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Ni@SiO2 core-shell nanoparticles were transformed to Ni

particles on silica spheres via a branched nickel phyllosilicate

phase by hydrothermal and hydrogen reduction reactions;

the final morphology was successfully employed as an active

nanocatalyst for the hydrogen transfer reaction of acetophenone.

As particle size decreases, physical and chemical properties of

materials are largely dominated by their surface nature.1 In

general, chemical reactions of nanostructured materials

proceed more rapidly than those of the bulk forms, because

of large surface-to-volume ratio and high surface energy. As

well as such enhanced reactivity, chemical transformation

usually accompanies simultaneous morphological change of

the original structure. For instance, oxidation of cobalt nano-

particles in solution converts their shapes from spherical to

porous hollow shells through the nanoscale Kirkendall effect.2

This morphology change directly adjusts the material properties,

and can open up a wide range of applications.

Recently, metal–silica hybrid nanostructures have been

investigated in various fields, such as catalysis, sensing,

imaging, and therapy, due to silica’s high thermal stability

and biocompatibility with controllable pore textures, and

because it does not alter the physical nature of the metal

components.3 The inertness of the silica framework allows it to

be a nanosized reaction vessel, where chemical reactions occur

under a stable environment even at high temperature.4 In some

cases, silica can participate in the reaction with metals to form

metal phyllosilicates (or metal silicate hydroxides), which is

important for stabilization of metal nanoparticles on the

catalyst support.5

In the present work, we report on a novel chemical trans-

formation and subsequent morphology change of a nickel–silica

hybrid system. Nickel cores inside silica shells in Ni@SiO2

formed nickel phyllosilicate with an urchin-like morphology

under hydrothermal conditions, and tiny nickel nanoparticles

were regenerated on silica spheres by hydrogen reduction

(Scheme 1). The resulting Ni/SiO2 nanospheres showed high

activity and reusability for the hydrogen transfer reaction of

acetophenone.

Nickel nanoparticles were synthesized by thermal

decomposition of nickel–oleylamine complexes.6 The nickel

precursor, nickel(II) acetylacetonate, was dissolved in a

mixture of oleylamine and trioctylphosphine (TOP). The

resulting mixture was slowly heated to 230 1C for 20 min,

and aged for 40 min at the same temperature. The trans-

mission electron microscopy (TEM) image shows mono-

disperse nickel nanoparticles with an average diameter of

5.3 � 0.2 nm (Fig. 1a). The high resolution TEM (HRTEM)

image of a single nanoparticle exhibits continuous atomic

lattice fringes (Fig. 1b), indicating its single-crystallinity. The

distance between neighbouring fringe images is 0.20 nm,

corresponding to the lattice spacing of (111) crystallographic

planes. The X-ray diffraction (XRD) pattern represents a

face-centered cubic (fcc) nickel structure (JCPDS No. 04-0850),

and the electron diffraction (ED) shows two ring patterns,

assignable to (111) and (220), respectively (Fig. S1, ESIw). The
nickel nanoparticles were successfully coated with silica using

the microemulsion method.7 A nickel particle dispersion in

cyclohexane was mixed with igepal CO-630 and ammonia, and

tetramethyl orthosilicate (TMOS) was simultaneously injected

into the mixture, which was stirred at room temperature for 1 h.

The TEM images show that silica layers are uniformly coated

outside the nickel cores with an average thickness of

9.2 � 1.1 nm (Fig. 1c and d). More than 90% of the silica

spheres contain single nickel cores. The average diameter of

the Ni@SiO2 particles is estimated to be 26 � 2 nm. The XRD

pattern is a simple combination of an intense peak of SiO2 and

small peaks of fcc nickel.

