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Abstract Nanorods with a Ni core and a silica coating

have been prepared using a one-step synthesis and char-

acterized using a variety of methods. Nitrogen adsorption

isotherms have been used to characterize the pore size and

the internal surface area of the silica shells grown on the Ni

nanorods. Spectroscopic characterization of CO adsorbed

on the Ni nanoparticle cores has been used to verify that the

pore structure of the silica shells allows CO to access the

Ni core; this property is critical to the use of core–shell

structures as industrial catalysts. To demonstrate their

resistance to physical and chemical degradation, the

properties of the silica-coated Ni nanoparticles have been

measured both before and after treatment at high temper-

ature (623 - 1073 K) and exposure to a reducing atmo-

sphere (hydrogen gas). Annealing at high temperatures

reduces, but does not eliminate, the porosity of the silica

shells.

Keywords Nanoparticulate catalyst � Silica coatings � Ni

nanoparticles

1 Introduction

Over the past decade there has been widespread interest in

wet chemical synthesis of nanoparticles and their applica-

tions in various fields. One area in which nanoparticles can

play an important role is heterogeneous catalysis. There

have been many reports of nanoparticle synthesis for

applications in catalysis, but two major challenges must be

addressed before such synthetically produced nanopartic-

ulate catalysts can be used commercially to their full

potential [1–3]. The first is the development of simple,

cost-effective synthetic routes that yield nanoparticles with

uniform shape and size and expose a uniform set of crystal

planes selected to provide high catalytic activity and

selectivity. The second challenge is the development of

strategies to make the particles resistant to sintering in the

extreme chemical and thermal environments that charac-

terize many important catalytic processes. Sintering

destroys the shapes of the nanoparticles and causes changes

in particle size distribution, typically increasing the mean

particle size. Sintering and adsorbate induced changes in

particle shape undermine some of the potential advantages

that chemically synthesized nanoparticulate catalysts have

over conventional particulate metal catalysts. There are

many strategies to avoid the sintering of nanoparticulate

catalysts; the method explored in this work has been to coat

the nanoparticles with protective silica coatings of con-

trolled thicknesses. It is challenging to control the thickness

of the silica coating; however, it is equally important that

the silica coating be porous so that reactant molecules have

access to the nanoparticle core during catalysis. Such silica

shells can provide contaminant resistance [4–6], while also

serving to reduce sintering and thus, improved thermal

stability [7–12]. The pores of the silica shells can be tai-

lored in size and chemical properties such that reactant
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species can penetrate the shell to reach the surface of the

metallic nanoparticles, while contaminant molecules can-

not. Similarly, the silica shells can retard the diffusion of

metal atoms from the core to the exterior of the particle

shell where they can sinter into large metallic clusters [26].

The objective of silica coating methods is to obtain max-

imum thermal stability with minimal loss of reactivity.

Silica coatings on nanoparticles can be synthesized by a

variety of methods [13–17] including sol–gel chemistry

[18] and the use of microemulsions [19]. Each method can

be controlled to produce different coating thicknesses with

different porosities and pore sizes. The shapes of the silica

coatings are also dependent on the synthesis parameters

and may conform to the shape of the core particles or be

spherical [20, 21].

In addition to providing control of critical nanoparticle

properties, synthetic methods must be simple and scalable if

they are to be considered for practical applications. Most

methods for creating core–shell nanoparticles use a two-step

synthesis process that prepares the metal cores in one step

and the silica shells or a second metal shell in a second step

[20–22]. Our work demonstrates a one-step synthesis of

silica shells on Ni nanoparticle cores. The method also

allows production of spherical and shape-controlled shells.

Although significant effort has gone into the synthesis and

morphological characterization of shape-controlled Ni

nanoparticles [23–25] with porous silica coatings, our pri-

mary aim has been to evaluate the porosity of the silica

coating using N2 adsorption and FTIR measurements of CO

adsorption. This has allowed a correlation between porosity

measurements and CO adsorption. Finally, high-temperature

thermal treatments, in both air and hydrogen atmospheres,

have been used to show that the silica coated nanoparticles

are more resistant to sintering than a commercial silica-

supported Ni catalyst treated in the same manner.

