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Considerable efforts have been devoted to the fabrication of
nanomaterials with well-defined morphologies for specific
applications. This is the case of nanocapsules that simulta-
neously provide the advantages of hollow and porous systems.
They can consequently be used as storage spaces or reaction
chambers while supplying the necessary paths for the design
of controlled uptake/release systems.'> Particular interest in
the performance of chemical reactions in these confined
environments has led to catalyst-containing hollow nano-
capsules, so that a diffusional product/substrate exchange
between the inner cavity and the bulk solution takes place in
an efficient way. Clearly, the nature of the interface, as well as
the inner and outer surface properties of these nanoreactors,
appear to be critical factors to modulate the catalytic activity
of the whole system.

Synthetic strategies for nanocapsules include self-assem-
bly and subsequent cross-linking of pre-formed nanosized
objects,¥! or direct reactive routes such as interfacial poly-
merization with reagents dissolved in different liquid
phases.! This latter approach requires soluble precursors in
both the dispersed and the continuous solvent phase. Thus,
they can react at the interface and yield the desired shell but
this condition also constrains the possible precursors to
employ. Additionally, because capsules should be permeable
to numerous reagents, their applications as nanoreactors will
depend on the controllable uniform porosity at the molecular
scale, a feature that in fact would enable the fabrication of
size-selective microreactors.®! To fulfill this requirement we
have chosen silicon oxide (Si0,).” Indeed, depending on the
method exploited for its precipitation, networks of uniform
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but different pores of molecular dimensions can be pro-
vided.®!

The main driving force prompting the exploration of
nanocapsule systems is based on their large and uniform
porosity, underlying their remarkable potential in such
diverse areas as biomedicine,'*'? gas storage,"®! cataly-
sis,** 1% or adsorptive separation.'!®l Their successful appli-
cation depends on the availability of the synthetic methods to
prepare defect-free capsules so that permeation does not
occur as a result of uncontrolled porosity through gaps or
cracks, but solely through the existing channels.

The nanocapsule activity and the properties of their
permeable membrane have been widely reported, but few
reports exist regarding a catalyst located in the nanocav-
ity.l?4 In fact, examples of catalyst-containing nanoreactors
are scarce and no close attention has been paid to the
degradation of the catalyst activity during their encapsulation.
Thus, more effort should be made in this direction.

Given the special relevance of every of the different
features underlined, we have developed nanoreactors
endowed with high catalytic activity. These systems are
based on the previous encapsulation of singular dendritic Pt
nanoparticles (Pt; NPs) located in the hollow empty space
enclosed by porous silica nanocapsules. It is worthy to point
out that this synthetic approach helps to preserve the catalytic
activity of the catalyst, even after their encapsulation. Thus,
the single-crystal Pty NPs will catalyze specific reactions to
take place inside the silica porous shell. As it is the shell that
allows the product/substrate exchange between the inner
cavity and the bulk solution, the reaction becomes confined
and controlled inside the nanoreactors. To verify this poten-
tial and the efficacy as a nanoreactor, an electron-transfer
process was chosen as a test reaction. Additionally, the system
was successfully brought into play for the production of Ni/
NiO nanostructures with different magnetic behavior, in view
of the controlled reactions carried out in the inner cavity. This
finding opens the door to an engineered capsules fabrication
to modulate the inclusion and possible isolation of different
inorganic materials.

The hollow capsules were fabricated by means of an initial
polymer functionalization in a similar way to that described in
the literature.”>?! It commonly comprises the coating of the
surface template particles (polystyrene (PS) in our case) with
charged polyelectrolytes. The stepwise adsorption of these
polyelectrolytes reverses the charge on the surface template
and aids the deposition of subsequent layers of a wide range
of charged components.”*??! Negatively charged Pty NPs
were therefore driven onto the modified and now positively
charged PS template surface (see Experimental Section) to
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form PS/Pt; composites. Subsequently, a controlled silicon
oxide precipitation was forced to take place on the surface of
the PS/Pty composites, permitting the formation of a hybrid
and inorganic shell surrounding the initial cores. Finally, the
PS core was removed promoting the hollow capsule forma-
tion (Figure 1 and Experimental Section). This last step is also
crucial for the availability of the Pty NPs as catalysts in
reactions confined in this evolved empty space, rendering the
nanocapsules effective nanoreactors (Pty/SiO,).

