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We report a novel process to prepare well-dispersed Pt nanoparticles on CNTs. Pt nanopatrticles, which were
modified by the organic molecule triphenylphosphine, were deposited on multiwalled carbon nanotubes by
the organic molecule, which acts as a cross linker. By manipulating the relative ratio of Pt nanoparticles and
multiwalled carbon nanotubes in solution, Pt/CNT composites with different Pt content were achieved. The
so-prepared Pt/CNT composite materials show higher electrocatalytic activity and better tolerance to poisoning
species in methanol oxidation than the commercial E-TEK catalyst, which can be ascribed to the high dispersion
of Pt nanoparticles on the multiwalled carbon nanotube surface.

Introduction immobilization on CNTSs includes generating functional groups
on the external walls, mostly by harsh oxidative treatments such

the daunting environmental issues, one has to consider alterna@s refluxing in HNQ, and then deposition of metals on activated

) 3 18—-23 i i i i

tive energy sources to replace the currently dominant fuels, CNT Wf’f‘”S' |SUCh surface funcrlonall_zrz?tlon provtljdes an
petroleum and natural gas. Direct methanol fuel cells (DMFCs), 5:1vendue or meta ?recursl,ors tohcorre ate Wl't CIII\ITSV\?E'I pr?]mpts
which provide a new way to store and convey energy, have (N€ deposition of metal on the external walls. While these

attracted much attention as green power sources for atutomobiIesstra,tegies are effective, the controllability has not been fully
and portable electronids? In this electrochemical cell, metha-  'e@lized. The other approaches, such as physical evapotatfon,

iti 27 iti ,29
nol is directly oxidized with air to carbon dioxide and water to  €/€ctroless depositioff;’and electrodepositioff;*®were also
produce electricity. DMFC can use alkaline electrolyte. How- 'ePorted recently. Close examination of the existing methods
ever, the carbonation of carbon dioxide is a serious problem of reveals that they involved either a tedious pretreatment procedure
DMFCs in an alkaline electrolyte, which decreases the fuel cell Io mod!fy CNT walls or _complex equipment to aqh_leve h'gh
efficiency by decreasing the electrolyte conductivity and dispersion of Pt nanoparticles on CNTs. Therefore, it is desirable
increasing the concentration polarizatfsh.Therefore, the to develop a simple and effective synthetic route that provides

