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This study reports an approach for synthesis of graphitic carbon nanocages (CNCs) via pyrolysis of
ethanol with dissolved iron carbonyl at temperatures from 600 to 900°C. The in situ formed Fe catalyst
and template enabled the in situ generation of carbon from ethanol and formation of graphitic layers on
the template surface. With the removal of the template, hollow CNCs were obtained to have a fine size
of 30-50 nm and a large surface area of 400-800 m2/g. The CNCs also became dispersible in water
without aggregation and settling after several months through HNO3 treatment. As an example for potential
applications, the CNCs were demonstrated to be a good material for supporting the Pt catalyst used in
low-temperature fuel cells. Considering its continuous and low-temperature operation, in situ formation
of catalyst and template, and in situ graphitization of decomposed carbon, the present approach may be
suitable for large-scale production of high surface area and water-dispersible graphitic carbon and would
be practically relevant for many technologies.

1. Introduction

It is well-known that nanostructured carbon materials have
wide applications in information technology, biochemistry,
environment, and energy industries.1 This has triggered many
studies on the control of the structure, nature, and surface
chemistry of nanoporous carbon to meet the requirements
of specific applications. For the intended applications as
adsorbents, catalyst supports, electrode materials, and energy
storage media, a nanostructure with a high surface area is
of particular importance, and graphitic carbon is advanta-
geous over amorphous carbon because graphitic carbon has
a well-developed crystalline structure, high electric conduc-
tivity, good thermal stability, and satisfactory oxidation
resistance at low temperature.2 For the applications in
catalysis, development of artificial cells, delivery of drugs
and dyes, and protection of biologically active agents, the
nanoporous carbon should be populated on its surface by a
functional secondary material, or at least dispersible or
soluble in water, a medium essential to studies involving
live cells.3 Thus, the synthesis of high surface area, water-

dispersible graphitic carbon materials is of great interest in
the applications listed above.

Arc discharge, laser evaporation, and chemical vapor
deposition4 are the general techniques used for synthesizing
graphitic carbon materials such as carbon nanotubes,4a-c

hollowcarbonnanocages(CNCs),4dsolidcarbonnanospheres,4e-g

and carbon nanofibers.4h Most of the materials synthesized
by these techniques exhibit a low surface area and low yield.
Conventional activating agents such as H2O and CO2 fail to
activate graphitic carbons, usually used to develop a high
surface area. Severe activation, using alkali compounds as
activating agent, such as KOH, can provide a high surface
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area, but result in a remarkable degradation of the graphitic
structure and substantial material loss.5

Heat treatment of porous carbon at temperatures higher
than 2000°C is able to form well-developed graphitic
structures. But this normally leads to a significant reduction
in surface area and pore volume.6 To overcome such
deficiencies, several methods were developed in recent years.
They basically involved the use of a transition metal to
catalyze the graphitization of amorphous carbons at lower
temperatures (∼1000°C). Depending on the starting materi-
als and experimental conditions used, different graphitic
carbons were prepared, such as graphitic nanoribbons,7

ordered graphitic domains,8 graphitic nanocoils or nano-
cages,9 and graphitic porous carbon.10 Nevertheless, the
preparation of each of these materials includes preparation
of carbon precursors (e.g., aerogel or polymer particles) and
mixing of the precursors with catalytic particles and thus
suffers from time-consuming, incomplete graphitization,
difficult purification of remaining amorphous carbon, and
low surface areas (∼300 m2/g).

Recently, a template method was demonstrated and
appears promising. That is, fine polymeric or inorganic
particles were used as the template for the formation of
carbon layers on their surfaces. From such particles with a
core-shell structure, hollow CNCs were obtained by remov-
ing the template at the core.11 Graphitized nanoporous
carbons with surface areas of 240-460 m2/g were prepared
by heat treatment over 2400°C of the pitch-based mesopo-
rous carbons obtained by using silica colloidal crystal and
nanosilica as templates.12 Ordered mesoporous carbon with
graphitic framework structures was synthesized through in
situ conversion of an aromatic compound, acenaphthene, to
mesophase pitch inside the silica templates.13 However, these
reported template methods usually require the synthesis of
the template first, then mixing of the template with the carbon
source material, and finally graphitization of the carbon.

