Figures 1g-j) further confirmed that “interpenetration twins”
mesostructures are crossing each other in a uniform and interlocking
manner. The evidence of “interpenetration twins” is further
explained through magnified and wrecked images of the nanospheres
in Figures (S2, S3). Their equal contribution over nanospheres are
confirmed through EDX analysis (Figures 19-j & Figure S1). These
“interpenetration twins” mesostructure of inorganic silica can
possibly function as a nanoreactor to provide a confined nanospace,
which reduces structural shrinkage during annealing.® By removing
one template from “interpenetration twins”, these interpenetrating
interfaces converted into interconnected mesoporous which endows
a storage space, a large pore volume and crucial channel for active
small molecules to penetrate or diffuse in hollow voids easily.

100 nm
—

S pm 200 nm
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Figure 2. SEM images of MHSs with tunable sizes (a, b) MHSs-
125-C/SiO,, (c) MHCSs-125, (d, €) MHSs-175-C/SiO,, (f) MHCSs-
175, (g, h) MHSs-240-C/SiO,, (i) MHCSs-240.
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Figure 3. TEM images of (3) MHCSs-125, (b) MHCSs-175, (c)
MHCSs-240, corresponding insets at different resolutions, (d)
Dynamic light scattering (DLS) curves of MHCSs-125, MHCSs-175
and MHCSs-240, inset shows photograph of the dispersed solution
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and obvious Tyndall effect, (e) Nitrogen adsorption-desorption
isotherm, and (f) Pore size distribution.

The diameters of silicon dioxide colloid spheres® and RF
colloid spheres® under “Stéber method” conditions can be tailored
by changing the water/ethanol volume ratio, respectively. Undre this
inspiration, diameter of MHCSs also can be facilely and precisely
modulated by varying water/ethanol volume ratio. For instance,
SEM and TEM images (Figure 2, Figures 3a-c) show dispersible
MHCSs with high uniformity and average diameters of 125, 175,
and 240 nm synthesized by changing water/ethanol volume ratio
from 25:5-22:8. Further, their corresponding hollow voids are 70, 97
and 105 nm, respectively. An open interconnected mesoporous (>5
nm) network structure on shells can be clearly observed through
FESEM and HRTEM (Figure 2 and Figure S4). The open
interconnected mesoporous shell is important for facile mass
transport channels.® * Dynamic light scattering (DLS) data indicated
MHCSs (MHCSs-125, MHCSs-175 and MHCSs-240) are well
dispersed with particle sizes of 130, 170 and 235 nm and their
polydispersity index is less than 8 % (Figure 3d). It is important to
mention that we have not use any surfactant or polymer, the uniform
dispersed system is stable with no sign of aggregated precipitation
over one month in water or ethanol, electrostatic repulsion should be
responsible for this stabilization. The nitrogen adsorption-desorption
shows a type-1V isotherm (Figure 3e), clearly demonstrating the
unique hierarchical mesoporous characteristics of MHCSs. The pore
size distribution (Figure 3f) is calculated by using density functional
theory (DFT). These multimode peaks are associated with: a)
micropores (1.1-2 nm) from the phenolic resin pyrolysis, b)
mesoporous (2-20 nm) by removing the surfactant and the silica
from “interpenetration twins” mesostructures of as-made material,
and c) meso-macroporous (20-110 nm) which may be derived from
the hollow voids and/or between the carbon spheres. The above
results are in good agreement with TEM and SEM. The high Sger
(pore volume) of MHCSs is 2106-2225 m?/g (1.95-2.53 cm®/g),
which is higher than other HCSs.>7 182831 The details of porosity
properties are summarized in Table 1, S2. In addition, the shell
thickness can also be tuned by simply increasing the TEOS amount

4| J. Name., 2012, 00, 1-3

(SiO, precursor) i.e., for 1.5 ml the shell thickness increases to 48
nm (avg) from original (39 nm) and for 2 ml it corresponds to an
increase in shell thickness to 56 nm (avg), without any obvious
change of core size of MHCSs-175 (Figure S5). Furthermore, we
found that the Sget slightly decreases with the increase of the hollow

. spherical shell, i.e., from 2203 to 1965 and 1858 mZ/g, however, the

pore volume increases, i.e., from 1.96 to 2.46 and 2.51 cm®/g and the
average pore diameter also increases from 5.32 to 5.93 to 6.53
(Figure S6 and Table S3). This effect is possibly attributed to the
increase of SiO, in the “interpenetration twins” nanostructure which
can effectively fill the space of carbon materials.

These high Sger and total pore volumes are due to
interconnected multimode mesoporous nanostructures from an
“interpenetration twins” mesostructure. Hierarchical nanostructured
carbons (MHSCs) within-interconnected hollow voids/mesoporous
shell have improved super-capacitance as compared with single-
sized porous carbon materials because of improved mass transport,
higher selectivity and increased Sger.” ! In addition, the open
accessible mesoporous channels and small size of MHSCs
(especially less than 100 nm) also can be effectively used for loading,
grafting, and linking functional nanoparticles/ligands for multiple
therapies including drug delivery and bioimaging diagnosis.'?

