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The structure and electrochemical properties of arrayed nitrogen-containing carbon nanotube
(CNx NT)—platinum nanoparticle (Pt NP) composites directly grown on Si substrates have been
investigated. The CNnanotube arrays were grown by microwave-plasma-enhanced chemical vapor
deposition first and then acted as the template and support for Pt dispersion in the following sputtering
process. Under the same sputtering conditions, it was found that well-separated Pt NPs would form with
an average diameter of 2 nm on the arrayed NTs while a continuous Pt thin film was observed on the
bare Si substrate. X-ray photoelectron spectroscopy (XPS), X-ray diffraction, and electron microscopy
were employed to study bonding and structure changes with increasing deposition time. Implications of
the Cls and N1s bonding changes in XPS and their possible relation to thBtNBmposite structures
with self-limited size distribution are discussed. Cyclic voltammograms show well-behaved curves in
methanol oxidation, suggesting an efficient electronic conduction mechanism from the substratg via CN
NTs to reach individual Pt NPs is in operation. Such an integrated nanocomposite approach possesses a
high potential for micro direct methanol fuel cell applications.

Introduction attached on the sidewalls of 1D nanomaterials. For example,
carbon nanotubes (CNTs) have been exploited as the support

materials are becoming more and more important as different’o” NPs which are made by 01;2?2 chemical solution method
functions from each constituent component are required for USINg metal organic precursofs: However, besides com-
some demanding applications. Using one-dimensional (1D) pllca'Fed temp_late construction and _removal in _thls _method,
nanomaterials, such as nanotubes and nanowires, as the basiP€cial chemicals are always required to modify either the
building blocks, various classes of nanocomposites have beersurface of CNTs or that of NPs. Although Zhang and co-
derived. The first class of the 1D nanocomposites has at leastVOrkers have synthesized mete}lé??limowwgs on suspended
two 1D nanocomponents connected either sequentially in aCNT PY electron-beam evaporatioh*there is little infor-
line or in the form of coaxial nanocabl&® The second class  Mation available on arrayed nanocomposites following this
of the hybrid 1D nanocomposites is constituted of both 1D method.

and zero-dimensional (0D) nanomaterials, such as quantum
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nanopeapods are forméd. Alternatively, the NPs can be Shinohara, H.; Hirahara, K.; Bandow, S.; lijima,Siange00q 290,
2280-2283.
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It has been recognized that precise control of nanomaterials
and subsequent integration with the mainstream Si technol-
ogy will be playing a crucial role in the future development
of nanotechnology. A remarkable example is the site-specific
or patterened growth of aligned CNTs on a Si wafer with
good length control, which enables a wide range of
CNT-based devices, such as gate-controlled and thin-film-
transistor-controlled field emission devidés!® Furthermore,
CNTs can serve as the active part of Si devices after
functionalizatior?® -2 However, few studies have been done
on the utilization of arrayed nanocomposites directly on
silicon (Si) wafer substrates for electrochemical microsys-
tems?2 In this paper, we report an efficient and simple route

to prepare nanocomposites with platinum NPs on a vertically (b) = | &
aligned nitrogen-containing carbon nanotube {(GN) array = —_ = "N

on Si substrates. Uniform Pt NPs, ca. 2 nm in average - - ‘ =
diameter, can be formed around the sidewalls of, GN's |  Bmin \ MMM " aildegree ¢
over a large area using the simple sputtering method without -E" : t

any wet chemical pretreatments or the use of metal organic 2 L \Q{ MF

precursors. X-ray photoelectron spectroscopy (XPS) data 2 P'-’ W‘ kﬂ\ |

reveal that the bonding between C and N of QWN's may = [ ™ 4 Mr'n‘m. umw Iy
have been affected by Pt sputter deposition. Furthermore, HLLe N 15\'; W.M«MMMW%‘NE \
electrochem_mal investigation suggests Pt NE; are electroni- 37 38 39 40 ) 42
cally accessible through GMITs and they exhibit favorable 2 o (degree)

electron-transfer properties withldroduction and methanol ) . . :
Figure 1. (a) Cross-sectional SEM image of Pt NPs on axQWN/Si