a)

Figure 1. Synthesis of Ni/NiO magnetic nanostructures by controlled
reactions carried out in the inner cavity of the previously formed
nanoreactor. a) Hybrid particles composed of dendritic Pt NPs depos-
ited onto polystyrene (PS) colloidal templates; b) hollow capsules
obtained after the silica coating and polymer dissolution processes;
c) formation of magnetic Ni nanomaterial confined inside the silica
hollow capsule by reduction of the Ni*" ions using hydrazine and
catalyzed with the dendritic Pt NPs.

Figure 2 shows the two-step strategy exploited for the
capsule fabrication. Figure 2a includes a TEM image and
a model (inset top right) of the Pt;-coated PS templates.
Figure 2b,c,d display images of the obtained hollowed-out
Pt-containing nanostructures and a representative model
(inset on the top-right of Figure 2b). A higher magnification
image (Figure2d) clearly shows the Pt, nanoparticles
observed through the much lower contrast of the silica shell.
These Pty nanoparticles, as already reported, are single
crystals (Supporting Information, Figure S1).*"! The silicon
oxide precipitated uniformly over the entire surface of the
Pt,-coated PS templates and no presence of defects or cracks
is observed, even after the PS core dissolution. This consistent
and homogeneous silica shell, as a membrane for the nano-
capsules, therefore ensures the exchange of reactants and
products to take place solely through the pores that make up
its chemical disposition.
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Figure 2. TEM images of a) Pty NPs deposited onto PS spheres and
b) the hollow capsules obtained after silica coating of hybrid PS/Pt,
particles followed by the etching of the PS core.

Platinum-based nanomaterials are among the most widely
used in catalysis. Their activity and selectivity are strongly
dependent on composition, size, and shape, and consequently
much effort has been devoted in the search for new and more
efficient Pt structures.”'>* Accordingly, redox probe tests
with a ferro/ferricyanide system in aqueous solution were
conducted in the presence of the hollow (Pt/SiO,) and non-
hollow-core (PS/Pt;) composites reported herein to assess
their catalytic activity (see experimental details in the
Supporting Information). These reactions were run by first
mixing the Pt-based catalysts and sodium borohydride. In the
case of hollow capsules, BH,™ ions diffuse through the pores
of silica reacting with the Pty NPs to form metal hydrides on
their surface. The ability of metal nanoparticles to act as
electron acceptors has been previously reported.®” There-
after, hexacyanoferrate (III) was added. This complex also
migrates through the silica shell to the negatively charged
surface of the Pty nanoparticles located on the internal wall of
the silica membrane. Then, the reduction of the adsorbed
Fe(CN)s*~ to Fe(CN)*~ takes place. Once the final product is
formed, it desorbs and diffuses out of the nanoreactor. In this
case, the nanoparticle surface would operate as a source of
electrons providing the necessary metal active sites for the
reaction to proceed.

By plotting the logarithm of the pseudo first-order rate
constant (k,,) versus the inverse temperature (1/7), the
Arrhenius equation was used to determine the activation
energy for the Pty-catalyzed electron-transfer reaction. Thus,
a value of 12.6+12kJmol™" was obtained for the redox
process in the presence of the PS/Ptd composites, while
a value of 12.340.8 kImol™! was achieved for the reaction
catalyzed by Ptd/SiO, capsules. As the activation energy for
the noncatalyzed reaction is 30 kJmol L* the results
obtained (Supporting Information, Figure S2) indicate a re-
markable catalytic activity of these hybrid nanocomposites.

