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Ordered mesoporous carbons (OMCs) are potentially useful
in, for example, adsorption and separation, energy storage
and conversion, and catalysis.'! There are many methods to
adjust structure and porosity, and to introduce functionality.”!
Comparatively, control of morphology, size, and uniformity in
OMC s is much more difficult, although many disordered
porous carbon nanospheres with uniform sizes have been
reported.”] More challengingly, little success has been ach-
ieved in realizing particle engineering in OMCs at the
micrometer length scale for assembling large-sized micro-
spheres and to deploy processing technology for scalable
particle fabrication, both of which may be essential to bring
many potential applications of OMCs into reality.

Most reported OMCs are of small size, irregular shape,
and/or poor size uniformity. Bottlenecks may be encountered
when they are applied to dynamic adsorption, chromatog-
raphy, and catalysis. To this end, uniform microspheres with
large sizes are desirable. In addition, fast and scalable
production of OMCs is still open for improvement.”! Aerosol
methods that can couple colloid chemistry and fast drying
process are low-cost and productive to generate porous
particles.”] Porous (occasionally ordered) carbon micro-
spheres have been fabricated by aerosol methods, such as
ultrasonic spray pyrolysis and aerosol-assisted self-assem-
bly.") However, these routes generally produce particles with
small sizes (sub- to a few micrometers), poor size uniformity,
only low to medium surface areas, small pore volumes, non-
uniform pore sizes, and poor pore connectivity and openness

[*] Dr.Z.X.Wu, Dr. W. J. Liu, Prof. Dr. C. Selomulya, Prof. Dr. D. Y. Zhao
Department of Chemical Engineering, Monash University
Wellington Road, Clayton, VIC 3800 (Australia)

E-mail: cordelia.selomulya@monash.edu

Dr. W. D. Wu, Prof. Dr. X. D. Chen
College of Chemistry, Chemical Engineering and Materials Science
Soochow University, Suzhou, Jiangsu 215123 (P. R. China)
Prof. Dr. D. Y. Zhao
Department of Chemistry and Laboratory of Advanced Materials
Fudan University
Shanghai 200433 (P. R. China)
E-mail: dyzhao@fudan.edu.cn
Homepage: http://www.mesogroup.fudan.edu.cn/

[**] Financial support from the Australian Research Council
(DP120101194) is much appreciated. We acknowledge use of the
facilities within the Monash Centre for Electron Microscopy.

@ Supporting information (experimental details) for this article is
available on the WWW under http://dx.doi.org/10.1002/anie.
201307608.

Angew. Chem. 2013, 125, 14009 —14013

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

(especially at the surface). Fabrication of uniform and large-
sized OMC microspheres is still very challenging. For aerosol
methods, generation of uniform and large droplets is difficult;
a droplet with a large size tends to deform upon fast drying;
and a droplet boundary requires strict control to avoid
particle coalescence. For other solution-growth methods,
growth of uniform polymer microspheres is difficult, and
a long time is required.” In both classes of methods, an extra
mesostructuring process can add to the complexity and
difficulty to control particle size and morphology.

Herein, we demonstrate a general “surface-locking”
approach, in which the evaporation-induced self-assembly
(EISA) strategy and a unique microfluidic jet spray drying
technology®® are coupled for the first time, for fast assembly
and continuous processing of mesoporous microspheres. In
this approach, the colloidal chemistry of a droplet suspension
is rapidly driven far from equilibrium so that the surface of
the drying droplet can be efficiently “locked” through the
formation of a rigid crust. It thus enables instant formation of
discrete microspheres from molecular precursors and local-
ization of structure assembly and colloid chemistry inside the
“locked” droplet. The “surface-locking” mechanism that
governs dynamic evolution of morphology, composition, and
mesostructure under fast drying conditions is delineated.
With this novel approach, an unprecedented type of OMC
microsphere is obtained.

The process involves a jet of an acidic ethanolic solution
containing a template (Pluronic F127), a carbon precursor
(resol), and a pre-hydrolyzed tetraethylorthosilicate (TEOS)
being broken up to large and uniform droplets, which are then
rapidly (within 2s) dried into hybrid microspheres (see
experimental details in Supporting Information Section S1
and Figure S1-4). The key to obtaining microspheres within
only 2 s lies in the formation of silica-rich crusts which act
against particle coalescence and the presence of strong
electrostatic forces which act against particle deformation.
The hybrid microspheres are then converted into OMC
microspheres with large size, excellent uniformity, ordered
mesopores, high surface area, open and large porosity, and
hollow architecture.

