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In this contribution, we present an efficient, versatile and green strategy for finely controlling the metal

(oxide) coating on core particles through in situ reaction of precursors in CO2 expanded ethanol

without using any precipitants. It not only avoids the formation of free metal (oxide) and/or naked

cores, but also permits individual dispersion of all the resultant particles without aggregation. With this

method, the composition, thickness, uniformity, and structure of the metal (oxide) shell could be

precisely controlled. A wide variety of unreported high-quality core-shell particles with a shell

consisting of highly dispersed metal (oxide) nanocrystals or nanoalloys, such as C@Ni, CoO/C,

C@Ni&Co and C@Ni&Pd particles have been fabricated, and the properties of the resultant

particles were precisely tailored, such as the promising catalytic performance obtained over Ni/C and

C@Ni particles in the hydrogenation of nitrobenzene. The present coating strategy is more simple and

precisely controllable compared to the conventional deposition method and it is suitable for most

precursors and even for multi-component materials, enabling the fabrication of nanostructured

materials more easily and precisely.
1. Introduction

The preparation of core-shell structured micro- and nanoparticles

has been attracting great interest because they often behave

distinctly different from bulk materials and exhibit improved

properties over single-component counterparts.1 Up to now, most

of themare fabricatedbycoatingpre-synthesized coreparticleswith

a layer of desired materials.2 To date, metals and metal oxides are

the most fascinating shell materials due to their intriguing struc-

tural, electronic and magnetic properties. In this way, it not only

expands the applications ofmetals (oxides) in the areas of catalysis,3

optics,4 lithium batteries,5 environmental science6 and biotech-

nology,7 but also gives rise to a wide variety of multifunctional

particles with more excellent performance.8 For example, catalyst

seeds encapsulated by metal (oxides), such as Pt@CoO,9

Au@ZrO2,
10 and Pd@Au,11 show higher stability, activity, and/or

selectivity than naked cores owing to the local effect and synergistic

interactions between cores and metal (oxides) shell.
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However, a common difficulty that has been puzzling

researchers in such template-based methods is how to coat metals

(oxides) on particles quantitatively and uniformly without

particle aggregation and avoiding the generation of free metals

(oxides).12 Generally, the traditional coating strategy is started

by dispersing particles (functionalized or not) into the solution of

precursors (soluble metal salt13 or nanoscale building blocks2a,14),

the precursors then adsorb on to particles, and then the residual

solution is decanted13a or directly dried.15 Alternatively, it could

also be precipitated by precipitants13b or treated by hydrothermal

methods,16 or hydrolyzed if metal alkoxides were used.17 With

these procedures, either primary precursors, or generated inter-

mediates such as metal hydroxide or metal (oxide) (crystalline or

not), were coated on particles before post-treatment to form the

crystalline metal (oxide) shell. Unfortunately, there are several

intrinsic disadvantages in the above approaches. For example,

difficulty in achieving an accurate coating because a certain

amount of precursor always remains in the abandoned

solution13a and/or precipitation of the free shell materials and/or

naked cores; the agglomeration of final particles,18 which results

from the coalescence of core particles during the precipitation or

hydrolyzation. Except for the effects of incompatibility between

the core surface and the solid intermediates,12 most defects were

largely determined by the intrinsic properties of the liquid solvent

(for instance: high viscosity, the existence of surface tension and

low diffusivity as compared with gases). These properties

strongly limit the ability of solvent to disperse precursors and

core particles uniformly and transfer generated solid intermedi-

ates to the surface of cores as soon as possible. Furthermore,
This journal is ª The Royal Society of Chemistry 2011
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additional precipitants and/or surfactants,19 or a long reaction

time or multi-step coating procedures were required in some

cases, such as several days of hydrolyzation17a or layer-by-layer

adsorption.14a Moreover, different precursor often required

different treatments, in which optimized synthetic conditions

need continual exploring and testing.16b,17b,20 Thus, another well-

known challenge is to design a universal, clean and effective

method that is suitable for most precursors.

