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The excellent physical and chemical properties of porous carbon materials allow them to be widely
used in many fields. Their performance in a specific application is usually determined by structural features
such as pore diameter, channel length, and architecture. In recent years, great efforts have been made to
develop suitable carbon-based materials with short pores and/or hierarchical porous architectures, for
use in transport or diffusion of guest objects by reducing pathways and resistance. In the present paper,
we report on a novel carbon nanostructure constructed with a mesoporous core and a microporous shell.
The mesopore walls are constructed of only a few graphene layers and can be controllably removed by
a wetting oxidation reaction, which leaves behind hollow nanoparticles. These short-pore structures could
facilitate the diffusion of molecules; they also show a very high and stable catalytic performance during
the dehydrogenation of cyclohexane that is far superior to currently available long-pore materials, such
as active carbon and carbon nanotubes.

Introduction

Porous carbon materials have a number of appealing
physical properties, such as low density, high corrosion
resistance, tailorable surface properties, and excellent thermal
and mechanical stability, that make them useful in many
applications, including their use in transport of guest
molecules.1-4 In general, the pore diameter, channel length,
and architecture of porous materials usually determine their
performance in many applications.5-9 For example, because
many heterocatalytic reactions are kinetically controlled by
the diffusion or desorption of products in the pores of the
catalysts, catalyst materials with short pores are often
required to increase the rate of diffusion of molecules in order
to promote the total process.10 In particular, for multistep
chain reactions with intermediates as target products, short-
ening the pore length of catalysts would be beneficial for
instant desorption or diffusion of intermediates, which would
effectively avoid overly deep reactions and thus improve
reaction selectivity. In the field of electrochemical capacitors,
ion transport inside the deep pores of conventional materials

is usually limited, which severely reduces charge and
discharge rates.11 Therefore, the development of suitable
carbon materials with short pores is now being emphasized
to facilitate ion transport by reducing resistance and diffusion
pathways.

In general, porous particles with nanoscale sizes represent
one candidate in the short-pore material category. In the area
of drug delivery, nanosized drug carriers are required to
facilitate intracellular drug transport and uptake.12,13 However,
hierarchical porous architectures have many other applica-
tions.6 For example, Cheng et al. reported that carbon
materials with three-dimensional aperiodic porous textures
exhibit high energy and power density that can be used for
electrochemical capacitive energy storage.14 Zhu et al.
recently reported that the application of silica nanoparticles
with hollow cores and porous shells can effectively tune and
improve drug release and storage capacity.15 Carbon nano-
materials with similar core-shell structures predictably
exhibit unique functions in drug delivery because of their
excellent biocompatibility and the tunable properties of
porous carbon.16-21

The construction of porous structures of carbon particles
with sizes in the nanoscale (<100 nm) is usually difficult.
Recently, however, the research groups of Hyeon,22 Lu,23

and Ikeda,24,25 were able to successfully synthesize hollow
carbon nanoparticles with porous walls through the use of
organic polymerization reactions and subsequent carboniza-
tion. The construction of the hollow cores was carried out
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using solid templates such as nanosized silica, titania, or
metal salts.1,2,26 Stein et al. employed dual templates,
composed of a block copolymer surfactant and colloidal
crystals, to synthesize mesoporous carbon nanoparticles
(MSP-3) with different shapes.27

In the present paper, we report on core-shell carbon
nanoparticles (denoted as CSCNPs) that comprise mesopo-
rous cores and microporous shells. The mesopore walls in
the cores are primarily constructed of single or double
graphene layers, and can be readily removed, which results
in hollow nanoparticles. This carbon nanostructure represents
a novel carbon material that has short hierarchical pores. It
displays an excellent performance in the platinum-catalytic
dehydrogenation of cyclohexane to benzene that is superior
to that of carbon materials with long channels, such as active
carbon (denoted as AC) and multiwall carbon nanotubes
(denoted as MWCNTs) with long channels.