(CH;OH) oxidation. The latter finding is especially interest- g isirate after 15 min of deposition. The inset is that of a Pt thin film on

ing in the context of the bipolar plate application in the micro a Si substrate. (b) XRD patterns of Pt NPs on aGN/Si substrate with
direct methanol fuel Cellp(DM FC) deviceg4 different deposition times. The inset is that of a Pt thin film on a Si substrate
after 15 min of deposition.

Experimental Section _ . .
P For material analyses, a Rigaku X-ray diffractometer and a JEOL

For CN, NT array preparation, an iron thin film was deposited 6700 field-emission scanning electron microscope were used. In
on Si substrates by ion beam evaporation as Cata|ysts prior to thea.ddltlon, the prOdUCtS on the NT/Si substrate were scratched and
NT growth step. Then aligned GNNTs were grown on the dispersed on a lacey-carbon-covered Cu grid for transmission
precoated substrates by microwave-plasma-enhanced chemicaglectron microscopy (TEM) (Philips Tecnai 20) observation.
vapor deposition (MPECVD). The MPECVD growth was per- Moreover, XPS (VG Scientific ESCALAB 250) was used to study
formed with the microwave power at 2 kW, mixtures of £, the Composition and bonding Change. CyCllC VOItammograms were
and H as source gases, and a substrate temperature of°@00 Measured by using an Autolab potentiostat system.

Other details for the NT array growth process are described in our
previous pape¥ For Pt deposition, DC sputtering under Ar gas Results and Discussion

flow was performed and the deposition time was controlled between Fi 1aillustrates th i | . lect
1 and 15 min. Two kinds of substrates, namely, bare Si and CN Igure lalliustrates the cross-sectional scanning electron

NT-covered Si (CNNTSs/Si), were compared in this study. microscopy (SEM) image of the GNNT/Si substrate after
deposition of Pt for 15 min. The diameters of single NTs

(15) Cheng, H. C.. Hong. W. K.. Tamtair. F. G.: Lin, J. B.: Chen. K. H.. ranged from 13 to 33.nm as d_ete_rmlned directly from the
Chen, L. C.heﬂooum), H5—H7. SEM micrograph. Uniformly distributed nanoclusters are
(16) Cheng, H. C.; Chen, K. 2 Hong W_K_ Tarntair_F. G.; Lin, J. B.; clearly observed on the sidewalls of arrayed NTs, though it

Chen, K. H.; Chen, L. eft001, 4 (8),

H15—H17. is difficult to determine their actual sizes due to the resolution
(17) Hong, W. K.; Chen, K. H.; Chen, L. C; Tarntair, F. G.; Chen, K. J.;  limit of SEM. In contrast, as shown in the inset in Figure
Lin, J. B.; Cheng, H. C iy s2001, 40 (5A), 3468~ la, Pt forms a continuous thin film of about 90 nm in

3473. ? _ o !
(18) Chen, L. C.; Hong, W. K.; Tarntair, F. G.; Chen, K. J.; Lin, J. B.; thickness on bare Si under the same conditions. Figure 1b
Kichambare, P. D.; Cheng, H. C.; Chen, K. I shows the X-ray diffraction (XRD) patterns of Pt deposited

Sashessiesien! 2001, 11, 249-263. : O A
(19) Chen, L. C.; Wen, cj:' Y_: Liang, C. H.; Hong, W. K.; Chen, K. J.; ONn NT/Si substrates prepared with different deposition times.