Thus, multiple steps are involved, leading to a complicated
procedure.

The synthetic processes discussed above either require high
temperatures or are rather time-consuming, and in most cases
give rise to relatively low surface areas. Therefore, up to
now, it is still a great challenge to find a simple method
suitable for large-scale production of graphitic porous carbon
with high surface area. In the present study, a novel template
method is reported, in which both the template of Fe particles
and the shell of graphitic layers can be formed through one-
step pyrolysis of ethanol containing iron pentacarbonyl.
Further, the resultant graphitic CNCs are acid-treated to
remove the in situ template or catalyst to finally prepare
hollow CNCs with high dispersion in water and high surface
area.

2. Experimental Section

2.1. Synthetic Procedure.In the present study, a quartz tube
with an inner diameter of 30 mm and a length of 1500 mm was
used as the reactor for pyrolysis and placed vertically in an electrical
furnace with a heating length of 600 mm. Liquid iron pentacarbonyl
[Fe(CO)5] was dissolved in ethanol with a volume ratio of 1:5.
The resulting solution was supplied at a rate of 60 mL/h and carried
into the reactor by nitrogen with a flow rate of 80 L/h. The furnace
temperature was set at 600, 750, and 900°C and the as-prepared
sample was collected at the bottom of the quartz tube. To remove
the Fe particles, the as-prepared sample was refluxed in HCl or
HNO3 at 100 °C for 2 h. This was followed by washing with
distilled water several times and drying at 80°C for 3 h. To
investigate the dispersion of the CNCs in water, different amounts
of CNCs after nitric acid treatment were ultrasonicated in water to
have concentrations from 0.0155 to 0.124 g/L.

2.2. Characterization. X-ray diffraction (XRD) experiments
were conducted on specimens before and after template removal.
The X-ray diffractometer (Bruker D8 Advance, Bruker AXS,
Germany) was operated at 40 kV and 40 mA. Nickel-filtered Cu
KR radiation was used in the incident beam. High-resolution
electron transmission microscopy (HRTEM) with a cold field
emission gun (Jeol-2010F) was used to study the microstructure
and morphology of the as-prepared and purified samples. The
samples were dispersed in ethanol by means of a sonicator and
scooped up with a holey amorphous carbon film for TEM
observations. Fourier transform infrared (FT-IR) spectra of as-
prepared and as-purified carbons were collected on an EQUNOX
55 FT-IR spectrometer from 4000 to 400 cm-1.

Nitrogen (at 77 K) adsorption isotherm of CNC was measured
using a BELSORP instrument (BEL, Japan, Inc.). The sample was
outgassed at 200°C under nitrogen flow for 4 h prior to the
measurement. Total surface area of CNC was calculated according
to the BET equation from the adsorption data in the relative pressure
from 0.04 to 0.2. Finally, pore volumes were estimated to be the
liquid volume of adsorption (N2) at a relative pressure of 0.99. The
micropore size distribution (<2 nm) was determined by micropore
analysis method (MP method), derived from the curvature of the
t-plot which was calculated from N2 adsorption isotherm. And the
mesopore size distribution (>2 nm) was determined by the Barrett-
Joyner-Halenda (BJH) method. Details about these analytical
methods can be found in ref 14.

2.3. Deposition of Pt and Measurement of Electrochemical
Activity. Preparation of Pt/Carbon Catalysts.Two kinds of catalyst
were prepared with two different supports, the present carbon
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nanocages (Pt/CNC) and the conventional carbon black (Vulcan
XC72) (Pt/CB). In each case, the carbon slurry was prepared by
mixing carbon vigorously with the distilled water. Then the slurry
was heated up to a desired temperature around 90°C. The pH of
the slurry was adjusted to the basic using NaHCO3. The chloro-
platinic acid (CPA) solution, prepared by dissolving CPA (H2PtCl6)
into the distilled water, was added to the carbon slurry and the pH
of the slurry was again adjusted to the basic. The reducing agent
of ethanol was then introduced into the slurry for in situ liquid-
phase reduction. The Pt/carbon slurry was filtered, washed, and
then dried at 80°C in vacuum. The Pt loading was controlled to
be 45% (weight percentage).

