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ABSTRACT: An extremely durable and highly active Pt catalyst
has been successfully prepared by embedding Pt0 nanoparticles
inside the pores of the nitrogen-dotted porous carbon layer
surrounding carbon nanotubes (Pt@NC-CNT). The Pt@NC-
CNT catalyst has a high BET surface area of 271 m2 g-1

(62 m2 g-1 for Pt/XC-72) and comparably high electro-
chemically active surface area of 64.3 m2 g-1 (68.2 m2 g-1 for
Pt/XC-72). The prepared Pt nanoparticles are small in size
(2.8 ( 1.3 nm) and have a strong interaction of nitrogen to
platinum, as evidenced by the binding energy observed at
399.5 eV. The maximum current densities (If) during
methanol oxidation observed for Pt@NC-CNT (13.2 mA cm-1) is 1.2 times higher than that of Pt/XC-72 (10.8 mA cm-1)
catalysts. Remarkably, in the long term durability test, the If after 1000 cycles for Pt@NC-CNT decreased to 10.6 mA cm-1

compared with Pt/XC-72, which decreased to 2.6 mA cm-2. This means that the Pt@NC-CNT catalyst has a tremendously stable
electrocatalytic activity for MOR because of the unique structure of Pt@NC-CNT formed in this novel synthesis technique.
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A catalyst with high durability accompanied by high catalytic
activity is a key issue for fuel cells and has attracted extensive

attention.1-5 Nitrogen-dotted carbon nanotubes (N-CNTs)
reveal promising potential for DMFC catalyst application by
means of affecting properties such as conductivity, nanostructure
and catalyst activity.6-8 Several methods for preparing N-CNT
have been used, such as doping nitrogen directly during the
synthesis of carbon materials or the post-treatment of presynthe-
sized carbonmaterials with anN-containing precursor (N2, NH3,
etc.).6-15 Generally, Pt-based catalysts with nitrogen-containing
carbon as support exhibit enhanced catalytic activity toward
methanol oxidation and oxygen reduction,16-18 which can be
attributed to modifying the interaction between the Pt nanopar-
ticles and carbon support.

In the present work, an extremely durable and highly active Pt
catalyst was prepared by embedding Pt0 nanoparticles inside the
pores of the nitrogen dotted porous carbon layer surrounding
carbon nanotubes (Pt@NC-CNT). In the preparation, aniline
was used for three purposes: (1) to disperse the bundles of CNT
into separated lines;19 (2) to form polyaniline (PANI), which was
then pyrolyzed into the N-dotted porous carbon layer surrounding
CNT (NC-CNT); and (3) to stabilize Pt4þ and/or Pt0 during
the reduction and pyrolysis process.19-21 Here, the dotted nitrogen
found in the porous carbon layer not only acts as a stabilizer for
preparing small Pt particles (2.8( 1.3 nm) but also enhances the
catalytic activity as Pt is used to catalyze the oxidation. Meanwhile,
Pt0 particles inside NC-CNT are protected by being embedded

inside the pores of nitrogen dotted carbon char, resulting in high
durability. EDTA was used to chelate Pt4þ and Pt0 in order to
create a space between the Pt0 and carbon char after the EDTA
was pyrolyzed.

The Pt@NC-CNT was prepared as shown in Figure 1. First,
aniline was used to efficiently separate the CNT bundles
(Figure 1b) and then was mixed with the EDTA-chelated
platinum-ions solution. Here, aniline adsorbs onto the surface
of CNT to form aniline-stabilized CNT through the π-π interac-
tion between aniline and pristine CNT (Figure 1c).19,22-24 After
the polymerizing of aniline in situ (Figure 1d), a polyaniline
(PANI) layer was coated onto the surface of the CNT and
platinum ions were then wrapped inside the layer where EDTA
chelates with Pt4þ. In the thermal cracking process, the PANI
was cleaved to generate a porous nanostructure of nitrogen-
containing carbon char as a shell surrounding the core of the CNT,
meanwhile most of EDTA surrounding Pt4þ was pyrolyzed into
gas to create the space between Pt and the char layer and enable a
greater exposure of platinum, and the others (<10 wt %) formed
carbon char.25,26 After the reduction of platinum ion by NaBH4,
the novel Pt@NC-CNT catalyst was accomplished. For compar-
ison purposes, we also synthesized a Pt@NC-CNT-x catalyst
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without using EDTA to chelate platinum ions, the results of
which are presented below in the discussion section.

