Available online at www.sciencedirect.com JOURNAL O

scrence @ormeor- POWER
SOURGES

www elsevier.com /locate /jpowsour

ELSEVIER Journal of Power Sources 142 (2005) 43—-49

Preparation of carbon-supported PtRu nanoparticles for direct
methanol fuel cell applicatian— a comparative study

T.C. Deivaraf, Jim Yang Le&b-*

a Singapore MIT Alliance, National University of Singapore, 4 Engineering Drive 3, Singapore 117543, Singapore
b Department of Chemical and Biomolecular Engineering, National University of Singapore,
10 Kent Ridge Crescent, Singapore 119260, Singapore

Received 3 August 2004; accepted 10 October 2004
Available online 8 December 2004

Abstract

Carbon-supported PtRu nanopatrticles were prepared by different methods that involve the simultaneous chemical redpletich of H
and RuC} by NaBH, at room temperaturd®(Ru-1), by ethanol under refluiRtRu-2), and by the thermal decomposition of a single-source
molecular precursor [(bipyRu] (PtCk) (PtRu-3). Transmission electron microscopy (TEM) examinations show that the mean diameter
of the PtRu nanopatrticles is lowest fBtRu-1 followed by PtRu-2 and PtRu-3. Measurements of electrocatalytic properties, however,
reveal a different trend, namelPtRu-3>PtRu-1>PtRu-2. This is attributed to the formation of a more homogenous alloy nanoparticle
system from the thermolysis of the single-source molecular precursor. All three catalysts are more active than commercially available E-
TEK (20wt.%) Pt catalystPtRu-3 also displays the highest tolerance to carbon monoxide. Heat treatmPitiRofl and PtRu-2 only
marginally affects their electrocatalytic performance, whereas the co-reductiogPo€Kand RuC} under alkaline conditions has more
adverse outcomes.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction platinum and oxophillic metals are superior to platinum-only
catalysts in this regard because they can operate through a bi-
Direct methanol fuel cells (DMFCs) are well poised to functional mechanism in which platinum activates theHC
be convenient power sources for portable electronic productsbond cleavage in the surface adsorbed methanol while the ox-
because of the possibility of instant recharge and the advan-ophillic metal assists in the oxidation of CO to €{3,6-9]
tages of readily available fuel infrastructure, high specific The oxophillic metal may also alter the electron density of
energy, and low system weight and volufte5]. Neverthe- state of Pt, which leads to weakening of the-®© bond.
less, there are still technological issues in areas such as insufThis electronic effect therefore enhances the electrocatalytic
ficient room temperature catalyst activity, CO tolerance, and activities of the Pt alloyEL0-12] While there are ongoing ef-
methanol cross-over in the polymer electrolyte membrane. forts to improve the performance of various Pt alloy catalysts
While carbon-supported platinum nanoparticles have tradi- [13—16] the prevailing view still considers carbon-supported
tionally been the catalyst of choice for hydrogen fuel cell PtRu alloy nanoparticles to be the most efficient anode cata-
anodes, platinum is susceptible to deactivation by CO whenlyst for methanol electrooxidation.
a hydrocarbon fuel is used at room temperature. Alloys of  Catalytic activity is closely dependent on the method of
preparation. Hence, itis of interest to explore new preparation
* Corresponding author. Tel.: +65 6874 2899; fax: +65 6779 1936. methods to improve the performance of carbon-supported
E-mail addresscheleejy@nus.edu.sg (J.Y. Lee). platinum alloy catalysts in DMFC applications. The
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simultaneous reduction of metal sali¥—19] microwave- 2.2. Electrochemical measurements
assisted reactiong20,21], microemulsion-based synthesis
[22—-24] and the reduction of single-source molecular pre-  The electroactivities of the catalysts for methanol oxida-
cursors[25—-30] have been used to various extents. In prin- tion were evaluated in a three-electrode cell by in a three-
ciple, the molecular precursor approach has several intrinsicelectrode cell cyclic voltammetry at 50 mvson an EG&G
advantages, namely: assurance of molecular level mixing be-273 potentiostat/galvanostat. A Pt gauze and a standard
tween the constituent metals and a predetermined stoichiomecalomel electrode served as the counter and reference elec-
try based on the atomic composition in the precursor. Despitetrode, respectively, while a thin film of Nafion impregnated
these apparent advantages, reports on single-source precuRtRu/carbon composite cast on a vitreous carbon disk elec-
sor synthesis of DMFC anode catalysts remain scarce becauséode was the working electrode. The Nafion impregnated
most of the single-source precursors are air and moisture senPtRu catalyst ink was prepared by mixing 10 mg of the cat-
sitive so that their preparation and handling warrant special alyst with 200 mg of 5wt.% Nafion solution and 500 mg
precaution. It is therefore useful to develop molecular pre- of distilled water. The electrolyte was 2M GBH in 1 M
cursors that are simple to synthesize and are atmosphericallyH,SO4 for all cyclic voltammetric runs. For all samples,
stable for subsequent processing. The only perceivable down-the voltammograms were recorded after 20 activation cy-
side of the single-molecular precursor approach lies with the cles. Current densities were normalized with repeat to the
difficulty in controlling the alloy composition. Thisisbecause electrode geometrical area. The Pt content in each of the
obtaining PtM alloy nanoparticles of different compositions prepared catalysts was kept at 20wt.% so as to allow fair
involves the design and synthesis of new precursors, whichcomparisons with a commercial E-TEK catalyst (20 wt.%
may be cumbersome and in some cases not feasible. nominal).

