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Carbon nanocages (CNCs) with a hollow structure and high degrees of graphitization and purity have
wide applications. However, preparation of such material is still a great challenge. In this study, we
report a general strategy for the preparation from iron/graphite core-shell nanoparticles. The core-shell
nanoparticles are synthesized by the pyrolysis of acetylene with iron carbonyl. In order to remove the
metallic core, rather than using the conventional acid oxidation, the nanoparticles are heat treated in the
presence of iodine. It is found that the entrapped iron particles can be completely eliminated and hollow

Keywords: CNCs with good graphitization and high purity can be obtained. The purification process may involve
Carbon nanocage . . . . . cer s . .

lodine the diffusion of iron atoms out from CNCs and their reaction with iodine molecules in the surrounding
Heat treatment atmosphere. The reaction product Fel; is soluble in ethanol and could thus be easily removed. As an
Platinum example of a potential application, the CNCs are demonstrated to be a superb material for supporting the
Fuel cells Pt catalyst used in low-temperature fuel cells. The present method could be applied to the production of

graphitic carbon in large scale, and the resultant material could prove to be practically relevant for fuel

cell and many other technologies.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Nanostructured graphitic carbon materials have well-
developed crystalline structures, high electrical conductivity,
good thermal stability and oxidation resistance at low temper-
ature [1-4]. So they have potential applications in many fields
such as adsorbents, energy-storage media, catalyst supports and
electrode materials. Particularly, it has been proposed that carbon
materials with a well graphitized structure can lead to a higher
electrocatalytic activity and improved durability when used as a
catalyst support compared with conventional amorphous carbon
[5-7]. Carbon nanocages (CNCs) have a special hollow structure
with graphitic shells and show excellent performance as a catalyst
support in proton exchange membrane fuel cells (PEMFC) [8-11].

To date, some methods have been developed to prepare CNCs
[8,9,12-15]. Chemical vapor deposition (CVD) is a widely employed
technique due to its simplicity and high yield. This method involves
the catalytic decomposition of molecules containing carbon atoms.
The catalyst is generally transition metals (e.g. Fe) and the metal
forms the core for the formation of external graphitic shells. In order
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to obtain hollow CNCs, it is necessary to remove the encapsulated
metal particles.

At present, little attention has been paid for the removal of the
metal particles encapsulated in the CNCs. Boiling in concentrated
acid (HNOs, Hy,SO4, HCl, etc.) is a generally used method [13,16-20].
But these acids have strong oxidation effects, which damage the
graphitic structure and also cause significant loss of carbon mate-
rials during acid boiling. In addition, strong acids are less desirable
for large-scale production because of high costs and environment
concerns [16-18,21-23]. Furthermore, for those CNCs prepared at
high temperature with a well-developed and thick graphitic struc-
ture, the entrapped metal particles cannot be removed because
of the high resistance of the graphitic shells to acid oxidation
[21-26].

In this paper, a novel method is reported for preparing hollow
CNCs. First, iron/graphite core-shell nanoparticles were produced
by the pyrolysis of a mixture of acetylene and iron carbonyl. Then,
the core-shell nanoparticles were heat treated in the presence of
iodine. Finally, they were mixed with ethanol and filtrated. As will
be shown, the Fe particles entrapped by graphitic shells can be
removed with little damage of the graphitic structure and little
loss of carbon material and no acid is used. The hollow CNCs show
improved electrochemical catalytic activity when used as a support
material for Pt than CNCs obtained by acid processes.
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2. Experimental
2.1. Preparation of core-shell nanoparticles

The iron/graphite core-shell nanoparticles were prepared by
a CVD approach. N,-C;H; mixed gases were flowed through the
liquid iron carbonyl (Fe(CO)s) and supplied into a quartz reactor
heated at 1300°C. N, was used as a carrier gas at a flow rate of
160Lh~! and C,H, as the carbon source at 40 mL min~!. The pre-
pared sample was collected in a glass bottle connected with the
quartz reactor.

