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a b s t r a c t

Synthesizing carbon-encapsulated ferronickel nanoparticles was developed by a detonation method. The
composite precursors were ignited in the nitrogen in closed explosion vessel. These composite nanopar-
ticles were characterized with transmission electron microscope, energy-dispersive X-ray spectrometer,
X-ray diffraction, X-ray fluorescence, Raman spectroscopy and magnetic measurement. Results indicated
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that carbon-encapsulated ferronickel nanoparticles with diameters ranging from 10 to 50 nm were pro-
duced and the composite nanoparticles were with a core–shell structure. The composite nanoparticles
were synthesized with the yield about 10–15% one time.

© 2010 Elsevier B.V. All rights reserved.
ransmission electron microscopy
agnetic properties

. Introduction

The graphite carbon shell protects the metallic core against oxi-
ization and further agglomeration to form bigger crystallites. Saito
1,2] revealed that rare-earth metals with low vapor pressure (Sc,
, La, Ce, Pr, etc.) were encapsulated in the form of carbides, while
he volatile Sm, Eu and Yb metals showed no evidence of being
rapped in graphitic carbon by using electric arc discharge method.

o far, a number of strategies for preparing CEMNPs have been
eveloped, including modified arc discharge [3,4], chemical vapor
eposition (CVD) [5], high-temperature heat treatment [6], ion-
eam sputtering methods [7] and heat-induced explosion [8], etc.
pecifically, Fe, Ni and Co have received the most interest due to
heir ferromagnetic properties and their unique catalyzing ability
9–11].

High level energy consumption and intricate uses of various
acilities of the methods hinder the preparation of carbon-
ncapsulated metal nanocrystals in high yield. Accordingly, using
etonation method [12–14] to synthesizing carbon-encapsulated
etal nanoparticles (CEMNPs) is being an effective way and subse-
uent characterization of the properties of these nanoparticles are
urrently being actively investigated. Currently, only a few studies
ave dealt with carbon-encapsulated ferronickel alloy nanomate-
ials. Therefore, studies investigating a more efficient technique

∗ Corresponding author. Tel.: +86 18940935017; fax: +86 041184708307.
E-mail addresses: roling8080@163.com (N. Luo), dymat@163.com (X.J. Li).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.05.181
to encapsulate metal nanoparticles with a core–shell structure are
required.

In this work, a simple and efficient technique for prepar-
ing carbon-encapsulated ferronickel composite nanoparticles was
described. The detonation of composite explosive precursors not
only produced powerful shock waves but also provided elemental
building blocks and an unique high-pressure and high-temperature
physical environment for the construction of various nanostruc-
tures [15]. Due to their potential application for magnetic materials,
biological materials and catalyzers, graphite-encapsulated alloy
composite nanoparticles were synthesized by detonation decom-
position of explosive precursors doping with a soluble nitrate
(metal source) and acetone/cyclonite (carbon source).

2. Experimental

The detonation synthesis of nanoparticles were performed in an explosion vessel
as described in the previous work [16,17]. To synthesize ferronickel@C nanoparti-
cles, iron nitrate and nickel nitrate (Fe(NO3)3·9H2O, Ni(NO3)2·6H2O) were selected
as metal source materials for explosive precursors, together with carbon source
materials such as pentaerythritol tetranitrate/cyclonite. The metallic sources were
mixed with a given mole ratio of 2:1 and 1:1. All the chemical reagents used in this
study were analytical grade. In a typical experimental procedure, the as-prepared
composite precursors were placed into the closed explosion vessel about 0.4 m3

capacity filling with nitrogen gas. After detonation reaction, the black powders were

scraped from the inner explosion vessel. The powders were washed with absolute
ethyl alcohol solution and then dried up in air. The composite nanoparticles were
synthesized with the yield about 10–15% one time, that is, it takes one kilograms of
precursors to make 100–150 gram of the composite nanoparticles.

Transmission electron microscope (TEM, operating at 200 kV) was used to reveal
the morphology and microstructure of the nanoparticles. The TEM samples were

dx.doi.org/10.1016/j.jallcom.2010.05.181
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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ig. 1. (A and B) TEM images of carbon-encapsulated ferronickel nanoparticles with d
erronickel nanoparticle on selected field.

repared by dispersing the nanoparticles in absolute ethyl alcohol with ultrasonic
eld for three minutes and then scooped up with a holy amorphous carbon film,
rying a drop of the suspension on a copper grid. The chemical composition of
omposite nanoparticles in the samples were analyzed by the equipped energy-
ispersive X-ray spectrometer (EDX). X-ray diffraction (XRD, using Cu Ka radiation)
as employed to identify the phases and the crystal structures. X-ray fluorescence

XRF, series-1800X) was used to give us some basic components of detonation prod-
cts concerning the elemental distributions based on the qualitative analysis. Raman
pectroscopy (Renishaw Micro-Raman 2000, 632.8 nm He-Ne laser excitation) was
sed to investigate the base components of carbon shell layers. The magnetic proper-
ies of the nanoparticles at room temperature were measured by a vibrating sample

agnetometer (VSM) operated with applied magnetic fields up to 2 T. The satura-
ion magnetization (Ms), remanence magnetization (Mr) and coercivity field (Hc)
alues were obtained from the hysteresis loops.

