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ABSTRACT

We report the synthesis of magnetically responsive hierarchical assemblies of silica colloids that can be used as recoverable supports for
nanocatalysts. Each assembly is composed of a central magnetite/silica composite core and many small satellite silica spheres. The two
regions are held together as a stable unit by a polymer network of poly(N-isopropylacrylamide). The central magnetite particles are
superparamagnetic at room temperature with strong magnetic response to external fields, thus providing a convenient means for separating
the entire assembly from the solution. The satellite silica particles provide large surface areas for loading nanocatalysts through the well-
developed silane chemistry. As an example, we demonstrate the use of such magnetically responsive hierarchical assemblies as recoverable
supports for Au nanocatalysts for the reduction of 4-nitrophenol with NaBH,.

When used in liquid phase reactions, inorganic nanocatalysts
immobilized on solid supports can combine high surface area
with the additional benefit of relatively facile recovery and
regeneration.'? Ideally, the support material should also
possess a high surface area to maximize catalyst loading and
activity. Besides making the support porous,>* it is also
possible to increase specific surface area by shrinking the
dimension of the support. Conventional separation methods,
however, may become inefficient for support particle sizes
below 100 nm. The incorporation of magnetic materials such
as iron oxide into supports offers a solution to this problem.>
Unfortunately, the requirements for high surface area and
fast separation seem to be also contradictory to each other
for the magnetic particle based supports. On one hand, small
superparamagnetic nanoparticles such as iron oxide has
satisfactory specific surface area, but the weak magnetic
response makes it difficult to efficiently separate them from
solution using moderate magnetic field gradients.'®!! On the
other hand, embedding many of them in microspheres may
improve separation, but it will also significantly decrease the
surface area for catalyst loading. One practical strategy to
tackle this problem is to form composite nanostructures with
two kinds of functional substructures, which respectively
favor the high surface area and convenient magnetic separa-
tion.

In this paper, we report the synthesis of hierarchical
assemblies of silica colloids, which possess both high
separation efficiency and relatively high surface area, making
them ideal recoverable supports for nanocatalysts. As shown
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Figure 1. Schematic illustration of the synthetic procedure from
Fe304/S10; colloids to Fe;04/SiO,/p-NIPAM/SiO,-Au assemblies.

in Figure 1, the center of each assembly is a silica coated
magnetite (FesO4) core, which is composed of many 10 nm
crystallites and thus displaying superparamagnetism at room
temperature.'>!> The Fe;O, cores strongly interact with
external magnetic fields and can be easily separated from
solution in a low magnetic field gradient (<30 T/m). After
the cores are grafted with a thick layer of poly(N-isoprop-
ylacrylamide) (p-NIPAM), many satellite silica spheres are
then synthesized, which form stable assemblies around each
magnetic core as sterically confined by the polymer network.
The large surface area associated with the small size (<70
nm) of satellite silica particles ensures a high loading of
nanocatalysts. The well-developed silane chemistry also



allows the silica surface to be functionalized to immobilize
a large number of nanocatalysts of various compositions.!4-18
It is certainly possible to directly use silica coated Fe;O4
colloids to load catalyst particles, however, the requirement
of efficient separation makes it difficult to shrink the overall
size (~200 nm) of the support particles to meet the other
requirement of large surface areas. The strategy of forming
composite structures containing both magnetic component
for efficient separation and small silica colloids for high
catalyst loading may provide a practical route to reconcile
the seemingly contradictory requirements. An additional
advantage of such system is that the satellite silica can be
potentially changed to other support materials such as titania
and zirconia after some minor modifications to the synthetic
procedure, thus utilizing the support—catalyst interaction for
further improving the reactivity and selectivity.!*> Here,
we choose gold nanocrystals as the catalytic component to
demonstrate the use of magnetically responsive hierarchical
assemblies as nanocatalyst—supports.

