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Abstract

A Pt-deposited carbon nanotube (CNT) shows higher performance than a commercial Pt-deposited carbon black (CB) with reducing 60%
Pt load per electrode area in polymer electrolyte fuel cells (PEFCs) below 500 rAfeRtCl, and HPtCk-6(H,0) are used for the Pt
deposition onto multi-walled CNTs (MWCNTSs), which are produced by the catalytic decomposition of hydrocarbons. The electric power
densities produced using the Pt/CNT electrodes are greater than that of the Pt/CB by a factor of two to four on the basis of the Pt load
per power. CNTs are thus found to be a good support of Pt particles for PEFC electrodes. TEM images show 2—4-nm Pt nanoparticles
dispersed on the CNT surfaces. These high performances are considered to be due to the efficient formation of the triple-phase boundaries of
gas—electrode—electrolyte. The mechanisms of Pt deposition are discussed for these Pt-deposited CNTSs.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ary (gas—electrode—electrolyte) is essential for PEFC. The
CNTs do not have such cracks so that most Pt particles are

High electric power is produced by polymer electrolyte expected to be used as effective catalysts. Another prospect
fuel cells (PEFCs) with low weight, cost, volume, and envi- is that the network constructed by CNTSs is considered to be
ronmental load1]. The low temperature is another advan- micropores or gas lines resulting in the high performance of
tage of PEFC because of the fast start-up. The best catalyst&node[1]. The superiority to CB has been reported for not
in the present PEFC technology are Pt and Pt—Ru, but areonly the CNT92,3] but also carbon nanohorns (CNHS]J.
expensive and insufficient to commercialize as a resources In this study, the Pt/CNTs are prepared withRiCk-
[1]. The efficient Pt loading is thus an important technique 6(H>O) and KPtCl, and the performance as electrode cat-
for the development of PEFC. One of the possibilities is the alysts is measured by comparing to a commercial Pt/CB cat-
application of carbon nanotubes (CNTSs) as a support of Ptalyst. The PUYCNT catalysts are then characterized by TEM,
catalysts. Large surface areas are available on Pt nanopartitR, and XPS to discuss the Pt deposition mechanisms.
cles per Pt atom compared to thin Pt films, and the CNTs
are convenient supports for keeping Pt particles dispersed
[1-6]. The carbon black (CB) has been used as the Pt sup-2. Experimental
ports, where the problem of Pt/CB is that the Pt particles
are trapped in deep cracks of CB, which are the crystal The CNTs (Shenzhen Nanotech Co. Ltd.) produced by
boundaries of the small carbon particles consisting of CB catalytic decomposition of hydrocarbons were purified by
[7]. Such particles cannot work as catalysts of electrodesthe ultrasonic treatment for 1 h, refluxed in 14 N Hj@éx
because the effective formation of the triple-phase bound- 423K for 2 h, poured into distilled water, and filtered with

a 200-nm membrane as the pretreatment.
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Fig. 1. Circuit for thel-V curve measurement. The resistance is variable
and the current can be checked by eyes.

H>PtClk-6(H20) (30 wt.%) in ethylene glycol at 313K for
2h. This solution was added into HNQ14 N, 50 ml),
dissoluted into 400 ml of distilled water, and filtered. The
filtered water was almost as yellow as thgRtCls solution.
This sample is denoted as HPt-CNT here. This procedure
has often been applied for the Pt deposition on carbon
supports[2-5]. The following treatment was applied for
K2PtCly, which is labeled as KPt-CNT. The 1-g CNTs
were stirred in the mixture of HN® (14N, 50ml) and
H2S0Oy (98%, 50 ml) for 12 h to make defect sites in CNTs
[9,10]. This solution was added into HNQ14 N, 50 ml),
sonicated, dissoluted into 400 ml of distilled water, and
filtered. The oxidized CNTs were stirred in distilled water
with adding KPtClL (30wt.%) in ethanol, and refluxed at
373K for 2h in a dark room. The filtered water was col-
orless though the #PtCly solution was originally brown
before adding CNTs. A commercial 29wt.% Pt-deposited
CB (Tanaka Kikinzoku Kogyo]11,12] was used as a ref-

erence to compare the electrode performance. TEM images

showed the 2—3-nm, well-dispered Pt particles on CBs.

The electrodes were prepared with the above HPt-CNT,
KPt-CNT, and Pt-CB catalysts. The catalysts were dispersed
in ethyl acetate followed by mixing with Nafi8h112 in
ethyl acetate. The catalysts attached with N&fiorere cast,
and two electrodes were formed. The two electrodes were
separated by a NafiShmembrane.