Herein, we present an efficient, versatile, and green strategy for

finely coating the metals (oxides) on core particles (e.g., carbon

colloids and silica gel) through in situ reaction of precursors in

scCO2-expanded ethanol without using any precipitants. With

this new strategy, the common difficulties that exist in traditional

deposition methods were completely overcome. A wide variety of

unreported high-quality core-shell particles with a shell consist-

ing of highly dispersed metal (oxides) nanocrystals or nanoalloys

have been fabricated easily, and the composition, thickness,

uniformity, and structure of the metal (oxides) shell could be

finely controlled allowing the properties of the resultant particles

were precisely tailored.
2. Experimental

Materials

The chemical reagent of Ni(NO3)2$6H2O, Co(NO3)2$6H2O,

glucose, and C2H5OH were purchased from Sinopharm Chem-

ical Reagent Beijing Co. Ltd, and PdCl2 was purchased from

Aldrich. The core particles of carbon colloids and silica gel were

synthesized by the hydrothermal method21 and St€ober process,22

respectively. A typical procedure for the synthesis of carbon

colloids is as follows: 3.75 g glucose was dissolved in 30 ml

deionized water under rapid stirring to form a clear solution,

which was transferred into a 50 mL Teflon-sealed autoclave and

maintained at 180 �C for 5 h. Cooling down to room temperature

and centrifugation of the black colloidal solution gave rise to

about 60 mg carbon colloids. A larger amount spheres could be

obtained by prolonging the reaction time.
Coating procedures

The as-prepared core particles (50 mg) were well dispersed in

ethanol solution of hydrous metal salt (10 ml) in a glass bottle

under ultrasonic treatment. The dense colloidal solution was

then transferred into an autoclave (50 ml), which subsequently

was placed into an oil bath at a 150 �C and then pumped CO2 to

form a homogeneous expanded fluid under rapid stirring

(12.0 MPa). And then the reactor was heated to the reaction

temperature of 200 �C, at which the pressure went up to

�22.0 MPa. 2 h later, the autoclave was cooled down to room

temperature, and then CO2 was released slowly. After centrifu-

gation, the core-shell structured particles were collected and the

ethanol was recycled. The same procedures were also used for the

multi-component coatings.
Scheme 1 Schematic drawing of the coating process. (a) Dense carbon

colloidal ethanol solution of precursors within an autoclave. (b) Intro-

duction of CO2 to form an expanded fluid. (c) Coordination of dissoci-

ated ions and/or molecules to form a solid compound and then deposited

uniformly on the surface of the core particles.
Post-treatment for metal (oxides) shell

The as-prepared sample were calcined in the tube furnace with or

without N2 atmospheres according to the requirement.
This journal is ª The Royal Society of Chemistry 2011
The calcination was carried out at 500 �C for 30 min with

a heating rate of 3 �C min�1.
Characterization

Crystallographic information was investigated by XRD patterns,

which were measured on a Brucker D8 GADDS diffractometer

using Co Ka radiation (1.79 �A). The morphology of the core-

shell structured particles were characterized by field emission

scanning electron microscopy (FESEM), which was taken on

a XL30 ESEM microscope operated with a beam energy of

20 kV. The core-shell structures were characterized by trans-

mission electron microscopy (TEM) images using a JEOL-2100F

microscope operated at 200 kV. The chemical composition of the

shell were measured by inductively coupled plasma atomic

emission spectrometer (ICP-AES) (Thermo Scientific iCAP 6000

Series) and energy dispersion X-ray analysis (EDXA), respec-

tively. The catalytic reaction in supercritical CO2 were carried

out by the procedures described in previous work.23
3. Results and discussion

Coating in CO2 expanded fluid

Scheme 1 illustrates the coating process according to the inves-

tigation of the actual situation in an viewable autoclave (Fig. S1,

ESI†). A primary colloidal solution of precursors was firstly

expanded by CO2 to form a homogeneous fluid (Scheme 1a, b) in

which the colloidal particles have more space and easily disperse

in the solution before and during coating, thereby allowing the

preservation of good dispersity of the particles even after depo-

sition. Subsequently increasing the temperature, the soluble

precursors could convert into a solid compound and then adsorb/

deposit on the core particles uniformly. The physicochemical

properties of such a specific fluid could facilitate the nucleation/

transfer/deposition of such solid compounds, therefore mini-

mizing the formation of free solid and/or naked cores and thus

leading to a perfect coating (Scheme 1c). FESEM and TEM

images (Fig. 1) show the solid compounds (or metal salts) were

always perfectly coated on the core particles without the

formation of any independent solid compound or naked cores.