Cyclic Voltammetry.The electrochemical activities of the two
catalysts (Pt/CNC, Pt/CB) were characterized by cyclic voltammetry
(CV) technique. The experiments were performed using a three-
electrode cell using an EG&G potentiostat (Model 366A) at ambient
temperature. A saturated calomel electrode (SCE) and a large area
Pt plate were used as the reference electrode and counter electrode,
respectively, and 0.5 M H2SO4 was used as electrolyte. The CV
profiles were recorded at a scan rate of 100 mV/s from the potential
of -0.241 to 0.959 V vs SCE. For comparison, a commercial
catalyst from John Mathney was also used and studied under
otherwise identical conditions.

3. Results

3.1. Structure of CNC Samples with Template.Experi-
ments showed that when only ethanol was injected into the
high-temperature zone, the ethanol evaporated at the upper
part of the furnace was condensed back to liquid at the lower
part of the furnace. This indicates that the decomposition of

ethanol was limited with almost no carbon product produced.
However, when ethanol was added with iron carbonyl, black
powder was continuously produced, but with some liquid
ethanol still remaining in the gas stream. Rough estimation
revealed that the amount of sample produced per hour
increased with increasing temperature from 600 to 900°C.
Under the present experimental conditions (typically, reactor
diameter,∼3 cm; supply rate of spray solution, 60 mL/h;
and temperature, 700°C), the production rate of the sample
was about 10 g/h.

A typical TEM image of the sample prepared at 700°C
is shown in Figure 1a. As can be seen, the sample consisted
of nanoparticles with an average diameter of 30-50 nm.
Furthermore, each nanoparticle had a core-shell structure
with the core containing Fe and the shell being carbon. The
XRD pattern is illustrated in Figure 1b. The peaks at 2θ )
26.22° and 54.34° can be attributed to the diffractions of
the (002) and (004) planes of the hexagonal structure of
graphite. Those appearing at 2θ ) 44.9°, 82.9°, and 98° result
from the diffractions of (110), (211), and (220) planes of
R-Fe, and the rest of the peaks are related to the Fe3C phase.
HRTEM (Figure 1c) revealed an ordered crystalline structure
both in the shell and in the core. Since the interlayer spacing
of the lattice fringes in the shell is about 0.34 nm (Figure
1d), the imaged lattice plane is the (002) plane of graphite.
Since the interlayer spacing of the lattice fringes in the core
is about 0.2 nm (Figure 1d), the imaged lattice is the (102)
plane of Fe3C.

The samples prepared at 600 and 900°C are similar to
that prepared at 700°C. That is, all particles contained a
metallic core and a graphitic shell. Except for such particles,
other impurities such as carbon nanotubes or nanofibers were
rarely observed. A minor amount of amorphous carbon was
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K. S. W. Adsorption, Surface Area, and Porosity; Academic Press:
New York, 1982. (c) Lippens, B. C.; De Boer, J. H.J. Catal.1965,
4, 319.

Figure 1. TEM image (a), XRD pattern (b), and HRTEM image (c, d) of the sample synthesized at 700°C, showing the core-shell structure and phase
constitution. Minor amorphous carbon on particle surface is arrowed in (c).
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found only on the surface of the nanoparticle as seen in
Figure 1c. However, as the temperature was increased to
900 °C, the size of the nanoparticles became larger than
100 nm, and the thickness of the graphitic shell larger than
10 nm.