-V curves were measured with a circuit as shown in

Fig. L The resistance can be changed and the current can

be also checked with a propeller. Hydrogen and air were
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3. Results and discussion

Fig. 2 shows thel-V curves for the KPt-CNT, the
HPt-CNT, and the Pt-CB electrodes. It was found that the
Pt/CNT electrodes showed comparable performance as the
Pt-CB electrodes irfFig. 2(a) where the KPt-CNT elec-
trodes showed the highest voltages below 500 mA/am
Fig. 2(b) The power density as a function of the current
density also showed the same tendendyiqn 3. The higher
voltages of the KPt-CNT suggest the formation of more ef-
fective triple-phase boundaries on the KPt-CNT electrodes
than the other two electrodes, or the higher conductivity
compared to the Pt/CB electrodes.

The CNTs used as electrodes were characterized by
TEM as shown inFig. 4. Fig. 4(a)revealed that the CNTs
were the multi-walled carbon nanotubes (MWCNTS) with
20-50nm diameters. Each layer of the CNT could be ob-
served when TEM images were magnified as shown in
Fig. 4(b) The graphene sheets are stacked parallel to the
growth axis of carbon nanotubes, and their spacing was
0.34 nm as observed typically for MWCNT%$3].

The CNTs after Pt deposition were also observed by TEM.
Fig. 5(a)shows the TEM image of the HPt-CNT. The small
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supplied to the anode and the cathode at 353K, respectively,rig » v curves for the Pt-CB, the HP-CNT, and the KP-CNT elec-

after bubbling in water at 353K at atmospheric pressure.
The hydrogen and oxygen was fed enough more than that
providing maximum electromotive force.

IR spectra and transmission electron microscope (TEM)
images were taken with FT/IR-600 (KBr beam splitter,
JASCO) equipped with a reaction cell using ZnSe windows
and JEM-2010F (JEOL), respectively. X-ray photoelectron
(XP) spectra were acquired with Escalab 220i-XL (Vacuum
Generator), and the Mg K line was used as the X-ray
source. The elementary analysis data were acquired with
Perkin-Elmer 2400 CHN Element Analyzer. Pt and metal
catalyst for the CNT synthesis was measured as residue,
and sulfur was absorbed by silver particles.

trodes. Thel-V curves below 500 mA/chwere enlarged in (b).
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Fig. 3. Power current curves for the Pt-CB, the HPt-CNT, and the KPt-CNT

electrodes.
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(b)

Fig. 4. TEM images of CNTs. (a) The shape of the CNTs. (b) The
graphen layers of CNTs at different magnifications.

dark particles assigned to Pt particles were well dispersed
on the CNT surfaces in the TEM image, while Pt particles
were deposited locally and agglomerated each other on the
KPt-CNT inFig. 5(b) The diameters of the Pt particles range
from 2 to 4 nm for both Pt/CNT catalysts. Pt ions can be re-
acted with the surface acid groups on the HPt-CNT surfaces g 5. TEM images PUCNT catalysts. (a) HPt-CNT. (b) KPt-CNT.

[6]. The HPtCl solution in ethylene glycol was yellow at

303-413K, but became colorless at 473 K with producing

Pt black. This indicates that the,AtCl in ethylene gly- K2PtCl, in the mixture of water and methanol was very un-
col cannot be reduced to metallic Pt on the CNT surfaces stable especially in light places and easily decomposed to
at 413 K. That is why the Pt particles were directly attached produce Pt precipitations. The Pt particles thus catalyze the
and dispersed well on the CNT surfaces. On the other hand,dissociation processes in the®ClL decomposition.

the agglomeration of Pt particles shown kig. 5(b) may The functional groups on the KPt-CNT were investigated
be ascribed to an autocatalytic decomposition gPtCly with IR to get information on the chemistry of the Pt de-
into metallic Pt particles. The initiators of the autocatalytic position. The observed IR spectra are showfrio 6. The
reaction can be the protons of the sulf§td] or carboxyl Pt-CNT prepared using #tCly was heated at 373 and
groupg3,6], contaminations, defects or step edges on CNTs. 623 K for 30 min in the FT-IR reaction cell with flowing He
The sulfate groups were observed by IR as discussed laterbefore observation. The background spectrum was obtained
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Fig. 6. IR spectra of the KPt-CNT in:H The background spectrum was 0.2, and 14.0wt.% for S, N, and metals, respectively. CNTs
obtained at 373K after heating at 373 and 623K for 30 min in He. before Pt-deposition usually contain 1-2wt.% metal cata-
lysts to produce CNTSs, and the Pt content is estimated to be
12-13wt.%. This indicates that the sulfur compounds were

