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treatment of thermal plastic phenolic-formaldehyde resin with the aid of ferric nitrate. The effects of
heating temperature on the morphologies and structures of carbonized products were investigated
using transmission electron microscope, high-resolution transmission electron microscope and X-ray
diffraction measurements. The products with diameter distribution of 20–100 nm consisted mainly of
spheroidal nanoparticles separated by hollow onion-like carbon nanoparticles.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

Since Iijima’s landmark paper on carbon nanotubes [1], exten-
ive experimental research has been performed to produce new
arbon nanostructures, such as carbon nanohorns [2,3] and
anoparticles [4,5]. Recently, the synthesis of carbon-encapsulated
etal nanoparticles has been deeply attracted by researchers due

o their unique optical [6], magnetic [7], electronic [8] and cat-
lytic [9,10] properties which are undoubtedly important for the
volution and revolution of the nanotechnologies.

As well known, nanometric metal particles can suffer from a
apid environmental degradation (such as oxidation and hydroly-
is), because of a high chemical reactivity originated from the high
urface area to volume ratio of the particle, which will severely
mpose limitations to their industrial applications. The carbon
ncapsulation, as an air-stable material, is one of the best solu-
ions, because it is chemically stable, cheap and light. Carbon shells
f Fe/C core–shell objects can effectively isolate the particles from
ach other [11] and protect the core against environmental degra-
ation, although they show relatively defective structures. Carbon
hells can be thinned/removed by hydrogen or oxygen gas when it
s desired [12]. The core structures of carbon-encapsulated metal

anoparticles are classed into a metallic phase and a carbide phase.

Various techniques have been developed for synthesizing
arbon-encapsulated metal nanoparticles, such as arc discharge
13,14], high-temperature treatment [15] and plasma-enhanced
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chemical vapor deposition [16]. These approaches are generally
difficult to obtain carbon-encapsulated metal nanoparticles in a
large quantity, and most significantly, they need large energy input
to facilitate a gradual reorganization of the raw carbon materials
which is the limitation for large-scale preparation and applications.

In the previous experiment, carbon-encapsulated nanoparticles
were prepared in our laboratory with a pressurized method, using
durene, petroleum residue and aromatic heavy oil as carbon raw
materials [17–19]. In this manuscript, we report a new, simple
and effective technique to synthesize carbon-encapsulated iron
carbide/iron nanoparticles in large quantities, because thermoset-
ting phenolic-formaldehyde (PF) resin has high carbonization yield
through eliminating small molecules at high temperature and
atmospheric pressure.

2. Experimental

A phenolic resin (purchased from Tianjin Resin Company), condensed by phenol
and formaldehyde with the aid of hydrochloric acid, was chosen as the starting
carbon precursor. Apparently, it is a yellow solid possessing 300–500 polymeric
units and melting point >75 ◦C. Ferric nitrate (Fe (NO3)3·9H2O, FN, analytical pure
grade) was chosen as the catalyst precursor.

Defined amounts of FN and PF resin, as molar ratio 1:16, were dissolved and
mixed homogeneously in ethanol, which was then evaporated to get the solid mix-
ture. The mixture of solid powder containing FN, hexamethylenetetramine (14 wt%)
and acetone was vibrated at an ultrasonic bath for 20 min. After eliminating ace-
tone at 60 ◦C, the PF resin was cured at 150 ◦C for 4 h. Then the mixture containing
cured PF resin and FN was carbonized from 500 to 900 ◦C in a nitrogen gas atmo-

sphere. Samples for X-ray diffraction (XRD) analysis were mounted on a glass holder
with 0.2 mm depth and patterns were recorded on a Rigaku D/max-2500B2+/PCX
system using Cu K� radiation (� = 1.5406 Å) over the range of 5–90◦ (2�) at room
temperature. Transmission electron microscope (TEM) and high-resolution trans-
mission electron microscope (HRTEM) typed Hitachi H-800 and JEM2010 were used
to examine the carbonized materials. The samples for TEM and HRTEM observations
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ately when they contact air, and those treated at 600 ◦C are not
Fig. 1. XRD patterns of carbon-encapsulated iron carbide/iron nanoparticles.

ere prepared by dispersing the products in ethanol for 15 min with an ultrasonic
ath and then a few drops of the resulting suspension were placed on a copper grid.