Hybrid (F127/phenolic resin/silica) microspheres can be
obtained at a drying temperature of 160 °C with a production
rate of approximately 30 g (equivalently, ca. 5g of OMC
microspheres) per hour per nozzle (Figure S5). They are
uniform (ca. 80 um in size) and smooth (Figure S6). The
resulting OMC microspheres preserve the uniform spherical
morphology with a size of approximately 61.0 um (Figure 1a)
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Figure 1. SEM (a), HRSEM (b-h), and TEM (i-k) images of the OMC
microspheres (a, b, d, and f—j) and the intermediate silica/carbon
composite microspheres (c, e, and k) at the external surfaces (b, c),
external layers (d, e), middle part (f), inner layer (g), and internal
surface (h); Insets in (a) are the particle size distribution and half of
a magnified hollow sphere. The OMC microspheres were obtained at
160°C, followed by carbonization at 900°C and silica removal.

as a result of thermal shrinkage (56 % ). Interestingly, they are
hollow with a shell thickness of approximately 9 um and
a cavity diameter of about 43 um (inset in Figure 1a and
Figure S7). Such hollow microstructures have attracted atten-
tion.”! They possess a highly ordered hexagonal mesostruc-
ture (space group p6mm; Figure S8), indicating that the
structure assembly proceeds quite well, although the temper-
ature is as high as 160°C and the evaporation time is only
about 2 s. This is a significant advance over the conventional
EISA synthesis of OMCs that takes 5-8h for solvent
evaporation and a day for thermosetting.”>!”) While the
overall mesostructure ordering is high, there are ordering
gradients in the OMC microspheres. They show open and
uniform but disordered mesopores at the external surfaces
(Figure 1b, and Figure S9a-d). Across a carbon shell, there is
a thin (ca. 500 nm) external layer with disordered mesopores
(Figure 1d and Figures S10a,j). Inwards, highly ordered
mesopores are present throughout (Figure 1f-h and Fig-
ure S10b—j). A microtomed carbon slice also shows a thin
disordered layer and then a thick ordered shell (Figure S11
and 1i,j). Such a sharp ordering gradient is related to the
temperature and mass gradients created during fast drying.
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To extract key parameters for evolution of the micro-
spheres, two control experiments were conducted (Sec-
tion S1.2). Without resols, dramatic droplet deformation
occurred during the fast drying, leading to crumpled silica
microparticles (Figure S12). The stability of a liquid droplet
depends on the interplay between capillary and electrostatic
forces.'!l Without resols, as drying proceeds, the electrostatic
forces gradually weaken and the surfaces become increasingly
elastic as a result of the fast growth of the silica. Therefore, the
capillary forces that drive droplet deformation can overcome
the electrostatic forces that stabilize sphericity, leading to
crumpling. In contrast, resols can strengthen the electrostatic
forces through hydrogen bonding, and the viscous nature of
resols helps to relieve elastic stress against deformation. Even
a lower amount of resols in a F127/TEOS system can avoid
droplet deformation (Figure S13). Without TEOS, droplet
deformation can be avoided, but microspheres cannot be
obtained. The reason lies in the low glass-transition temper-
ature (7). The template F127 has T, ~ —64°C, while the T, of
resols is even lower. Thermosetting of resols is very limited in
2 s. Even a drying temperature of 200 °C still generates sticky
gels without silica (Figure S14). Only with resols cross-linked
to solid phenolic species, can non-sticky polymer micro-
spheres be obtained, which is extremely difficult to achieve
within 2 s. Thus, it is assumed that thin and rigid silica-rich
crusts are formed during fast drying, which can “lock” the
surfaces to obtain microspheres.

To verify the above assumption, the intermediate silica/
carbon composite microspheres were fully characterized and
compared with the film control sample (Section S$1.5).'" The
composite microspheres have identical particle size (Fig-
ure S15) and structure parameters (Figure S8) to those (Fig-
ure 1a, and Figure S8) of the final OMC microspheres.
Therefore, no phase separation occurs during fast drying.
Their external surfaces are dense (Figurelc and Fig-
ure S16a). With a thin outer layer peeled off, non-porous,
disordered, and ordered porous areas are observed from
outside to inside (Figure S16b,c). Along a typical shell, there
is a dense crust approximately 25 nm thick (Figure 1e) and
a subsequent disordered layer of about 500 nm (Figure 1e and
S17). Inwards, ordered mesopores are present throughout
(Figure S17). TEM images also show the presence of dense,
disordered, and highly ordered areas (Figure S18, and 1k). In
contrast, no ordering gradient is present in the control sample
(Figure S19). The composite microspheres have an overall
silica content of around 56 wt%, while their surfaces are
silica-dominant (>90 wt %) (Figure S20). In addition, they
show very low N, adsorption (Figure 2b) with a surface area
of only about 11 m’g~", far smaller than that (358 m*g™') of
the control sample (Figure2a).l'” Moreover, their “true”
density (ca. 1.16gcm™®) is much lower than that (ca.
2.1 gecm™) of the control sample (Figure S21a,b). After
crushing, their surface area increases to 327 m?g ' (Fig-
ure 2¢), close to that of the control sample. The above results
clearly verify the existence of dense silica-rich crusts.

