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Functional mesoporous carbon nanotubes (MCNTSs) and their
integration in situ with Pt nanocrystals (Pt/MCNTSs) have
been designed and successfully developed via a facile route,
which exhibited enhanced performances in energy storage
and conversion applications.

One of the great challenges for our society is to provide high-
efficient, low-cost and environmentally friendly electrochemical
energy conversion and storage devices.! It is noteworthy that the
performance of these devices depends intimately on the
properties of the materials. Carbon materials, especially one-
dimensional carbons, such as carbon fibers and carbon nanotubes
(CNTSs), have attracted great interest due to their high surface area
and short diffusion path to ions and excitons, making them ideal
candidates for electrode materials and catalyst supports.?
However, carbon fibers suffer from poor mechanical strength as
they contain a variety of structural defects.® CNTs, on the other
hand, have been well accepted that they have superior electrical
properties with unique tubular structures, which favor fast ion and
electron transportation.* However, the entanglement problem of
CNTs results in poor efficiency in facilitating fast ionic
transportation.”  Furthermore, considering the difficulty in
purification and high cost of CNTSs, it is desirable to develop a
simple low-cost route to synthesize novel one dimensional carbon
materials with excellent electrochemical properties.

On the other hand, it is well known that the performance of
heterogeneous catalysts is highly affected by their support
materials.® As mentioned earlier, CNTs have also been
considered as an attractive candidate for support materials,
especially with the integration of metal nanocrystals for fuel cell
catalysts. However, the effective attachment of metal
nanocrystals, and also their uniform dispersion onto CNTs,
remains a great challenge because of the inertness of the CNTs
walls.” Until now, a tedious pretreatment procedure is still needed
to modify CNTs walls and complex equipment is required to
achieve high dispersion of the metal nanocrystals on CNTs.8 It is,
nevertheless, noted that the well-distribution of metal
nanocrystals on the external walls is highly desired to establish
the better contact between catalysts and reactants. Therefore,
extensive efforts have been put into the research of an efficient
and facile method to realize uniform distribution of metal
nanocrystals on the outside surface of CNTSs.

One-dimensional mesoporous carbon nanotubes are therefore
reckoned to be the goal for high-performance electrochemical
applications, which may have huge potentials to overcome the
shortcoming of CNTs. Unfortunately, to date, there have been
limited reports on the development of mesoporous carbon
nanotubes. In the present work, functional mesoporous carbon
nanotubes (MCNTs) and their integration in situ with Pt

ss developed by a facile route,

a

nanocrystals (Pt/MCNTSs) have been designed and successfully
demonstrating enhanced
electrochemical properties.
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Fig. 1 (a, c¢) Low magnification and (b, d) high magnification TEM
images of MCNTs and CCNTSs, respectively.

The synthesis strategy for MCNTs and Pt/MCNTSs has been
illustrated in Figure S1 (see ESI). Here, ZnO nanorods acts as a
template. Dopamine and P123 were chosen as carbon sources and
the generation of mesoposous structures according to our
pervious work.® Figure 1a shows the low magnification TEM
image of the as-synthesized MCNTSs. It can be seen that the
products are remarkably uniform and clean, no other carbon
allotropes like graphite or amorphous clustered materials is
observed. The average thickness of the carbon layer was
estimated to be ~ 17.2 nm. Figure 1b reveals the mesoporous
carbon feature with the pore size of ~ 3.9 nm. No residual ZnO
crystal lattice can be observed, showing that highly pure carbon
materials are produced using the present strategy, which was
further confirmed by EDS results (see ESI). For comparison,
closed carbon nanotubes (labeled as CCNTs) have also been
synthesized by the same procedure but without the addition of
P123, as shown in Figure 1c. The thickness of carbon layer was
estimated to be about 8.5 nm. No obvious mesopores was
observed from high magnification TEM image (Figure 1d).
Furthermore, the MCNTSs also show a higher specific surface area