at 373K in He, and the sample spectra were observed at 473]‘ormed more than the nitrogen compounds were on CNTs
673, and 473K again in H The complicated features at Prepared with the mixed acids. _
4000-3500~2400, and 1800—1500 c are due to the wa- XPS spectra were measured to examine the state of Pt and

ter vapor or CQ in the light path. Broad peaks appearing at the amount of Pt on the carbon supports. As showfign?,
3400-3100 cm! are assigned to the O—H-stretching mode "t 4%/2 and Pt 47,2 peaks appeared at 74.6 and 71.2 eV, re-

of the hydroxyl groups of alcohols and phenfl$—-17] spectively, indicating that the deposited Pt is metallic. The

When the KPt-CNT was heated at 673K, the sharp peakspt content was estimated using XPS with taking the escape
were observed at 3029 and 1401¢hin 5 and 10min, but ~ dePth into accounk23] as tabulatedTable J). They were

the reverse peaks at the same frequencies grew in 20 an(?nly 3'8 and 12,Wt:% for the HP-CNT and the KPt-CNT,
30min. These sharp peaks are assignable to the O—H and'espectlvely, while it was 29 wt.% for the Pt-CB. As for the
the asymmetric SO-stretching modes of the OSB groups KPt-CNT, the Pt content is consistent with the elementary
as observed for aromatic sulfatfk5—19] The peaks be- analysis (12—-13 wt.%). The Pt loads with the unit of mgdcm
came larger after cooling from 673 to 473 K due to the low and mg/W for the !—lPt-CNT, the KPt'C_NT’ and the Pt-CB
sensitivity from the high background with the infrared ir- were calculated with cast catalyst weight, electrode area,
radiation at 673K, and were unchanged during the obser-and Pt contentTable lincludes the Pt loads of a current
vation at 473K. It is thus clearly shown that the sulfate thin-Pt-film PEFC[1], the E-TEK commercial electrodes
species is formed during the treatment of the CNTs with [24]: and the Pt-deposited XC72R (CB) with using solu-
the mixed acid. The growth of the O—H-stretching mode of Pl€ electrolyte polymer Nafi6h 117 [25]. It is shown that

alcohols and phenols observed at 473 and 673K is presum—the KPt-CNT required the least Pt load to achieve the cur-
ably due to the hydrogenation of carbonyl groups on the rent PEFC performance below 500 mA&and cut 60% Pt

CNTs. The formation of the hydroxyl groups is not origi- of the Pt-CB. On the other hand, the HPt-CNT electrode

nated from the carboxyl groups, which are known to decom- showed the best performance per Pt atom. It was indicated
pose at 373—673 R0]. The peak broadness might be due to

the various kinds of alcohol and phenol species because the

frequency of the O—H-stretching mode shifts depending on Table 1

the species to which the hydroxyl groups b¢h8-17] The Pt content of electrode catalysts and Pt load of electrodes for PEFC.
increase of the sulfate peak intensity might be attributed to Pt content Pt load Pt load Reference
the conversion of the bidentate chelating sulfato compound (wt.%) (mg/cn?)  (mg/W)
to the monodentate sulfate with dehydration as observed onHPt-CNT 3.8 0.06 0.43 Present
a sulfated ZrQ@ surface[19]. The reverse peaks at 3029 and KPt-CNT 12 0.2 1.0 Present
1401 cnt! can be explained by the reduction of the sulfate PtCB 28 0.5 2.0 Present

. . . - Thin Pt film PEFC - 0.6 (025 15 [1]
groups with H spilled over from the metallic Pt particles as E-TEK(CB) 20 04 15 [24]
observed on the sulfated ZsQurface at 673 H21]. Here, XC72R (CB) 20 02029 077 [25]
we did not observe N@groups expected with the nitration  Xc72RrR (CB) 20 0.11 (0.2 0.70 [25]

reaction[22]. . . . 2The Pt content of Pt-CB is announced by the distributor.
The observation of the sulfate species by IR was consis- 0 .25pt mg/crh to 0.12 Rumglcrh alloy is used for the anode.

tent with the results of the elementary analysis showing 4.7, ¢More Pt was used for the anode.
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that MWCNTSs are promising to reduce the Pt amount in the University and contribution to the experiments of Mr. Keiji

PEFC electrodes.
The voltages of the HPt-CNT were not high compared
with the KPt-CNT, the Pt-CB or the current PEFCs, although

Kuroda at University of Tsukuba.
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