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Abstract

It is a long-standing dream to fabricate micron-sized inorganic spheres that have nanocompartments enclosed by a
permeable shell and thus resemble the shape of natural cells. Here, we demonstrate a novel synthesis protocol to
attain this goal for the first time. This protocol unprecedentedly harnesses interfacial sol-gel growth around Pickering
droplets coupled with a surfactant assembly-directed sol-gel process within droplet-confined spaces. This protocol
enables us to fabricate novel mesoporous silica microspheres (MSMs) with tunable interior architectures, such as
hollow MSMs, hollow nanosphere-containing MSMs (hn@MSMs), nanosphere-containing MSMs (n@MSMs), yolk-shell-
structured MSMs (y@MSMs) and “solid” MSMs. The obtained multi-compartmentalized MSMs exhibit good
permeability to external molecules and good mechanical strength against stress. Moreover, their structural features
benefit practical applications of CO, capture and enzymatic reactions. Due to the high dispersion of
tetraethylenepentamine and enzyme in the spatially separated nanocompartments, the developed CO, sorbents and
catalysts exhibit significantly enhanced CO, capture efficiency and catalysis efficiency. Meanwhile, owing to the
encapsulation of these nanocompartments inside the hollow micron-sized spheres, these CO, sorbents and catalysts
can be packed directly in fixed-bed reactors, which is unattainable for nanoparticle materials.

Introduction

Engineering micron-sized multi-compartmentalized
systems has attracted tremendous interest from diverse
fields such as catalysis"? microreactors®*, and micro-
encapsulation®, not only due to their ability to spatially
control local physical and chemical processes occurring in
their interiors but also due to their merits in practical
applications. More challenging is the synthesis of artificial
cells that possess some properties of natural cells, such as
spatial compartmentalization and selective permeability.
In the past two decades, polymersome56’7, liposomesg,
and multiple emulsions’ have been extensively explored
to mimic the structures and functions of natural cells.
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Despite intriguing results achieved from these compart-
mentalized structures, they are soft matter in nature and
inevitably suffer from poor mechanical strength and
chemical robustness, thereby severely hampering their
practical applications.

These drawbacks associated with these soft materials
may be overcome if multi-compartmentalized inorganic
microspheres can be fabricated because their frameworks
consist of covalent bonds instead of molecular aggrega-
tion. In recent years, mesoporous silica particles
with core-shell and yolk-shell structures have been fab-
ricated. However, their particle sizes are limited to the
nanometer to submicron range"*. Many methods exist for
the fabrication of hollow micron-sized spheres, including
hard templating'®'!, spray drying'*'?, droplet micro-
fluidics'**®, and multiple emulsions'® 2%, Unfortunately,
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hard templating and spray drying are barely able to pro-
duce inorganic microspheres with complex interior
structures. The surfactant-based multiple emulsion (oil-
in-water-in-oil) method seems promising to construct
cell-like structures, but this method also has intrinsic
limitations: (i) two surfactants with a special formulation
are required to stabilize the droplet and inner droplet
surfaces, thus causing difficulty in tuning the outer shell
and sub-compartment structures'’, and (ii) the system is
not sufficiently stable to prevent coalescence induced by
thermal and extraneous reagents'®?”. Owing to the
inherent drawbacks of these methods, existing micron-
sized spheres are still rudimentary compared to natural
cells, especially in terms of the multi-
compartmentalization in the interior architecture.

In comparison to the surfactant-stabilized emulsions,
Pickering emulsions, namely, nanoparticle-stabilized
emulsions, are highly stable because the removal of
nanoparticles from oil/water interfaces requires large
energy, leading to the “permanent” adsorption of nano-
particles at the droplet surface®®. More interestingly, the
droplet size can be easily adjusted by simply varying the
amount of nanoparticle emulsifier”>’, which is difficult
to realize for surfactants. These features have been har-
nessed to synthesize polymer capsules®*® and colloido-
somes'®'”?*2° However, the obtained microspheres lack
well-defined inner compartments and uniform meso-
pores, thus also being far different from “cell-like” struc-
tures. Therefore, developing efficient approaches to
fabricate inorganic mesoporous microspheres that have
multi-compartments within their interior remains an
important yet unfilled challenge.

