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Abstract

Mesoporous silica is a versatile material for use in catalysis and adsorption
in energy, environmental, and medical applications. Here, for the first
time, we report a flame aerosol synthesis method for a class of
mesoporous silica materials with hollow, amorphous structure, low
density, and specific surface area exceeding 1000 m?/g. We show its
superior performance vs. MCM-41 in properties relevant to water
purification, drug carrier, and thermal insulation applications. Moreover,
we produced several types of mesoporous silica-supported nano-catalysts
by in situ incorporation of active metals. The generality of this method is
demonstrated by decorating mesoporous supports with noble metal,
transition metal, and metal oxide nanoclusters, including Pt/SiO,, Ni/SiO,,
CrOs/Si0;, and Co/Al,0Os. As a prototypical application, we demonstrate dry
reforming of methane using Ni/SiO,, achieving constant 97% CH, and CO;
conversions for more than 200 hours, dramatically outperforming a
corresponding MCM-41 supported Ni catalyst. Thus, this work provides a
continuous and scalable strategy to produce mesoporous silica nanoshells,
and the proposed in situ functionalization mechanism may pave the way

to flexible catalysts for a diverse range of reactions.
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Introduction

The past 30 years have witnessed a plethora of applications of
mesoporous silica materials in catalysis,'* biomedicine,*® CO, utilization,’?®
and electrochemistry.’®'? For example, mesoporous silica is widely used in
heterogeneous catalysis and adsorption because its high porosity
facilitates adsorption, and the relatively large pores allow rapid mass
transfer, compared to zeolites and other high surface area materials.’
High specific surface area provides high adsorption capacity or a large
number of active sites per mass.*'* To date, the vast majority of
mesoporous silica materials have been synthesized in the liquid phase,
which enables bottom-up construction of complex hierarchical structures.
However, this approach often encounters barriers to commercial
implementation due to time-consuming batch processing and undesirable

variations of physicochemical properties upon scale-up.*>?’

Flame aerosol processing, the most common method for industrial



production of low-cost nanomaterials (e.g. carbon black and fumed silica),
has attracted broad interest for preparing advanced nanomaterials over
the past twenty years.'®*?° However, the synthesis of high porosity
mesoporous silica has not been achieved by this scalable method.*®2* A
key challenge is that the high temperature of conventional flame
synthesis (often above 2000 °C) destroys organic surfactants used to
template pores in mesoporous materials. Instead, flame synthesis
generally produces non-porous nanometer sized silica particles?** (fumed
silica) by a gas-to-particle route.'®?! While such fumed silica particles can
have high surface area (typically up to 500 m?/g),??> they do not have
internal mesopores, but take the form of fractal aggregates. Over the past
several years, our group has developed a novel flame-based aerosol
reactor in which particle formation takes place at lower temperature.?®?®
Specifically, our reactor separates the flame and particle formation
processes into different regions, instead of producing particles in the
flame as in traditional flame spray pyrolysis. With an aqueous precursor
solution, this yields much lower particle formation temperatures that favor
a droplet-to-particle route rather than a gas-to-particle route to particle
formation, particularly for silica and other oxides. Such a mechanism
provides opportunities to achieve surfactant self-assembly and inorganic
macromolecule sol-gel growth processes within each droplet, finally

producing mesopores after the removal of the template from the silica



matrix. Interestingly, the hollow nanoshell structure is intrinsicly formed
without introducing a second template. The flame synthesized
mesoporous silica nanoshell provides properties with advantages over
conventional MCM-41 in water purification, insulation, and drug delivery

fields.

Here, we demonstrate both flame-driven aerosol-assisted self-assembly to
produce mesoporous hollow silica spheres, and in situ formation of highly
dispersed catalytically active sites on the mesoporous silica by addition of
metal salts into the silica precursor solution. On one hand, we synthesized
mesoporous silica nanoshells with BET specific surface area exceeding
1000 m?/g and extended this method to other porous ceramic materials.
On the other hand, we successfully incorporated multiple types of
nanoclusters within the mesoporous silica, including noble metal (Pt/SiO,),
transition metal (Ni/SiO;), and metal oxide (CrOs/SiO,) active sites, and
also explored porous alumina as a support material (Co/Al.Os). Broad
applications of these supported nanoparticles can be envisioned. As a
typical example, the flame synthesized Ni/SiO, was tested as a catalyst for
the dry reforming of methane (CHs + CO., & 2H, + 2CO), for which it
exhibited exceptional activity and stability at high reaction temperature,
significantly out-performing a conventional catalyst synthesized by wet-
impregnation of Ni nanoparticles onto an MCM-41 mesoporous silica

support.