Accordingly, the catalytic efficiency of the proposed
systems was seen when using similar nanostructures but
employing 2-3 nm spherical Pt nanoparticles (Pt) instead of
dendritic ones (for synthetic details, see the Supporting
Information). The widely reported and broadly studied Pt
nanoparticles, synthesized by reduction with NaBH, and

Angew. Chem. Int. Ed. 2012, 51, 38773882


http://www.angewandte.org

stabilized through sodium citrate adsorption, can be consid-
ered as the model or reference system. PS particles were
consequently coated with Pt,, and their catalytic activity was
estimated using the reduction of ferricyanide with sodium
borohydride. The energy barrier for this reaction is rather
high (30 kImol ™) if uncatalyzed,®™ but the presence of PS/
Pt(s) composites lowers this value to 17.141.1 kJmol ™.
Nevertheless, it must be pointed out that the activation energy
reported in the presence of the PS/Pt; composites (12.6 =
1.2 kI mol ™) is significantly lower than that obtained through
the widely used 2-3nm spherical Pt morphology. This
tendency is in good agreement with that reported in the
literature. %333

The high catalytic efficiency found for both systems can be
attributed to the presence of Pty NPs on the nanocomposites.
The defects and under coordinated Pt atoms, commonly
found in dendrite-like structures, are considered to be the real
active sites in electron-transfer reactions.®™ It must be also
noted that the activation energy for the Pty/SiO, capsules is
indistinguishable from that obtained for the PS/Pt; compo-
sites and consistent with the values reported in the literature
for dendritic Pt NPs.*” Accordingly, it can be assumed that
the treatment to produce capsules through SiO, coating and
PS core dissolution has no repercussion on the PtyNP
morphology and therefore does not affect their catalytic
efficiency.

These highly active nanoreactors therefore favor the
confined fabrication of nanostructures of very different
materials. Hydrazine can reduce nickel ions in the presence
of Pt nanoparticles located on the surface of carbon nano-
tubesP! or polymer beads.®” Therefore, we may assume that
the Pty NPs located in the cavities of the capsule can exert the
same degree of catalytic activity giving rise to metallic nickel
nanoparticles inside the reactor. Indeed, the porous nature of
the silica shell that allows the reactants to reach the nano-
cavity also permits the Pt-catalyzed reduction to take place in
a confined manner.

Figure 3a shows how the integrity of the nanoreactor
remains intact after the formation of metallic Ni in its inner
cavity (see also the Supporting Information, Figure S3,S4). A
higher-magnification TEM image (Figure 3b) over the edge
of the hollow hybrid structure reveals the homogeneity of the
silica shell (about 10 nm thick) and the growth of the
magnetic material inside the nanoreactor. Additionally,
a HRTEM analysis of the nanoreactor (Figure 3c) shows
the crystalline nature of the magnetic particles formed.
Further evidence of the formation of Ni inside the reactor
are provided by the EDS spectra (Figure 3d), which clearly
show the presence of Ni. Given that Ni*" reduction takes
place on the surface of the Pt;, nanoparticles, a layered
morphology is obtained. The formation of this layered but still
hollow structure was confirmed by XEDS measurements
(Figure 3e), with analogous profiles for SiO, (blue), Pt
(orange), and Ni (green) that point out this kind of
morphology. A selected-area electron-diffraction (SAED)
pattern (Supporting Information, Figure S3) confirms the
presence of metallic Ni, although it does not discount the
presence of small amounts of nickel oxide or hydroxide.
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Figure 3. a) TEM image of the Pt,/SiO, nanoreactor after growing
nickel inside; b) closer view of the edge of the Pt/SiO, membrane;

c) HRTEM image of Ni and Pt nanoparticles located in the inner
surface; d) EDS spectra; and e) XEDS profiles (determined following
the purple line trajectory indicated in the inset TEM image), demon-
strating the composition and hollow nature of the capsules. Scale bar
in inset: 100nm.

The amount of nickel reduced inside the capsule can be
finely tuned by controlling the Ni*" precursor concentration
employed. Thus, capsules with specific amounts of Ni loaded
inside were prepared, highlighting their different magnetic
behavior. The magnetic nanostructures contained in the
hollow capsules were characterized using VSM magneto-
metry. The magnetic response depends directly on the type of
magnetic material formed but also on the size and interac-
tions between the nanostructures attained inside the capsules.
The hysteresis loops included in Figure 4a,b (T=5 and
300 K) reflect two main contributions in both samples; one of
these is responsible for the large magnetization values owing
to ferromagnetic (FM) metallic nickel, which is superimposed
on the antiferromagnetic (AFM) linear contribution (M, =
¥« H, clearly observed at low temperature) responsible for the
non-saturation of the magnetization at high field values. This
AFM contribution, which is more defined in sample A,
corresponds to the nickel oxide and hydroxide magnetic
phases identified.