Herein, we report a novel protocol to realize this goal
for the first time, exemplified by the fabrication of multi-
compartmentalized mesoporous silica microspheres
(MSMs). As shown in Fig. 1, our protocol combines
Pickering emulsions with molecular surfactant assembly
inside the droplets. This protocol is expected to break
through the limitations of using conventional surfactant-
based emulsions or Pickering emulsions alone. Each
nanoparticle-stabilized water droplet serves as a geome-
trical template for growing an outer shell through an
interfacial sol-gel process. The surfactants located in the
water droplets are utilized to construct interior com-
partments through a surfactant assembly-directed sol—gel
process. Such a protocol is shown to enable tuning of the
sol—gel process occurring at the oil/water interface and
within the droplet-confined spaces independently, yield-
ing unprecedented MSMs ranging from hollow MSMs to
hollow nanosphere-containing mesoporous silica micro-
spheres (hn@MSMs), nanosphere-containing mesopor-
ous silica microspheres (n@MSMs), yolk-shell-structured
mesoporous silica microspheres (y@MSMs), and “solid”
mesoporous silica microspheres (“solid” MSMs). Inter-
estingly, the obtained microspheres exhibit significantly
enhanced performances in CO, capture and enzymatic
catalysis due to the large void spaces and spatially sepa-
rated nanocompartments within the microsphere.

Materials and methods
Synthesis of multi-compartmentalized MSMs under basic
conditions

Typically, 0.1 g of SiO, emulsifier was dispersed into 50
mL of toluene, followed by the addition of a solution of
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cetyltrimethylammonium chloride (CTAC, 0.25g) and
aqueous ammonia (0.5 g, 25-28 wt%) in deionized water
(1.75 g). Subsequently, the mixture was homogenized at
20,000 rpm for 5min, yielding a Pickering emulsion.
Then, a given amount of tetramethoxysilane (TMOS,
0.375, 0.75, 1.5, or 3.0g) was added to this Pickering
emulsion system. After rotating at 40°C for 24 h, the
resulting particles were isolated through centrifugation,
washed with ethanol and deionized water, and dried in air
for 24 h. Finally, the resultant solid powder was calcined
in air at 550 °C for 5h (ramping rate, 2°C minY). Other
structured MSMs were synthesized by varying the
amounts of CTAC, ammonia, and SiO, emulsifier.

Synthesis of multi-compartmentalized MSMs under acidic
conditions

Typically, 0.12 g of SiO, emulsifier was dispersed into
60 mL of toluene, followed by the addition of a mixture of
an aqueous HCl (2.4 g, 1.5M), F127 (EO196PO70EO106,
polyethylene oxide—polypropylene oxide—polyethylene
oxide, 0.15 g) and deionized water (0.6 g). Subsequently,
the resultant mixture was homogenized at 5000 rpm for
15 min, leading to a Pickering emulsion. Then, 1.8 g of
tetraethoxysilane (TEOS) was added to this Pickering
emulsion system. After rotating at 40°C for 24h,
this mixture was transferred into an autoclave and kept at
80°C. After 24 h, the resultant precipitate was filtered,
washed thoroughly with deionized water and ethanol,
and then dried at 80°C. Finally, the obtained solid
powder was calcined in air at 550 °C for 5 h (ramping rate,
2°Cmin ).

CO, adsorption/desorption in fixed-bed reactors

Typically, 0.5g of adsorbent was packed into a quartz
fixed-bed reactor. First, the sample was completely purged
with N, at 25 mL min~* for 60 min at 100 °C. After the
temperature was cooled to 75 °C, the reactor was switched
to the test gas (15% CO, in N,, v/v) at 25 mL min~?! for
CO, adsorption. After 60 min, the temperature was
increased to 100°C under N, (25 mL min~!) and then
kept for 60 min for desorption. The CO, concentration at
the outlet of the reactor was measured with an online gas
analyzer.

Enantioselective trans-esterification of alcohols

A column with a sand filter and a valve at the bottom
was used as a reactor (its interior diameter was 1.34 c¢m,
and the pore diameter of the sand filter was 4.5-9 um),
and 0.8 g of CALB/hn@MSMs or 2.4 g of CALB/SBA-15
was packed in the column. A solution of 1-phenyl ethanol
(0.4 M) and vinyl acetate (1.6 M) in n-octane was pumped
into the column reactor and allowed to pass through the
column at 45 °C. The outflow from the column bottom
was sampled for gas chromatography (GC) analysis at
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intervals. The product was further confirmed with gas
chromatography-mass spectrometer (GC-MS).