Results and discussion

The mesoporous silica nanoshells were produced in a continuous flame
aerosol process based on an unconventional flame reactor configuration
(Figure S1, S2). During the synthesis process, the H,-rich flame
generates the high temperature in the reaction chamber that drives
evaporation and reaction. The injected liquid precursor was instantly
atomized into microdroplets and underwent rapid (<0.05 s) self-assembly
and a silica nucleation and growth processes, followed by N, quenching.

Finally, the products were collected on a filter membrane.

A schematic of the mesoporous silica nanoshell formation process is
provided in Figure 1, which shows evaporation-driven organic template
self-assembly and inorganic macromolecule growth by a rapid sol-gel
process. Specifically, the initial mesoporous silica precursor droplets
consisted of an isotropic mixture of TEOS, CTAB, H,0O, ethanol, and HCI.
Fast solvent evaporation increased the CTAB concentration above its
critical micelle concentration, driving CTAB self-assembly into cylindrical
micelles. Meanwhile TEOS polycondensation occurred through sol-gel
chemistry to precipitate organosilica material on the micelles, finally
forming the mesophase particles of hybrid inorganic-organic network.

Upon removal of the micelle template and other organic components from



the intermediate product by calcination, mesopores were formed, as
evidenced by the dramatic increase of Brunauer-Emmett-Teller (BET)
specific surface area from 10 to 1030 m?/g after calcination, which is much
higher than flame synthesized silica powder produced without CTAB in the

precursor solution (Table S1).

A hollow nanoshell structure is intrinsically formed because solvent
evaporation occurs at the outer surface of each droplet, producing the
highest precursor and surfactant concentration at the surface, such that
silica formation starts from the surface. Because the diffusivity of the
solutes (precursor, surfactant, and growing silica clusters) is much lower
than that of the evaporating solvent, the mesoporous silica grew inward
from the surface as water diffused out, finally yielding a hollow particle.
Such a droplet to hollow particle conversion requires rapid heating to drive
evaporation on a time scale too short for precursor diffusion to make the
concentrations within the droplet uniform. At slower heating rate, solid
silica particles?*3! or micron-sized silica spheres with large hollow voids
and thick shells**3* will be produced, as in relative mild spray-drying-based

aerosol synthesis processes.
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Figure 1. Schematic of mesoporous silica nanoshell formation process.

Adjusting reaction parameters (precursor concentrations, temperature,
pressure, surfactant concentration, etc.) in the flame aerosol process
allows flexible tailoring of the mesoporous silica to achieve desired
characteristics.'®?°?! Tables S2-S4 summarize the optimization of BET
surface area, pore volume and porosity (or average pore width) with
regard to catalytic applications of interest, where competitive values of
1030 m?/g, 0.850 cm?/g, and 3.12 nm were achieved, respectively. Beyond
that, Table S5 presents the variation of density as a function of the CTAB/
TEOS molar ratio. The tap density decreases to 0.015 g/cm? for a
CTAB/TEOS molar ratio of 0.08. Moreover, adopting lower TEOS

concentration (30 mM) and higher reaction chamber temperature (850 2C)



produced almost exclusively hollow nanospheres with a geometric mean
diameter of 230 nm (Figure S3). Although the BET surface area and pore
volume were lower than the sample in Figure 2, the large void space and
thin shell of this sample might provide better performance in some

particular applications, such as CO, capture®>.