The reason for a higher (or more visible) AFM contribu-
tion in sample A can stem from the fact that the magnetic
nanoparticles are smaller, which is due to the lower amount of
Ni?" precursor employed. Smaller nanoparticles imply an
increased surface-to-volume ratio and therefore an increase
in the proportion of magnetic material that has become
oxidized. This is also reflected in the saturation magnetization
(M,) values at high fields that reach 5 emug™"' for sample A
(higher proportion of AFM NiO and/or Ni(OH,)), compared
to the 15 emug ' for sample B (higher proportion of FM Ni).
Despite these important values in terms of M, for both
samples, especially in the case of sample B, they keep the
superparamagnetic character regarding the very small almost
null coercivity values observed at T=300 K. This nearly
superparamagnetic character of the magnetic hybrids under-
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Figure 4. a,b) Field-dependent magnetization curves (at T=5 and
300 K) of sample A (a) and B (b). c) ZFC-FC magnetization curves
(H=100 Oe) of A and B.

lines the individuality of the very small nanoparticles formed
inside the cavities.

Zero-field-cooled (ZFC) and field-cooled (FC) magnet-
ization curves (Figure 4 c) recorded after cooling the samples
in zero field and in a small field (H =100 Oe) respectively,
from room temperature to 5 K. The ZFC curve corresponding
to sample A displays a maximum around 121 K while
sample B ZFC curve maximum is located close to but above
300 K. For sample A, both curves coincide at high temper-
atures and may exhibit a paramagnetic-like decay with
increasing temperature, reflecting the superparamagnetic
response of the particles within the time window of the
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measurement technique. With decreasing temperature the
curves split; the ZFC reaches the maximum at 75 =121K,
which roughly corresponds to the average blocking temper-
ature of the nanoparticles and decreases thereafter, while the
FC curve keeps increasing until it reaches a plateau.

The main reason for a markedly different T} is usually
related to the final size of the nanoparticles, but in that case,
very different coercivities would be observed. An assembly of
noninteracting and identical nanoparticles with volume V and
magnetic anisotropy K would have zero coercivity above the
blocking temperature Ty (Tpa)=121K, Tp >300K). In
contrast, in the samples, the spread in K and V leads to a range
of T and the existence of a finite coercivity at 300 K. Thus,
apart from or along with the fact that different sizes of the
nanoparticles formed inside the capsules, we should take into
account the oxidation at their surface (the Ni’/Ni*" ratio in the
nanoparticle composition, as already mentioned) and the
distance in between (which defines the strength of interpar-
ticle interactions).

The magnetic interactions can be rather strong between
the bare nanoparticles formed, as this mechanism of forma-
tion lacks of any type of molecules at their surface. This
situation favors dipole—dipole interactions owing to the
proximity of adjacent particles, and exchange interactions
across grain boundaries can also be established, altering the
anisotropy energy barrier Ey and causing a shift in the
blocking temperature of the ZFC curve towards higher
temperatures. Additionally, there is also a tendency toward
increased broadening of the peak.[*®! The presence of strong
magnetic interactions in both samples is indeed inferred from
the ZFC-FC curves because the temperature at which
irreversibility between them takes place at high temperature
(T, > 200 K in sample A and Tj,>300 K in sample B). This
T, is quite close to Ty, despite the fact of the very broad peak
(generally associated to nanoparticles polydispersity) shown
in the ZFC curve. Furthermore, in both cases, the FC curve
reaches a plateau as decreasing temperature. As both samples
are composed of small primary nanocrystals, they retain the
superparamagnetic behavior at room temperature (almost no
coercivity), but in view of the magnetic interactions estab-
lished they show much higher saturation magnetization than
individual nanodots®® and a higher T,

In summary, we have reported the effective preparation of
highly active nanoreactors based on the encapsulation of Pt,
nanoparticles inside hollow porous silica capsules. Especially
relevant is the fact that the catalytic activity of these Pty
nanoparticles is preserved after the encapsulation process.
Furthermore, these nanoreactors are not just useful for the
performance of chemical reactions in organic solvents by
means of the easy functionalization of silica and its later
dispersion in these solvents, but also for the fabrication of
confined materials. Thus, making use of the catalytic activity
of the Pty nanoparticles, different metals can be reduced
inside the capsules, which may provide different synthetic
advantages, such as the formation of new catalysts inside the
nanoreactor that would otherwise be difficult and/or the
addition of extra functionalities. As a proof of concept, Ni
nanoparticles were synthesized in the inner cavity of the
system, leading to the formation of an interesting type of
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composites with tunable magnetic properties. The interest of
these Ni-based composites lies in both their capability to be
manipulated through an external magnetic field and the
excellent catalytic properties of this metal.[**?