2.2. Removal of metal core

The as-prepared sample was mixed with excess iodine and
placed at one end of a quartz tube. After the tube was evacuated
and filled with N, to atmospheric pressure, it was heated at 1000 °C
for 30 min. After cooling to ambient temperature, the heated sam-
ple was directly washed and filtered with ethanol for several times
until the filtrate was transparent. The sample collected at the filter
was dried at 80°C for 3 h. For the purpose of comparison, the as-
prepared sample was also refluxed in a mixed acid solution of HCI
and HNOs3 with a volume ratio of 3:1 at 120 °C for 6 h. The treated
solution was diluted with distilled water, and similarly filtrated,
washed and dried.

2.3. Characterization of CNCs

X-ray diffractometer (XRD) was operated at 35kV and 200 mA
with nickel-filtered Cu-Ka radiation as an incident beam (D/max
2550VL/PC), to study the crystallization of carbon and other
phases contained in the samples. Typical transmission electron
microscopy (TEM) and high resolution transmission electron
microscopy (HRTEM) with a cold field emission gun (JEOL-2010F,
accelerating voltage of 200kV) were used to investigate the
microstructure and morphology of the sample. Nitrogen adsorp-
tion/desorption isotherms of CNC samples were measured at 77 K
using a BELSORP instrument (BEL Inc., Japan). The sample was
outgassed at 200°C under nitrogen flow for 2h prior to the
measurement. The total surface area was calculated from the
Brunauer-Emmett-Teller (BET) equation from the adsorption data
inthe relative pressure from 0.04 to 0.2. The mesopore size distribu-
tion (>2 nm) was determined by the Barrett-Joyner-Halenda (BJH)
method and the micropore size distribution (<2 nm) was studied
by micropore analysis method (MP method) [27]. Raman spec-
troscopy was carried out to examine the perfection of the hollow
CNCs obtained from heat treatment with iodine using a Horiba
Jobin Yvon HR 800UV with the 514.5 nm excitation wavelength
laser.

2.4. Preparation of Pt/CNC catalyst and electrochemical activity

Pt/CNC catalysts were prepared by polyol reduction. The Pt load-
ing on CNCs was 45 wt.%. At first, CNCs were sonicated in ethylene
glycol to form slurry. Then, the slurry was heated up to around
140°C. A chloroplatinic acid (CPA) solution, prepared by dissolv-
ing CPA (H,PtClg) in ethylene glycol, was added slowly into the
CNC slurry. The mixture was refluxed at 140 °C for 3 h. After cool-
ing to room temperature, the catalyst was filtered, washed with
distilled water and dried for the subsequent measurement. Glassy
carbon (GC) (Bas electrode, 0.07 cm?) was polished to a mirror
with a 0.3 pm alumina powder suspension before each experiment
and served as an underlying substrate of the working electrode.
In order to prepare the composite electrode, the Pt/CNC catalyst
was dispersed ultrasonically in the mixed solution of ethanol and
5wt.% Nafion solution and 20 wl aliquot was transferred on to a

polished glassy carbon substrate. The amount of Pt on the elec-
trode was controlled to be 0.4mgcm~2 on all electrodes. After
the evaporation of ethanol, the resulting thin catalyst film was
covered on the glassy carbon substrate. Then, the electrode was
dried at room temperature and used as the working electrode. The
electrochemical activities of the catalysts were characterized by
cyclic voltammetry (CV). The experiments were performed using
a three-electrode cell with an EG&G potentiostat (Model 366A)
at ambient temperature and 0.5M H,SO4 was used as the elec-
trolyte.

3. Results
3.1. As-prepared core-shell nanoparticles

The as-prepared samples appeared as a black powder and the
XRD pattern is illustrated in Fig. 1a. The peak at 26=26.1° could
be attributed to diffraction from the (002) planes of the hexago-
nal structure of graphite. Those appearing at 26 =44.6°, 65.0° and
82.3° resulted from the diffractions of the (110),(200)and (211)
planes of iron (Fe), and the rest peaks were related to the marten-
site [Fe, C] phase which was mainly composed of Fey51C. The TEM
image of the sample is shown in Fig. 1b. As can be seen, the sample
consisted of well-dispersed nanoparticles with an average diam-
eter of about 30-50 nm. Furthermore, each nanoparticle had an
iron/graphite core-shell structure. The HRTEM image (Fig. 1¢) con-
firmed the presence of an ordered crystalline structure in the shell
of the particle and the thickness was about 5-10 nm, which was
thicker than those prepared at low temperature [8-10].