Based on the above results, an insight “surface-locking”
mechanism (Scheme 1) that governs the dynamic evolution of
morphology, composition, and mesostructure under fast
drying conditions is proposed. The initial droplet (Sche-
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Figure 2. N, sorption and mercury intrusion (bottom right) results of
the mesoporous film control sample (a), the carbonized silica/carbon
composite microspheres obtained at a drying temperature of 160 (b,
c) and 170°C (e, f) before (b, €) and after (c, f) crushing, and the final
OMC microspheres obtained at 160 (d) and 170°C (g).
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Scheme 1. The dynamic “surface-locking” mechanism during fast drying: a) the initial droplet,

b) temperature ramp and silica growth at the surface, c) formation of silica-rich crust that “locks”
the droplet, d) emergence of disordered mesostructure at the interface and hollow cavity inside,
d,) magnified area at the external surface showing the silica-rich crust and the three-component
composite micelle assemblies, d,) a simple model showing the strong interfacial electrostatic
interactions, and e) shift of the air-liquid interface and growth of both disordered and ordered

mesostructures, and hollow cavity.

me 1a) has a radius of about 90 um (Figure S3), far smaller
than its capillary length (> 1.42 mm, Section S2), suggesting
that gravity has no distorting effect on sphericity. Initially, the
droplet is homogeneous. Its drying process can be divided into
three stages.'?! The first one is a warm-up period, which is
extremely short. The second one is the constant drying-rate
period when evaporation proceeds constantly with the
droplet surface saturated with free solvent (ethanol) and the
droplet temperature maintained at the wet-bulb temperature
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(ca. 35°C).I"l This stage is also very short owing to the limited
amount of free ethanol."! The final stage is the dominant
falling-drying-rate period when the droplet surface temper-
ature quickly increases to close to 160°C and the droplet
shrinks rapidly as solvent evaporates. Meanwhile, rapid
growth of silica at the droplet’s surface occurs (Scheme 1b)
as a result of three nonlinear effects. Firstly, because of the
lower amount of liquid at the surface than in the bulk of the
droplet and the retarded heat transfer, the surface temper-
ature is much higher than that of the interior, promoting silica
growth at the surface. Secondly, the acid catalyst (HCI)
diffuses outwards with evaporation so that TEOS at the
interface is subject to a more hydrolytic environment. Thirdly,
when silica particles are formed at the interface, the time that
they need to take to diffuse across the radius of the droplet to
homogenize it is more than 10* s (Section S3), far longer than
the time for the solvent to evaporate (< 2 s). Such a huge time
difference means that the drying kinetics drive the suspension
far from equilibrium so that the surface is enriched with silica
while the interior remains at its initial
molar ratios (Scheme 1b). As the
solvent continues to evaporate and
temperature increases, silica particles
quickly pile up, leading to the forma-
tion of a surface crust well before
complete solvent evaporation inside
the droplet (Scheme 1c¢). As a result,
the droplet is “locked” without fur-
ther inward shrinkage and its size is
“frozen” by the rigidity of the crust.
Thereafter, the precursors diffuse
outward (outward shrinkage) with
further solvent evaporation, leading
to the emergence and growth of
a hollow cavity (Scheme 1d). Inside
the crust, tiny menisci are formed
among the silica particles, creating
small tensions that simultaneously
pull liquid outward and drive parti-
cles inward, thus keeping the particles
wetted with solvent and some resols
before complete drying. Thus, the
crust presents viscoelastic behavior.
As drying goes, the crust becomes
increasingly elastic and the droplet
tends to buckle. Fortunately, the
strong electrostatic forces (especially
resol-induced hydrogen bonding) can
stabilize the crust against deforma-
tion, and the elastic stress can be
relieved through viscous flow of resols so that sphericity is
maintained (Scheme 1d). Without resols, capillary deforma-
tion overcomes electrostatic forces, triggering particle crum-
pling (Figure S12). Without silica, the surface cannot be
“locked” to obtain microspheres (Figure S14).