. Results and discussion

XRD characterization was performed to validate the corre-
ponding core-shell nanostructure. Fig. 1 presents the patterns of

he products carbonized at 600, 700, 800 and 900 ◦C. The peaks
t 37.6◦, 39.7◦, 40.9◦, 43.02◦, 43.52◦, 44.96◦, 46.03◦, 48.63◦, 49.26◦,
1.87◦, 54.58◦, 70.98◦, 78.71◦ and 83.30◦ can be identified as the
1 1 2), (2 0 0), (1 2 0), (1 2 1), (2 1 0), (1 0 3), (2 1 1), (1 1 3), (1 2 2),

Fig. 2. TEM images of carbon-encapsulated iron carbide/iron nanopart
and Physics 124 (2010) 861–864

(2 1 2), (0 2 3), (2 0 0), (2 3 1), (3 1 3) and (2 3 3) planes of Fe3C; those
at 44.96◦, 65.02◦ and 82.13◦ can be ascribed to the (1 1 0), (2 0 0)
and (2 1 1) reflections of �-Fe. It is evident that Fe3C and �-Fe coex-
ist with well-crystallized structure [19]. The peaks around 26.38◦

assigned to the diffraction of (0 0 2) plane of encapsulating carbon
sheets turn gradually sharper, and the corresponding interlayer
spacing values (0.3483, 0.3412, 0.3381 and 0.3365 nm) become
smaller with the temperature increasing from 600, 700 and 800
to 900 ◦C, suggesting the higher graphitization degree. The peaks of
product carbonized at 600 ◦C are broader and lower indicating a rel-
atively small crystalline dimension, so there are more amorphous
carbon and other elements such as H, O presenting.

TEM images of carbon-encapsulated iron carbide/iron nanopar-
ticles are shown in Fig. 2. The iron carbide/iron nanoparticles
show a darker contrast than graphitic sheets because of the higher
atomic number of iron than carbon. TEM image show that the
products carbonized at 600–900 ◦C contain spheroidal nanoparti-
cles, which have diameter distributions between 20 and 100 nm
and were separated by hollow onion-like carbon nanoparticles.
Seen from Fig. 2(A–D), the higher temperature is, the iron car-
bide/iron nanoparticles with larger volume and fewer numbers
appear gradually. The image in Fig. 2(B) clearly shows the main
carbon-encapsulated iron carbide/iron nanoparticles with diame-
ters around 30 nm. Fig. 3 presents the size distribution histogram,
which corresponds to TEM images shown in Fig. 2(B). It has been
found that mean particle size is 42.5 nm in good agreement with
the values shown in TEM.

The products heat-treated at 500 ◦C are oxidized immedi-
carbonized adequately and have other elements, more ‘island’
structures [16] and amorphous carbon, so the carbon shells
can not effectively protect the iron carbide/iron core. When the
temperature is up to 800 or 900 ◦C, majority of products are

icles prepared at (A) 600 ◦C, (B) 700 ◦C, (C) 800 ◦C and (D) 900 ◦C.
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graphitic structure [20–23]. Through catalytic graphitization, a new
ig. 3. Size distribution of carbon-encapsulated iron carbide/iron nanoparticles pre-
ared at 700 ◦C.

ollow onion-like carbon nanoparticles and a small quantity of
arbon-encapsulated iron carbide/iron nanoparticles with diame-
ers around 100 nm were formed.
HRTEM (Fig. 4) analysis reveals that all of the spheroidal
anoparticles have a core–shell nanostructure with an iron car-
ide/iron core and carbon shells. The carbon-encapsulated iron
arbide/iron nanoparticles are isolated from each other by onion-

Fig. 4. HRTEM images of carbon-encapsulated iron ca

Fig. 5. TEM images of carbon-encapsulated iron carbide/iron nanopa
and Physics 124 (2010) 861–864 863

like carbon nanoparticles, seen in Fig. 4(A). The carbon shells
tightly surround the core nanoparticles, few voids can be observed
between the core and the shell (Fig. 4B). The shells are uniform in
thickness and usually consist of 10–20 layers. The spacing of the
lattice fringes is close to that of the graphite (0.3351 nm) planes.
The iron carbide/iron cores are crystal related to (1 0 3) plane of
Fe3C and (1 1 0) plane of �-Fe.