3.2. CNCs after core removal

After heat treatment with iodine, the sample was examined by
XRD, as shown in Fig. 2a. Besides the diffraction peaks for C and I,
there are other peaks related to Fel,. The original Fe or Fe-C phase
could no longer be observed. In Fig. 2b, the peaks for Fel, and I,
have disappeared, and there are only peaks of graphite after ethanol
filtration. This result indicates that heat treatment with iodine fol-
lowed by filtration by ethanol is an effective method to remove the
Fe particles entrapped by well-developed graphitic shells. How-
ever, in the sample purified by conventional direct boiling in a
mixed acid, the original Fe and Fe-C phase was still remained
(Fig. 2c), illustrating that boiling in a strong acid was not a prac-
tical way to remove the Fe particles for the sample with a good
graphitic shell structure.

Fig. 3 shows the TEM images of the sample after iodine treat-
ment. It could be concluded that the Fe particles were removed
completely using this method and hollow CNCs were obtained.
The cage size was 30-50 nm in the outer diameter with the shell
thickness being 5-10 nm (Fig. 3a), which is consistent with the as-
prepared sample. HRTEM image illustrates that the cage shell was
composed of about 20 well-defined graphitic layers with a spacing
of 0.34 nm (Fig. 3b).

The graphitization of the present hollow CNCs can be further
characterized by Raman spectroscopy (Fig. 4). The spectrum of the
CNCs presents two peaks characteristic of the graphite structure
at approximately 1350 and 1581 cm™!, respectively. The peak at
1581 cm! can be identified as the G peak of the perfect crystalline
graphite arising from the zone-center E;; mode, and the peak at
1350cm! as the D peak assigned to the A1g zone-edge phonon
induced by the disorder in the graphite lattice [24-26]. The rela-
tive high intensity ratio (Ig/Ip =1.9) of the CNCs indicates that the
graphitization of the present hollow CNCs remained quite good
after heat treatment at 1000°C.
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Fig. 1. XRD pattern (a), TEM image (b), and HRTEM image (c) of the as-prepared
sample.

N, adsorption/desorption experiments were carried out to ana-
lyze the pore structures and the pore size distribution in the CNCs
obtained by iodine treatment and acid treatment. As can be seen
in Fig. 5a, the CNC samples exhibited typical IV isotherms with H1
hysteresis [28,29]. The obvious hysteresis of desorption for CNCs
from iodine treatment between the partial pressures of 0.5 and 1.0
P[Py suggests the existence of predominant mesopores [30]. At low
pressures (P/Py <0.3), the uptake of the isotherms for the sample
from iodine treatment demonstrates the existence of more micro-
pores than the acid treated sample. The mesopore size distribution
determined by BJH is shown in Fig. 5b. The mesopore size distri-
butions of both samples are similar, but the pore volume of the

sample purified by iodine treatment is a little larger than that by
acid treatment. The reason for this difference might be that Fe parti-
cles could not be eliminated completely when boiled in the mixed
acid. Fig. 5c illustrates the micropore size distributions obtained
from the MP method. From the micropore size distribution, the
micropore had a dominant size of about 0.7 nm in the CNCs from
iodine treatment. For the CNCs from acid treatment, the pore vol-
ume of this size decreased obviously. These results indicate that
part of the micropore structure was destroyed during the process
of acid treatment. Moreover, if the Fe particles were removed com-
pletely under severer conditions, the graphite structure would be
damaged further.
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Fig. 2. XRD patterns of CNC samples after heat treatment with iodine (a), after
further filtration by ethanol (b), and after direct boiling in mixed acid (c).
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Fig.3. TEMimage (a) and HRTEM image (b) of CNCs after heat treatment with iodine
and filtering in ethanol.