Figure 1 outlines the procedure we used to synthesize the
Fe;04/S10,/p-NIPAM/Si0O,-Au assemblies. Superparamag-
netic Fe;O,4 colloids (~100 nm) were synthesized using a
high temperature hydrolysis process.'? After being coated
by a layer of silica through a sol-gel process (Figure Sla,
Supporting Information), particle surfaces were further
functionalized with a monolayer of [3-(methacryloyloxy)pro-
pylltrimethoxysilane (MPS) through the siloxane linkage.?
An aqueous phase precipitation polymerization process was
used to form a robust polymer coating on the core surfaces
by copolymerizing surface MPS with NIPAM (monomer)
and N,N'-methylenebisacrylamide (MBA, cross-linker).?” As
the reaction temperature (70 °C) is above the lower critical
solution temperature (LCST, typically 32 °C) of p-NIPAM,
the growing polymer chains collapse onto the silica surface
to form a polymeric shell. At room temperature, the polymer
chains become hydrophilic and the composite colloids
disperse well in water and alcohols. Both optical microscopy
observations and dynamic light scattering (DLS) measure-
ments suggest the formation of separate composite colloids
with a relatively thick coating of polymer on each Fe;O4/
SiO, core (Figure S2, Supporting Information). The p-
NIPAM shell also shows a characteristic thermosensitive size
change at around 33 °C. The polymer shell is not easily
distinguishable in TEM due to its low contrast, but its
presence can be still evidenced by significantly increased
interparticle separations (in comparison to the original Fe;O./
Si0O, particles) when the colloids are deposited on solid
substrates such as TEM grids (Figure S1b, Supporting
Information).

After swelling Fe;04/SiO,/p-NIPAM colloids in an aque-
ous solution of AgNO;, Ag nanoparticles were directly
synthesized inside the polymer network through in situ
reduction with NaBH, (Figure 2a,b). This “Ag" absorp-
tion—reduction” process can be repeated to increase number
density of Ag particles embedded in the polymer shells. An
additional sol—gel process was performed to form satellite
silica by using Ag nanoparticles as templates, producing
Fe;04/S10,/p-NIPAM/SiO, assemblies (Figure 2c,d). A very
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Figure 2. TEM images showing the evolution of hierarchical
assemblies in the later three steps: (a,b) Fe;04/SiO,/p-NIPAM/Ag,
(c,d) Fe;04/SiO,/p-NIPAM/SiO,, and (e,f) Fe;04/SiOy/p-NIPAM/
SiOz-Au.

small amount of SiO, particles produced outside the polymer
via homogeneous nucleation has also been observed, and they
can be conveniently removed by magnetic separation process.
Careful inspection of the satellite silica may reveal voids at
the center of some of these particles, which were due to the
dissolution of silver nanoparticles in excess ammonia over
a long period of reaction. It is clear that the silica satellites
are trapped inside the polymer network around each central
Fe;04/Si0, particle but not simple aggregations through
surface siloxane linkages. By controlling the cross-linking
density of the polymer network according to the size of the
silica satellites, it is possible to fully retain the silica particles
in the polymer shell and prevent significant loss of active
materials during the catalytic reactions. We have also been
able to vary the size and number density of silica satellites
by controlling the loading of Ag nanoparticles: if Ag particle
loading is increased with other parameters being fixed, the
diameter of satellite silica particles decreases and their
number density increases (Figure S3, Supporting Informa-
tion). Such structural manipulation allows for optimization
of catalytic activity.

We chose Au-catalyzed reduction of 4-nitrophenol (4-NP)
in the presence of NaBH, as a model system to demonstrate
the use of our complex assemblies as recoverable catalyst—
supports.?®?° The substrates and products of this reaction are
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Figure 3. (a) UV—-vis spectra showing the gradual reduction of 4-NP
with Fe;04/Si0,/p-NIPAM/Si0,-Au catalyst. (b) Conversion of
4-NP in eight successive cycles of reduction and magnetic separa-
tion with two types of catalysts.

easily detected by spectroscopic methods, and there is no
appreciable byproduct formation. Au nanocatalysts with an
average diameter of 5 nm were prepared by reducing HAuCly
with NaBH, in an aqueous solution in an ice bath. Because
no strong capping agent was involved in the original
synthesis, the Au particles can be easily immobilized on the
silica satellites through the gold—amine complexation by
using 3-aminopropyl-triethoxysilane (APS) as the coupling
agent (Figure 2¢,f).%0 It is worth noting that the catalyst
loading could be simply tuned by controlling the amount of
Au nanoparticles introduced into the system (Figure S4,
Supporting Information).