For the optimized material, transmission electron microscopy (TEM)
images revealed that most particles exhibit a hollow nanoshell
morphology with dense and disordered mesoporous structure (Figure
2a). The corresponding selected area electron diffraction (SAED) and
powder X-ray diffraction (XRD) analysis showed the amorphous structure
of the flame synthesized mesoporous silica. After calcination, Fourier
transform infrared spectroscopy (FTIR, Figure 2b) showed SiO, with
isolated silanol groups indicated by the peak at 1620 cm™.%3’" Thermo-
gravimetric analysis and differential scanning calorimetry (TGA-DSC,
Figure S4c) demonstrated that most of the micelle template was
removed between 200 and 400 °C. N, sorption measurements like those in
Figure 2c showed type IV isotherms, consistent with the material’s
mesoporous structure.*® The adsorption/desorption isotherms presented a
H2 type of hysteresis loop in the P/P, range of 0.40~0.95, reflecting
delayed N, evaporation form hollow voids that are blocked by the

mesoporous wall.?®* The Barrett-Joyner-Halenda (BJH) pore size distribution



showed the pores of 1~5 nm in the wall (Figure 2d), while the small peak

above 100 nm is likely due to the hollow voids.
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Figure 2. Characterizations and applications of flame synthesized
mesoporous silica (F-Si0;). a. XRD pattern, TEM image and SAED pattern;
b. FTIR spectra of intermediate and final products; c¢. N
adsorption/desorption isotherms and d. BJH adsorption pore width
distribution curve. This representative sample is the second one
highlighted in Table S4, and other supplementary characterization of this
sample is shown in Figure S4. e. Comprehensive comparisons between
F-SiO, and MCM-41 with respect to BET surface area, tap density, and
properties relevant to applications in water purification (methylene blue
dye adsorption), drug delivery (penicillin loading) and thermal insulation
(thermal conductivity) applications.

The high surface area and hollow void of the flame synthesized
mesoporous silica (F-SiO;) provide high capacity for molecular adsorption
and loading, which are desirable properties in water purification*® and
drug delivery*! applications. Meanwhile, the ultra-low density (Table S5)
of F-SiO, is even comparable to ultralight aerogels that have great
potential as thermal insulation materials.**** To further confirm these
possibilities, we performed representative methylene blue dye adsorption,
penicillin loading and thermal conductivity tests of the F-SiO. sample
shown in Figure 2, and made comprehensive comparisons with the
prototypical mesoporous silica material, MCM-41. Both F-SiO, and MCM-41
were directly used in these tests without any post-treatment or surface
modification operations. In general, the MCM-41 exhibited ordered
hexagonal pores, uniform particle size, and a higher BET surface area

(1361 m?/g) than F-SiO, (Figure S5). However, as shown in Figure 2e,



the F-SiO, presented a higher capacity for dye adsorption and drug
loading, as well as ultra-low density and thermal conductivity, and showed
overall advantages over MCM-41 in these respects. These results suggest
that the porous, hollow, ultralight, and low-cost F-SiO, material could have
great potential in numerous energy, environmental, and medical

applications.

We further extended this method to other porous ceramic materials, like
Al,Os. TEM images clearly showed a porous structure (Figure S6b).
Because of the weaker interaction between the inorganic Al precursor and
micelle template, the BET surface area (120 m?/g) of mesoporous Al;Os;
was not nearly as high as for mesoporous silica. Nevertheless, the specific
surface area was dramatically higher than that of Al,Os; nanoshells

synthesized without CTAB in the precursor.**

Hollow-structured mesoporous materials combine a large interior void
space with mesoporous channels in the shell, providing high permeability
for mass transfer of reactants as catalyst supports.*> We further
demonstrated an in situ functionalization strategy by decorating silica
with noble metal, transition metal, and metal oxide active nanoclusters
and also using porous alumina as a catalyst support. We further

characterized one typical sample for each combination, including 1 wt.%



Pt/SiO,, 5 wt.% Ni/SiO;, 5 wt.% CrOs/SiO;, and 5 wt.% Co/Al.Os. More
fabrication details are given in the Supporting Information. As expected,
the porosity decreased after loading nonporous, higher-density active
materials (Table S6). High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) and elemental mapping images
confirmed good dispersion, high loading level, and limited aggregation of

active sites for each of theses catalysts (Figure 3b-e).