Results and discussion
Synthesis of multi-compartmentalized MSMs

Siliceous materials are targeted here because they are
widely used in diverse fields, and their synthesis repre-
sents a typical sol-gel chemistry. Partially hydrophobic
silica nanospheres with diameters of 40—60 nm were used
as Pickering emulsifiers [transmission electron micro-
scopy (TEM) images, N, sorption isotherms, and energy-
dispersive X-ray (EDX) spectra are displayed in Supple-
mentary Figure S1]°°. The fabrication began with the
formulation of a water-in-oil Pickering emulsion by
homogenizing a mixture of water, aqueous ammonia, and
toluene (as the oil phase) in the presence of silica emul-
sifier and CTAC. The bulk water phase was thereby
compartmentalized into numerous water droplets that
were dispersed in toluene. When TMOS, a silica pre-
cursor, was introduced into this Pickering emulsion,
interfacial sol-gel growth around the water droplets and
surfactant assembly-directed sol-gel process within the
droplet-confined space occurred simultaneously, forming
the desired microspheres (Fig. 1). After removing the
surfactants, the mesopores in the outer shell and in the
inner compartments were evacuated. This protocol is
fairly simple and scalable since the whole process mainly
involves a one-step synthesis.

Characterization of multi-compartmentalized MSMs
exemplified by hn@MSMs

The obtained materials were first checked with scanning
electron microscopy (SEM). For example, as shown in
Fig. 2a, b, the hn@MSM sample consists of discrete and
regular microspheres with a mean diameter of 25 pm.
Interestingly, many hollow nanospheres ca. 1.3 um in size
(Fig. 2¢, d) are present within the cavities of the micro-
spheres, as seen from a deliberately broken sample. In the
magnified SEM image (Fig. 2e), one can find that the
microsphere has an outer shell ca. 120-130 nm thick.
Interestingly, the SEM image of the surface of hn@MSMs
and the TEM image of a fragment from the outer shell in
Supplementary Figure S2 show that the initially added
emulsifier nanoparticles are randomly distributed over the
external surface of the shell, indicating that the shell
forms due to condensation of the siliceous precursor at
the inner surfaces of the water droplets. On the shell,
there exist abundant, relatively uniform pores 8.5 nm in
size (Fig. 2f).

The TEM images in Fig. 2g, h further reveal the hollow
internal structure of the nanospheres. On the shell of the
internal nanospheres, radially aligned mesopores are
observed. The mesoporous structure of the obtained
microspheres was confirmed by small-angle XRD and N,
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Fig. 2 Structural characterization of hn@MSMs. a SEM image. b High-magnification SEM image showing a single particle. ¢ SEM image showing
the interior structure of a microsphere. d SEM image showing the interior hollow nanospheres. e SEM image showing the outer shell. f TEM image
showing the pores on the outer shell. g TEM image showing the interior nanospheres. h TEM image showing mesopores on the shell of the internal
hollow nanospheres. i Small-angle XRD pattern. j Nitrogen adsorption—desorption isotherm. k BJH pore size distribution

Pore Diameter (nm)

sorption measurements (Fig. 2i, j), which show a diffrac-
tion peak at 0.88° and a type-IV isotherm. The specific
surface area and pore volume were measured to be 760
m?g " and 1.52cm®g ', respectively. The average pore
size is as high as 9 nm (Fig. 2k), much higher than that of
common MCM-41°°, due to the micelle swelling caused
by toluene during self-assembly. Notably, the bulk density
of hn@MSMs was determined to be as low as 0.1 gcm ™7,
which agrees with the presence of large void spaces within

the microspheres.

Tuning the interior structure and particle size of multi-
compartmentalized MSMs

As expected, the interior architecture of MSMs and the
particle sizes could be tailored by simply changing the
synthesis conditions, such as the amounts of CTAC,
aqueous ammonia and TMOS, and the droplet size.