practical DMFCs now operate with acid electrolyte, which are Well-dispersed Pt nanoparticles while maintaining some degree
carbon dioxide rejecting. One of the challenges in developing of CO”tFO' of particle size and size distribution on CNTs.
DMFCs with acid media is to enhance the exchange current " thiS paper, we report a novel process to prepare well-
density due to the low reactivity of methanol oxidation in acid d|§persed Pt nanoparticles on m“'“Wa”e?' CNTs (MWCNTSs).
electrolyte? To date, the most promising catalytic materials used Different from the methods reported, which produce PYCNT
for the methanol oxidation at room temperature are supported COMPOsite by modifying CNTs to achieve high Pt dispersion,
Pt catalysf1! It is well-known that the specific activity of  the method we adopted was to modify Pt nanoparticles with
catalysts is strongly related to their size, distribution, and the ©r9anic molecu]e tr|'phe.nylphosph|ne (BFhln contrast 1o
support. Highly distributed catalyst nanoparticles with small size CNTS: the functionalization of Pt nanoparticles was facile and
and narrow size distribution are ideal for high electrocatalyst €Tf€Ctive under much more benign conditions, such as no harsh
activity owing to their large surface-to-volume ratio. Among acid and room temperature. Pt r!anopar‘ucles prePare‘?' |n.ethylene
the possible supports, carbon black has been widely used as adlycol kgpt thelr_s_mall partlcle size and narrow size distribution
electrode, which disperses Pt nanopartiéiés213but carbon after being modified with PRfand deposited on the surface of
nanotubes (CNTs) are considered to be a more attractiveCNTS: Transmission electron microscopy (TEM) and high-
candidate owing to their outstanding mechanical (:haracteristics‘,resomt'o,n transmission electron microscopy (HRTEM), char-
such as high tensile strength coupled with high surface area,a_cte_rlza_tlon were carried out to determine the particle size and
high electric conductivity, and thermal conductivity16 Pt distribution of the Pt catalyst. The so-prepared PYCNT com-
nanoparticles on the external walls are easier to make contact?OSite matenal; showed higher eIegtrocataIync activity In
with the reactant than those trapped in the pores of the carbonmethanol oxidation than the commercial catalyst.
black electrode. However, the effective attachment of Pt
nanoparticles uniformly dispersed onto CNTs remains a formi-
dable challenge because of the inertness of the CNT Wafs. Nanoparticle Synthesis.Pt nanoparticles were synthesized
So far, the most established protocol for catalytic metal accordingto Wang's method,details of which are as follows.
_An ethylene glycol solution of HPtCk:6H,0 (50 mL, 1.93 mM)
wa*nliTan @Vi"ChC%'TS‘.aC_CCOr:.’eSpO”dence should be addressed. E-mail: \5q mixed with an ethylene glycol solution of NaOH (50 mL,
T Also at the Graduate School of CAS, Beijing 100064, China 0.5 M) with magnetic stirring. This makes a transparent yellow
* Current address: Schlumberger-Doll research, Ridgefield, CT 06877. solution. Then the solution was refluxed at 1%Dfor 3 h with
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the protection of M The color of the solution began to change P
at around 130°C, implying that Pt precursors were being OSO tOlu.e'ﬂeOéO
reduced and Pt nanoparticles were synthesized. The obtainec O,P-D i 9090
Pt colloidal solution is dark brown and homogeneous. t) _ _ Y e
. . . . . mixed and stirred g b
Modification of Pt Nanoparticles. The obtained Pt colloidal
then washed by water

solution (10 mL) was added to 40 mL of ethanol. Then the *e e e

- .
mixed solution was added into a toluene solution of PE0 sPtdNanqpriicies glycol and water
mL, 3.81 mM) with stirring. A homogeneous, dark brown A :;Iy'col

the upper solution

solution was obtained. After 15 min, 50 mL of distilled water l pin
an s

was added to the solution. A liquid in two phases was obtained.
The upper dark-brown solution was RBHRhodified Pt/toluene
solution and the bottom colorless solution was the mixed
solution of water and ethanol. The PRhodified Pt/toluene sonication
solution was washed with distilled water three times to remove ﬁ cotgiiiin
the ethylene glycol and transfer the Pt nanopatrticles from glycol
solution to toluene, which is essential for the deposition of Pt
nanoparticles on CNT walls.

Deposition of Pt Nanoparticles on CNTsMWCNTs were Figure 1. Schematic illustrations of the synthesis procedures of Pt/
used ultrasonically as received in toluene solution4ch to CNT composite.
break big CNT aggregates and disperse CNTs. Therns-PPh
modified Pt/toluene solution was added to the CNT/toluene
solution and the mixture was ultrasonicated for 5 days until all
Pt nanoparticles were deposited on CNTs. The toluene solution
became colorless, suggesting that the #Rbdified Pt nano-
particles were completely deposited on the surface of CNTs.
The PtY/CNT composite was separated from the solution by
centrifugation and washed by toluene three times.

Characterization. The size of the Pt nanoparticles and
morphology of the Pt/CNT composite were observed by TEM
and HRTEM. TEMs were performed on a JEOL2010 equipped
with an energy-dispersive X-ray analyzer (Phoenix) (200 KV).
HRTEM was carried out on a Philips F30 with an acceleration
voltage of 300 kV. For TEM observation, the samples were : .
dispersed in ethanol by ultrasonic treatment and dropped ONnfijgure 2. TEM images of PUYCNT composite with different Pt
copper grids with carbon films followed by solvent evaporation content: 40.6 (a) (inset: enlarged image of panel a), 24.0 (b), 19.1
in air at room temperature. X-ray powder diffractions (XRD) (c), and 3.1 wt % (d).
were carried out on a Rigaku D/max-2500, using filtered Cu
Ko radiation.

