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ABSTRACT: Annealing of MnO@SiO, nanospheres in a reducing
gas environment resulted in the transformation of the core—shell
structure into a hollow structure as a result of outward diffusion of
MnO species into the thermodynamically more stable silicate phase.
When the hollow silicate nanospheres were oxidized, the interior
cavities were refilled with a Mn;O, phase segregated from the silicate
phase, and the hollow structure reverted to the initial core—shell
structure. More interestingly, when catalytically active Pt nanocrystals

were introduced into the manganese oxide/silica system, the Mn;0,

was readily reduced to the chemically reactive MnO, even at low temperature, which enabled reconversion of the solid
nanospheres with a Mn;O, core to hollow nanostructures during reductive annealing. Therefore, when MnO@SiO,/Pt(1I)
nanospheres were subjected to an oxidation/reduction cycle by repeatedly switching the flowing gas between air and hydrogen,
the nanospheres underwent a reversible change between solid and hollow structures, depending on the gas environment. The
solid-to-hollow-to-solid transformation was successfully cycled many times simply by repeatedly switching the flowing gas during

annealing.

1. INTRODUCTION

Although there have been significant advances in synthetic
techniques in the past two decades, enabling us to produce a
variety of nanocrystals, control of their transformations
between different crystalline phases and morphologies and
the consequent changes in their properties still remain a
significant challenge. Most of the currently available synthetic
methods for the production of nanocrystals use a bottom-up
process, which involves the reduction of metal precursors or the
decomposition of metal complexes in a solution containing
organic stabilizers." Recently, the concept of “nanocrystal
conversion chemistry”, which involves the chemical trans-
formation of preformed nanocrystals into new nanostructures,
has emerged as an alternative approach.” This approach gives
access to more complex materials that cannot be obtained using
traditional methods.> In particular, the effectiveness of this
strategy has been successfully proved by the production of
hollow nanocrystals,4 which have attractive properties for
emerging applications, including nanoreactor,’ drug-delivery
vehicles,® contrast agents for molecular imaging,” and energy
materials.® Most of the syntheses reported so far use the
morphological transition of the precursor nanocrystals, which
irreversibly proceeds from solid to hollow structures during the
phase transition, using galvanic replacement,” diffusion-
mediated chacogenization and phosphidation,10 or ion-
exchange reactions.!! However, to date, it is still rare to find
the report that deals with the reversible interchange between
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solid and hollow nanostructures in either solid or suspension
state.'>"?

In this context, our research have been focused on employing
the solid-state conversion of nanocrystals to develop a novel
fabrication method of a wide range of nanocrystalline materials
based on an understanding of the solid-state reactions taking
place at nanoscale.'* In our early study on the solid-state
reaction of manganese oxide nanocrystals confined within
nanosized silica spheres, we had observed the thermal
transformation of the core—shell type nanosphere, which is
composed of a Mn;0, core and a silica shell incorporating Pd/
PdO nanocrystals, into hollow silicate nanostructure during the
annealing process.'™ In our continued effort to further
understand the inner-cavity evolution mechanism, it was
realized that the hollowing of the manganese oxide core is
caused by phase transition of separate MnO and SiO, into a
thermodynamically stable silicate phase. It was also discovered
that the hollow silicate nanospheres revert to the initial core—
shell structure when subjected to air oxidation, by filling of the
interior cavities with a Mn;O, phase segregated from the
silicate phase. More interestingly, the additional incorporation
of catalytically active Pt nanocrystals allows the low-temper-
ature reduction of the Mn;O, phase of the solid core into the
silicate shell and thus enables reversible and cyclical trans-
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formations from solid to hollow and back to solid
nanostructures during oxidation and reduction cycles (Scheme
1). In this paper, we report our findings on the reversible

Scheme 1. Reversible Transformation between Solid and
Hollow Nanostructures

MnO@SIO./M(ll)

HSNP

Mn,0,@Si0,/PtO

conversion between solid and hollow nanostructures, which
occurs through the dimensionally confined diffusive reaction of
manganese oxide and silica within nanosized spheres. We also
show that the reversible transformation from solid to hollow
and back to solid nanostructures can be cycled many times
simply by repeatedly switching the gas environment during the
annealing process. This is one of very few examples on
reversible interchange between solid and hollow nanostruc-
tures. This process can enable the reversible switching of the
contrasting properties of solid and hollow nanostructures.