3.2. Structure of CNC Samples without Template.The
change in particle size with temperature can be better seen
after the sample is purified with acid. As shown in Figure
3, the original Fe or Fe3C phase vanished but carbon shells
remained with their sizes varying with temperature from 600
to 900°C. HRTEM (Figure 4) illustrates that the shell was
still constituted by graphitic layers with a spacing of 0.34
nm. The removal of core materials and remainder of graphitic
shells can be further supported by XRD results. Compared
with the as-prepared sample, the purified one shows no strong
peaks of Fe but a strong peak of graphite at 2θ ) 26.22°.
The weak peak seen at 2θ ) ∼43° may be assigned to Fe3C
((102) plane). This observation suggests that some Fe3C
phase remained in the final samples.

CNCs become hollow after acid treatment as shown in
Figures 2 and 3. This suggestion is supported by the
observations of the lack of structure and uniform translucent
appearance to the electron beam in the core region (Figure
3), and similar structures of graphitic planes in multiple
overlaid particles (Figure 3b). If the cagelike particles were
filled with amorphous carbon, then the interiors would show

variations of translucence and the structures behind the
overlaid cages could not be clearly discerned. This is due to
the intervening crystalline material in the path of the electron
beam.

3.3. Porosity of Hollow CNCs.Several N2 adsorption
experiments were carried out to analyze the pore structures
in the hollow cage samples synthesized at different temper-
atures. In Figure 5a, the N2 adsorption isotherms show an
uptake of N2 in the region of low nitrogen pressure (p/p0 <
0.05). This observation suggests that there were micropores
in all cage samples. After the initial adsorption, however,
the uptake of N2 increased significantly in the region of high
nitrogen pressure (p/p0 > 0.05). Such a high uptake indicates
the presence of mesopores in the samples.

With use of these adsorption data, the apparent specific
surface areaSBET and the contributions of micropores and
mesopores can be calculated based on the BET and BJH
methods, respectively. Results (Table 1) show that the hollow
CNCs synthesized at 600, 700, and 900°C had aSBET of
800, 433, and 201 m2/g, respectively. Furthermore, almost
all the surface areas were contributed by mesopores, and the
contributions by micropores were very small.

Figure 5b shows the mesopore size distribution. A large
number of mesopores ranging from 2 to 100 nm in size
formed in the samples. Additionally, there were more such
pores in the sample synthesized at a lower temperature than
that synthesized at a higher temperature. Specifically, the
samples synthesized at 600 and 700°C present a strong
distribution at pore sizes around 25 and 25-40 nm,
respectively. These sizes are close to the inner diameters of
the cages observed by TEM (Figure 2). Therefore, the pores
of these sizes may result from the removal of the template

Figure 2. TEM images of hollow carbon nanocages from samples
synthesized at 600 (a), 700 (b), and 900°C (c), showing the differences in
cage size and shell thickness between the lower temperature samples and
the higher temperature one. Cage opening is arrowed in (b).

Figure 3. HRTEM images of hollow CNCs synthesized at 700°C, showing
graphitic layers in shells. Note the overlaid cages in (b).
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inside the cages and respond for the highSBET values
observed for the samples synthesized at 600 and 700°C.
Figure 5c illustrates the micropore size distributions. The
results demonstrate that the micropores had dominant sizes
ranging from 0.7 to 1.5 nm in all samples. Such pores may
be produced by the acid treatment for removal of the template
material.

3.4. Functionalization of Hollow CNCs. FT-IR spec-
troscopy was used to detect the development of the surface
functional groups of graphitic carbon during nitric acid
treatment, and the corresponding FT-IR spectra of carbons
before and after this acid treatment are shown in Figure 6.
After acid oxidation, one can see remarkable changes in the
spectra as compared to the original one. Several new bands
are present at 3419, 1720, 1581, and 1186 cm-1. The band
around 3419 cm-1 is attributed to the-OH or COOH groups
in the graphitic carbon. FT-IR peaks appearing around 1720
and 1581 cm-1 can be assigned to the CdO stretching
vibrations from ketones or carboxyl groups, although the
1581 cm-1 peak can also be ascribed to benzene C-C. The

band at 1186 cm-1 can be assigned to C-O-C vibrations
in ether structures. These results provide clear evidence that

Figure 4. XRD patterns of hollow CNC samples synthesized at 600 (a),
700 (b), and 900°C (c), showing evident reflections of graphite and
remaining Fe3C.