Experimental Section

The CSCNPs were synthesized by the detonation of a mixture
consisting of picric acid, phenol, and cobalt acetate (when used),
with desired ratios. The detonation experiments, which were
performed in a sealed stainless steel pressure vessel (14 cm3), were
initiated by a quick heating (20 °C min-1) of the vessel to 310 °C.
After the detonation of picric acid, a high-temperature environment
(typically 1000 °C) was created inside the vessel, which provided
required basic conditions for the decompositions of phenol and
cobalt acetate and the construction of the CSCNPs. The entire
reaction process was carried out for 10 min, after which the vessel
was cooled naturally in air to room temperature. The gaseous
products were then emptied and the solid products were collected
for further analysis.

For the emptying of the cores of the CSCNPs, 0.4 g of CSCNPs
was added to 100 mL of 1.5 M HNO3 and refluxed for 12 h. After
the refluxing, the suspension was filtered, washed with deionized
water and ethanol, and dried at 100 °C overnight.

The Pt/CSCNP, Pt/AC, and Pt/MWCNT catalysts were
prepared by pore volume impregnation of 200 mg of either
CSCNP, AC, or MWCNT with an aqueous solution of PtCl4 of
the desired solution concentration and volume, followed by
vacuum drying at 60 °C overnight. All of the resulting catalysts
contained 1 wt % Pt. The pore volumes of the three materials
were measured with pure water, and the actually employed

volumes of the PtCl4 solution were slightly less than the
measured pore volume, to allow the PtCl4 solution to permeate
into the pores (or tube channels) as completely as possible.
Before the catalysis reactions, the catalysts, loaded in a glass
tubular reactor, were reduced in situ by hydrogen at 400 °C for
3 h. After this reduction, the reactor was cooled to and
maintained at 310 °C, and cyclohexane was fed into the reactor
by a piston pump at a rate of 0.03 mL min-1. Cyclohexane
concentrations before and during the reaction were analyzed by
online gas chromatography, using a thermal conductivity detector
and a dioctyl sebacate column.

TEM analyses were performed using a JEM-2010 electron
microscope, operated at 200 kV. Surface area and pore analyses,
employing N2 as the adsorbate, were carried out at 77.4 K using
an ASAP2020 M automated gas-sorption system, which allows
a high-resolution adsorption isotherm taken down to P/P0 ) 1
× 10-8. Prior to the measurements, the samples were degassed
at 300 °C for 8 h. Powder X-ray diffraction patterns were
obtained on a D8 Advance Bruker diffractometer, with Cu KR
radiation.

Results and Discussion

The CSCNPs were synthesized by detonation-assisted
chemical vapor deposition, which we have previously
employed to synthesize metal-encapsulated carbon nanopar-
ticles,28 carbon nanobulbs,29 and carbon nanotubes.30-32 In
this process, the detonation of the explosive (picric acid)
creates the required high-temperature environment in which
the premixed carbon/catalyst precursors decompose and then
reconstruct as carbon nanostructures. The morphologies of
the carbon nanostructures are highly dependent on the type
and nature of the carbon/catalyst precursors. Hydrocarbons
such as cyclohexane, benzene, and paraffin have been found
to be suitable for MWCNT synthesis. In the present synthesis
of the CSCNPs, hydroxyl compounds such as phenol,
resorcinol, and hexanol were used as carbon precursors. The
presence of -OH groups hinders the construction of
MWCNTs, and these groups also act as oxidative reagents
for pore creation, as occurs during normal carbon activation.33

Cobalt acetate is used as a catalyst precursor for the catalytic
formation of the CSCNP shells. The typical product that is
obtained from a mixture of picric acid (2.5 g), cobalt acetate
(0.17 g), and phenol (0.53 g) is a black powder with an
extremely low apparent density (0.021 gcm-3). As observed
by transmission electron microscopy (TEM), the product is
composed of carbon nanoparticles with a narrow size
distribution of 20-60 nm (Figure 1a). Magnified images
(Figure 1b) show that the nanoparticles exhibit core-shell
structures. Mesopores can be clearly observed within the
cores. High-resolution images (Figure 2) reveal that the
mesopores have sizes of 2-4 nm and have very thin walls
that are composed of only a few graphene layers. The
presence of mesopores is also supported by the nitrogen
adsorption-desorption isotherm of the product (Figure 3a),
which shows the type IV curve with a H3 hysteresis loop,
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suggesting the occurrence of mesopore-characteristic capil-
lary condensation of nitrogen. The product exhibits a high
Brunauer-Emmett-Teller (BET) surface area (668 m2 g-1)
and a very large pore volume (0.93 cm3g-1). The nitrogen
accessibility of the mesopores in the cores indicates that the
shells also possess a porous structure, which provides the