2. EXPERIMENTAL SECTION

General Consideration. Any reagent including MnCl,-4H,0
(Kanto), sodium oleate (TCI), 1-octadecene (Aldrich), Igepal CO-520
(Aldrich), tetraethyl orthosilicate (Acros), NH,OH (Samchun chem.),
Ni(NO;),-«H,O (Strem), Na,PtCl,-»H,0 (Strem), and
Na,PdCl,-xH,0 (Strem) was used as purchased without any
purification. Analyses of transmission electron microscopy (TEM)
were conducted with JEOL JEM-2100F. Scanning tunneling
microscopy (SEM) was carried out with XL30S FEG (Philips, The
Netherlands). X-ray diffraction patterns were obtained by using X-ray
diffractometer (18 kW) (Mac Science, Japan).

Preparation of MnO Nanoparticles. MnO nanoparticles were
prepared by the method described previously with some modifica-
tions." In a typical procedure, 12.4 g of the manganese-oleate complex
(20 mmol), prepared by the reaction of MnCl,-4H,0 and sodium
oleate in a mixture of ethanol, water, and n-hexane, was dissolved in
100 g of 1-octadecene. The mixture solution was degassed at 70 °C for
1 h under a vacuum and then heated to 300 °C with vigorous stirring
for 1 h. After cooling to room temperature, 20 mL of hexane was
added to improve the dispersibility of the nanoparticles, followed by
adding 80 mL of acetone to precipitate the nanoparticles. The waxy
precipitate was retrieved by the centrifugation. The above purification
procedure was repeated to remove excess surfactant and solvent. The
purified MnO nanoparticles were dispersed in cyclohexane.

Preparation of MnO@SiO, and MnO@SiO,/M(ll) (M = Pt, Pd,
and Ni). The MnO@SiO, nanospheres were made by modification of
previously reported reverse microemulsion technique.'®

Igepal CO-520 (1.2 mL) was dispersed in a round-bottom flask
containing cyclohexane (22 mL) by sonication. Next, 10 mg of MnO
nanoparticles (8.1 Mn-mg) dispersed in cyclohexane was added to the
reaction solution. The resulting mixture was vortexed until the mixture
became transparent. An aqueous ammonium hydroxide solution (30%,
0.13 mL) was successfully added to the reaction mixture to form a
transparent suspension. Lastly, tetraethyl orthosilicate (0.4 mL,
TEOS) was added, and stirred for 15 h. The resulting MnO@SiO,
nanosphere in which a MnO core is surrounded by a SiO, shell, was
collected by the centrifugation. The collected MnO@SiO, nano-
spheres were purified by repeating the redispersion in EtOH and water
and then by centrifugation (5.7 Mn-mg, 70% of isolated yield based on
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Mn contents determined by the inductively coupled plasma atomic
emission spectrometry, ICP-AES). The organic content of the MnO@
SiO,, determined by the thermogravimetry analysis (TGA), was 14%.

The MnO@SiO,/M(II) (M = Pt, Pd, and Ni) nanospheres, which
contain MnO nanocores and M** complexes distributed over the silica
shell, were prepared through the same procedure with that applied for
MnO@SiO,, except for the use of 0.8 mL of Igepal CO-520 and the
addition of aqueous Na,PtCl,, Na,PdCl,, and Ni(NO,), solutions (4.7
mg/mlL, 0.2 mL), respectively, just before the addition of ammonium
hydroxide solution. Isolated yields of MnO@SiO,/Pt(Il), 75% (14%
of organic content); MnO@SiO,/Pd(Il), 89% (17% of organic
content); MnO@SiO,/Ni(II), 80% (15% of organic content).