The Ni@SiO2 core-shell particles are stable under neutral

conditions. However, when the particle dispersion in water

was refluxed under weak basic conditions (pH = 9.6), the

black dispersion turned dark green within 20 min. The TEM

image shows spherical particles having needle-like, thin

branches (Fig. 2a). The average diameter of the spheres is

estimated to be 25 � 1 nm, which is unchanged from the

original Ni@SiO2 diameters. The branches are ca. 5 nm in

length and 1 nm in thickness, dimensions typically observed

in the nickel phyllosilicate phase. The XRD peaks are

discernable at y = 34, 37, and 611, and are clearly

assigned to (200), (202), and (060) diffractions of pecoraite

Ni3Si2O5(OH)4 (JCPDS No. 49-1859), respectively. The broad

Scheme 1 Chemical transformation and subsequent morphology

change of nickel–silica hybrid nanoparticles.
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peaks centered at y = 21–241 correspond to the overlap of

residual amorphous SiO2 and (004) of nickel phyllosilicate.

These results indicate that the particles are composed of the

main silica spheres and nickel phyllosilicate branches.

Nickel phyllosilicates are generally prepared through

precipitation of nickel onto a silica surface by basification of

nickel(II) solutions under a hydrothermal condition.8 In a basic

solution, nickel hydroxide is the most thermodynamically

stable species among nickel aqua species at a temperature

range of 25–100 1C, according to the Pourbaix diagram.9 The

nickel hydroxide species react with silicic acid to formNi–O–Si

bonds, and subsequent steps of polymerization lead to the

layered structure of nickel phyllosilicate. Burattin et al.

suggested the formation nickel phyllosilicates on silica matrix

both by Ni–O–Si hetero-condensation/polymerization and by

Ni–OH–Ni olation/polymerization routes.10 Cui et al. also

reported branched nickel phyllosilicates generated by the

dissolution of a nickel salt and the simultaneous condensation

with silica.5b Based on these mechanisms, the formation

process of the branched spheres from the Ni@SiO2 nanoparticles

is proposed as follows. (i) The nickel(0) cores are oxidized to

form nickel hydroxides under a hydrothermal condition.

(ii) Nickel hydroxide species are diffused into the silica layers

through defects and pores, and react with the surface hydroxides

on the walls to yield 1 : 1 nickel phyllosilicate. (iii) Further

polymerization occurs on the Ni(II) sites, thereby extending

thin branches outward from the original silica shells.

This urchin-like morphology with the thin branches

provides a high surface area of the constituent materials.

A nitrogen sorption experiment result at 77 K exhibits a

type-IV isotherm with type H3 hysteresis (Fig. S2, ESIw).
The surface area and pore volume were estimated to be

388.5 m2 g�1 and 0.95 cm3 g�1, respectively, comparable to

those of mesoporous silica balls.

The thin branches were easily deformed and converted to

dark dots when the electron beam was directly irradiated

during the TEM measurement (Fig. S3, ESIw). The high

energy electrons may reduce the nickel phyllosilicate to form

nickel nanoparticles. It is known that high temperature

treatment of nickel phyllosilicate leads to dehydroxylation of

silicate and nickel oxide formation.11 Motivated by the TEM

result, the branched nickel phyllosilicate particles were treated

at 700 1C for 10 h under a continuous hydrogen flow.

Sufficient reduction yielded amorphous silica and fcc nickel

peaks in the XRD spectrum (Fig. 2e). The TEM image clearly

shows the morphology change of the Ni/SiO2 nanoparticles

(Fig. 2c and d), where tiny nickel nanoparticles are located on

the surface of silica spheres. The average diameter of the silica

spheres is 24 � 1 nm, which is nearly identical to the diameter

of the original Ni@SiO2 and branched nickel phyllosilicate

nanoparticles. The tiny nickel particles are single crystalline,

and the mean diameter is B3 nm, as measured from the

HRTEM image (Fig. S4, ESIw). This is in good agreement

with the value (2.5 nm) calculated from the FWHM of the

(111) peak in the XRD spectrum using the Debye–Scherrer

equation. The lattice spacing between neighboring fringes is

0.20 nm, corresponding to that of (111) in fcc nickel. The Ni

loading content is measured to be 30 wt% by energy dispersive

X-ray fluorescence (EDXRF) spectroscopy. The surface area

and total pore volume of the particles are calculated to be

220 m2 g�1 and 0.69 cm3 g�1 (Fig. S2, ESIw), respectively,
reflecting morphology change from branches to tiny nano-

particles on the silica spheres.