. Results and discussion

.1. TEM analysis

Some composite nanoparticles are shown in Figs. 1A and 2A with
he size of about 10–50 nm. The morphology of a single-particle

rom the some particles are shown in Figs. 1B and 2B and the
elected red area corresponding EDX patterns for ferronickel@C
re illustrated in Figs. 1C and 2C. It can be seen that ferronickel
anoclusters are uniformly embedded in a graphite carbon matrix,

orming spherical nanoparticles with ferronickel solid phase.
nt magnification from sample no. 1; (C) EDX spectrum of single carbon-encapsulated

TEM analysis reveals that all of the spheroidal particles have a
core–shell structure with a big ferronickel core and graphite carbon
shell. The carbon layers tightly encapsulate the black nanocrystal
core (Figs. 1B and 2B), and no obvious voids could be observed
between the core and the shell. The shells are uniform in thick-
ness about 5–7 nm (Fig. 1B) usually consisted of 13–20 layers, or
about 3–5 nm (Fig. 2B) which are of 10–15 layers. The spacing of
the lattice fringes is about 0.34 nm, which is close to the distance
between graphite layer.

The EDX image of the selected red area for the nanoparticle
was analyzed as shown in Figs. 1C and 2C. The peaks around 8.00
and 9.00 keV corresponded to Cu Ka and Cu Kˇ, which resulted
from the copper of the copper grid used to support the nanopar-
ticles. The EDX results showed that the solid phase consisted of
iron/nickel elements corresponding to peaks around 1.00, 6.50
and 7.50 and carbon. From Figs. 1C and 2C, the peak intensity of
iron/nickel are different between each other, whose the intensity
ratio of iron/nickel were about 2:1 and 1:1 corresponding to the
mole ratio of iron/nickel ions in explosive precursors.
3.2. XRD analysis

The crystallization of the nanoparticles were apparent by XRD
(shown in Fig. 3). The main peaks appearing at 2� = 43.60◦, 50.82◦
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Fig. 2. (A and B) TEM images of carbon-encapsulated ferronickel nanoparticles with differe
ferronickel nanoparticle on selected field.

Fig. 3. XRD pattern of detonation products.
nt magnification from sample no. 2; (C) EDX spectrum of single carbon-encapsulated

and 74.68◦ can be ascribed to the diffraction of the (1 1 1), (2 0 0)
and (2 2 0) planes of alpha-ferronickel crystal (JCPDS No. 47-1405)
from the sample no. 1. According to the sample no. 2, the main
peaks appearing at 2� = 44.58◦, 50.80◦ and 74.50◦ can match with
the diffraction of the (1 1 1), (2 0 0) and (2 2 0) planes of gamma-
ferronickel crystal (JCPDS no. 47-1417), suggesting that the present
composite nanoparticles are mainly composed of ferronickel alloy
phase. The diffraction peak at about 26.4◦ can be assigned to the
(0 0 2) plane of a hexagonal graphite structure (JCPDS no. 41-1487)
with an interlayer spacing of about 0.34 nm. The fact that the
narrower peak suggests a relatively well degree of graphite crys-
tallization from the sample no. 1, meanwhile the sample no. 2 as
shown in Fig. 3, there are still a certain amount of amorphous car-
bon in it.

From Fig. 3 and Table 1, the as-prepared composite nanopar-
ticles are mainly composed of alpha- or gamma-ferronickel and
graphite carbon. The crystal lattice distance of single-phase fcc-
region of the ferronickel phase is about 0.2061 and 0.2074 nm

which are from the XRD data. And with full width at half maximum,
the mean diameter of nanoparticles are about 32.8 and 27.8 nm by
the Scherrer formula. The mean particle sizes estimated from XRD
data are consistent with the results of TEM observation.
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Table 1
The related parameters of crystal lattice structure of detonation products.

Sample no. 2�/◦ FWHM/◦ D/nm [FeNi]

1# 43.60 50.82 74.68 0.243 32.8 Alpha-type
2# 44.58 50.80 74.50 0.287 27.8 Gamma-type

Note: D—the mean diameters of nanoparticles by Scherrer formula.