Oxidative and Reductive Annealing of MNO@SiO,/M(ll) (M =
none, Pt, Pd, and Ni). In a typical annealing procedure, the powders
were placed in a tube-type furnace, respectively, heated up with 5 °C/
min, and annealed at various temperatures in a range 500—800 °C. For
the reductive and oxidative treatment, the annealing procedure was
performed under air environment and under a flow of Ar + 4% H,,
respectively. M-HSNP-500, -600, -700, and -800 (M = none, Pt, and
Pd) and Ni@HSNP-500, -600, -700, and -800 were prepared by
reductively annealing MnO@S$iO,/M(II) (M = none, Pt, Pd, and Ni)
at various temperature for 2 h. Mn;0,@Si0,, Mn;0,@Si0,/M(I1)O
(M = Pt and Pd), and NiMn,0,@SiO, were produced by annealing
M-HSNP-500 (M = none, Pt, Pd,) and Ni@HSNP-500 in air at S00
°C for 2 h, respectively. The experiment for investigating possibility of
the cyclic solid-to-hollow-to-solid transformations were performed
with MnO@SiO,/Pt(I) by repeatedly applying the reductive and
oxidative annealing for S h, respectively. Isolated yields of HSNP-500,
83%; -600, 94%; 700, 84%; -800, 83% ; Pt-HSNP-500, 84%; -600,
949%; -700, 89%; -800, 80% ; Pd-HSNP-500, 84%; -600, 91%; -700,
83%; -800, 94%; Ni@HSNP-500, 80%; -600, 94%; -700, 84%; -800,
88%; Mn,0,@Si0,, 94%; Mn;O,@Si0,/PtO, 87%; Mn,0,@Si0,/
PdO, 96%; NiMn,O,@SiO,, 92%.

Control Experiment with Ni** Complexes Incorporating
Silica Nanospheres. Silica nanospheres containing Ni** complexes
were synthesized in the absence of MnO nanoparticles, for the control
purpose, and annealed at high temperature. In the preparation
procedure, an aqueous solution of Ni(NO;), (32 mg, 0.35 mL) was
added to a cyclohexane solution (228 mL) containing 5.0 mL of Igepal
C0O-520, which followed by the addition of an ammonium hydroxide
solution (0.13 mL). TEOS (1.5 mL) was then added and stirred for 15
h. The silica nanospheres containing Ni** complexes were collected by
centrifugation and washed several times with EtOH and H,0. The
annealing of the silica nanospheres containing Ni** complexes was
conducted under a flow of Ar + 4% H, at 600 °C for 2 h (heating rate
S °C/min).

TEM Sample Preparation. For the TEM sample preparation, a
small amount of the annealed powder was added to a 0.5 mL of
distilled water (in an Eppendorf safe-lock microcentrifuge tube with
1.5 mL capacity) and then sonicated for a few minutes to disperse the
nanoparticles into a suspension. A drop of the resulting suspension
was then instilled on the standard TEM grid (carbon coated Cu grid
with 3.05S mm of diameter) and dried in air.

3. RESULTS AND DISCUSSION

3.1. Solid-to-Hollow Transformation of MnO@SiO,.
Core—shell nanospheres, MnO@SiO,, consisting of 15 (£3)
nm MnO cores and SiO, shells of average thickness 10 (+1)
nm, were synthesized by encapsulating oleic-acid-stabilized
MnO nanoparticles with silica shells using a modified reverse-
microemulsion technique.16 When the MnO@SiO, nano-
spheres were treated under a flow of Ar + 4% H,, which
protects the MnO core against oxidation, hollowing of the
MnO core was observed to be brought about by annealing at
temperatures above 500 °C. The transmission electron
microscopy (TEM) images of the samples obtained after
reductive annealing at 500 °C for different periods showed that
void spaces began to appear upon reaching 500 °C, and further
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developed as annealing proceeded (Figure 1). The TEM image
after annealing for 5 h showed the conversion of 80% of the

Figure 1. TEM images of the MnO@SiO, nanospheres (a) before and
after the annealing under the reductive environment at S00 °C for (b)
0h, (c) 2h,and (d) 5 h, (e) at 600 °C for 2 h, and (f) at 700 °C for 5
h. Inset of (d) SEM image of the HSNP-500.

nanospheres initially having solid cores into structures with
hollow interiors of 12 (+4) nm average diameter. Scanning
electron microscopy (SEM) analysis showed that the exterior
morphology of the silica sphere was preserved during the
hollowing process. Annealing at 600 °C resulted in more rapid
development of the hollow cavities, leading to a solid-to-hollow
conversion of 92% of the nanospheres within 2 h. At higher
temperatures, such as 700 and 800 °C, the hollow
nanostructures collapsed and coalesced into irregularly shaped
grains. X-ray diffraction (XRD) analysis showed that the
reflection peaks of the MnO phase of the MnO@SiO,
decreased with increasing annealing temperature from 500 to
800 °C, and the full set of reflection peaks corresponding to the
Mn,SiO, phase appeared after annealing at 800 °C. This
indicates that the MnO and SiO, species, each initially
separated in the core and shell areas of MnO@SiO,, were
mixed together, while preserving their oxidation states, at high
enough temperatures to allow atomic migration, and developed
into the more stable crystalline phase Mn,SiO, phase (Figure
2)."7 1t has previously been noted that the formation of
manganese silicate from mixtures of MnO and SiO, is a
thermodynamically favorable process."® Therefore, it can be
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Figure 2. XRD patterns of the MnO@SiO, nanosphere before and
after the annealing at various conditions.