The in situ functionalization mechanism for systematic decoration of
active sites within the mesoporous silica is shown in Figure 3a. The
particle formation mechanisms in flame aerosol synthesis depends on
multiple factors such as precursor composition and concentration,
temperature, pressure, and reactor configuration.'®2%2! |n this study, the
catalyst precursor was a mixture of metal nitrate salt and silica (or
alumina) precursor. The silica support followed the same droplet-to-
particle conversion shown in Figure 1, and finally formed the mesoporous
nanoshell structure. For the active sites, both gas-to-particle and droplet-
to-particle conversion processes are possible: In a gas-to-particle route,
the metal precursor was first pyrolyzed into product vapor. Afterwards,
some active nanoparticles were produced by homogeneous nucleation in
the gas phase and deposited onto the silica surface. At the same time,

some vapor directly deposited on the silica (heterogeneous nucleation)



such that nanoparticles grew on the silica surface. Therefore, the gas-to-
particle mechanism often produces larger nanoclusters on the silica
surface. In contrast, in the droplet-to-particle route, active sites formed
together with silica in the droplet phase, which produces nanoclusters

embedded within the silica.

Specifically, 1 wt.% Pt/SiO, followed a droplet-to-particle conversion, which
produced highly dispersed Pt nanoclusters within the silica (Figure 3b,
Figure S7a, b). The high dispersion and narrow particle size distribution
of Pt nanoclusters were maintained after thermal reduction treatment at
700 °C. This is consistent with the XRD analysis, which showed no distinct
features of Pt but only a weak peak at a 26 ~41° (Figure S7c). The weak
signal of Pt zero-valent state at 75 eV from X-ray photoelectron
spectroscopy (XPS, Figure S7d) indicated Pt was absent on the surface
(depth limitation of XPS is c.a. 5 nm), which further confirmed the droplet-
to-particle conversion mechanism. Notably, the dispersion and density of
Pt were much higher than the Pt/SiO, prepared through spray-drying
aerosol technology (Pt >10 nm),*® benefiting from the rapid and violent
material formation process of flame aerosol synthesis. The as-synthesized
Pt/SiO; has potential as a heterogeneous catalyst for reactions such as CO

oxidation,*” ethylene oxidation,*® and toluene hydrogenation.*



5 wt.% Ni/SiO, showed evidence of both gas-to-particle and droplet-to-
particle conversion processes. On one hand, a homogeneous distribution
of small Ni nanoclusters was evident within the silica nanoshell (Figure
3c); On the other hand, Ni nanoparticles with diameter more than 10 nm
were also observed on the silica surface (Figure S8a, b). the XRD pattern
of this sample showed obvious Ni peaks that further demonstrated the
presence of relatively larger Ni nanoparticles on the silica surface (Figure
S8c). The XPS spectra showed both Ni° and Ni** because of the slight
oxidation of surface atoms of Ni nanoparticles in air (Figure S8d). The as-
synthesized Ni/SiO, has potential applications in catalysis of methane
reforming,”® CO, methanation,”® ammonia decomposition®> and other

reactions.

Finally, 5 wt.% CrOs/SiO, followed a droplet-to-particle conversion route,
demonstrated by the presence of CrOs; nanoclusters homogeneously
distributed within the silica (Figure 3d). TEM observations (Figure 3d,
Figure S9a, b) confirmed the ultra-small particle size and high density of
CrOs nanoclusters within silica, without any aggregation. XRD showed no
CrOs; peaks (Figure S9c) even with a high loading of 5 wt.%, further
demonstrating the ultra-small particle size. The chromium attained the
maximum valence of Cr®* after calcination in air (Figure S9d). The as-

synthesized CrOs/SiO; has potential applications in catalytic reactions such



as ethane dehydrogenation,*® propane dehydrogenation®* and ethylene

polymerization.>®

Similarly, 5 wt.% Co/Al,Os also followed a droplet-to-particle route (Figure
3e), in which Co nanoparticles were produced by exsolution behavior in a
reducing atmosphere. Similar to previous studies,*®*’ a rapid material
formation process followed by fast quenching enabled incorporation of
immiscible elements into a single phase. In this case, the obtained Co-
Al,Os has an amorphous ceramic solid solution structure (Figure S10a),
as evidenced by the XRD pattern with no Co peaks before thermal
reduction (Figure S10c). After reduction, the reducible transition metal
can be exsolved from the host lattice,”®*® to produce metallic Co
nanoparticles on the alumina surface (Figure S10b), as confirmed by
XRD and XPS (Figure S10c, d). Previous studies demonstrated that
active sites generated by exsolution often provide strong metal-support
interactions that limit metal sintering at high reaction temperature.®%!
Thus, the Co/Al,Os hollow porous nanospheres have potential applications
in Fischer-Tropsch synthesis,®® propane dehydrogenation®® and methane