2 Experimental

Silica coated Ni nanoparticles were synthesized using a

one-step synthesis process. In a typical synthesis, the liquid

surfactant Brij 56 (polyethylene glycol hexadecyl ether,

average Mn = 683) was dissolved in 100 ml of cyclohex-

ene to a concentration of 0.012 M and stirred for 30 min at

*333 K in a three neck glass flask. A 0.001 M solution of

Ni(II) nitrate hexahydrate or nickel chloride dissolved in

5 mL of distilled water was added to the colorless solution

of surfactant and solvent. At this stage the color of the

solution turns to light green. Heating of the mixture con-

tinued for another 10 min. Next, 3 mL of hydrazine

hydrate solution (reagent grade, 50–60%) or sodium

borohydride was added to the solution of surfactant and Ni

precursor at 333 K. The solution immediately turned from

light green to light blue to light purple and pink until all the

hydrazine solution had been added. Next, 25 mL of

ammonium hydroxide solution (33%) was added to the

reaction mixture. Finally, 30 mL of TEOS was added very

slowly (dropwise). The reaction mixture was heated and

allowed to stir for 3 h. After the synthesis, the Ni nano-

particles were centrifuged and washed with polar solvent to

remove the excess surfactant [12–17].

The synthesis parameters were modified to change the

shape and the size of the silica coated Ni nanoparticles. To

change the shape and the size of both the Ni core and the

silica shell, the amounts of the ammonium hydroxide and

TEOS solutions and the reaction time were varied.

2.1 X-ray Diffraction and X-ray Florescence

X-ray diffraction patterns were obtained from a Panalytical

X’Pert Pro X-ray diffractometer. A Cu radiation source

was used with a polycapillary lens and a Ni filter to provide

the incident beam. Samples for XRD were prepared by

evaporating solvent from a colloidal Ni nanoparticle solu-

tion followed by drying in a vacuum oven to form powder.

XRD analyses of silica coated Ni nanoparticles did not

indicate long range ordering within the samples; this

observation probably reflects the small size of the Ni

nanoparticles and their thin silica coatings. X-ray fluores-

cence (XRF) measurements were performed on a Pana-

lytical MiniPal 4 XRF spectrometer. Loose powder

samples were placed in a plastic cup with a bottom X-Ray

window made of polyvinylidene chloride (Saran Wrap). A

rhodium target X-ray source was used with 15 kV and

0.28 mA power settings. Scans were run for 30 s in air with

no filter. The XRF measurement of the silica coated sample

confirmed the presence of both silica and Ni.

2.2 Transmission Electron Microscopy (TEM)

TEM studies were conducted using a JEOL JEM-2000 EX

II microscope operating at 200 keV with a Gatan Camera.

The high resolution TEM studies were done using a

Technai F20 FEG/HRTEM/STEM with a Gatan imaging

filter and an energy dispersive X-ray spectroscopy system.

TEM samples were prepared by evaporation of 20 ll of the

colloidal Ni nanoparticle solution in propanol onto a car-

bon-coated, 200 mesh, Cu TEM grid. To induce sintering,

Ni nanoparticles were deposited onto a carbon-coated TEM

grid and annealed in air at 650 K for 15 min.

2.3 Characterization of Shell Porosity by N2

Desorption

The pore size distribution and surface area of the nano-

particles were measured by N2 desorption methods using a
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Quantachrome Nova 2200e instrument. Surface areas were

calculated from the desorption isotherm using the BET

method. The samples for BET measurements were pre-

pared by centrifuging the colloidal solution of Ni nano-

particles, drying overnight at 373 K in a vacuum oven, and

finally drying in air at 623 K for 1 h in a conventional

oven.

2.4 FTIR Measurements for CO Adsorption

CO adsorption on powdered silica-coated Ni nanoparticles

was studied using diffuse reflectance infrared spectroscopy

(DRIFT). All measurements were conducted in a Nicolet

6700 FTIR spectrometer equipped with a liquid N2 cooled

HgCdTe detector and a Spectra-tech horizontal diffuse

reflection spectroscopic accessory. The IR cell used for

these measurements was a compact, vacuum tight Pyrex

glass tube with ZnSe windows. For all measurements,

50 lg of dried silica coated nanoparticles were first mixed

with 150 lg of CaF2 (ACS purity) and dried at 573 K for

15 min in the IR cell. The IR cell was then evacuated and

filled with 760 Torr of H2 and the mixture was reduced at

573 K for 15 min as a pretreatment. Finally, the cell was

evacuated, cooled to room temperature and filled with 5 psi

of CO for a few minutes. The IR spectra were acquired as

256 scans in the region 1000–4000 cm-1 with a spectral

resolution of 4 cm-1.

2.5 Temperature Programmed Reduction (TPR)

Measurements

Temperature Programmed Reduction (TPR) experiments

were preformed using an Altamira 200-R-HP instrument,

equipped with a thermal conductivity (TC) detector.

Approximately 0.03 g of a granular sample, which had

been dried ex-situ in air at 623 K, was loaded into a glass-

lined, stainless steel reactor tube and held in place by

quartz wool plugs. The sample was first heated to 423 K in

flowing Ar to desorb residual moisture, and was then

cooled to 313 K. The treatment gas was changed to 4% H2

in Ar, and the sample was heated to 923 K at a rate of

10 K/min. The TC detector reported a signal proportional

to the difference between the thermal conductivities of the

inlet and outlet streams as a measure of hydrogen con-

sumed during reduction of the sample.