understood that the hollowing process was driven most likely
by the higher thermodynamic stability of the resulting Mn,SiO,,
phase. Therefore, it can be understood that the hollowing
process does not involve any redox reaction and is driven
mainly by the higher thermodynamic stability of the resulting
Mn,SiO, phase. The observed hollowing phenomenon can be
explained by a nanoscale Kirkendall mechanism, in which
outward diffusion of fast-moving MnO species is dominant over
inward transport of SiO,."” The outward diffusion of Mn in the
hollowing process of MnO@SiO, may be inferred from the
gradual expansion of the dark TEM contrast from core to shell
during development of the interior cavity.

3.2. Hollow-to-Solid Transformation of HSNPs. When
the MnO@SiO, nanospheres were treated under an air
atmosphere, the MnO core was oxidized to the Mn;0,
phase, while preserving its initial shape and size, thus generating
Mn;0,@SiO, nanospheres with a core—shell structure. The
successive annealing of Mn;O,@SiO, did not cause any further
changes in the morphology and crystalline phases, even in a
reducing-gas environment (Figure S1). This is probably
because the Mn;O, phase and SiO, are immiscible. On the
basis of this, we hypothesized that the oxidation of the MnO—
SiO, mixture phase might cause a shift in the phase equilibrium
and induce further changes in the hollow morphology of
HSNPs. When HSNP-500 was treated in air at 500 °C to test
our hypothesis, it was found that the interior cavity became
filled with a crystalline core, and as a result, the hollow structure
was converted back to a solid-core structure. TEM, high-
resolution TEM (HRTEM), and SEM analyses revealed that
air-annealing returned the hollow nanospheres of HSNP-500 to
the initial core—shell structure (Figure 3). The Mn;0,
crystalline phase of the core, which was identified by
HRTEM and XRD analyses, indicated that the resulting
nanospheres were chemically and morphologically almost
identical to the Mn;O,@SiO, nanospheres that were obtained
by annealing MnO@SiO, in air. The observed hollow-to-solid
transformation can be explained by a miscible-to-immiscible
phase transition of the manganese oxide—SiO, system; that is,
oxidative annealing of HSNP-500 resulted in generation and
segregation of the SiO,-immiscible Mn;O, species from the
MnO-SiO, mixture phase into crystalline grains inside the
cavity.”® Unlike HSNP-500, HSNP-600, which is presumed to
have progressed further toward the crystalline silicate phase, did
not undergo morphology changes during annealing. This
suggests that a metastable, amorphous, and compositionally
mixed state of the intermediate MnO-SiO, phase is
responsible for the hollow-to-solid conversion of HSNP-
500.>" The successive morphological changes from solid-core
MnO@SiO, to hollow-core HSNP-500, and back to solid-core
Mn;0,@SiO,, led us to anticipate fully reversible and cyclic
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Figure 3. (a) TEM and (b) HRTEM images and (c) XRD pattern of
the Mn;0,@SiO, obtained by annealing of HSNP-500 at 500 °C in
air. Inset of (a) SEM image of Mn;O,@SiO,.

transformations between solid and hollow interior structures.
However, since the Mn;O, phase is not readily reducible by
annealing, the transformation cycle, which would involve
conversion of Mn;0,@SiO, to HSNP-500, was not completed.