required windows for the entrance of nitrogen molecules into
the cores. The invisible feature of the shell pores by TEM
and the presence of plentiful structural defects on the
graphitic shells (Figure 2) suggest that the pores on the shells
are micropores. The nitrogen adsorption curve of the
CSCNPs (a magnified curve from 1 × 10-7 to 1 × 10-2 of
P/P0 is presented in the inset of Figure 3a) shows a strong
adsorption at low P/P0, indicating that micropores are evident
in the CSCNPs. The calculated t-plot micropore area is 223
m2 g-1. The pore size distribution calculated by the density
function theory (DFT) method is presented in Figure 3b.
Clearly, the CSCNPs contain both mesopores and mi-
cropores. The sizes of micropores peaked at about 1.1 nm,
whereas the sizes of mesopores were predominantly in the
range of 2-5 nm, in close agreement with the TEM
observations.

The nanoparticles obtained without cobalt catalysts show
no obvious shells, as observed by TEM (Figure 4). Under
TEM, the mesoporous structures are still evident, with a size
distribution similar to the sample obtained by cobalt catalysts.
This indicates the importance of metal catalysts in the
formation of the shells of the CSCNPs. Considering that the
energy for the present formation of the CSCNPs is provided
by the detonation of picric acid and is determined by the
loading density of picric acid, we have tried to tailor the
shell thickness by adjusting detonation recipes. Typically,
when the amount of picric acid is reduced from 2.5 to 1.5 g
(with the amounts of carbon and cobalt precursors remaining
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Figure 1. (a, b) TEM images of the CSCNPs obtained from a mixture of
picric acid (2.5 g), cobalt acetate (0.17 g), and phenol (0.53 g).

Figure 2. A typical high-resolution TEM image of the CSCNPs.

Figure 3. (a) High-resolution nitrogen adsorption-desorption isotherm of
the CSCNPs. Inset is magnified adsorption curve at low P/P0. (b) Pore size
distribution histogram determined by DFT method.
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unchanged), the resulting nanoparticles exhibit significantly
thinner shells, on which more structural defects are generated
(Figure 5). The sizes of the mesopores in the cores and the
thickness of pore walls show no visible changes.

As described above for the CSCNPs obtained, the shells
are constructed by multilayer graphitic structure containing
micropores, whereas the mesopore walls in the cores are
constructed by only a few graphene layers. These are also
highly different in size and structural extensiveness, which
theoretically results in a significant difference in structure
curving tension. In addition, the graphitic shells are actually
formed by the catalyzed transformation and crystallization
from the mesopore structures. Thus, they have fewer
structural defects than do the mesopore walls.

These structural differences between the shells and the
mesopore walls predictably induce a difference in their
chemical reactivity, which guided us to reform the CSCNPs
into hollow carbon nanoparticles by controllably eliminating
the mesopore walls with an oxidative acid. The micropores
on the shells provide the required windows for the access of
the acid molecules into the cores. Following this strategy,
hollow carbon nanoparticles can be successfully obtained by
treating the CSCNPs with concentrated nitric acid, as shown
in Figure 6a. The mesopore walls are completely removed,
whereas the shells still remain, although somewhat structur-
ally degraded, leaving behind entirely hollow cores (Figure