Ni(II) nitrate hexahydrate ([99.99%), Ni (II) chloride,

Brij 56, hydrazine hydrate, ammonium hydroxide solution

(30% solution), propanol, tetraethyl orthosilicate (TEOS,

99%), and cylcohexene were purchased from Sigma-

Aldrich and were used without purification. A Ni/SiO2–

Al2O3 catalyst (66 wt% Ni) was obtained from Alfa Aesar

for use as a reference in the TPR experiments.

3 Results

TEM imaging has been used to show that our one pot

synthesis method produces nanorods with Ni cores and

silica shells. Figures 1 and 2 shows the bright field TEM

images of silica-coated Ni nanoparticles as deposited and

after annealing at 650 K for 15 min in air. The images in

Fig. 1a show that our synthesis allows the silica coatings

to conform to the shape and size of the Ni cores. Although

not shown in this paper, our synthesis method can, under

other growth conditions, deliver silica coatings that are

spherical and independent of the shape of the Ni core.

Typically, spherical silica coatings are formed at shorter

reaction times. An important feature of our synthesis is

that the Ni cores grow in long rods (Fig. 1a) which are

100–900 nm in length. The Ni cores are formed of

spherical Ni nanoparticles packed into a nanorod. It

appears from Fig. 1a that the Ni nanoparticles pack ran-

domly to form rods surrounding by a thin (*15 nm) silica

shell. HRTEM shows (Fig. 1b–e) that the Ni nanoparticles

are spherical (*5 nm in diameter) and pack within the

silica shell. Annealing of the silica-coated Ni nanoparticles

in a flow of air at 650 K in a rapid thermal processor does

not induce sintering of the rods in the sense that there is no

evidence of transport of Ni through the shell and

agglomeration of Ni outside the shells (Fig. 2a, b).

Resistance to sintering is important for application of Ni

nanoparticles as catalysts.

In order for the Ni nanoparticles with silica shell to be

catalytically active, the silica shell must be sufficiently

porous to allow reactants to have access to the surface of Ni

nanoparticles and to allow products to depart. Figure 3

shows the pore size distribution and surface area mea-

surements of silica-coated Ni nanoparticles determined by

N2 desorption after annealing at various temperatures in the

air for 1 h. At all annealing temperatures, the pore size

distributions display a sharp maximum at *3.8 nm; this is

the characteristic diameter of the pores in the silica shells

[26]. As the material was heated to higher temperatures,

shell sintering resulted in reduced porosity—a reduction in

the pore volume at 3.8 nm. Sintering also causes a corre-

sponding loss of silica surface area, from 109 m2/g at

623 K to 100 m2/g at 773 K, and finally to 78 m2/g at

873 K. Loss of porosity upon heat treatment of silica

coatings has been reported in several studies [22, 23].

Spectroscopic characterization of the adsorption of CO

on the metallic cores of the nanoparticles has been used to

probe the porosity of the silica shells. Figure 4 shows the

FTIR spectra of CO adsorbed onto samples of SiO2 coated

Ni nanoparticles that have different Ni-core dimensions.

Figure 4 shows a spectrum obtained following CO

adsorption on Ni nanoparticle rods ([100 nm in length and

diameter of 20 nm). The CO FTIR spectrum displays an
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intense vibrational feature at *2040 cm-1 which is char-

acteristic of CO adsorbed on Ni [27–35]. The observation

of vibrations associated with CO on Ni is a significant

result because it confirms that CO, a key component of

synthesis gas, can penetrate the protective silica core to

access the metallic core.

Several studies [28–36] have reported an intense band at

*2050 cm-1 and a shoulder at *2070 cm-1 for room

temperature adsorption of CO on Ni surfaces or on Ni

supported on silica. On Ni(100), CO exhibits stretching

frequencies of 2050 and 1950 cm-1 for atop and bridging

sites, respectively [31, 32]. Another study reported

Fig. 1 Bright field TEM images of spherical Ni nanoparticles packed to form nanorods. The Ni rods are coated with silica shells that are

20–50 nm thick

Fig. 2 Bright field TEM image

of silica coated Ni

nanoparticles. a At 300 K.

b After annealing at 650 K for

15 min in air. No sintering is

observed following annealing
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vibrational bands at 2198 cm-1 (CO adsorbed on Ni2?),

2046 cm-1(CO linearly adsorbed), 1885 cm-1(CO

bridged) and 1797 cm-1(three-fold coordinated) for CO

adsorbed on Ni supported on silica [33]. In contrast with

these reports, we observe only a very strong band at

2040 cm-1. This difference may reflect the fact that our Ni

particles are in more intimate contact with the silica than

Ni nanoparticles supported on the surfaces of silica

supports.