3.3. Solid-to-Hollow-to-Solid Transformation of
MnO@SiO,/Pt(ll) and MnO@SiO,/Pd(ll). With a view to
achieving the complete cycle of the solid-to-hollow-to-solid
transformation, we introduced noble-metal nanocrystals, such
as Pt, Pd, and Ni, which might catalyze the catalytic the
reduction of the Mn;O, phase. The incorporation of the
catalytic metal species was conducted by injecting aqueous
solutions containing Na,PtCl,, Na,PdCl,, and Ni(NO;),,
respectively, into the microemulsion suspension that was
previously used for the synthesis of MnO@SiO, nanospheres.
TEM images of the resulting solids showed the formation of
MnO@SiO,/M(II) (M = Pt, Pd, and Ni) nanospheres, which
contained MnO cores and silica shells incorporating, Pt**, Pd*",
and Ni** complexes. When MnO@SiO,/Pt(II) nanospheres
were treated under a flow of Ar + 4% H, at 500 °C, hollowing
of the MnO cores proceeded more rapidly and more apparently
than in the case of MnO@SiO,. All the nanospheres were
completely transformed to the hollow state within 2 h, resulting
in the formation of homogeneous products with spherical
interior cavities (Figure 4). The complete transformation of
crystalline grains inside the cavities was also supported by the
much diminished MnO peaks in the XRD pattern (Figure S).
The cavity evolution process for MnO@SiO,/Pt(II) was
somewhat different in detail from that for MnO@SiO,;
multiple numbers of voids emerged simultaneously in the
MnO core, expanded together as annealing proceeded, and
finally merged into spherical cavities. The hollow trans-
formation was accompanied by conversion of Pt** complexes
to tiny Pt nanocrystals. The resulting Pt-HSNP nanospheres
therefore consisted of a hollow silicate shell with inner and
outer diameters of 13 (+3) nm and 32 (+2) nm, respectively,
and embedded Pt nanocrystals. Increasing the annealing
temperature of MnO@SiO,/Pt(Il) to 700 °C caused the
collapse of the hollow nanostructures and coalescence of the Pt
nanocrystals into larger grains. The XRD analysis indicated
transition of the intermediate MnO—SiO, phase into a
crystalline silicate with XRD-detectable grain sizes, even at
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Figure 4. TEM images of the MnO@SiO,/Pt(I) nanospheres (a)
before and after the annealing under the reductive environment at 500
°C for (b) 0 h, (c) 2 h, and (d) S h, (e) at 600 °C for 2 h, and (f) at
700 °C for S h. Inset of (d) HRTEM image for showing crystalline
lattice of Pt phase.
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Figure 5. XRD patterns of the MnO@SiO,/Pt(II) nanosphere before
and after the annealing at various conditions.

700 °C, which is lower than the corresponding temperature for
MnO@SiO,. The enhanced transformability of the MnO@
SiO,/Pt(1I) nanospheres may be attributed to the generation of
catalytic Pt nanocrystals, which enable the low-temperature
reduction of the passivated Mn;O, layer on the core surface
into the chemically labile MnO phase. The MnO@SiO,/Pd(II)
nanospheres showed similar transformation behavior to that of
MnO@SiO,/Pt(1l); Pd-HSNP nanospheres with hollow
interior cavities were generated by reduction at 500 and 600
°C (Figures 6 and 7). The only distinct difference between
their phase transitions was the crystalline polymorph of the
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powders at 500 °C revealed the growth of Mn;O, grains,
respectively, inside the cavities (Figure 8). It was also observed
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Figure 8. TEM images (a) the Mn;0,@SiO,/PtO, (b) the Mn,0,@
Si0,/PdO, and (c) their XRD patterns. Inset of (a) HRTEM image
for showing crystalline lattice of PtO phase.

that the embedded Pt and Pd nanocrystals were oxidized to
PtO and PdO, respectively, which resulted in the formation of
Mn;0,@SiO,/PtO or Mn;0,@Si0,/PdO nanospheres, each
consisting of Mn;O, nanocrystals in the core and multiple
numbers of PtO or PdO nanocrystals embedded in the silica

o shell.
Figure 6. TEM images of the MnO@SiO,/Pd(II) nanospheres (a) 3.4. Reversible and Cyclical Transformations between
before and after the annealing under the reductive environment at 500 Solid and Hollow Nanostructures. In order to verify the
°C for (b) 0 h, (c) 2 h, and (d) S h, (e) at 600 °C for 2 h, and (f) at feasibility of fully reversible conversion between the hollow and
700 °C for S h. solid nanostructures, we examined the possible reversion of the
solid-core structures of Mn;O,@SiO,/PtO and MnO@SiO,/Pt
b4 Bl to hollow structures in a reducing environment. When
2e s o o o Mn;0,@Si0,/PtO nanospheres were annealed under a flow
. S ::::::::ﬂg of Ar + 4% H, at 500 °C, hollowing of the core and
= Pd-HSNP-600 regeneration of the interior cavity occurred within S h. The
R A . . resulting nanostructure, which consisted of a hollow shell with
e P HSNP-300 an inner diameter of 11 (+3) nm and an outer diameter of 32
T : . <r:|> PdO (+2) nm, and several embedded Pt nanocrystals, was identical
— = n S Musio, to that of the Pt-HSNP-500 initially prepared from MnO@
30 40 50 60 70 SiO,/Pt(II) (Figure S2). From the inertness of the Mn;O,@