w0 of 224 m? g™ with uniform pore size distribution of 3.9 nm (see

Figure S2, ESI).
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Current density (A g"). Power density (W kg") More significantly, the energy density is still as high as 16.4 Wh
Fig. 2 Electrochemical performance of MCNTs and CCNTs in 1 M & kg ™" for MCNTSs even at a high power density of 8000 W kg™
H,SO,: (a) CV curves at 10 mV s, (b) Galvanostatic charge/discharge while only 12.2 Wh kg’l for CCNTs at a power density of 4000

curves at 0.5 A g7, _(c) Relations_h!p of the specific capacitance with W kg The present results have shown that the as-designed
respect to the charge/discharge specific currents, and (d) Ragone plots. MCNTs are a very promising electrode material for high

To examine the capacitive properties of our present MCNTs ~ Performance  supercapacitors, — especially ~ for  high-rate
materials, cycle voltammogram (CV) and galvanostatic charge- ¢ charge/discharge operations.
discharge (CD) measurements were carried out in 1 M H,SO,. Moreover, the as-synthesized MCNTs are also an excellent
Figure 3a shows the CV curves of the present MCNTs, CCNTs catalyst supports. It is noted that polydopamine has substantial
and substrate at a scan rate of 10 mV s*. The CV curve of the  functional groups, which are also beneficial for growing and
substrate indicated that its effect to the results is negligible. Both anchoring metal nanocrystals. Based on this feature, here,
MCNTs and CCNTs samples present a typical capacitive ™ PUYMCNTs are exploited to catalyze -electro-oxidation of
behavior with a rectangular and symmetric CV curve. It is methanol in acid medium via an in situ synthesis route, which
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obvious that MCNTs possess a higher specific capacitance. Even ~ Tépresents a promising alternative for fuel cells.*® Figure 3a and b
15 at a scan rate as high as 500 mV s, the CV curves (see Figure ~ Show that Pt nanocrystals with diameters of ~ 2-6 nm are
S4, ESI) still maintain a relatively good rectangular shape, homogeneously distributed onto the MCNTs frameworks. The

a

indicating their high-power capacitor behaviors. Furthermore, the ™ Statistical histogram of the particle diameter distribution was
materials are also reckoned to possess heteroatom functionalities ~ SuUPPlied in Figure S5. No free Pt nanocrystals can be observed. It

from the redox peaks observed at the range of 0.2-0.4 V in the is evident that Pt nanocrystals strongly absorb on the surface of
20 CVs curves, which indicate the capacitive response comes from ~ MCNTs. The weight content of Pt in PUMCNTs catalyst is
the combination of EDLCs and redox reactions. ™ estimated to ~ 30% by the EDS analysis (See ESI).