When the amount of CTAC was varied from 3.75 to 7.5
wt% while the amounts of aqueous ammonia and TMOS
were fixed at 5wt% (with respect to the water phase)
and 0.75g, respectively, n@MSMs were obtained. The
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thickness of the outer shell increased from 120 to 160 nm
(Fig. 3a) because more CTAC molecules adsorbed at the
interface benefit the interfacial sol-gel process. Mean-
while, the diameter of the interior nanospheres increased
from 460 to 560nm (TEM images in Supplementary
Figure S3). Interestingly, when the amount of CTAC
increased to 10wt%, hn@MSMs were obtained, the
thickness of the outer shell increased to 190 nm, and the
inner compartments evolved to hollow mesoporous
nanospheres with a diameter of 740 nm due to the for-
mation of multiple emulsions (see “Discussion of
mechanism” section). When the amount of CTAC was
further increased to 15wt%, the thickness of the outer
shell began to decrease (down to ca. 110 nm), and the
interior hollow mesoporous nanospheres changed to
irregular plate-like particles (Fig. 3a). Despite the change
in the CTAC amount, all these samples not only present a
multi-compartmentalized spherical structure but also
exhibit a mesoporous structure because a type-IV iso-
therm of N, sorption and an XRD diffraction peak of
approximately 0.7-1.0° are present (Supplementary
Figure S4).

The aqueous ammonia amount also significantly
impacts the interior architecture of MSMs (the amounts
of CTAC and TMOS were fixed at 10 wt% and 0.75 g,
respectively). When using 0.5wt% aqueous ammonia,
“solid” MSMs (without multi-compartmentalized struc-
tures) were obtained (Fig. 3b and Supplementary Fig-
ure S5). When using 2.5wt% aqueous ammonia,
n@MSMs were obtained, and radially aligned mesopores
were present on their inner nanospheres (TEM image in
Fig. 3b). Increasing the amount of aqueous ammonia from
5 to 10 wt% led to hn@MSMs (TEM image in Fig. 3b).

Another key factor for the structural evolution of MSMs
is the amount of TMOS (the amounts of CTAC and
aqueous ammonia were fixed at 10 and 5 wt%, respec-
tively). As the amount of TMOS increased from 0.375 to
3.0g, the interior of the hollow microspheres became
gradually filled with sub-compartments, and their outer
shell thickness increased considerably from 127 to 370
nm. Interestingly, despite the TMOS amount, these inner
compartments are always hollow nanospheres with sizes
ranging from 800 to 1000 nm (Fig. 3b and Supplementary
Figure S6).

The silica microspheres inherit not only the mor-
phology of the water droplets but also the droplet size.
This makes it possible to facilely control their size.
According to the established knowledge of Pickering
emulsions, the droplet size can be tuned by varying the
concentration of the nanoparticle emulsifier. As shown
in Supplementary Figure S7, microspheres with a mean
size of 97 and 140 um were successfully fabricated
using 2 and 1 wt% silica emulsifier. Such ability to easily
adjust the size of the microspheres is relatively difficult
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to realize for surfactant-based

emulsions'*%°.

commonly used

Discussion of mechanism

Based on the above results, we propose a mechanism for
the formation of multi-compartmentalized MSMs (Fig. 1).
SiO, particles, as emulsifiers, cover the surface of the
water droplets, thus guaranteeing high stability against
their coalescence. Such droplet surfaces serve as a sphe-
rical template for the growth of silicate shells through an
interfacial sol-gel process because the presence of an oil/
water interface is favorable for heterogeneous nuclea-
tion® %, This is supported by control experiments in
which the absence of SiO, nanoparticles or an oil phase
led to irregular particles (Supplementary Figure S8). The
template effects of droplets are further verified by the
above observation that the resultant microspheres are
essentially equal to the droplets in size. This interfacial
growth occurs mainly at the inner surface of the water
droplets, as evidenced by the SEM images (Fig. 2e).
During this course, surfactants also play important roles
in the formation of spherical morphology and mesopores.
Without the addition of CTAC, the resultant materials
not only have cracks on the external surface but also lack
mesopores on the shell (Supplementary Figure S9).