Figure 5. N2 adsorption isotherms (a), mesopore size distributions (b),
and micropore size distributions (c) of the samples synthesized at different
temperatures. Note that, in Figure 5c, some lines contain only one or two
data. Such lines are actually drawn based on more data which have
differential volume values less than zero.

Table 1. Apparent Specific Surface Areas (SBET) and Pore Volumes
(VBET) Measured by the BET Method and Contributions of

Mesopores and Micropores Determined by the BJH Method for
CNC Samples Synthesized at Different Temperatures after Template

Removal

600°C 700°C 900°C

totalSBET (m2/g) 800 433 201
Smesopore(m2/g) 772 389 143
Smicropore(m2/g) 28 44 58
totalVBET (m3/g) 4.47 0.91 1.37
Vmacropore(>50 nm) 1.66 0.02 0.82
Vmesopore(2-50 nm) 2.73 0.86 0.5
Vmicropore(<2 nm) 0.08 0.03 0.05
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functional groups were successfully introduced, presumably
on the external surface of the graphitic carbon, during the
nitric acid treatment. However, it should be noted that the
carbonyl bands associated with the carboxylic acid groups
are weak. This may be a result of a combination of a low
degree of functionalization and a relatively large spectral
background in the low wavenumber region.

3.5. Dispersion of Hollow CNCs in Water. Figure 7
shows the dispersion of the CNCs in water. It was found
that thermodynamically stable solutions were formed after
sonication for 2 min. Visual inspection of these solutions
revealed no indication of aggregation and settling of CNCs
after several months. In contrast, a solution of the CNCs
without nitric acid treatment began to show aggregation and
settling within 2 min after sonication for 10 min.

3.6. Application as a Catalyst Support.To investigate
the performance of the present hollow CNCs as a catalyst
support for proton exchange membrane fuel cell electrodes,
the sample originally synthesized at 700°C was taken as an
example, and an electrochemical study of a Pt catalyst (45
wt %) supported on this material (Pt/CNC) was conducted.
For comparison, the same amount of Pt was also deposited
on the conventional carbon black (Vulcan XC72) (Pt/CB).
Platinum was generally uniformly dispersed on carbon black
(Figure 8a) and CNCs (Figure 8b). Statistic estimation
revealed that the average sizes of Pt particles on the two
supports were∼5.0 and∼3.0 nm, respectively. These values
are in close agreement with those estimated by the Scherrer’s

formula based on the XRD data shown in Figure 8c. Figure
8d shows the cyclic voltamograms of these two catalysts.
The commercial catalyst from John Mathney Co. is also
included for comparison. As can be seen, the catalyst of Pt/
CNC demonstrates a stronger hydrogen adsorption peak and
thus a higher activity than the catalyst of Pt/CB and the
commercial catalyst as well.

4. Discussion

The present results expressly reveal the morphology and
the structure of the CNCs filled with the Fe or Fe3C template.
The formation of this core-shell structure may be related
to the activities of the carbon source and metal particles.
The decomposition of Fe(CO)5 might yield iron nanoparticles
that possessed a very high catalytic activity for the decom-
position of ethanol. At high temperature, the decomposed
carbon could be dissolved in iron and form an Fe-C phase.
As the temperature of the particles decreased, carbon would
become oversaturated and would thus precipitate and deposit
on the surface of the iron particles. Consequently, graphitic
layers formed. With the removal of iron particles, hollow
graphitic CNCs were obtained.

The large improvement in electrochemical activity from
the catalyst of Pt/CB to that of Pt/CNC may be attributed to
two factors. First, the Pt particles supported on CNCs
exhibited a smaller size than those supported on Vulcan XC-
72 CB (3.0 nm vs 4.5 nm) (Figures 8a and 8b). This
difference could be related to the difference in specific
surface area between the two supports (433 m2/g vs 267 m2/
g). Second, the Pt particles supported on CNCs which had a
graphitic structure may have a better electrical conductivity
than those supported on the amorphous carbon black of
Vulcan XC-72.