Figure 2b shows the charge/discharge curves of both MCNTs & The electro-oxidation performance of PYMCNTs was
and CCNTs materials at a current density of 0.5 Ag ™. Itcanalso  €valuated by cyclic volammetry (CV) and Chronoamperometry
be seen that the charging curves are symmetric to their (CA) measurements. For comparison, the CCNTs were also used
corresponding discharge counterparts. It is noted that the specific @S catalyst supports to load Pt nanocrystals. The PYCCNTSs and
capacitance of the MCNTSs can achieve a maximum of 249 F g!, ~ commercially E-TEK (30wt% Pt) catalysts have been studied
which is significantly higher than that of the CCNTs (208 F g). ® under the same experimental conditions. Figure 3c shows the CV
Even at 20 A g %, the specific capacitance of MCNTSs still remains ~ curves of PUMCNTSs, PYCCNTSs and E-TEK recorded at a scan
185 F g (about 75% retention). The relationships between rate of 20 mV s* in electrolytes of 1 M CH;OH in 0.5 M H,SO,.
specific capacitance and charge/discharge current density for It can be observed that the onsets of methanol oxidation peaks
MCNTs and CCNTs are illustrated in Figure 2c. MCNTs samples ~ Degin at 0.4 V' vs. Ag/AgCI, and the peak potentials of methanol
have shown a superior rate capability performance than that of © oxidation are similar, at about 0.68 V vs. Ag/AgCl in the forward
the CCNTs samples (137 F g > at 10 A g%, 66% retention). It is scan. It is noted that the oxidation current observed with
possible that some micropores in CCNTs do not participate in the ~ PYMCNTS is considerably higher than those of the Pt/CCNTs
formation of the double layer.** Such excellent electrochemical and E-TEK catalysts, showing a significant improvement in the
properties are better than most of the reported carbon materials, catalytic activity. Very interestingly, for the PUMCNTSs catalyst,
such as single-wall CNTs (180 F g%),*? graphene nanosheets ° the current density of the forward scan (I¢) is much higher than
(175 F gt at 10 mV s%, 210 F g * for the MCNTs)™® and self- that of the backward scan (Ip). It is well known that the current
assembled graphene hydrogel (175 F g% at 10 mV s %)™ Ina density ratio (I¢/1y,) is a critical parameter to evacuate the tolerance
previous study,® it was reported that the specific capacitance of of the catalyst to the accumulated intermediate carbonaceous
activated carbon with specific surface area as high as 3000 m? g * species.’® A higher ratio indicates more effective removal of the
could reach ~ 300 F g~*. However, at a high current density, the poisoning species on the catalyst surface. The I¢l, ratio of
specific capacitance may drop dramatically because of their ~ PYMCNTSs is 1.29, close to that of PYCCNTSs (1.25) and much
tortuous pore structure and high microporosity.’ In our case, the ~ higher than that of E-TEK (0.69), further confirming that
s precursor, i.e. polydopamine, containing a high concentration of ~ PYMCNTs  exhibits excellent catalytic efficiency and good
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tolerance toward poisoning species for the electro-oxidation of
methanol. The CA curves of PtMCNTs, Pt/CCNTs and E-TEK
are shown in Figure 3d, which reflect the activity and stability of
the catalyst to catalyze methanol. Under a given potential of 0.6
V, Pt/MCNTSs shows a higher initial current and a slower decay
of the peak current with the time, suggesting a better catalytic
activity and stability than PYCCNTSs and E-TEK.
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Fig. 3 (a) Low-magnification, (b) high-magnification TEM images of Pt
nanoparticles supported on MCNTSs. (c) CV curves recorded at 20 mV s
and (d) CA curves measured at 0.6 V of methanol electro-oxidation on the
Pt/MCNTSs, Pt/CCNTs and commercial E-TEK (30wt% Pt) catalyst at
room temperature, respectively.

Time (s)

The PY/MCNTs with high methanol catalytic activity are
mainly attributed to the maximum utilization of Pt nanocrystals.
This is because the mesoporous feature of support ensures the
sufficient contact between Pt nanocrystals and the reactant.
Furthermore, the well-distributed Pt nanocrystals with small size
distribution on the MCNTs framework offer high-surface-area
access to the active sites. On the other hand, Pt/polydopamine
composites have firstly been synthesized by an integration of Pt
and polydopmine with chemical bonds, which can firmly anchor
the Pt nanocrystas on the surface of polydopamine. After
carbonization, Pt nanocrystals are still well-dispersed on the
surface of MCNTSs, proving that Pt nanocrystals have been well
anchored. Also, our strategy avoids the agglomeration of Pt
nanocrystals during the electrochemical process, further leading
to the improvement of catalytic stability and tolerance.

In conclusion, functional mesoporous carbon nanotubes
(MCNTSs) have been designed and successfully synthesized by a
facile route for electrochemical energy storage. The MCNTSs,
when applied as supercapacitor electrode in 1 M H,SO,,
demonstrate high specific capacitance (249 F g at 0.5 A g%) and
rate capability (~ 75% capacity retention at 20 A g™). More
significantly, the as-synthesized MCNTSs are also an excellent
catalyst supports. The in situ synthesis of metal nanocrystals
integrated with the MCNTs (Pt/MCNTSs) has been developed for
direct methanol fuel cells (DMFCs) applications, which
demonstrated high methanol oxidation activity, good tolerance
and stability. It is reckoned that the present study also shed light
to the design of carbon and metal-carbon hybrid structures for
other applications.
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