reforming.®
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Figure 3. In situ functionalization of mesoporous nanoshells in a flame
aerosol process. a. Schematic of decorating active nanoparticles by gas-
to-particle and droplet-to-particle conversion processes; HAADF-STEM and
elemental mapping images of representative as-synthesized mesoporous
nanoshell supported catalysts: b. 1 wt.% Pt/SiO;, €. 5 wt.% Ni/SiO,, d. 5



wt.% CrOs/SiO, and e. 5 wt.% Co/Al,0s. More details are provided in
supporting information Figure S7-S10.

The above in situ functionalization method enables the rational design of a
large library of mesoporous nanoshell supported nanocatalysts. As a
typical example, the flame synthesized Ni/SiO. (Ni/F-SiO.) was tested as a
catalyst for the dry reforming of methane reaction (Figure 4a), with Ni
contents of 2 wt.%, 5 wt.%, 7 wt.%, 10 wt.%, and 15 wt.% (Figure S11).
When the Ni content was below 10 wt.%, the Ni/F-SiO, showed relatively
low and decreasing CH. conversion after 50 hours. However, upon
increasing Ni content to 15 wt.%, the Ni/F-SiO, showed constant 97% CH.
conversion over 210 hours, which further demonstrated the robustness of
mesoporous nano-shells with a large amount of effective active sites. The
catalytic activity of Ni/F-SiO, was evaluated at varied reaction
temperatures as well (Figure 4b). CH, and CO. conversions increased
with increasing temperature, as expected for this exothermic reaction.
When the reaction temperature was below 800 °C, CH, conversion was
lower than CO, conversion and the H,/CO ratio was below 1 due to the
reverse water-gas shift (CO, + H, & CO + H,0) side reaction.®® At 850 ©C,
the CH, and CO. conversion were nearly equal, and the H,/CO ratio

approached 1.

We compared the performance of Ni/F-SiO, with a conventional catalyst



prepared by wet-impregnation of Ni on MCM-41 support (Ni/MCM-41).
Catalyst stability was assessed by continuous time-on-stream tests at 850
oC (Figure 4c-e), where the conversions were the highest. While the Ni/F-
SiO; retained constant 97% CH4 and CO, conversions for 210 hours, the Ni/
MCM-41 showed continuously decreasing catalytic performance, with CH,
conversion decreasing to 58% and CO, conversion decreasing to 80% in
70 hours. These results suggested that the Ni/F-SiO, provides dramatically
improved activity and stability over Ni/MCM-41, despite the higher BET
surface area and ordered hexagonal pore structure of the MCM-41 support

(Figure S5).
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Figure 4. A prototypical catalytic application of 15 wt.% Ni/SiO. for dry
reforming of methane. a. Catalytic reaction mechanism of Ni/F-SiO;; b.
CH. conversion, CO, conversion, and H,/CO ratio of Ni/F-SiO, catalytic
activity test at varied temperatures; ¢. CH, conversion, d. CO, conversion,
and e. H,/CO ratio of Ni/F-SiO,; and Ni/MCM-41 continuous catalytic
stability tests at 850 2C. Reaction conditions: 60 mL/min total stream flow
rate, CH4:CO2:Ar = 1:1:1, 50 mg catalyst loading, 72000 mL g h™* GHSV.

Conclusions

In summary, we present a new method for synthesis of mesoporous
hollow silica and other porous ceramic materials by a flame aerosol
process and demonstrate the exceptional properties relevant to water

purification, drug carrier and thermal insulation applications that are



achievable by this route. We also proposal a generic in situ
functionalization method to load highly dispersed active nanoparticles
onto these mesoporous hollow nanospheres, which opens up a vast
compositional space for mesoporous nanoshell supported heterogeneous
catalysts discovery. In contrast to traditional wet impregnation that
requires many separate steps, the current flame synthesis method
incorporates micelle self-assembly, silica sol-gel reactions, and active site
loading processes into a single step (Figure S12), which produced
mesoporous silica supported nanocatalysts in a continuous, scalable, and
low-cost route. In a prototypical reaction, the flame-synthesized catalyst
exhibited superior activity and stability, further demonstrating the

promise of this novel material synthesis route.
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