Table 2
The main element contents of the composite explosives by XRF.

Sample no. C Ka Fe Ka Ni Ka Others Ka

1# 43.6580% 34.9865% 17.6628% 4.6927%
2# 45.8046% 24.6868% 23.5954% 5.9132%
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Table 3
The magnetic parameters database of detonation products.

Sample no. Mr/emu/g Ms/emu/g Hc/Oe Mr/Ms

1# 1.07 28.98 56 0.036
2# 0.71 35.56 43 0.020
Fig. 4. Raman spectra of detonation products.

.3. XRF and Raman analysis

In order to further quantitative investigations of detonation
roducts, the XRF were carried out to characterize the as-obtained
etonation powder. The results showed the basic elemental com-
onents of detonation products (such as Table 2).

The detonation products mainly consist of three kinds of ele-
ents such as carbon, iron and nickel, which amount to about

5%. The others elements are much relatively smaller only about
%, which come from the non-reaction completely products or the

ngredients of explosive precursors. From Table 2, the mole ratio of
e3+ to Ni2+ is about 2:1 and 1:1, which equal to the metallic sources
f explosive precursors. So detonation method may be provided
n effective method for carbon-encapsulated alloy nanoparticles,
hich are under research.

It’s well-known that the intensity of D- and G-peaks can be used
o estimate the size of small crystalline graphite or to represent the
isorder degree of graphite, comparing to the two typical carbon
eak distribution of 1360 cm−1 amorphous carbon and 1585 cm−1

raphitic carbon [16]. The surface of detonation products were
nalysized by Raman spectroscopy to detect the species cover-
ng the surface. Clearly observed from Fig. 4, the Raman spectra of
s-obtained detonation products revealed the distribution of amor-

hous carbon and graphitic carbon, which D-band at 1336.84 cm−1

nd G-band at 1588.1 cm−1 (sample no. 1) and that of D-band
335.90 cm−1 and G-band 1587.76 cm−1 (sample no. 2). Fig. 4 dis-
lays that the intensity of the amorphous carbon was lower than
hat of the graphitic and the intensity of graphitic carbon from sam-
Fig. 5. The hysteresis loop of carbon-encapsulated ferronickel nanoparticles.

ple no. 1 is higher than that from sample no. 2. In other words,
there mainly are in the form of graphite within the carbon layers
and carbon coating layers of sample no. 1 have a relatively well
degree of graphite crystallization in according with the results of
XRD analysis.

3.4. Magnetism analysis

For the magnetic nanoparticles, due to the larger surface and
the change of the shape of the material, the smaller particles could
have a larger surface anisotropy and a larger shape anisotropy, they
should have a much smaller magnetocrystalline anisotropy due to
the less contributions of the less magnetic atoms. Generally, the
magnetocrystalline anisotropy of the nanoparticles increases with
increasing the size of the magnetic nanoparticles. Thus the mag-
netic particles with a smaller size have a smaller coercive force
[18]. Furthermore, the decrease of the size of the particles may
result in the occurrence of the super-paramagnetism in part of the
nanoparticles with size below the critical size.

To characterize the magnetic property of as-prepared products,
the magnetic measurement was carried out at room temperature
by VSM. For the magnetic nanoparticles, the magnetic proper-
ties, especially the saturation magnetization Ms and coercive force
Hc, are dependent upon chemical composition and particle size.
The VSM magnetic properties of the as-prepared ferronickel@C,
the magnetic curves measured at room temperature are shown in
Table 3 and Fig. 5. The results show a superparamagnetic response
for ferronickel@C as suggested from the data on Hc, Mr, Ms and
Mr/Ms. From the inserted image, the hysteresis loops of as-obtained
products are partial enlarged view and fine narrower when the
normal magnetic intensity is at zero point.
4. Conclusion

Carbon-encapsulated ferronickel nanoparticles have been syn-
thesized successfully by a detonation method. The nanoparticles
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ave a diameter ranging from 10 to 50 nm with a perfect core–shell
tructure and the shell were mainly composed of graphite layers.
he XRD, XRF and Raman measurements revealed that the cores of
he as-prepared carbon nanocapsules were alpha-ferronickel and
amma-ferronickel and the coating layers of composite nanopar-
icles were graphite carbon and a certain amount of amorphous
arbon. The magnetic measurements showed that the as-prepared
anocomposites had good super-paramagnetism. Based on above
xperimental results, using the strategy mentioned above, a simple
oute to synthesize carbon-encapsulated ferronickel nanoparticles
ith the yield about 10–15% can be prepared with one deto-
ation reaction process. Due to the simplicity of the apparatus
nd good productivity of the present technique, it may offer a
ery attractive way for the production of ferronickel@C on large
cale.
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