This work reports a comparative study of carbon-
supported PtRu nanoparticles obtained by three different2.3. Preparation oPtRu-1
preparation methods namely: (i) the co-reduction gPtCl
and RuCs by NaBH, at room temperature; (ii) the co- After adding 25 mg of carbon black (Vulcan XC 72) to
reduction of HPtClk and RuCj by ethanol at elevated tem- 15 mL of distilled water, the resultant suspension was son-
perature; (iii) a single-source molecular precursor approach.icated for 15min. An amount of 5.3mg RuCin 10 mL
Borohydride reduction and reduction in ethanol are cho- distilled water and 0.52 mL of 50 mM solution of;RtCl
sen as representative methods of the conventional approachvere added to this suspension and stirred well. Then 40 mg
because of their procedural simplicity and their proven ef- of NaBH,, dissolved in 25 mL distilled water was introduced.
fectiveness in producing smaller nanoparticles. The effect Stirring was continued for 2 h before the solution was cen-
of pH in the co-reduction of individual metal salts and trifuged. The recovered solid was washed with water and
the influence of heat treatment on the catalysts are alsodried under vacuum.

investigated.
2.4. Preparation oPtRu-2
Carbon black (25 mg; Vulcan XC 72), RugZb.3 mg) and
2. Experimental 0.52 mL of 50 mM BPtCk solution were mixed in 50 mL
ethanol and sonicated for 15 min. The resulting mixture was
2.1. General refluxed under constant stirring for 2h. The reaction mix-

ture was then allowed to cool to room temperature and cen-

H,PtCk, RuCk and 2,2bipyridine (bipy) were purchased trifuged. The solid phase was washed with ethanol and water
from Aldrich. [(bipy)sRu]Cl>-6H,O was prepared accord- and vacuum dried.
ing to the method of Broomhead and Youfgi]. Carbon
black (Vulcan XC 72) with a surface area of 258g1?! 2.5. Preparation oPtRu-3
was supplied by Cabot and was used as the catalyst sup-
port. All chemicals were used as received without fur- A  single-source precursor  [(bipyRu](PtCk)
ther purification. Distilled de-ionized water was employed (Scheme Jwas prepared in a slightly different way
throughout the study and all glassware was washed withfrom the procedure reported in the literatyR2,33] In
chromic acid and distilled water in succession and oven-dried brief, to a well-stirred 10 mL aqueous solution containing
before use. A JEOL JEM2010 microscope was used to obtain0.37g (494, moles) of [(bipy3RuChk]-6H,0O, HyPtCk
all transmission electron microscopy (TEM) images of the (0.2 g, 488.mol) dissolved in 5 mL water was added drop
nanoparticles, while a JEOL MP5600LV provided scanning by drop. The resulting solution was stirred for 30 min and the
electron microscopy and energy dispersive analysis by X- precipitate was filtered and washed with methanol (2 mL)
rays (SEM/EDX) of the catalysts. Powder X-ray diffraction and diethyl ether and dried at 7G for about 2 h. The yield
patterns of the samples were recorded on a Rigaku D/Max-3Bwas 0.32 g (66%). Elemental analysis showed the following
diffractometer using Cu K radiation. results: calculated for £g6H24NgClgRUPt (molecular weight,
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side-reactions, and forms relatively pure PtRu alloy nanopar-
ticles.
The precursor [(bipyRu] (PtCk) was prepared by a sim-
Cl ple metathesis reaction betweteis-bipyridyl ruthenium(ll)
| JCl chloride hexahydrate and chloroplatinic acid in methanol or
Clrws, Pt:-\;._ water. The probable structure of the adduct is shown in Eq.
a” ’ Cl (5). The precursor was found to be extremely stable and spar-
ingly soluble in acetonitrile, DMSO and DMF:
Cl

(bipy)sRuCh-6H,0 + H2PtCls
— [(bipy)3Ru](PtCk) + 2HCI + 6H,O (5)