Several important features of the present graphitic carbon
and synthesis process should be mentioned. First, the carbon
precursor of ethanol was mixed with iron carbonyl at the
molecular scale. Carbon was produced in situ from the
decomposition of ethanol catalyzed by Fe particles. Conse-
quently, the previous time-consuming preparation of carbon
precursors (aerogel, R-F gel, or polymer particles) and
mixing of the precursors with catalytic particles7-10 were not
needed. A further advantage of catalyzed decomposition of
ethanol is that the generated carbon was dissolved in Fe
particles and then precipitated out as graphitic layers. As a
result, the as-prepared sample was of high purity, and
previous impurities such as amorphous carbon7-10 were rarely
observed (Figure 1a).

Second, the Fe particles acted as a template for precipita-
tion of carbon shell. Both the formation of this template and
precipitation of graphitic layers took place in situ during the
experiment, and thus previous separate procedures for
preparingthetemplateandadditionalstepsforgraphitization11-13

were not required. Furthermore, since the whole process took
place in short time, the size of the template was small, and
the amount of carbon dissolved in the template was limited.
All these led to particles of small size (<50 nm) and thin
(<5 nm) and open graphitic shells (Figures 2a and 2b), and
therefore high surface areas of 433 m2/g at 700 and 800 m2/g
at 600 °C (Table 1). These values are much higher than

Figure 6. Infrared spectra of the samples before (a) and after (b) nitric
acid treatment. Note the occurrence of new bands on (b).

Figure 7. Water solutions containing different concentrations of carbon
nanocages. From left to right: 0.124, 0.062, 0.031, and 0.0155 g/L,
respectively. Note no indication of aggregation and settling after several
months.
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previous ones (generally up to 300 m2/g) for graphitic carbon
except for the mesoporous carbon12b with a surface area of
460 m2/g but obtained at 2400°C. The low surface area of
201 m2/g for the present sample obtained at 900°C may
result from the CNCs having a large size (>100 nm) and a
thick shell (∼10 nm).

Third, in addition to high surface area and well-developed
graphitic structure, the present CNCs also show good
dispersion in water if they are treated in nitric acid (Figure
7). The reason for this observation may be that when
hydrophilic functional groups (e.g.,-OH, -COOH, CdO)
are introduced on the surface, there will be an attractive
interaction between water molecules and the nanocages.
Hence, this mixture will be stable, and agglomeration and
settling will not take place. However, the nanocage surface
is hydrophobic without functional groups, and therefore there
will be repulsive interaction between water molecules and
the nanocages. Thus, this mixture will not be stable, and
agglomeration and settling will take place.

Finally, the present synthesis process is continuous at low
temperature and contains no harsh conditions. This is
apparently advantageous over previous approaches by which
samples could be produced only batch by batch. If the easy
removal of the template and the high purity of the as-prepared
material are taken into account, it becomes evident that the
present approach may be suitable for large-scale production.

5. Conclusions

High surface area graphitic CNCs have been synthesized
by pyrolysis of ethanol with dissolved iron carbonyl at low
temperatures from 600 to 900°C. Fe particles play important
roles in in situ formation of template, carbon, and graphitic
structure. With the removal of the Fe template, hollow CNCs
are produced having a high purity, a fine size (30-50 nm),
and a large surface area (400-800 m2/g). When nitric acid
is used for template removal, the hollow CNCs become
dispersible in water without aggregation and settling after
several months. When the CNCs were used as a catalyst
support material, the electrochemical activity of the catalyst
was apparently higher than the commercial catalyst and the
catalyst using conventional carbon black as the support
material. The present simple approach may be suitable for
large-scale production of high surface area and water-
dispersible graphitic carbon and would prove to be practically
relevant for fuel cell technology.
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Figure 8. TEM images of the Pt/CB (a) and Pt/CNC (b) catalysts, their XRD patterns (c), and their cyclic voltamograms. Note the absence of a graphite
peak for the Pt/CB catalyst but the presence of this peak for the Pt/CNC catalyst. A commercial catalyst from John Mathney Co. is included in (c) for
comparison.
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