Without Au catalyst, the reduction reaction does not
proceed even in a large excess of NaBHy, as evidenced by
a nonvarying absorption spectrum with the major peak
located at 400 nm, a wavelength characteristic of 4-nitro-
phenolate ions. However, when a trace amount of as-made
catalyst was introduced into the solution, the absorption at
400 nm decreases and absorption at 295 nm increases
gradually, indicating the reduction of 4-NP and formation
of 4-aminophenol (4-AP), respectively. Because the con-
centration of catalyst is very low, light scattering caused by
carrier colloids does not interfere with the absorption
measurements. Figure 3a shows the UV—vis spectra as a
function of reaction time for a typical reduction process.
Visually, the bright-yellow solution gradually becomes
colorless over 60 min, indicating complete conversion of
4-NP.
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Figure 4. TEM images showing the morphology changes of (a,c)
Fe;04/Si0,/p-NIPAM/SiO;-Au and (b,d) Fe;04/SiO./p-NIPAM/Au
catalysts before (a,b) and after (c,d) the first cycle of catalysis.

To demonstrate magnetic recovery of the assemblies, we
increased the concentration of reagents and catalysts by 50
times so that the reaction can complete within ~10 min. In
each cycle, after 5 min of reaction, the sample was diluted
50 times for UV—vis measurements in order to determine
the conversion of 4-NP. Then catalysts were quickly
separated from solution using a NdFeB magnet (Figure S5b,
Supporting Information), rinsed with deionized (DI) water,
and dispersed into DI water for the next cycle of catalysis.
As shown in Figure 3b, the catalyst can be successfully
recycled and reused in eight successive reactions, all with
conversions of 100% within 5 min periods. The conversion
starts to decrease after ~10 cycles, probably due to gradual
loss of catalytic assemblies with repeated magnetic separa-
tion.

The satellite silica spheres significantly enhance the
stability of Au nanocatalysts under reaction conditions.'> For
comparison, Au nanoparticles were also directly incorporated
into polymer shells of Fe;04/SiO,/p-NIPAM colloids with
the same catalyst loading as for Fe;04/Si0,/p-NIPAM/SiO,
assemblies (Figure 4b). The conversion rate using such
catalysts decreases dramatically after each additional cycle
of reactions. As shown in Figure 3b, the total conversion
within the first 5 min drops rapidly after only four reaction
cycles. The aggregation of Au particles inside the polymer
network seems to be the major cause for the sharp decrease
of catalytic activity. Au particles on Fe;0./SiO,/p-NIPAM
colloids were found to be severely aggregated after the first
reaction cycle (Figure 4b,d), while those supported on Fe;O./
Si0,/p-NIPAM/SiO; colloids did not show obvious changes
(Figure 4a,c). Apparently, the strong complexation between
Au and amine groups stabilizes the catalysts on the silica
surfaces and prevents their detachment and subsequent
aggregation.
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In summary, we have demonstrated the fabrication of
hierarchical assemblies of silica colloids and their use as
recoverable supports for nanocatalysts. The composite struc-
tures possess relatively high surface area and can be
conveniently separated from reaction solution and recovered
using external magnetic fields. The magnetic nanocomposite
catalyst system demonstrated here is expected to find many
industrially important catalytic applications.'®3!-33 Further
fine-tuning of the structure of such system may provide other
opportunities in optimizing the performances of the catalysts.
For example, the polymer networks can be further engineered
and potentially used as selective gates to control access of
reactants to the nanocatalysts.?83+3
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