3.3. Hollow CNCs as a catalyst support

In order to investigate the performance of the present hollow
CNCs as a catalyst support, the hollow CNCs from iodine treatment
was studied. An electrochemical study of Pt catalyst (45 wt.%, based
on theoretical calculation and determined by thermogravimetry
analysis) supported on CNCs (Pt/CNC) was performed. Fig. 6a shows
atypical TEM micrograph of the catalyst of Pt/CNC. Pt particles were
finely and uniformly dispersed on the CNCs. The HRTEM image
(Fig. 6b) shows that the Pt particles are mainly dispersed on the
outside of hollow CNCs. Statistic estimation revealed that the aver-
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Fig. 4. Raman spectroscopy of the CNCs after heat treatment with iodine.
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Fig. 5. N, adsorption/desorption isotherms (a), mesopore size distribution (b), and
micropore size distribution (c) of the CNCs after iodine treatment and acid treatment.

age size of the Pt particles on the support was about 3.3 nm. The
mean size of the Pt particles was also calculated from the Pt (22 0)
peak of XRD lines (Fig. 6¢) according to the following Scherrer’s
formula [27]:

0.9%ka,
- ,3(29) CosS Omax ’

(1)

where D is the mean size of the Pt particles, Mg, is the X-ray wave-
length (Cu-Agq, = 0.15418 nm), Omax is the maximum angle of the
(220) peak, and B¢ is the half-peak width for Pt (220) in radian.
The value determined from XRD was 3.1 nm, in close agreement
with that from TEM images with a deviation no more than 0.2 nm.

Fig. 6d shows the cyclic voltammograms of the catalysts using
the different supports. The Pt loading on all supports was 45 wt.%
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Fig. 6. TEM image (a), HRTEM image (b) and XRD patterns (c) of Pt/CNC; cyclic voltammograms of different catalysts (Pt/CB, Pt/CNC-previous, Pt/CNC-present acid and

Pt/CNC-present iodine) (d) (scanning rate 100 mVs~1).

and the amount of Pt on all the electrodes was controlled to
be 0.4mgcm~2. As can be seen, the catalyst supported on the
CNCs from iodine treatment (Pt/CNC-present iodine) demonstrates
stronger hydrogen desorption and adsorption peaks and thus a
higher activity than the catalyst supported on CNCs from acid treat-
ment (Pt/CNC-present acid). When compared with the commercial
catalyst supported on conventional carbon black (Pt/CB) and the
catalyst we previously reported (Pt/CNC-previous) [10], the present
catalyst using CNCs from iodine treatment performed an outstand-
ing electroactivity.

The electroactive surface area for a catalyst can be estimated
from the following equation:

Q

=’

where Q is the charge of hydrogen desorption, m is the quantity
of Pt used, and g is the charge required to oxidize a monolayer of
H, on bright Pt (assumed to be 210 wCcm~2). The Q value can be
calculated from cyclic voltammogram with taking no account of
the contribution of the charge from the electric double layer. The
results of effective Q and « are included in Table 1, which suggests

o

(2)

Table 1
Coulombic charge for hydrogen desorption (Q) and electroactive surface area («)
calculated for different catalysts.

Catalyst Q[mCcm2] a[m?g]
Pt/CB 13.63 16.23
Pt/CNC-previous 3242 38.60
Pt/CNC-present acid 40.50 48.21
Pt/CNC-present iodine 70.95 84.46

that o for the present Pt/CNC catalyst is more than two times higher
than the other catalysts.