Furthermore, another highlight of the obtained composite

particles is that they have a good individual dispersity in large-

scale (Fig. S2, ESI†), which is being strongly demanded in

materials science but has not been fully satisfied.12
J. Mater. Chem., 2011, 21, 6654–6659 | 6655
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Fig. 2 FESEM, TEM and HRTEM images of (a–c) C@Ni

particles and (d–f) CoO/C particles. (g), XRD patterns of composite

particles.

Fig. 1 FESEM and TEM images of core-shell structured

C@metal-salt particles. (a, b) C@Ni-salt (0.02 M Ni2+). (c, d) C@Co-salt

(0.01 M Co2+).

6656 | J. Mater. Chem., 2011, 21, 6654–6659
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Core-shell particles with a shell consisting of metal (oxide)

nanocrystals

With this versatile strategy, a perfect coating layer on core

particles was finely controlled with precise loading from the

soluble precursors, directly giving rise to a series of perfect and

unique core-shell structured particles, such as C@metal-salt,

which could have potential applications in diverse areas. More

importantly, the unique shell of each particle could experience

a wide range of transformations of compositions, phases and

structures while maintaining their perfect coating and individual

dispersion. Therefore, they provide a great way for finely

controlling the metal (oxide) shell and the preparation of a wide

variety of high-quality particles. For example, perfect core-shell

structured C@Ni and supported CoO/C particles were produced

by calcination of intermediates under an inert atmosphere.

FESEM images show these particles preserved a good individual

dispersion in a large area without any aggregation, and each

particle has an extra uniform coating as confirmed by TEM

images (Fig. 2). The formation of the perfect shell consisting of

highly dispersed nanocrystal was derived from the uniform layer

of the metal salt, which is difficult to obtain through other

deposition methods. The highly dispersed nanocrystals as the

building blocks of the shell have a narrow size distribution with

a particle size of less than 5 nm (Fig. 2c, f, inset), which should

endow the resultant particles with a series of unique properties.

Although such carbon colloids have been widely used as sacri-

ficial templates to prepare hollow particles,13,24 this is the first

time metal (oxide) shell coating on carbon cores has been

controlled without burning the cores.

To investigate the versatility of the present coating strategy,

core particles with different diameters, surface curvature and
Fig. 3 TEM and FESEM images of core-shell structured particles

fabricated with different core particles or concentration of precursors. (a)

C@Ni (0.02 M). (b) SiO2@NiO (0.02 M). (c) SiO2@Fe2O3 (0.015 M).

(d1–d9) Ni/C and C@Ni particles with different loading of nickel

nanocrystals fabricated through varying the concentration of precursors

from (d1) 0 M (pure carbon colloid), (d2) 0.01 M, (d3) 0.015 M, (d4)

0.02 M, (d5) 0.025 M, (d6) 0.03 M, (d7) 0.035 M, (d8) 0.04 M to (d9)

0.05 M. The scale bar is 50 nm.

This journal is ª The Royal Society of Chemistry 2011
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surface properties were examined. Promisingly, a uniform

nanocrystal shell was perfectly coated on the surface of carbon

colloids, even when the diameter of cores varied from 72 to

160 nm in one system (Fig. 3a). Furthermore, perfect and well-

dispersed SiO2@NiO and SiO2@Fe2O3 core-shell particles were

also successfully fabricated when common silica gel was used as

a core particle (Fig. 3b, c). Fig. 3b shows that the nanocrystals

could deposit not only on the spherical surface, but also on the

planar and elliptic surfaces. Fig. 3c confirms that other compo-

nents such as ferric oxide nanocrystals could be regularly

assembled on each SiO2 nanoparticles with a good dispersion of

the resultant SiO2@Fe2O3 nanoparticles. As an effective method,

the shell could also be controlled precisely just by varying the

concentration of precursor, for instance from the dispersed

nickel nanocrystals to the nickel nanocrystal layer (Fig. 3d1–d9).