Table 1. Porosity properties and distribution of pore volume of
typical MHCSs

Page 4 of 7

Sample Sger @ Pore vol and (pore vol%)™ (cm?/g)
M9) "V Ve2nm V2-10nm V>10nm
MHCSs90 2225 253  0.23(0.1) 0.74(29.2) L56(61.7)
MHCSs-125 2106 211  0.20(95) 0.94(445) 0.97(46.0)
MHCSs-175 2203 196  0.25(12.8) 107(549) 0.64(32.3)
MHCSs-240 2186 218  0.28(129) 1.30(59.6) 0.6 (27.5)

[ Surface area is calculated with Brunauer—Emmett—Teller (BET)
method by using a relative pressure range from 0.05-0.28. ! The
volume of pores smaller than 2 nm (V< nm), pores between 2 and 10
nm (V.10 nm), and pores larger than 10 nm (V10 nm) Obtained by DFT.

Consequently, the possible synthesis mechanism of polymer-silica
and carbon-silica nanocomposites  hollow  spheres  with
“interpenetration twins” mesostructures is proposed here. Initially
emulsion droplets are formed due to hydrogen bonding of CTAB
micelles and numerous hydroxymethyl-substituted species (formed
by a quick reaction of resorcinol and formaldehyde in water/alcohol
solution with ammonia molecules as a catalyst). 234 The spherical
diameter is limited by formation of emulsion droplets.® A strong
electrostatic interface interaction occurs between silicate anions and
surfactant molecule cations (CTAB).**" Oligomer silicate species
also react with the hydroxyl group of hydroxymethyl-substituted

This journal is © The Royal Society of Chemistry 2012
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species or resorcinol-formaldehyde (RF).3* During the co-sol-gel
process they get assembled, cross-linked and condensed such as to
form an “interpenetration twins” framework.?® While RF precursors
exhibit structural similarities to silanes, i.e. similar coordination sites,
tetrahedral ~ geometry,  three-dimensional ~ (3D)  networks
nanostructures and formed spherical morphology which also
undergo hydrolysis and subsequent condensation process under “the
classical Stober method”conditions.”®*! The formation of silica
spheres occurs quickly and requires shorter reaction time compared
to the RF spheres under the same conditions of sol-gel process.?> 2
Therefore, emulsion droplets are first present with CTAB micelles
and hydroxymethyl-substituted species or RF through electrostatic
interactions to generate CTAB-coated hydroxymethyl-substituted
species hybrid aggregates as a soft template.”® Then TEOS is added
as an inorganic precursor, which can bind to the surface of emulsion
droplets via the strong electrostatic interactions with CTAB cations
(CTA* )% avoiding the excessive cross-linking between RF
micelles. It also hinder RF could diffuse into the emulsion droplets
and RF polymerize with silicates, therefore hollow RF-silica
nanospheres are obtained. These act as a template for each other in
a homogeneous manner and finally successful synthesis of
monodisperse hollow nanospheres with “interpenetration twins”
mesostructures takes place.?® %

By increasing the water/ethanol volume ratio, the
hydroxymethyl-substituted species or RF molecules and silicate
oligomers have lower bending energy and surface tension, which
results a smaller emulsion droplets and eventually, and a smaller
polymer-silica colloids spheres are obtained. %23 At the same
time, with the higher water concentration, the hydrolysis rate of
TEOS was increased, thus resulting in a fast nucleation and a
decrease of their final diameter.*®

XRD pattern shows two weak and broad characteristic peaks
corresponding to the (002) and (101) plan (Figure S7a). Figure S7b
presents the Raman spectrum of MHCSs-90 which indicates the
presence of G-band at 1593 cm® (related to graphitic carbon) higher
than its D-band at 1363 cm™ (attributed with defects). The peak
intensity ratio of G-band to D-band is around 1.15 which reflects that
MHCSs-90 have relatively high graphitized contents.®® X-ray
photoelectron spectroscopy (XPS) (Figure S7c) shows C, O, and N
contents in MHCSs-90 are 94.1, 4.0, and 1.28 wt%, respectively.

The MHCSs provide a hollow core with open interconnected
mesoporous structure, a thin shell for ion-buffering reservoirs and
facile ion diffusion channels. Therefore, they decrease the ion
transport length to enhance the charge transfer rate, which are basic
requirements of extensive application as high-rate energy storage
devices.**** For example, in supercapacitors the MHCSs have high
SgeT, Sufficient active sites and facile carriage channels for rapid
mass transport, which should be beneficial for electrochemical
energy storage in high-performance electrode materials.
Characterization MHCSs

Electrochemical of Symmetric

Supercapacitors.