TMOS in toluene gradually diffuses to the oil/water
interface and is hydrolyzed to silicates when contacting
water molecules. The silicates cross the interface with the
aid of CTAC. In addition to a portion of the silicates being
used for shell growth, others further enter the water
droplets. Then, they co-assemble with CTAC through
electrostatic interactions STI734 forming
nanomicelle—silicate composites. At low base concentra-
tions, hydrolysis of TMOS is incomplete, and the resul-
tant nanomicelle—silicate composites bear fewer charges.
At the same time, due to the slow hydrolysis, only a small
amount of the composite is available for nucleation. These
factors work together, leading to a monolithic structure
within the water droplets. When the base concentration
increases, more nanomicelle—silicate composites are
available for nucleation and growth. As a result, numerous
nanospheres are formed within the water droplets. These
only occur in the cases of low concentrations of CTAC
(less than 10 wt%) or low concentrations of base (less than
5wt%). When the CTAC concentration is above 10 wt%,
excess CTAC can stabilize smaller toluene droplets within
the water droplets, forming oil-in-water-in-oil multiple
emulsions. This was confirmed by a fluorescent experi-
ment (Supplementary Figure S10). Due to the presence of
toluene droplets within the water droplets, the nucleation
and growth of nanomicelle—silicate composites occur
around the toluene droplets through the aforementioned
heterogeneous nucleation®’?, yielding hollow nano-
spheres. It should be noted that due to the high Laplace
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Fig. 3 SEM and TEM images for the evolution of MSMs as a function of synthesis conditions. a Changing the amount of CTAC. b Changing the

pressure®’, the inner toluene droplets are unstable, coa-  droplets. This scenario also leads to nanospheres instead

lesce over time, and eventually escape from the interior of  of hollow nanospheres within the water droplets.

the water droplets. At low concentrations of the base, the The diversity of the internal structure is attributed to
nucleation and growth are very slow. Before shell for- our unique synthesis protocol, in which the particle
mation, toluene escapes from the interior of the water  emulsifier and the molecular surfactant differ in nature,
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avoiding their mutual interference. As a consequence, the
assembly of particles on the surface of the water droplets
and the assembly of surfactant molecules within the
droplets can thereby be tuned independently. Such judi-
cious combination enables the simultaneous control of
the inner compartments and outer shells, which is unac-
hievable for the existing synthesis systems.

Extension of the synthesis method

The above mechanism implies that our Pickering
emulsion-based protocol is flexible and extendable. To
confirm this, a nonionic surfactant Pluronic F127 was
used to direct the interior structures, which co-assemble
with silicates through (S°H™)(XI") interactions under
acidic conditions®*. The synthesis process is similar to
that of the SiO, emulsifier and CTAC except for the use
of acid as a catalyst. Despite the TEOS amount, the
obtained microspheres present a regular spherical mor-
phology and are the same size (Fig. 4a—c), again indicating
that the morphology and size of the microspheres are
governed by the parent droplets. Interestingly, depending
on the TEOS amount, their interior structures differ
remarkably, even when other synthesis conditions were
unchanged. When using 0.9-3.6 g TEOS, various hollow
MSMs were obtained. When using 0.9g TEOS, the
obtained MSMs were nearly completely hollow in the
interior (hollow MSMs). When increasing the TEOS
amount to 1.35 and further to 1.8 and 2.25g, sub-
compartments appeared within the hollow microspheres
(Fig. 4d and its insets, n@MSMs), and the number of
inner compartments increased with the TEOS amount.
Abundant mesopores are present on the inner compart-
ments of n@MSMs (Fig. 4g), and their mesoporous
structure is further confirmed by N, sorption measure-
ments (Fig. 4h). Interestingly, as the TEOS amount
increased to 3.6g, a single large sphere was observed
inside the hollow microspheres (Fig. 4e, y@MSMs), and
wormlike pores were present in the inner spheres (Sup-
plementary Figure S1la). Further increasing the TEOS
amount to 5.4 g leads to “solid” MSMs with disordered
mesopores (Fig. 4f and Supplementary Figure S11b). The
textural parameters, such as the specific surface area, pore
size, and pore volume, also change considerably with the
TEOS amount (Supplementary Table S1, and Supple-
mentary Figure S11c and d). Such a remarkable variation
confirms that the interior structure can be tuned by
altering the sol-gel conditions. These results further
highlight the excellent ability of our synthesis protocol to
tune the interior structures of microspheres.