6). The inner diameter of the hollowed nanoparticles is
generally in the range of 25-40 nm and the outer diameter
is in the range of 35-45 nm (Figure 7). The nitrogen
adsorption-desorption isotherm of the hollowed nanopar-
ticles (Figure 8a) was similar to a type IV curve with an
obvious mesopore-characteristic H3 hysteresis loop, in
agreement with the TEM observation of the hollowed cores.
The BET specific surface area of the hollowed nanoparticles
was reduced from 668 to 255 m2 g-1, and thus was likely
linked with the loss of the surfaces originally contributed
by the thin-graphene-layer mesopore walls in the CSCNPs.
The clear adsorption in the range of low P/P0 (the inset of
Figure 8a shows a magnified adsorption curve from 1 × 10-7

to 1 × 10-2 of P/P0) suggests that the hollowed carbon
nanoparticles still contain micropores, most likely on the
shells. Figure 8b presents the DFT-calculated pore size
distribution of the hollowed particles. Clearly, the mesopores
of 2-5 nm that are presented in the original CSCNPs
disappear, consistent with the TEM observations and the acid
erosion of the mesopores in the cores. Compared to the
original CSCNPs, the hollowed particles seemed to exhibit
larger micropore sizes, possibly associated with a pore
widening during the acid treatment. These results further
confirm that the shells of the original and hollowed CSCNPs
have a porous structure, through which the liquid acid can
readily enter into the CSCNP cores for the erosion of the
mesopore walls.

Figure 4. Nanoparticles obtained from a mixture of the picric acid (2.5 g)
and phenol (0.53 g), without catalysts. Figure 5. CSCNPs obtained from a mixture of picric acid (1.5 g), cobalt

acetate (0.17 g), and phenol (0.53 g).
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The short-pore feature of the CSCNPs may endow them
with unique properties and possibly with potential advantages
in applications such as catalysis, drug delivery, electrochemi-
cal capacitors, chemical separations, and sensors. As a
demonstration, we have explored the catalytic dehydroge-
nation of cyclohexane to benzene, using a CSCNP-supported
platinum catalyst. This reaction, as a key step in the
benzene-cyclohexane-benzene reaction cycle, is a promis-
ing process for chemical hydrogen storage.34-36 In the
reaction cycle, the benzene-cyclohexane hydrogenation
reaction moiety is the easiest to be performed and has been
industrialized. In contrast, some problems in the cyclohex-

ane-benzene dehydrogenation reaction moiety remain, such
as the high-temperature requirement and catalyst deacti-
vation.37-41 The deactivation is mainly derived from the
formation of cokes over the catalyst surfaces, which heavily
contaminate the catalyst active sites. This coke formation is
generally induced by strong adsorption and long retention
time of the product benzene over catalyst surfaces,42-46 which
become poor carbon-supported catalysts because of the strong
π-π interaction between carbon materials and benzene.47

Intrinsically, decreasing the adsorption and residence time
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Figure 6. TEM images of the hollow particles obtained by a HNO3 treatment
of CSCNPs.

Figure 7. Inner/outer diameter distributions of the hollow particles obtained
by a HNO3 treatment of CSCNPs.

Figure 8. (a) High-resolution nitrogen adsorption-desorption isotherm the
particles hollowed by a HNO3 treatment. The inset is magnified adsorption
curve at low P/P0. (b) Pore size distribution histogram determined by DFT
method.
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of benzene would be beneficial to the improvement of
catalyst stability. One may imagine that, for short-pore
materials with a short diffusion pathway, molecules can more
easily “escape” from these surfaces by significantly shorten-
ing the stay time. Following this idea, we have demonstrated
the catalytic cyclohexane-benzene dehydrogenation reaction
over Pt/CSCNP catalyst, and compared its catalytic perfor-
mance with those of the Pt catalysts supported on AC and
MWCNTs, which typically exhibit long pores or channels
(Figure 9a for MWCNTs).