Cheng, H. C.; Shen, C.S.; Wu, C. T.; Chen, K jiiui i’ No obvious peak can be detected lvel@ 5 min deposition

(20) 2Fe0£/?n%13528§_-6gr215udhary S Colbum. B.- Ozkan. M.- Ozkan C. S time, and the small sizes of Pt nanoclusters observed are
1.2003 3, 447453, further confirmed by the broad and weak peaks at Pt(111)
(21) Balasubramanian, K.; Friedrich, M.; Jiang, C.; Fan, Y.; Mews, A.; (Figure 1b)
Burghard, M.; Kern, K Agumbdaiar 2003 15, 1515-1518. ’

(22) Long, D. P.; Lazorcik, J. L.; Shashidhar, Resmbdaia 2004 16, Figure 2a displays the typical TEM micrograph of s single
814-818. _ Pt-coated NT with a tube diameter of about 27 nm. The
gig E:"fng_\_’\(Nang C Y Yen a%oggzzlhsanzgs_7 2868, 2004 bamboo-like structure of the NT is a characteristic feature

49, 821-828. of nitrogen-containing NTs and, accompanying the high
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Figure 2. (a) TEM image of Pt NPs on the sidewall of one singlex@®N with the corresponding SAED pattern in the inset. (b) HRTEM image of Pt NPs
on the sidewall of one single GNNT. (c) A size histogram of Pt NPs estimated from (b).

density of the NTs, also results in the vertical array be attributed to the energetic particle bombardment as well
formation?® It is quite clear that the Pt nanoclusters formed as the block effect of Pt particles. It should be noted that
on the sidewall of the NT are well-separated. Also shown there are two peaks in the N1s spectra. The one denoted as
in the inset of Figure 2a is the corresponding selected arealg in the high-binding-energy side-@400.3 eV) is the feature
electron diffraction (SAED) pattern of this Pt-coated of N bonding in the graphite layer of the NT wall, and the
NT, the ring pattern of which indicated these Pt NPs other one denoted as in the low-binding-energy side
were randomly oriented. A high-resolution transmission corresponds to the pyridine-type N bonding which causes
electron microscopy (HRTEM) picture with a higher mag- the interlinked node morphology inside the CNTs?28
nification of the same NT is also shown in Figure 2b. As Comparing a series of spectra of these two peaks before and
indicated by the arrow in Figure 2b, a clear lattice fringe of after Pt deposition, the integrated area ratiogaol the total
Pt with the particle size as small as 2 nm can be observed.of the two peaks decreased with increasing deposition time,
It should be noted that this arrow indicates {141} planes suggesting that the reduction in the N peak of the graphite
of this Pt NP. The diameter of an individual Pt NP was layer (ls) was faster than that of the pyridine typg)([These
analyzed from the HRTEM picture, and the resultant size XPS data implied that the graphite layer in the outer shell
histogram is shown in Figure 2c. The average diameter of of CNx NTs would be affected much easier by Pt NPs than
these NPs can be estimated to be about 2 nm by Gaussiatthe inner node.
fitting. Figure 4 displays a schematic diagram for the formation
Figure 3 shows the XPS C1s and N1s spectra of BKs of arrayed nanocomposites. The column in the left-hand side
before and after Pt coating, respectively. In all the C1s spectralS one single CRINT with the bamboo structure, in which
(Figure 3a), the main peak located at about 285 eV is the striped part labeled as G is the graphite layers with
attributed to the sphybridized carbon bonds from the Substitution-type nitrogen and the gray part labeled as P is
graphite layer of NT€ For the uncoated CNNTs, a the crossed node with pyridine-type nitrogen. Corroborated
noticeable broad peak (as indicated by an arrow) is alsobPy the XPS analyses shown above, the Pt NPs would be
observed in the high-binding-energy region, which can be Most readily attached on the sidewalls of NTs at first and
attributed to the C and N bonding due to the N incorporation Only very few of them may get into the node while a large
in NTs. When the deposition time was increased, it was found @mount of NPs progressively covered the sidewalls as the
that this high-binding-energy C peak became progressively deposition time increased. Furthermore, it is found that the
weaker and disappeared eventually. The corresponding N1gnorphologies also depend on the vertical positions along the
spectra are shown in Figure 3b, confirming that the N content NTS. Namely, there are more Pt NPs on the top portions of
does decrease with increasing deposition time. This couldNTS than the bottom at the same deposition time. With