Stability and permeability

The mechanical stability of microspheres is crucial to
their practical applications. To examine the stability
against mechanical compression, hn@MSMs were packed
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in a fixed-bed reactor and then subjected to treatment
with a stream of liquid (#-octane) at 60 mLh ™' under 1
MPa. It was found that their morphology and structure
were well preserved after 10 h of treatment, and no sig-
nificant structural collapse occurred, as evidenced from
the SEM images (Supplementary Figure S12a—c). Their
mechanical stability was also examined with flowing gas
(N,) at 25 mL min ! under 2 MPa. After 4 h of treatment,
their morphology and structure remained the same as the
fresh materials (Supplementary Figure S12d-f). These
results confirm that these microspheres possess a
mechanical strength high enough to sustain the flow of
both liquid and gas under relatively high pressures, which
is unattainable for the existing artificial cells. This is an
implication that they are amenable to practical catalysis
and gas adsorption.

The permeability that is a feature of natural cells is of
paramount importance for artificial analogous materials.
The Nile red-labeled enzyme (lipase CALB, molecules
sizes: 3.0 x 4.0 x 5.0 nm®) was used as a fluorescent probe
to examine the permeability of microspheres. To increase
the affinity to the probe molecules, hn@MSMs as a
representative sample were modified with hydrophobic #-
octyltrimethoxysilane prior to the examination. The time-
dependent fluorescent images for the permeation process
were recorded. As displayed in Fig. 5a, once hn@MSMs
were brought into contact with a solution of the fluor-
escent probe, the fluorescent molecules passed through
the outer shell within 2.4, as evidenced by the presence
of an annular fluorescent pattern. After 10 min, the
concave-shaped fluorescent pattern gradually changed to
a bulge-shaped pattern, implying that fluorescent mole-
cules reached the center of the microspheres and that the
adsorption was complete. During this process, the fluor-
escence intensity in the center was observed to gradually
increase with time and level off (Fig. 5b). These findings
provide sound evidence that hn@MSMs are highly
permeable toward external molecules.

Applications-I: CO, adsorption

In view of the high mechanical stability and good per-
meability of the microspheres, we set out to examine their
application in CO, capture. For example, after impreg-
nating hn@MSMs with tetraethylenepentamine (TEPA,
78.9 wt% with respect to hn@MSMs), the solid sorbent
TEPA/hn@MSMs were obtained. EDS elemental mapping
revealed that TEPA molecules are homogeneously dis-
tributed throughout the microspheres (Fig. 6a). We first
employed thermogravimetric analysis (TGA) to measure
the CO, adsorption kinetics of TEPA/hn@MSMs and
their benchmark solid sorbent TEPA/SBA-15 (78.9 wt%
TEPA was loaded onto SBA-15 microspheres with an
average size of 7.0 um, as shown in Supplementary Fig-
ure S13; TEPA molecules are also homogeneously
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Fig. 4 Structural characterization of MSMs synthesized with different amounts of TEOS under acidic conditions. a—c SEM images. d—-f and
insets of d SEM images showing the interior compartments. g TEM images showing the mesopores of the inner compartments within n@MSMs
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.
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Fig. 5 Permeability test of hn@MSMs. a 3D confocal fluorescence microscopy images showing the transport of Rhodamine B-labeled lipase CALB
into hn@MSMs as a function of time. b Fluorescence intensity in the center of hn@MSMs as a function of time
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distributed within the interior of the SBA-15 particles,
which is confirmed by the EDS elemental mapping in
Supplementary Figure S14). The adsorption tests were
conducted using simulated flue gas (15% CO, in N, v/v)
at 75°C. As shown in Fig. 6b, for TEPA/hn@MSMs, a
sharp weight gain was observed within the first 15 min
due to CO, adsorption, and at this point, the adsorption
capacity corresponds to 4.2mmolg ' and then slowly
increases to 5.1 mmol g within the subsequent 120 min.