To validate the protection of carbon shells on the encapsu-
lated iron carbide/iron nanoparticles, 0.1 g as-prepared products
were ultrasonicated in 30 ml concentrated HNO3 for 30 min, fol-
lowed by filtrating, washing with distilled water, and drying at
110 ◦C overnight. Figs. 5 and 6 display typical TEM images and
XRD patterns of carbon-encapsulated iron carbide/iron nanoparti-
cles synthesized at 700 ◦C before and after oxidation, respectively.
As shown in Fig. 5, the core–shell nanostructures both exist before
and after HNO3 treatment. As exhibited in Fig. 6, Fe3C and �-Fe are
still presented with well-crystallized particles before and after oxi-
dation. The values of d002 are also similar with each other before
(0.33412 nm) and after (0.33410 nm) oxidation. It is obvious that,
although the carbon shells of the Fe–C core–shell objects showed
relatively defective structure, they can still effectively protect the
core against environmental degradation.

As we know, no matter how high the heat-treatment temper-
ature is, PF as a thermosetting polymer never be converted into
formation approach was made. In the experiment, FN-doped PF
resin can be readily prepared, and FN salt was accreted with PF
molecules to form a molecular-scale continuous phase. Then the
decomposition of FN to iron oxide occurred at 125 ◦C to form small

rbide/iron nanoparticles synthesized at 700 ◦C.

rticles synthesized at 700 ◦C before (A) and after (B) oxidation.
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Fig. 6. XRD patterns of carbon-encapsulated iron carbide/iron nanoparticles syn-
thesized at 700 ◦C before and after oxidation.
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[19] J.P. Huo, H.H. Song, X.H. Chen, Carbon 42 (2004) 3177.
ig. 7. HRTEM image of the formation stage of carbon-encapsulated iron car-
ide/iron nanoparticles synthesized at 900 ◦C.

e2O3 nanoparticles, which were segregated by PF molecules. After
uring at 150 ◦C for 4 h, the linear PF molecules were cross-linked
nto a three-dimensional network. The carbonization resulted in
igher carbon content and a closely enlaced structure. At the
ame time, the iron nanoparticles were gradually generated and
mbedded by carbon chains. With the increase of heat-treatment
emperature and the elongation of maintaining time, more car-
on species were dissolved into iron nanoparticles and separated
ut as curved graphite layers to form onion-like carbon nanopar-

icles when it reached a supersaturation [24]. When onion-like
arbon nanoparticles were catalytically formed, temperature drops
o room temperature. The iron nanoparticles have not enough
ime and space to agglomerate and then are encapsulated by the
eparated carbon species to form carbon-encapsulated iron car-

[
[
[
[
[
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bide/iron nanoparticles, as shown in Fig. 7. The thickness of carbon
shells is related with carbon species dissolved in iron nanoparticles.
So the higher temperature is, more onion-like carbon nanoparti-
cles and bigger and fewer carbon-encapsulated iron carbide/iron
nanoparticles exist. The suitable temperature is 700 ◦C to synthesis
carbon-encapsulated iron carbide/iron nanoparticles with diame-
ters around 42.5 nm.

4. Conclusions

Large amounts of carbon-encapsulated iron carbide/iron
nanoparticles with diameters of 20–100 nm were synthesized by
a new method, in which PF resin was carbonized from 500 to
900 ◦C by the aid of iron-based catalysis. The spheroidal nanoparti-
cles were isolated by hollow onion-like carbon nanoparticles. With
the increase of temperature, the mean diameters gradually turned
large. The carbon shells can effectively isolate the particles from
each other and protect the core against environmental degrada-
tion. Simplicity, low cost, controllability were the key features of
this approach. It will promote the practical applications of carbon-
encapsulated iron carbide/iron nanoparticles in various fields.
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