Electroactivities of the catalyst were measured by cyclic
voltammetry with use of a three-electrode test cell at room

temperature after the Pt/CNT composite was calcined at 400 T - : . .
application potential were produced by simply manipulating the

°C for 1 h toremove PP# A thin film electrode technique was ) . : .
3 d ratio of Pt nanoparticles vs CNTs in solution. The as-prepared

used to make the measurements. A glassy carbon disk (3 m . . . .
glassy ( mPt/CNT composite nanomaterials were investigated by TEM.

in diameter) held in a Teflon cylinder was used as the working Figure 2a-d shows representative TEM images of as-prepared
electrode, on which a thin layer of Nafion-impregnated catalyst X ; - )
wh! n'ey 'on-impreg y Pt/CNT composite with varying content of Pt, from (a) 40.6,

was cast. The Pt loading of both catalysts on electrode was 1 . . .
g y (b) 24.0, (c) 19.1, to (d) 3.1 wt %, respectively. Figure 2a is a

mg/cn?. A Pt wire served as the counter electrode and a "/, I TEM i howing the CNT d with .
saturated calomel electrode (SCE) was used as the referencd/P/c8 Image showing the CNTs covered with a continu-

electrode. The electrolyte for electrochemical measurements waus Pt nanopartlcle adlayer, which extends the overa}ll length
o solion 62 M methanol 1M 450, The soluion was 2L (VTS 01070 0 o Preearent e G e enhe e
deaerated with ultrahigh-purity Abefore scanning. is a high-magnification TEM image of the Pt/CNT composite
nanomaterials. It can be seen that there exists a well-dispersed
Pt nanopatrticle adlayer on the wall of a CNT. The PPh
In view of the inertness of CNT walls, we prepared Pt molecules effectively isolated adjacent Pt nanoparticles. There-
colloidal solution in toluene, which is an excellent solvent to fore, Pt nanoparticles are distributed on tube walls quite
wet CNTSs. As illustrated in Figure 1, the organic molecule£Ph uniformly and do not aggregate with each other to form larger
acts as a cross linker for Pt nanoparticles and CNTs. At the clusters. The average distance between Pt nanoparticles is less
end of the molecule, the free electron pair of P interacts with than 1 nm, which is consistent with the stabilizer PPh
the space orbital of Pt to form a coordination compound. And molecules.
at the other end of the molecule, the phenyl rings correlate with ~ As the content decreases, Pt nanoparticles randomly deposit
the backbone of CNTs. There are three functions ofsPRh on the wall of CNTs and no continuous layer can be found on
first, it causes Pt nanoparticles transfer from glycol solution to the CNT surface as shown in Figure 2, panels b to d. However,
toluene solution. Second, it prevents Pt nanoparticles from no free Pt nanoparticles can be resolved in these four TEM
aggregating with each other either in toluene solution or on the images. It is evident that Pt nanoparticles strongly adsorb on

CNTs surface. At last, it links Pt nanoparticles with CNTs and
leads to the uniform dispersion of Pt nanoparticles on CNT
surfaces.

Pt/CNT composites with different Pt content having distinct

Results and Discussion
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Figure 3. (a) TEM image of Pt/CNT composite (24.0 wt %) after thermal treatment af@d0r 1 h. (b) EDS from the Pt/CNT composite shown
in panel a. (c) HRTEM image of the Pt/CNT composite shown in panel a.
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Figure 4. Size distribution of Pt nanoparticles on CNTs (a) before and (b) after thermal treatment.