To further study the porosity of the carbon support, we
measured the surface areas by N2 adsorption/desorption. The
results show that both Pt@NC-CNT(271m2 g-1) andPt@NC-
CNT-x (120m2 g-1) have a significantly higher BET surface area
than that of Pt/XC-72 (62 m2 g-1). This indicates that the
carbon char surrounding the CNT possesses high porosity inside
the char and/or high roughness on the surface of the char because of
the gases that occurred during the pyrolysis of PANI. For
Pt@NC-CNT, the introduction of EDTA into PANI results
in a 150% increasing in surface area. The higher surface area of
carbon support not only increases depositing sites to help in
dispersing and stabilizing the Pt nanoparticles but also enhances
the diffusion of fuel during the reaction.27-30 Here, the char
linking of NC-CNT may act as a new conductive pathway to
enhance the conductivity among the sidewalls of CNT.

The particle sizes and distribution of the Pt catalyst on different
carbon supports were measured by TEM. Pt@NC-CNT
(Figure 2a) and Pt@NC-CNT-x (Figure 2b) particles are all
small (2.8 ( 1.3 and 1.6 ( 0.3 nm, respectively) and uniform.
Figure 2c displays a typical high resolution TEM (HRTEM)
image of the Pt@NC-CNT. The Pt nanoparticles are found to
be surrounded by microporous graphite layers, which illustrates
that the Pt nanoparticles are covered by a carbon layer. The Pt
contents were quantified by thermogravimetric analysis (TGA)
to be 20.4 and 12.9% for Pt@NC-CNT and Pt@NC-CNT-x,
respectively (see Figure S1 in the Supporting Information).

This means that the nitrogen species of polyaniline or dotted in
the carbon layer can effectively stabilize Pt4þ/Pt0, and favor the
formation of small Pt nanoparticles.16-18 The larger Pt nano-
particle size of Pt@NC-CNT indicates that the higher porosity
induced by EDTA during the pyrolysis process, as measured by
surface area, increases the aggregation of Pt0 particles. The
powder XRD patterns of Pt@NC-CNT and Pt@NC-CNT-x
are shown in Figure S2 in the Supporting Information. The
diffraction peaks in the XRD pattern at 2θ of 39.6, 46.1, 67.5, and
81.2� can be assigned to be the reflections of the (111), (200),
(220), and (311) planes of the face-centered-cubic (fcc) Pt,
respectively. The bandwidth became sharper for the Pt@NC-
CNT catalyst, indicating an increase in particle size. The calculated
grain sizes of these catalysts are in agreement with those determined
by TEM.

The binding energy between Pt atoms and the nitrogen group
on the surface of the NC-CNT was characterized by XPS as
shown in Figure 3a. An observed peak is deconvoluted into five
peaks centered at 398.5, 399.5, 400.8, 401.5, and 403 eV, which
can be assigned to the pyridinic-type, nitrile, pyrrolic-type, graphitic-
type, and oxidized nitrogen, respectively16. It is clear that Pt@NC-
CNT contains large percentages of pyridinic and pyrrolic types of
nitrogen, which are reported to be responsible for the active sites.
Here, the strong interaction of nitrogen to platinum is evidenced
by the clearly observed peak of nitrile. The nitrogen content in
the char on the surface was measured by XPS, and showed
that the N/C ratio was 7.2%, which is close to those obtained
by EDS.

Figure 1. Synthetic procedure of Pt nanoparticles embedded in the pore of nitrogen-containing carbon layer on carbon nanotubes.