Further prolonging the adsorption time to 180 min does
not lead to a further remarkable increase in the adsorp-
tion capacity (leveling off at 5.3 mmol g '). This adsorp-
tion capacity can be considered as the upper limit. In
contrast, the CO, adsorption capacity of TEPA/SBA-15 is
as low as 0.52mmolg ' within the first 15min and
reaches only 2.0 mmol g~ ' after 180 min. Such a striking
comparison highlights the merits of hn@MSMs. The
enhanced adsorption rate and capacity are attributed to
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the unique structures of hn@MSMs. The spatially sepa-
rated nanocompartments within hn@MSMs are helpful to
disperse the TEPA molecules and thus allow the TEPA
molecules to be more accessible to CO,, leading to the
high adsorption capacity. The large void spaces among the
nanocompartments within the hn@MSMs facilitate CO,
diffusion, resulting in a high adsorption rate.

To further assess the potential practical applications of
TEPA/hn@MSMs, repeated cycles of CO, capture and
desorption were carried out in a fixed-bed reactor. As
micron-sized particles, TEPA/hn@MSMs can be packed
directly in the fixed-bed column reactor without the
addition of any binder (Fig. 6¢). The capture process was
implemented at 75 °C, and the CO, content in the outflow
was monitored by a gas analyzer. The CO, adsorption
capacity of TEPA/hn@MSMs was as high as 5.6 mmol
g~ !, which was slightly greater than the value determined
by TG. After adsorption saturation, the simulated flue gas
was switched to N, and the reactor was heated to 100 °C
to release CO,. In the second cycle, the adsorption
capacity was still as high as 5.59 mmol g~ '. Even after 20
adsorption—desorption cycles, the CO, adsorption capa-
city could still reach 5.0 mmol g~ ", which is only slightly
lower than the value of the fresh sorbent. The decrease in
the CO, adsorption capacity is mainly attributed to the
decrease in the TEPA content in TEPA/hn@MSMs

during recycling because 10.6 wt% TEPA was lost after 20
cycles, according to the TG measurement results (Sup-
plementary Figure S15). Such an adsorption capacity is
even higher than that obtained by analogous nanometer-
sized silica-based sorbents® and is comparable to that of
sorbents derived from silica nanocapsules or mesoporous
silica foam under similar conditions®>*’. Notably, because
the particles can be as large as dozens of microns in size,
our TEPA/hn@MSM sorbent does not need any binder to
conglutinate fine particles and does not require the
addition of sieved sands or glass wools for packing the
fixed beds, which is often necessary for nanoparticle
adsorbents. This is also beneficial for practical
applications.

Applications-ll: enzymatic reaction

We next tested the application of hn@MSMs in enzy-
matic reactions, where highly porous materials are desired
to be used as a support to immobilize enzymes. The above
lipase CALB (without labeling) was selected. Following
the above procedure, CALB was immobilized onto
hn@MSMs, leading to catalyst CALB/hn@MSMs
(Fig. 7a). The loading of CALB was determined to be as
high as 54.4mgg '. The EDS elemental mapping of
CALB/hn@MSMs reveals that CALB molecules are
homogeneously distributed throughout the microspheres



Wei et al. NPG Asia Materials (2018) 10: 899-911

909

<% enzyme b °

OH

o

@ CALBI/SBA-15

Umg?l) o
= N

=
o
1

e
«
1

T T
100 200

® reactant
@ product

Time on stream (min) CALB/SBA-15 CALB/hn@MSMs

Specific activity (

S
=)

T T T T
300 400 500 600

40 —[El—

OAc
.
204 204
——

o
N
o
o
:

-0-

7,7©ﬂ N @f)

T T T T T T T T T
0 50 100 150 200 250 300 350 0 50 100

Fig. 7 Elemental mapping of CALB/hn@MSMs and results of enan
alcohol with time over CALB/hn@MSMs and over CALB/SBA-15 in contin
loading is 544 mg g~") or 0.6 g of CALB/SBA-15 (the CALB loading is 18
activities of CALB/hn@MSMs and CALB/SBA-15 calculated on the basis

butanol. g The ee values with time for the enantioselective trans-esterific
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ation of 1-indanol. Reaction conditions for e-g: 0.8 g of CALB/hn@MSMs (the