Fig. 1 TEM and HRTEM images of (a,b) Ni and (c,d) Ni@SiO2

nanoparticles. The bars represent (a) 50 nm, (b) 5 nm, (c) 100 nm, and

(d) 10 nm.

Fig. 2 TEM and HRTEM images of (a,b) nickel phyllosilicate/SiO2

and (c,d) Ni/SiO2 nanostructures. (e) XRD spectra of Ni@SiO2, nickel

phyllosilicate/SiO2, and Ni/SiO2 nanostructures. The bars represent

(a,c) 50 nm and (b,d) 10 nm.
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It is interesting that the nickel atoms concentrated on the

center of the Ni@SiO2 particles were evenly distributed in the

silica matrix as a form of nickel phyllosilicate, and eventually

migrated to the silica surface, generating tiny nickel particles.

The final morphology of the Ni/SiO2 nanostructure can be

regarded as active metal nanoparticles embedded on the silica

support, and thereby it is a promising bifunctional catalyst for

various heterogeneous reactions. It is worth noting that

apparent sintering of the nickel nanoparticles was not

observed during heat treatment at 700 1C for 10 h, although

the particle size is only B3 nm. This high thermal stability is

attributed to strong chemical interaction between the nickel

particles and the silica surface through Ni–O–Si bonding,

which originates from the nickel phyllosilicate phase.

Catalytic activity of the Ni/SiO2 nanoparticles was

examined for the hydrogen transfer reaction of acetophenone.

The heterogeneous hydrogen transfer reaction is known to be

superior to other reduction methods of organic compounds,

because of its simple reaction process and reusability.12 The

reactions were carried out with isopropanol as a hydrogen

donor at 80–150 1C (Table 1). When 0.05 mol% of the catalyst

was used with respect to the substrate amount, acetophenone

was successfully converted to 1-phenylethanol at 100 1C within

1 h in 93% yield (entry 2) without any by-products. To the best

of our knowledge, the Ni/SiO2 nanoparticles exhibit the

highest catalytic activity among heterogeneous nickel catalysts

for hydrogen transfer reactions,13 in that most of the previous

reactions used 10–50 mol% of the nickel catalysts to obtain

high yields of the products.14 This remarkably high activity

is attributed to the small particle size (B3 nm) and even

dispersion of the active nickel nanoparticles on the silica

support. The conversion rates were affected by the reaction

time and temperature (entries 3–6). After the reaction, the

Ni/SiO2 nanocatalysts were readily separated by centrifuga-

tion and could be reused five times under the present reaction

conditions without any loss of catalytic activity (entries 7–10,

Fig. S6, ESIw).
In conclusion, we have synthesized a Ni/SiO2 nanocatalyst

bearing tiny nickel nanoparticles embedded on silica spheres

by chemical transformation of Ni@SiO2 core-shells through

the branched nickel phyllosilicate phase. The final morphology

behaves as a highly active nanocatalyst for the hydrogen

transfer reactions. It is anticipated that this approach can be

a potential synthetic method for other bifunctional catalytic

systems forming metal phyllosilicates, such as cobalt and

magnesium/silica nanostructures.
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Entry Cat (mol%) T/1C Time/h Conv. (%)a
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2 0.05 100 1 93
3 0.1 150 1 97
4 0.1 100 1 94
5 0.1 80 1 54
6 0.1 100 0.5 88
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8 Recovered from #7 100 1 97
9 Recovered from #8 100 1 90
10 Recovered from #9 100 1 92

a Determined by 1H-NMR spectra. Yields are based on the amount of
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