Obviously, a uniform layer that is composed of metal (oxide)

nanocrystals coated on the core particles could be precisely

controlled based on our strategy, thereby enabling the fabrica-

tion of the multifunctional core-shell particles more commonly

and easily.
Core-shell particles with a shell consisting of metal (oxide)

nanoalloys

Although a wide variety of core-shell particles have been fabri-

cated during the past few decades, the investigation of assem-

bling more than one kind of metal (oxide) into a single shell is

very limited and also is difficult because the deposition of solid
Fig. 4 FESEM and TEM images of particles with a shell consisting of

nanoalloys. (a, b) C@Ni&Co particles (0.01 M Ni2+:0.005 M Co2+). (c, d)

C@Ni&Pd particles (0.02 M Ni2+:0.001 M Pd2+). (e) XRD patterns of

corresponding particles.

This journal is ª The Royal Society of Chemistry 2011
shells from different precursors often requires different synthetic

conditions that are hard to control simultaneously in one system,

let alone finely controlling the shell coating. However, the

intriguing properties of the resultant materials strongly encour-

ages researchers to pursue a perfect and convenient method to

assemble multi-components into a single shell.25 Promisingly, our

present coating strategy could meet these requirements very well.

Based on the same procedures, many kinds of new core-shell

particles with a uniform layer of multi-component shell were

successfully fabricated. For example, core-shell structured

C@Ni&Co particles with tunable mole ratio of nickel to cobalt,

as well as the C@Ni&Pd particles, were prepared in large

quantities with preserving a good individual dispersion (Fig. 4).

TEM micrographs (Fig. 4b, d) and XRD patterns (Fig. 4e) show

that a uniform layer of metal nanoalloys were formed on the core

particles. The uniform composition of nanoalloys resulted from

the simultaneous coordination of the different metallic ions with

anions. For instance, Ni2+ and Co2+ could coordinate with

one anion (e.g., NO3
�) simultaneously to form a structure of

(–Ni–ONOO–Co–), which gives rise to an extra uniform mixture

of chemical compounds after releasing of the NOx and O2. The

molar ratio of compositions was well in accordance with the

primary values of precursors, as confirmed by the ICP-AES

results (2.03 : 1 for Ni : Co, 19.75 : 1 for Ni : Pd) and EDXA

spectra (1.97 : 1 for Ni : Co, 19 : 1 for Ni : Pd) (Fig. S3, ESI†),

strongly indicating that the compositions of the shell could be

precisely controlled through varying the concentration and kind

of precursors. Undoubtedly, the present strategy was a flexible

and easy-controlled method for finely coating the multi-

component shell on the particles while preserving a good indi-

vidual dispersion of all the resultant particles. It is noteworthy

that this is the first time that highly dispersed nanoalloys on

colloidal particles in the form of a shell have been assembled, and

the obtained materials are expected to have applications in the

areas of catalysis, magnetics and electrics, etc., due to the unique

properties of the nanoalloys.26
The unique features of the present strategy

Materials science strongly demands an efficient, versatile and

green method for coating metals (oxides) on colloidal particles

uniformly and precisely.12 Our present strategy was proved to

meet these requirements very well, with the common difficulties

existing in traditional deposition method completely overcome,

and a wide variety of perfect and novel core-shell structured

particles with tunable composition, thickness, uniformity and

nanostructures were fabricated successfully. Preliminary results

reveal that the coating process has several advantages: (i) suitable

for most precursors and core particles, even with different

diameters, surface properties and variable surface curvature; (ii)