The mesostructuring during the fast drying is path-
dependent. Formation of the unstructured crust (Sche-
me 1c—e) is due to the fast growth of silica at the surface
where the temperature is highest and the template F127 is far
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below its critical micelle concentration (CMC) as a result of
its higher diffusibility and solubility compared to silica
particles. Under this crust, a mesostructure gradient arises
because of the radical temperature and composition gradi-
ents. At the falling-drying-rate period, the droplet surface
temperature rises to 160 °C, while the temperature at the air-
liquid interface approaches the boiling point of ethanol (ca.
78°C), and the temperature in the interior liquid is well below
78°C. Mesostructuring takes place first at the interface
(Scheme 1d) because CMC is achieved here first and the
presence of the air-liquid interface may serve as a nucleating
surface.’*"! Then, mesostructure grows radially inward as
CMC is continuously achieved. Because mesostructuring at
the interface occurs near the boiling point of ethanol, it is
extremely fast and the subsequent temperature increase to
160°C may also modify the mesophase, leading to a disor-
dered mesostructure. As drying continues, the air-liquid
interface frontier shifts inward until there is no more liquid
available, leading to the formation of a disordered layer
(Scheme 1d,e). As ethanol diffuses and evaporates so fast, the
shift path of the instable air-liquid interface is limited to
approximately 500 nm. Structuration under the interface
proceeds well forming ordered domains (Scheme 1¢).

To further validate the “surface-locking” mechanism,
a higher drying temperature of 170°C was adopted. The
resulting carbon microspheres are highly monodisperse (Fig-
ure 3a,b), with a larger size (ca. 68 um) than that of those
obtained at 160°C (ca. 61 um). The reason for the improve-
ments in sphericity, monodispersity, and size increase, is that
the higher drying temperature leads to faster formation of
denser and thicker silica crusts. Thus, the droplet surfaces can
be “locked” and the sizes can be “frozen” more rapidly and
efficiently. The composite microspheres obtained at 170°C

Figure 3. SEM (a, b, and inset in a) and HRSEM (c—e) images at the
external surface (c) and the cross-section (d, e) of the final carbon
microspheres obtained at a drying temperature of 170°C.
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show a negligible N, porosity which approaches to that of the
control sample after crushing the microspheres (Figure 2e,f)
and a very low “true” density of approximately 0.9 gcm™?
(Figure S21d). Their non-porous crusts are about 30 nm thick
(Figure S22b), a little thicker than that of those obtained at
160°C (ca. 25 nm). The disordered layer (Figure S22c-e) is
much thicker (ca. 4.7 um vs. ca. 500 nm). This change is
because the higher temperature leads to a longer shift path of
the instable air-liquid interface in the drying droplets. Even at
170°C, the structure assembly still proceeds well in the inner
part with ordered mesopores observed (ca. 2.8 um in thick-
ness; Figure S22f-h). After silica removal, the carbon micro-
spheres show open mesopores at the surfaces (Figure 3c),
followed by a disordered and ordered layer of about 4.7 and
2.8 um (Figure 3d,e).

The “surface-locking” approach can be adopted to
synthesize other mesoporous microspheres that are hard to
obtain by other methods. For example, mesoporous silica
microspheres (Figure S23a,b) can be formed. In addition,
metal oxides (such as alumina), can play a similar “surface-
locking” role as silica. Thus, mesoporous metal oxide (such as
alumina, Figure S23c—f) microspheres can be obtained.

The OMC microspheres obtained at 160°C show type IV
N, sorption isotherms, with a surface area and pore volume of
approximately 1930 m?’g™! and 1.62 cm®’g™!, and bimodal
mesopores at about 2.0 and 5.5 nm (Figure 2d), while those
obtained at 170°C show relatively smaller surface area and
pore volume (ca. 1530 m*g ' and 1.32 cm®g '), and wider pore
size distribution (Figure 2g). The gently crushed OMC
microspheres (Figure S24) show narrow macropores at
about 42 um (Figure 2d, bottom right, blue trace), correlating
with the hollow cavity size. The porosity of the OMC
microspheres is up to 90%, with a bulk and “true” density
of 0.191 and 2.15 gem ™, respectively (Figure S21c).

The integration of a range of desirable properties and the
capability of scalable synthesis makes the OMC microspheres
potentially very useful. As a proof-of-concept, they can be
efficiently packed for efficient dynamic separation. For
example, highly concentrated dye molecules can be rapidly
removed from pure water (Figure S25).

In summary, we have demonstrated a novel “surface-
locking” approach, in which the EISA strategy is integrated
into the novel microfluidic jet spray drying technology, for
fast assembly and scalable processing of OMC microspheres
with a range of desirable properties, which make them highly
attractive for a variety of applications. The importance of the
two key factors for evolution of microspheres, namely, the
formation of surface silica-rich crusts, and presence of strong
electrostatic forces, has been illustrated. The innovative
“surface-locking” mechanism that governs the dynamic
morphology and composition evolution, and the path-depen-
dent mesostructuring under extremely fast drying conditions
has been delineated. Metal oxides may also play a similar
“surface-locking” role to silica. This would pave the way for
the assembly and processing of a variety of novel mesoporous
microspheres with tailored properties and functionality.
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