This journal is © The Royal Society of Chemistry 2012
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Figure 4. Electrochemical characterization of MHCSs (=90, 125,
175 and 240 nm, respectively) in the 6 M KOH electrolyte in a two-
electrode system. (a) Cyclic voltammograms at 1 V/s; (b) Specific
capacitances at different current densities; (c) Nyquist plots and (d)
Bode plots of phase angle versus frequency.

The supercapacitors performances of the MHCSs were measured
by a two-electrode symmetrical system in 6 M KOH. The cyclic
voltammetry (CV) curves (Figure S8a) of all samples showed
symmetrical rectangular shaped at 0.1 V/s, which indicate an ideal
double-layer capacitance behavior.** With MHCSs diameter
increasing, the area of CV curves gradually reduces with a highly
distorted shape at relatively higher scan rate of 1 V/s (Figure 4a).
This indicates that the thin shell of MHCSs delivers the advantage of
short ion-transport distance. Galvanostatic charge-discharge tests
were performed at various current densities (Figure 4b). By the
increase of MHCSs diameter (90-240 nm), capacitances of all
MHCSs are almost equal at low current density, i.e., ~230 F/g at 0.5
A/g and it maintained at relative high value ~200 F/g under high
current density of 10 A/g. The high electrochemical performances
obtained are most likely due to large Sger and interconnected
hierarchical porosity for enhanced active sites, facilitate fast ion
diffusion kinetics.”> However, at a high current density of 100 A/g,
@=90 nm of MHCSs the specific capacitances is still maintained at
180 F/g (~78% of the capacitance retention), much greater than the
other i.e., ®=125, 175 and 240 nm which reveal different specific
capacitances of 107, 45 and 26 F/g (~47 %, ~21 % and ~11 % of
the capacitance retention), respectively (Figure 4b). The thin shell
thickness of MHCSs with open interconnected mesoporous can
shorten the ion-transport distance and ease the ion-transfer pathway,
ultimately leading to high-rate supercapacitance. Therefore,
electrochemical performances of the MHCSs-90 could be better than
previously reported phenolic resin-based porous carbon 3" *, and
even superior to some advanced carbon materials for high power
supercapacitors (120-160 F/g at 50 A/g “**%). The Nyquist plots
show an almost vertical curve in the low frequency region,
indicating good capacitor behavior for MHCSs (Figure 4c).*0*
While in the high frequency region (Figure 4c inset) the 90 nm
MHCSs not only have relatively lower equivalent series resistance
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than others but they also show a much shorter Warburg region
portion than that of 120, 175 and 240 nm MHCSs, indicating better
ion diffusion efficiency.”*® The corresponding time constant 1o *’
also responded in a similar fashion (Figure 4d), i.e., with 2.7 times
reduction of MHCSs diameter corresponding to a 7o decrease by a
factor of 4.7 (3.55-0.75 s). MHCSs-90’s superior performances can
primarily be attributed to its thin shell thicknesses and pore walls
compared with others.*! In addition, MHCSs with the diameter of 90
nm exhibited a small IR drop with smooth, symmetric and well-
defined charge-discharge lines at a high current density (Figure S8b).
They also showed high stability of 97 % after 20,000 cycles at 5 A/g
compared to initial cycle (Figure S8c). Power and energy density
comparison of the MHCSs-90-based supercapacitors with others
advanced porous carbon materials can be seen in Figure S10 which
confirm its excellent performance especially in terms of power
density (>10 KWi/kg). 31424

The superior electrochemical performance is achieved through
MHCSs electrodes due to multiple synergistic effect® of the unique
material structure: (i) high Sger (2106-2225 m?g) can provide
adequate active sites for adsorbing ions, and as a result large
capacitance; “*® (i) hollow cores are able to form ion buffering
reservoirs and offer a short diffusion path between electrode and ions
to facilitate electron transfer;®  (iii) interconnected multimode
mesoporous can afford fast ion channels to accelerate ion transport
which minimizes polarization effects and maximizes rate**“¢; (iv)
nanoscale spherical morphology provides high microstructure and
electrochemical stability; (v)The thinner shell thickness of MHCSs
own the shorter ion-transport distance and easer ion-transfer pathway,
ultimately leading to higher rate supercapacitance.

Conclusion

In summary, we have designed a novel strategy for
“interpenetration twins” mesostructure to synthesize dispersible and
uniform mesoporous hollow spheres using a co-sol-emulsion-gel
method. Remarkably, open interconnected mesoporous (2-20 nm)
hollow carbon spheres with tunable particle size (90-240 nm),
corresponding hollow voids (45-105 nm), high surface area (~ 2200
m?/g) and pore volume (1.95-2.53 cm®/g) are obtained through this
technique. Furthermore, this method is favorable for its potential
applications to high-rate energy storage devices. This
“interpenetration twins” mesostructure design strategy can also be
applied to preparation of well-defined interconnected porous hollow
spheres materials, e.g., silica, polymers and a wide range of
nanocomposites. Our synthesized polymer, silicon dioxide and
carbon spheres are important for various applications including
electrode materials, photonics, adsorbents, catalyst loading and
multi-drug delivery applications.
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