the thickness and composition of the shell could be precisely

controlled by varying the concentration and kind of precursor

(including multi-component system), because all the precursors

could be deposited onto the core particles completely without

any independent metal-salt formed or residual metallic ions

remaining in solution; (iii) it is a green process without using any

harmful precipitants and the solvent could be recycled after

simple phase (gas-liquid-solid) separation avoiding waste solu-

tion treatment.
J. Mater. Chem., 2011, 21, 6654–6659 | 6657
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Fig. 5 (a) FESEM images of C/Ni-salt (0.02MNi2+). (b–d) TEM images

of composite particles. (b) C/CoO (0.01 M Co2+). (c) C/Ni&Pd (0.02 M

Ni2+: 0.001 M Pd2+). (d) C/Ni&Pd (0.005 M Ni2+: 0.00025 M Pd2+), 40 ml

ethanol were used instead of CO2 expansion.

Fig. 6 The catalytic performances of Ni/C and C@Ni nanoparticles in

the hydrogenation of NB. Labels d1–d9 represent the particles in Fig. 3,

with different loading of Ni nanocrystals.
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All the advantages are based on employing the inexpensive and

environmentally friendly solvent of CO2. The use of CO2 not

only optimizes the physicochemical properties of the solution,27

but also offers some chemical groups, such as CO3
2� and HCO3

�,

to facilitate the deposition completely and more uniformly

through the coordination of metallic cations with these anions. If

the preparation was performed in pure ethanol without the

expansion with CO2, large amounts of independent metal salts

were formed, and resulted in a poor dispersity and an agglom-

eration of the final particles (Fig. 5a–c). Moreover, simply

increasing the volume of solution through increasing the amount

of ethanol instead of CO2 expansion also gave rise to a poor

coating (Fig. 5d). Therefore, the presence of CO2 is not providing

a simple physical expansion only, but also building an efficient

system with improved performance for materials synthesis and

chemical reactions.
Scheme 2 The possible reaction pathways of the hydrogenation of NB.

6658 | J. Mater. Chem., 2011, 21, 6654–6659
The catalytic properties of the resultant particles

Compared with the traditional deposition method, our proposed

strategy was more accurate and effective for designing and

fabricating nanostructured materials with tailored properties.

For example, the catalytic activities of Ni/C and C@Ni particles

were finely tuned and checked in the hydrogenation of nitro-

benzene (NB). It is well known that hydrogenation of NB is

a significant reaction because the product of aniline is an

important intermediate for preparation of polyurethanes, dyes,

pharmaceuticals, explosives, and agricultural products.28

However, nitrosobenzene (NSB), N-phenylhydroxylamine

(PHA), azoxybenzene (AOB), azobenzene (AB), and hydrazo-

benzene (HAB), which are poisonous, are always formed along

with the desired AN product (Scheme 2).29 Therefore, success-

fully avoiding the formation and accumulation of these unde-

sired intermediates together with a higher activity on non-noble

catalyst are being strongly pursued for the green production of

AN. Surprisingly, the reproducible results (Fig. 6) show that

a suitable loading of nickel nanocrystals (wt. 30%) on carbon

colloids gives a high conversion of 95%, which was almost one

times higher than that of Ni/Al2O3 under the same conditions.23a

And a high selectivity of >99.9% was achieved without any

intermediates accumulated in the hydrogenation.

4. Conclusions

In summary, we report an efficient, versatile, and green strategy

for finely controlling of the metal (oxide) coating on colloidal

particles, successfully avoiding the formation of free metal

(oxide) and/or naked cores and also preserving a good individual

dispersion of all the resultant particles. With the present in situ

deposition of precursors in CO2-expanded fluid, not only the

common difficulties of traditional deposition methods were

overcome, but also the composition, thickness, uniformity, and

structure of the metal (oxide) shell could be precisely controlled.

It is a promising way for preparing high-quality nanostructured

materials with tailored properties. The present strategy could be

widely used in materials science, such as in shell coating and

doping, because it is not only suitable for metal salts if only the
This journal is ª The Royal Society of Chemistry 2011
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metallic ions have the ability of coordination, but also for

multicomponent systems. The more precisely and easily it is to

fabricate nanostructured materials, the more extensive applica-

tions could be explored.
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