4. Discussion

The present results expressly reveal that heat treatment with
iodine followed by filtration in ethanol is a feasible method
to remove the metal particles entrapped in the well-developed
graphite shells. In the process of pyrolyzing the mixture of acety-
lene and iron carbonyl, the decomposition of Fe(CO)s might have
yielded iron nanoparticles that possess a very high catalytic activity
for the decomposition of C;H,. At high temperature (1300°C), car-
bon was produced and dissolved in iron, forming Fe-C intermetallic
compounds. Consequently, a thick shell consisting of graphitic lay-
ers with a good crystalline structure enwrapped on the surface of
the iron particles when the temperature of the particles decreased
(Fig. 1b and c). When this iron/graphite core-shell structure with a
good crystallinity was boiled in the acid, the entrapped Fe particles
could not be eliminated because of the protection of the graphite
structure, as shown in Fig. 2b. Moreover, the removal of the Fe
particles is at the expense of destroying the graphite layers. Acid
oxidized the defective structure in graphite layers first, and then
iron particles were dissolved in acid with the destroyed shells left.

Using the iodine treatment method, it is possible to remove the
Fe particles enwrapped by thick graphitic shells completely with-
out the destruction of the graphite structure. It has been reported
that Fe nanoparticles become unstable when heated at even 250°C
[31]. So the original Fe or Fe-C compound in the core would have
a high activity at high temperature. When heated at 1000°C, Fe
atoms would diffuse through structural defects in the graphitic
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shells, which were also observed in the previous study [32]. Simul-
taneously, the outer shell would shrink under thermal irradiation
which was proved in situ under electron-beam irradiation [33]. The
shrinking of the graphitic shells also promoted outward diffusion
of Fe atoms.

When Fe atoms have escaped from the CNCs, it would react
immediately with iodine gas existing in the surrounding atmo-
sphere to form iron and iodine compounds (mainly Fel, as shown
by XRD patterns in Fig. 2a). The reaction can be described approxi-
mately as follows:

I +Fe < Feyly(Fely). (3)

This is a reversible reaction at high temperature. Owing to the
excess of I, the reverse reaction hardly occurred. The rightward
reaction consumed Fe atoms, resulting in the diffusion of Fe atoms
from the cage center. This process would continue until Fe atoms
in the core completely vanished, leaving a hollow cage. The reac-
tion products and residual I, were removed by dissolving them in
ethanol. In this method, Fe atoms diffused outwards through the
defective structure in the graphitic shell when heated at high tem-
perature. Therefore, the original graphitic structure was preserved
with little damage.

As a support for Pt nanoparticles, the present CNCs from
iodine treatment showed better performance than that from acid
treatment and previous CNCs and conventional CB. The better
performance than that from acid treatment may be related to
the presence of more accessible pores which play an impor-
tant role in oxidation reaction. The apparent improvement than
the previous CNCs and conventional CB may be the presence
of a better graphitic structure and thus a better conductivity.
Besides, the Pt particles supported on the present CNCs exhib-
ited a smaller size (3.3 nm) than those supported on the previous
CNCs [10] and CB [34] (>5nm). This may be another reason for
the apparent improvement of electroactive area of Pt on the
present CNCs. In addition to the application as a catalyst support,
the present CNCs could have many other applications in many
areas, such as adsorbents, electrode materials, and energy-storage
media [34-39] because they have a unique dimension and struc-
ture.

5. Conclusions

In conclusion, iron/graphite core-shell nanoparticles with good
graphitization were synthesized by the pyrolysis of acetylene with
iron carbonyl. In order to remove the metallic phase at the core,
rather than using the conventional acid oxidation, a new method is
proposed involving heat treatment with iodine followed by filtra-
tion in ethanol. It is found that the iron particles can be completely
eliminated and hollow CNCs with good graphitization and high
purity can be obtained. The purification mechanism may involve
that iron atoms could diffuse out from CNCs and react with iodine
molecules in the surrounding atmosphere when the sample is heat
treated at high temperature. The reaction product Fel; is soluble
in ethanol and could be easily removed. When the hollow CNCs
are used as a support material for Pt nanoparticles, the Pt/CNC cat-
alyst shows an apparent improvement in the electroactive area.
Therefore, the present method could be applied to the production
of well-crystallized graphitic carbon in large scale. The resultant
CNCs could prove to be practically relevant for fuel cell and many
other technologies.
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