Additional FTIR experiments were performed to further

confirm that the CO adsorption occurred on the Ni surface

and that the silica coatings are porous. The results of these

experiments are shown in Fig. 5. We characterized

adsorption of CO on pure silica to verify that the vibra-

tional peak shown in Fig. 4 is due only to CO adsorption on

the Ni nanoparticle cores and not due to interaction or

adsorption of CO on silica. No vibrational peaks were

observed in the region 2040–2060 cm-1 for the silica

sample suggesting that CO does not adsorb on pure silica

(Fig. 5a). In the next experiment, CO adsorption was

characterized on silica coated Ni nanoparticles that had

been annealed to 1073 K for 1 h. We know that the silica

shell porosity decreases with annealing at higher temper-

atures. Therefore, we expect that there should be less CO

adsorbed on the Ni nanoparticle and that the CO absorption

peak should be much weaker than on the sample annealed

at only 573 K (Fig. 4). As observed in Fig. 5b, a weak

vibrational peak is observed at 2050 cm-1 suggesting that

there is limited adsorption of CO on Ni nanoparticles and

that the transport of gases through the silica coatings is

hindered following annealing at high temperatures. In

addition, we examined a sample of silica coated FeCo

made by a different synthesis method. The synthesis of

silica coated FeCo is similar to that of silica coated Ni

except that the amount of surfactant (Brij56) was four

times higher. Higher amount of Brij56 in our synthesis

produces thicker silica shells. BET measurements show
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nanoparticles annealed to 1073 K, and c FeCo nanoparticles coated

with thick non-porous silica shells
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that these silica coated FeCo nanoparticles have non-por-

ous shells. Furthermore, as shown in Fig. 5c, the FeCo

nanoparticles coated with non-porous silica did not display

any vibrational peak in the region 2040–2050 cm-1 sug-

gesting that there was no adsorption of CO. The data pre-

sented in Figs. 4 and 5 demonstrates that CO can penetrate

the porous silica shells on the Ni nanoparticles to access the

catalytic Ni core of the nanorods.

Once the porosity of the silica coatings of Ni nanopar-

ticle was demonstrated, further experiments were per-

formed to compare the silica coated Ni nanoparticles with a

commercially available Ni catalyst supported on silica-

alumina. Figure 6 shows the results of TPR measurements

in hydrogen of two silica-coated Ni nanoparticle samples

(Figs. 6a, b) and the Ni supported on silica alumina

(Fig. 6c). The sample in Fig. 6b has longer nanorods

([100 nm in length) than the one in Fig. 6a (\100 nm in

length). All materials were annealed in air at 673 K before

TPR analysis. Reduction profiles for both silica coated Ni

nanoparticle samples display features that correspond to

those observed for the commercial catalyst. Reduction

features that appear at temperatures below 573 K have

been attributed to the conversion of Ni3? (Ni2O3) to Ni2?

(NiO) [37–44]. NiO which interacts only very weakly with

the oxide support/host [36–39], reduces at temperatures

between 573 and 773 K; this is the dominant species in all

three samples. Temperatures above 773 K are required to

reduce NiO species that are stabilized by intimate inter-

action with the oxide support/host [40, 42, 44]. The main

nanoparticle reduction features appear at significantly

higher temperatures than those for the commercial sup-

ported Ni catalyst. The difference is largest for the high

temperature reduction feature which occurs at *100 K

higher in the nanoparticulate samples than in the com-

mercial supported Ni. These results are consistent with

stabilization of the nanoparticulate NiO cores through

interaction with their silica shells at the large interface

between them.

Significant differences among the total amount of

hydrogen consumed by the samples (the area under the

TPR curves) are also observed. When normalized to their

Ni contents, the nanoparticulate samples consume more

than twice as much hydrogen as the commercial catalyst

(the profile for the commercial sample has been magnified

by a factor of two for display in Fig. 6c). This observation

likely reflects higher Ni surface area in the nanoparticulate

catalyst and thus, the greater relative amount of oxygen

uptake during oxidation prior to the TPR measurements.

4 Conclusions

We have developed a one step, wet chemical synthesis for

preparation of nanorods with Ni cores encased in thin silica

coatings. Characterization of the nanoparticles by N2

adsorption shows that the coatings are porous and that they

retain porosity even when calcined to temperatures as high

as 873 K. As demonstrated by IR spectroscopy, the shell

pores allow CO access to the Ni cores of the nanoparticles;

this property is critical for applications in catalysis.

Reduction studies of the nanoparticles suggest that Ni in

the nanoparticles is more highly dispersed and has stronger

interactions with the silica shell than does Ni in traditional

supported catalysts. Our results illustrate the potential of

porous oxide coatings to protect nanoparticulate catalysts

in extreme environments.
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