SiO, nanospheres under the same conditions, it was deduced
that the conversion of the Mn;0,@SiO,/PtO nanospheres to a
hollow structure might be ascribed to the presence of Pt, which
can catalyze the reduction reactions. In our efforts to further
resulting silicate; a MnSiO; phase resulted from the annealed understand the hollow transformation mechanism, it was found
MnO@SiO,/Pd(Il), but in the case of MnO@SiO,/Pt(II), that the reductive annealing of Mn;O,@SiO,/PtO at 200 °C
Mn,SiO, developed as a crystalline silicate phase. Although the caused the reduction of Mn;O, and PtO to MnO and Pt

Figure 7. XRD patterns of the MnO@SiO,/Pd(II) nanosphere before
and after the annealing at various conditions.

reaction mechanism is not fully understood, it may be inferred respectively, while preserving the sizes and shapes of the
that the MnSiO; is favored in the equilibrium among nanocrystals (Figure 9a). This resulted in formation of MnO@
manganese silicate species to by the embedded Pd nano- SiO,/Pt containing a MnO nanocore and small Pt nanocrystals
particles.” distributed around the silica shell. Considering that a high

When the Pt-HSNP-500 and Pd-HSNP-500 nanospheres temperature, above 1300 °C, is required for the reduction of
were oxidized by annealing in air, their interior cavities were all the bulk Mn;O, phase, the reductive transition of Mn;O,@
refilled with crystalline grains, and thus their hollow structures Si0,/PtO at a temperature as low as 200 °C is quite unusual.”®
returned to the initial core—shell structures. The HRTEM and When silica nanospheres containing Mn;O, nanoparticles

XRD analyses of air-annealed Pt-HSNP-500 and Pd-HSNP-500 prepared without addition of a Pt** complex were annealed
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Figure 9. TEM images of (a) the MnO@SiO,/Pt and (b) the Pt-
HSNP regenerated by reductively annealing the MnO@SiO,/Pt at S00
°C and (c) their XRD patterns.

in a hydrogen atmosphere as a control, the reduction of Mn;0,,
was not observed, even at 800 °C.

The enhanced reducibility of Mn;O0,@SiO,/PtO can be
understood in terms of a Pt-catalyzed process involving the
spillover of hydrogen atoms from the surfaces of prereduced Pt
nanocrystals, and nanometer-distance migration of the hydro-
gen atoms over the silica matrix to reach and reduce Mn,;0,**
It was observed that the MnO@SiO,/Pt was also converted to
a hollow structure by subsequent annealing at 500 °C (Figure
9b). From these observations, the hollow transformation of
Mn;0,@SiO,/PtO can be explained by a mechanism involving
successive steps, namely generation of Pt nanocrystals from
PtO, the Pt-catalyzed reduction of the Mn;O, phase to the
MnO phase, and outward diffusion of the reduced MnO species
into the silicate phase. The reverted Pt-HSNP nanospheres
were found to be reconverted to the solid-core structure of
Mn;0,@Si0,/PtO during progressive oxidation treatments.
The reductive annealing of Mn;0,@SiO,/PdO also resulted in

transformation to hollow Pd-HSNP; this is similar to the results
observed for Mn;0,@Si0,/PtO (Figure S3).

The observation of a series of transformations encouraged us
to investigate the possibility of fully reversible and cyclic
transformations between solid and hollow nanostructures. For
this purpose, MnO@SiO,/Pt(Il) nanospheres were subjected
to an oxidation and reduction cycle by repeatedly switching the
flowing gas between air and hydrogen during annealing at 500
°C. The morphology changes were monitored by sampling the
annealed products between individual steps. As shown in Figure
10, the TEM images of the annealed products revealed the
successive transformation of the nanospheres from solid
MnO@SiO,/Pt(Il) to hollow Pt+-HSNP to solid Mn,0,@
SiO,/PtO, followed by a repeating transformation cycle
between Pt-HSNP and Mn;0,@SiO,/PtO. Elementary map-
ping analyses using energy-dispersive X-ray spectroscopy
(EDX) showed localization of Mn species at the shell for the
hollow Pt-HSNP nanospheres and in the core region for the
solid (Figure 11).