(26) Terrones, M.; Ajayan, P. M.; Banhart, F.; Blase, X.; Carroll, D. L.;
(25) Ago, H.; Kugler, T.; Cacialli, F.; Salaneck, W. R.; Shaffer, M. S. P.; Charlier, J. C.; Czerw, R.; Foley, B.; Grobert, N.; Kamalakaran, R.;
Windle, A. H.; Friend, R. H i B 999 103 8116- Kohler-Redlich, P.; Role, M.; Seeger, T.; Terrones, il

8121. A 2002,74, 355-361.
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Figure 3. Evolution of XPS (a) C1s and (b) N1s spectra of arrayed CN
NTs before and after Pt deposition from 1 to 15 min.
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Figure 4. Schematic diagram for the formation of nanocomposites showing
the morphology as a function of the deposition time at a fixed vertical
position on CN NTs, or with respect to the different vertical positions at
a fixed deposition time. The original GNTs have two types of N bondings
labeled with G and P, respectively.

increasing deposition time, the XRD peak (Figure 1b)
showed increasing intensity but almost the same full width
at half-maximum (fwhm) value, indicating that these Pt NPs,
while increased in total number, could maintain a similar
size distribution. Thus, we conjectured a self-limited
growth of Pt NPs, presumably due to the fact that the
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Figure 5. (a) Typical CV curve of the arrayed GNNT/Pt NP nanocom-
posites (15 min deposition) at a scan rate of 50 mV/s (1 8®). The
inset shows the CV curve of GMITs before deposition. (b) Corresponding
CV curve of nominally the same arrayed CNT/Pt NP nanocomposites
(15 min of deposition) measured at the same scan rate of 50 mV/s but in
1 M CHzOH/1 M H,SOy solution.

substrates. Figure 5a displays a typical CV curve measured
in 1 M H,SQ, for the arrayed CNNT/Pt NP nanocom-
posites. In contrast to the CV curve measured without Pt
coating in the inset, the as-prepared Pt NPs supported by
CNx NTs show enhanced electron-transfer kinetics for
the hydrogen evolution process, as evidenced by two
distinct hydride absorption peaks (ca0.05 and—0.1 V vs
Ag/AgCI) prior to the massive hydrogen evolution cathodic
peak at—0.25 V. The CV results demonstrate that an efficient
electronic conduction mechanism from the substrate vig CN
NTs to reach individual Pt NPs is in operation. Furthermore,
Figure 5b illustrates a CV curve obtained from the ,CN
NT/Pt NP nanocomposite electrode 1 M CH;OH/1 M
H,SO, solution. The characteristic methanol oxidation peaks
were found for NT/Pt nanocmoposites, indicating that the
new nanocomposites can have useful catalytic applications
in the uDMFC 1023

Conclusion

In summary, we have demonstrated an efficient and simple
route to prepare arrayed NT/Pt NP nanocomposites by the
combination of MPECVD and sputtering methods. With the

sputtered Pt atoms were confined by the capture sites,same deposition parameters, it was found that Pt formed a

among which the substitutional nitrogen sites might provide
the main initial nucleation sites for the formation of
Pt NPs!.12

thin film on the bare Si substrate but isolated NPs with an
average diameter of 2 nm on the NT-covered Si. The
different morphologies of these two cases could be originated

The cyclic voltammetry (CV) curves in Figure 5 show the from the different surface areas and interface energies of
electrochemical properties in different electrolytes of arrayed these two kinds of substrates. The nitrogen incorporation in

nanocomposites directly grown on conductive-type Si

the carbon nanotubes may also play some role in the self-
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limited growth of the Pt NPs. XPS spectra revealed that the CNy NTs are indeed electrochemically active and thus
N content of the NTs progressively decreased after Pt promising for a futuretDMFC device.
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