Figure 2. TEM images of (a) Pt@NC-CNT and (b) Pt@NC-CNT-x. HR-TEM image of (c) Pt@NC-CNT.
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To illustrate how the nitrogen-doped shell on the CNT affects
the electrochemical properties of Pt embedded in NC-CNT, we
measured the electrochemically active surface areas (EAS).31-33

For the cyclic voltammograms (CV) of the Pt/C catalyst
(Figure 3b), the EAS was 64.3 m2 g-1 for Pt@NC-CNT and
1.3 m2 g-1 for Pt@CNT-x. The lower EAS value of Pt@NC-
CNT-x can probably be attributed to the carbon char wrap Pt
catalyst. The higher EAS value of Pt@NC-CNT is probably
induced by the Pt0 particle surface being separated from the
carbon char and becoming more exposed, which is caused by the
adsorbed EDTA being pyrolyzed.

Voltammetric curves in N2 saturated 0.5 M H2SO4 and 1.0 M
MeOHaqueous solution are shown inFigure 4a.34,35 Themaximum
current densities duringmethanol oxidation weremeasured from
voltammetric curves for Pt@NC-CNT(13.2mAcm-2), Pt@NC-
CNT-x (0.51mA cm-2) and Pt/XC-72 electrode (10.8mA cm-2).
For Pt@NC-CNT-x, the low value in maximum current density
(If) corresponds to its low EAS. It contrary to Pt@NC-CNT-x,
Pt@NC-CNT showed a 25 times higher value than Pt@NC-
CNT-x, and a 1.2 times higher value than Pt/XC-72 in catalytic

activity because the surface of the Pt nanoparticles are exposed,
which coincides with the results of the EAS. This further illuminates
that the function of the EDTA used for preparing Pt@NC-
CNT in this novel synthesis technique is of paramount importance
to the catalytic ability of the methanol oxidation reaction (MOR).

The electrocatalyst durability of the Pt@NC-CNT and of
Pt/XC-72 was evaluated through repeated CV cycles with the
appropriate lower and upper potential limits in a 0.5 M H2SO4

and 1.0 M MeOH solution. The variation in the current density
for MOR as a function of cycle number was 76 and 20% for Pt/
XC-72 and Pt@NC-CNT, respectively (Figure 4b). Thismeans
that the Pt@NC-CNT catalyst has extremely stable electro-
catalytic activity for MOR owing to the unique structure of
Pt@NC-CNT, where Pt is protected by being embedded inside
the porous N-doped carbon char.

In summary, a novel and highly durable Pt embedded nitro-
gen-containing carbon char layer on a carbon nanotube catalyst
(Pt@NC-CNT) has been successfully prepared by using
PANI as a source for both carbon and nitrogen. The Pt@NC-
CNT catalyst possesses a high BET surface area (271 m2 g-1)

Figure 3. (a) XPS of N1s of Pt@NC-CNT catalyst; (b) CV curves of Pt@NC-CNT-x, Pt@NC-CNT and Pt/XC-72 in 0.1 M HClO4(aq) at a scan
rate of 20 mV s-1.

Figure 4. (a) CV curves of Pt@NC-CNT-x, Pt@NC-CNT, and Pt/XC-72; (b) loss of current density (If) of Pt/C catalyst with number of
CV cycles in 1.0 M MeOH þ 0.5 M H2SO4(aq) at a scan rate of 20 mV s-1.
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(Pt/XC-72 catalyst, 62 m2 g-1) and an EAS comparable (63.4
m2 g-1) to the Pt/XC-72 catalyst (68.2 m2 g-1). Furthermore,
the If during methanol oxidation observed for Pt@NC-CNT is
1.2 times higher than Pt/XC-72 catalysts. In addition, Pt@NC-
CNT offer extremely stable electrocatalytic activity, as is demon-
strated by the variation in the If as a function of cycle number; for
Pt/XC-72, it was 76% after 1000 cycles, while for the Pt@NC-
CNT catalyst, it was 20% after 1000 cycles. The extremely stable
electrocatalytic characteristic of the Pt@NC-CNT catalyst for
MOR, observed from the variation in If, is due to the unique structure
of Pt@NC-CNT formed in this novel synthesis technique.
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