Figure 10 shows that the catalytic activity of the Pt/CSCNP
catalyst is significantly higher than that of either the Pt/AC
or the Pt/MWCNT catalysts, with the initial cyclohexane-
benzene conversions being 65.5%, 57.4%, and 35.4%,
respectively. Notably, the Pt/AC and Pt/MWCNT catalysts

quickly became deactivated as the reaction duration pro-
gressed, with continuous and obvious drops in cyclohexane-
benzene conversion. The drops become more rapid after 12 h
of reaction time, with a drop in cyclohexane-benzene
conversion from 57.4 to 17.0% (within 15 h) observed for
the Pt/AC catalyst, and from 35.4 to 4.6% (within 14 h) for
the Pt/MWCNT catalyst. Interestingly, although the Pt/
CSCNP catalyst also initially exhibits somewhat of a
deactivation, it finally stabilizes during further reactions and
then maintains a relatively high cyclohexane-benzene
conversion, at about 49%.

As shown by TEM observations (Figure 9b-d), the size
of platinum catalyst particles is in the range of 1-3 nm,
independent of the support material. In addition, XRD
analyses indicate that for all three catalysts, the crystal
structures of the platinum catalyst particles are similar, with
a face-centered cubic structure (Figure 11). The obvious
difference among the three catalysts is their pore structures.
The CSCNPs exhibit a short-pore feature (below 40 nm,
estimated from the size of the CSCNPs), whereas the AC is
a bulk-sized porous material, showing deep pores, and the
MWCNTs have micrometer-scale long channels (Figure 9a).
It is therefore possible that the unique short pore structure
of the CSCNPs plays an important role in the improvement
of the catalytic activity and stability, through facilitating the
diffusion and escape of product benzene molecules from the
catalyst surfaces, thus shortening their stay time and reducing
coke formation. Indeed, regarding the improvement of Pt/
CSCNP activity, the contributions of other factors are
difficult to exclude because activity is often highly sensitive

Figure 9. (a) TEM images of carbon nanotubes with long channels. (b, c, d) TEM images of Pt/MWCNT, Pt/CSCNP, and Pt/AC catalysts, showing that the
platinum nanoparticles are well-dispersed in both cases and exhibit similar sizes.

Figure 10. Cyclohexane conversions over Pt/CSCNP, Pt/AC, and Pt/
MWCNT catalysts as a function of reaction duration.
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to the sizes and microstructures of both the catalyst particles
and the support materials.

In general, an identification of the relationship between
pore length and catalyst stability is less affected by other
factors. Strictly speaking, selectively filling Pt nanoparticles
into the pores (or tube channels) rather than onto the outer
surfaces would be better for an exact identification of the
relationship between the short pore structure and the
improved catalytic performance of the CSCNPs. For this
purpose, during the impregnation preparations of the cata-
lysts, we employed a PtCl4 solution slightly less than the
pore volume to allow it to permeate into the pores (or tube
channels) as completely as possible. From the TEM observa-
tions (Figure 9b-d), the outer surfaces of the Pt-loaded
CSCNPs, MWCNTs, and ACs were relatively clean, sug-

gesting that Pt nanoparticles appear to mainly stay in the
pores, and only a minority locate on the outer surfaces.
Therefore, catalyst stability is chiefly determined by the event
of pore-filling with active Pt particles for all three catalysts,
and the difference in their pore length is likely to be
responsible for significant changes in stability. More detailed
studies are currently under way in our laboratory to confirm
this.

Conclusion

In summary, novel carbon nanoparticles, constructed by
mesoporous core and microporous shells, have been syn-
thesized by a one-step process that is based on detonation-
assisted chemical vapor deposition. The mesopore walls
consist of a few graphene layers and can be controllably
removed by a wetting oxidation treatment, leaving behind
hollow nanoparticles. The porous core-shell nanostructures
provide ideal short pores (superior to the active carbon and
carbon nanotubes with long channels), where the catalytic
reactions that are controlled by the desorption or diffusion
of product molecules can proceed more stably. Additionally,
the unique carbon nanostructures may have a number of
applications, for example, in drug delivery, chemical separa-
tions, electrochemical capacitor, and sensor to tailor or
improve material functions.
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Figure 11. X-ray diffraction patterns of the Pt/MWCNT, Pt/AC, and Pt/
CSCNP catalysts, showing that the platinum nanoparticles exhibit the same
crystal structure in all cases.
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