(Fig. 7b). N, sorption experiments confirmed that CALB
molecules enter the pores of hn@MSMs because their
pore size decreased from 8.8 (octyl-modified hn@MSMs)
to 8.0 nm (Supplementary Figure S16). To further confirm
the CALB location inside the pores of hn@MSMs, we
labeled CALB with Au clusters for TEM observation
(Supplementary Figure S17a)*®. The Au-CALB compo-
sites were found to be uniformly present inside the pores
of hn@MSMs, indicating that CALB molecules are uni-
formly distributed inside the pores of hn@MSMs. Enan-
tioselective trans-esterification of alcohols, where one of
the alcohol enantiomers is selectively converted to a chiral
ester while leaving the other enantiomer unreacted, was
chosen to evaluate the performances of CALB/
hn@MSMs. This enzymatic reaction is of practical
importance for obtaining both chiral alcohols and chiral
esters but often suffers from low conversions caused by
product inhibition effects®**°. The continuous-flow
reaction is desired because the continuous flow probably
mitigates the unwanted product inhibition effect™”*',
After packing the microspheres of the CALB/hn@MSM
catalyst in a column reactor, a solution of racemic 1-
phenylethyl alcohol and vinyl acetate (acylation reagent)

in n-octane was continuously fed into this column reactor
at 6.0mLh™!, and the product-containing stream was
collected from the outlet of the reactor and analyzed by
GC at different times. The determined enantiomeric
excesses (ee values) of alcohol are plotted as a function of
time (Fig. 7c). The ee value of the generated alcohol
rapidly rose up to 95%. According to the ee values of
alcohol at a steady state, the specific activity of CALB/
hn@MSMs is calculated to be 1.67 Umg ' (Fig. 7d). For
comparison, CALB was also loaded onto the aforemen-
tioned SBA-15 microspheres in the same way as CALB/
hn@MSMs, yielding a benchmark catalyst CALB/SBA-15
(as shown in Supplementary Figure S17c, the experiment
of labeling CALB with Au clusters reveals that CALB
molecules are homogeneously located inside the pores of
SBA-15). Under identical conditions, CALB/SBA-15 gave
ee values of only 30% for alcohol at a steady state (Fig. 7c).
Its specific activity is estimated to be 0.78 Umg '
(Fig. 7d), which is less than half that of CALB/hn@MSMs.
The significantly boosted catalytic efficiency should also
be attributed to the high dispersion of enzymes in the
spatially separated nanocompartments, which benefits
molecule transport within the interior of the
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microspheres. Moreover, CALB/hn@MSMs exhibited
excellent operational stability. Over a period of 360 h, the
ee values of alcohol and ester were always maintained
above 98% at a flow velocity of 8—10 mL h™" (Fig. 7e), and
the specific activity had no significant loss. The mor-
phology and structure of most CALB/hn@MSMs were
largely preserved (Supplementary Figure S18). Enantio-
selective trans-esterification of other substrates, including
4-phenyl-2-butanol and 1-indanol, with high activity and
long-term stability, further highlights their potential for
practical applications (Fig. 7f, g).

Conclusions

We successfully developed a novel protocol to unpre-
cedentedly fabricate micron-sized multi-compartmenta-
lized mesoporous silica spheres based on a Pickering
emulsion strategy. Due to its sufficiently high stability,
Pickering droplets can not only create oil/water interfaces
for growing mesoporous shells but also provide confined
spaces to optionally construct multi-compartmentalized
interior structures through surfactant assembly. Such a
protocol was proven to be flexible and extendable by
varying the surfactants and other synthesis conditions. It
was demonstrated that a family of novel microspheres,
such as hollow MSMs, hn@MSMs, n@MSMs, y@MSMs,
and “solid” MSMs, were successfully fabricated, which
constitute important supplements to the existing artificial
cells. Interestingly, these microspheres exhibit excellent
permeability to extraneous molecules due to their porous
shell and large interior void space. Such structural feature
accounts for their superiority in CO, capture and enzy-
matic reactions. Due to the high dispersion of TEPA and
enzyme in the spatially separated nanocompartments, the
resultant CO, sorbents and catalysts exhibited sig-
nificantly enhanced CO, capture efficiency and catalysis
efficiency. Meanwhile, owing to the encapsulation of these
nanocompartments inside the hollow micron-sized
spheres, these CO, sorbents and catalysts can be packed
directly in fixed-bed reactors, which is unattainable for
nanoparticle materials. Moreover, they exhibit long-term
operational stability owing to their relatively high
mechanical strength. Our method and the underlying
novel synthesis mechanism provide a new platform for
engineering large-sized inorganic spheres with cell-like
structures for innovative practical applications.
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