Experimental Section
All chemicals were of analytical grade and used without further
purification.

Polystyrene (PS) beads (600 nm, Microparticles GmbH, 0.018
standard deviation) were coated with four alternating polyelectrolyte
monolayers by using the electrostatic self-assembly layer-by-layer
method.?! The PS nanoparticles were firstly grafted with polystyrene
sulfonate (PSS), a negatively charged polyelectrolyte. Poly(allylamine
hydrochloride) (PAH) as positively charged polyelectrolyte was then
grafted onto the particles. This process was repeated in order to
obtain PS grafted with four layers of polymers (PS/PSS/PAH/PSS/
PAH). Four layers of polyelectrolytes were chosen instead of two to
improve the homogeneity of the coating shell and generate the
positive surface charge (zeta potential, § =+ 40 mV) necessary for the
electrostatic adsorption of 20-30 nm dendritic Pt (Pt,) nanoparticles
(E=-20mV).

The Pty nanoparticles to be deposited onto the PS surface were
synthesized as described elsewhere.”® Briefly, sodium borohydride
(122 mL, 0.02m) was added as a reducing agent to a solution of
sodium citrate (1.25mL, 0.1m) and K,PtCl, (1.25mL, 0.1m) in
ultrapure water (21.5mL) and the resulting solution stirred for
10 min. For Pt deposition on the PS surface, PS@PSS/PAH/PSS/PAH
(5 mgmL™") was added to a solution of Pt seeds (25.2 mL, 4.96 mm),
and 1h later the solution was centrifuged (20 min, 5000 rpm) and
redispersed in pure water (20 mL) resulting in the removal of non
deposited and free Pt dendritic nanoparticles.

Silica coating to give PS@Pt,@SiO, was carried out following the
method described by Graf et al.l*¥! Briefly, of polyvinylpyrrolidone
(PVP; 1.5mL, 110 mgmL~'; MW =40000) was added to a PS@Pt
dendritic suspension (5 mL, 1.25 mgPSmL™!). Two hours later, the
suspension was washed three times by centrifugation at 3000 rpm, the
sediment resuspended in 10 mL of a solution of NH,OH in ethanol
42 % (v/v), and sonicated for S min. A solution of tetracthoxysilane
(TEOS) in ethanol (43.5uL, 10% v/v) was then added to the
suspension, centrifuged three times, and washed with water.

Hollow capsules of Pt;@SiO, were fabricated by dissolving PS
cores, which was achieved by shaking the bead suspension in an 1:1
ethanol/chloroform mixture in an orbital shaker for three days.
Hollow capsules were washed and centrifuged three times, the first
two with ethanol and then with water.

To obtain magnetic hollow structures of Ni-Pt;@SiO, by confined
growth of metal NPs, the Pt,@SiO, dispersion (0.5 mg capsulesmL ")
was added to an aqueous solution (10 mL) containing a quantitative
amount of NiCl, and hydrazine. Thus, NiCl, (1.7x107>m) and
hydrazine (0.35M) was used for sample A, and NiCl, (2.1x107%m)
and hydrazine (0.39m) for sample B. The mixture was maintained at
40°C for 2 h, then centrifuged (4000 rpm, 15 min) and washed with
water and ethanol (twice with each solvent).

TEM images were obtained using a JEOL JEM 1010 trans-
mission electron microscope operating at an acceleration voltage of
100 kV. HRTEM, STEM, and elemental mapping by XEDS analysis
were carried out with a JEOL JEM 2010F transmission electron
microscope operating at an acceleration voltage of 200kV. A
vibrating sample magnetometer (VSM) was employed for the
magnetic characterization.
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