Figure 11. Dark field STEM images of (a) the MnO@SiO,/Pt(1I), (b)
the Pt-HSNP, and (c) the Mn;0,@SiO,/PtO, which carry the EDX
line profiles for showing the Mn distribution.

MnO@SiO,/Pt(Il) nanospheres, which support reversible
diffusion of the Mn species outward from the core into the
shell, and from the shell to the core, during the oxidation and
reduction processes, respectively. It was therefore clearly shown
that the MnO@SiO,/Pt(Il) nanospheres underwent reversible
changes between solid and hollow structures of the oxidized
Mn;0, and reduced MnO-SiO, phases, respectively, as a
function of the gas environment, and the solid-to-hollow-to-
solid transformation was successfully cycled many times simply
by repeatedly switching the flowing gas during annealing

3.5. Transformation of MnO@SiO,/Ni(ll). While the
MnO@SiO,/Ni(II) nanosphere were also converted into the
structure with inner-cavity by the reductive annealing, its

R
Evth,

eleett,

Figure 10. TEM images for showing the cyclical transformation between solid and hollow interior structure during the successive annealing at S00
°C with repeatedly switching the flowing gas between air and hydrogen .
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hollowing process was somewhat different in detail from those
for MnO@SiO,/Pt(Il) and MnO@SiO,/Pd(II). Therefore, it
was found that a single Ni grain was initially created at the
interface between MnO and SiO,, and then guided the
formation and expansion of a void space in its vicinity,
generating a rattlelike structure of Ni@HSNP which consists of
a hollow silica shell with inner and outer diameters of 11 (+5)
nm and 32 (+2) nm, respectively, and a single Ni nanocrystal
with an average size of 6 (+1) nm captured inside the cavity
(Figure 12). It may be inferred from this observation that the

Figure 12. TEM images of the MnO/Ni**@SiO, nanospheres (a)
before and after the annealing under the reductive environment at 500
°C for (b) 0 h, (c) 2 h, and (d) S h, (e) at 600 °C for 2 h, and (f) at
700 °C for S h.

interface between the MnO core and the SiO, shell of the
MnO@SiO,/Ni(II) nanospheres provided a preferential site for
the nucleation and growth of a single Ni nanocrystal (Figure
13)."> When silica nanospheres containing Ni** complexes
were prepared in the absence of MnO nanoparticles and treated
at high temperature, for the control purpose, it generated
multiple numbers of tiny Ni nanocrystals distributed over the
silica spheres (Figure S4). The oxidative annealing of Ni@
HSNP-500 gave rise to the growth of an NiMn,O, phase inside
the cavity, thus resulting in the formation of NiMn,O,@SiO,
nanospheres consisting of a crystalline NiMn,O, core and
amorphous silica shells (Figure 14).

When the NiMn,O,@SiO, nanospheres were reductively
annealed under conditions suitable for examining possible
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Figure 13. XRD patterns of the MnO/Ni**@SiO, nanosphere before
and after the annealing at various conditions.

NiMn;0,@5i0;

W NiMn, O,

70

Figure 14. (a) TEM and (b) HRTEM images and (c) XRD pattern of
the NiMn,0,@SiO,.

transformation to a hollow structure, the NiMn,O, core was
not reduced and did not react with silica under the annealing
conditions. Therefore, any further changes were not detected in
the morphology and crystalline phase of the NiMn,0,@SiO,.

4. CONCLUSION

In summary, in the course of a study of confined reactions of
MnO nanocrystals inside silica nanospheres, we found
transformation to a hollow structure as a result of outward
diffusion of MnO species into the thermodynamically more
stable silicate phase of the shell. It was also discovered that
oxidation reconverts the hollow nanostructure to the solid-core
structure through the growth of SiO,-immiscible Mn;O, grains
inside the cavities. By introducing the catalytic Pt nanocrystals,
which enable the low-temperature reduction of Mn;O,, we
successfully demonstrated a reversible transformation from
solid to hollow and again to a hollow nanostructure, which can
be cycled as a function of the gas environment. This result
suggests that the reversible and controllable conversion
between hollow and solid nanostructure with contrasting
properties can be achieved by designing the core—shell system
in which the phase-miscibility between core and shell materials
can be intentionally switched. We believe that this reversible
and cyclical transformation between solid and hollow structures
could be used to develop environment-responsive systems with
switchable performances. Future research efforts will be
directed toward this end.
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