the CNT surface. By adjusting the relative ratio of CNTs and that of Pt nanoparticles in toluene solution. Figure 4a is a
Pt nanoparticles in toluene solution, different coverage of Pt statistical result from more than 200 Pt nanoparticles showing
nanoparticles on the CNT surface can be accomplished, whichthe distribution of the particle size. After thermal treatment, the
is crucial to their industrial applications as catalysts. The above mean particle size shown in Figure 3a is measured to be-2.7
results have clearly demonstrated the effectiveness of a simplel.0 nm and most Pt nanoparticles are smaller than 4 nm. Figure
route for the assembly of Pt nanoparticles on CNTs and that Pt4b is a statistical result from more than 200 Pt nanoparticles
nanoparticles are loaded on the outside walls of CNTs, not on after heat treatment. From the results in Figure 4a,b, it is clear
the inside walls. that the size distribution of Pt nanoparticles is quite narrow
The PYCNT composite was investigated by annealing treat- compared to previous repofts®! After thermal treatment, Pt
ment because it is necessary to remove PRivlecules nanoparticles are still well dispersed, which is critical to their
surrounding Pt nanoparticles before the PYCNT composite canfuture application as catalysts. One of the advantages of thermal
be used as a catalyst. Figure 3a is the TEM image of Pt/CNT treatment is to increase the stability of the composite because
composite after thermal treatment at £@for 1 h inambient ~ the working temperature of DMFCs is much lower than the
environment. The sample is the same as that shown in Figurethermal treatment temperature. Figure 3b demonstrates the
2b. The PPhprotection layer on Pt nanoparticles should have €nergy-dispersive X-ray spectroscopy (EDS) of the PUCNT
been effectively removed because BElcomposes at about composite shown in Figure 3a. The existence of elemental Pt
216 °C according to thermogravimetric analysis (not shown can be clearly seen. Figure 3c is a high-resolution transmission
here). With the removal of PBhPt nanoparticles are fused and ~ €lectron micrograph (HRTEM) of the composite shown in
aggregate into larger particles. By comparing the size of Pt Figure 3a, displaying a layer-by-layer morphology of the tube
nanoparticles in Figures 2b and 3a, it is evident that Pt wall of the MWCNT and the crystalline facets of Pt nanopar-
nanoparticles in Figure 3a are larger due to the aggregation ofticles, which demonstrate the highly crystalline character of
neighboring Pt nanoparticles after heat treatment. The averagemetallic Pt particles.
size of the Pt nanoparticles on CNTs before thermal treatment The crystalline nature of the Pt nanoparticles was further
shown in Figure 2b is measured to be #9.5 nm, close to confirmed by recording the X-ray power diffraction (XRD)
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Figure 5. XRD pattern of Pt/CNT composite shown in Figure 4a.
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Figure 6. Cyclic voltammograms of methanol oxidation on Pt/CNT
composite (solid line) and commercial E-TEK Pt/C catalyst (dash line)
in 2 M CHzOH/1 M H,SQ, electrolyte at 20 mV St at room
temperature.

spectrum (Figure 5) of PtYCNT composite after thermal treatment

shown in Figure 3a. The peak & 2 26.5 corresponds to the
(002) planes of graphitized CNTs. And the peakstat239.7,
46.2, 67.4, and 81.2 can be assigned to the (111), (200), (220),
and (311) crystalline planes of fcc Pt, respectively, which
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to the reverse current peak) I/, is an index of the catalyst
tolerance to the poisoning speciess=R=0. A higher ratio
indicates more effective removal of the poisoning species on
the catalyst surface. TH¢l, ratio of Pt/CNT composite is 0.88,
higher than that of the E-TEK catalyst (0.74), showing better
catalyst tolerance of the Pt/CNT composite.

Conclusions

In summary, a novel method has been successfully developed
to load Pt nanopatrticles on CNTs without pretreating the CNTSs.
It is unique in the system that the PRiffers strong adhesion
of Pt on CNT surface and sufficient protection for Pt nanopar-
ticles from being aggregated. Pt/CNT composite with different
Pt content was conveniently controlled by manipulating the
relative concentration of CNTs vs Pt nanoparticles. Pt nano-
particles highly dispersed on CNTSs kept their initial small sizes
in solution. Even though thermal treatment led to some extent
of aggregation of Pt nanoprticles, the sizes of most Pt nano-
particles are still smaller than 4 nm. The produced Pt/CNT
composite shows higher electrocatalytic activities and catalyst
tolerance that can be applied in DMFCs in comparison with
the E-TEK catalyst. The present technique represents a highly
feasible approach to produce Pt/CNT composite, which should
have great potential in DMFC applications.
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