Scheme 1. Proposed structure of single-source precursor. Upon heating the precursor complex—carbon composite in

a Hp/Ar gas mixture, the precursor complex underwent re-

977.43): C, 36.87%; H, 2.47% and N, 8.60%; observed: C, gyctive decomposition to yield carbon-supported PtRu alloy
36.44%; H, 2.46% and N, 8.36%. particles. The clean thermolysis of the single-source precur-

The single-source precursor and Vulcan Carbon XC 72 sor in hydrogen is expected to result in a purer metal catalyst
(25mg each) were ball-milled together and the homoge- o the DMFEC reactions.

nized mixture was heated in a horizontal tube furnace in 5%

H2/95% Ar at 550°C for 2 h. 3.2. Characterization of carbon-supported PtRu
nanoparticles

3. Results and discussion EDX analyses of the carbon-supported PtRu alloy cata-
_ lysts showed a Pt to Ru ratio of 1.1, which agrees well with
3.1. Synthesis of PtRu catalysts the starting stoichiometric ratio of the metals. EDX also con-

) ) firmed that the materials were devoid of common contami-
Preparation of metal and metal alloy nanoparticles by nations such as B, Cl and Na.

borohydride reduction of the corresponding metal salts is  The catalyst®tRu-1, PtRu-2andPtRu-3were character-
a well-recognized practicd’(Ru-1). The reaction is facile  jzed by powder X-ray diffraction (XRD). The resulting XRD

even at room temperature and forms small particles easily. patterns show only the very broad peaks of f.c.c. Pt with-
The stoichiometry of the reduction reactions can be summa- gyt any peaks that can be assigned to h.c.p. Ru or its oxides

rized as followq34]: (Fig. 1). The f.c.c. Pt structure was inferred from the three
8RU + 3BH4~ + 12H.0 different peaks at®=39.9 (111), 46.2 (200) and 67.9
+ 4 2 (220). The absence of peaks due to ruthenium suggests the
— 8RU + 3B(OHu ™ +24H" 1) formation of solid solutions of Ru in Pt without any phase
segregation. It has been reported that PtRu alloys containing
2PtCE2~ + BHj~ +4H,0 up to 52 wt.% Ru wpulq show only peaks dqe to Pt f.[38]. o
The peak-broadening in the XRD pattern is a characteristic
— 2Pt+ B(OH);~ 4 8H" +12CI 2) of the nanometer length scale and validates the effectiveness

The electrocataly$?tRu-2 was prepared by the reduction of
H>PtCl and RuC4 in ethanol, which can be represented by
the following equation§35]:

H,PtCl + 2CHsOH — Pt 4+ 2CH;CHO + 6HCI  (3)

2RUCk 4+ 3C;Hs0H — 2Ru + 3CH3CHO + 6HCI  (4)

These two reactions are common methods for the preparation
of metal nanoparticles. The borohydride reduction is partic-
ularly adept at producing small and highly uniform metal
particles, and many noble-metal-based DMFC catalysts have PtRu-1
been obtained via this route. There are also reports suggesting . .
that the NaBH reduction of cobalt and nickel salts could lead -
to predominantly the formation of metal borides instead of ' ' ' ' : :

the metal nanoparticles, which might adversely affect the per- 20 30 40 s ;ﬁeta 60 0 80
formance of the electrocataly$86,37] By contrast, ethanol

reduction of BPtCk and RuC} is free from such competing  Fig. 1. X-ray powder diffraction oPtRu-1, PtRu-2 andPtRu-3 catalysts.
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Fig. 3. TEM images oPtRu-2 nanopatrticles prepared in the (a) absence

Fig. 2. TEMimage oPtRu-1and histogram of the particle-size distribution. ) ] ]
supportedPtRu-2 nanoparticles prepared with and without

NaOH are presented ifig. 3a) and (b), respectively. His-
of the experimental protocols in producing nanosize metal tograms of the particle-size distributions for these two cases
particles. are given inFig. 4.

A typical TEM image of carbon-supported PtRu nanopar- It is also observed that PtRu nanoparticles prepared by
ticles, prepared from the NaBHeduction of BPtCk and the NaBH, and alcoholic reductions without XC-72 ag-
RuCk (PtRu-1), is given inFig. 2 A mean diameter of the  glomerate within minutes of their formation and salt out
particles of about 3.75 nm (S.D.=1.01 nm) was obtained by easily. The presence of a suitable stabilizing agent such
counting over 100 particles in randomly chosen areas. Theas PVP is needed to maintain the nanoparticles in sus-
TEM also indicates that the nanoparticles are uniformly dis- pension. The use of PVP during the reduction reactions
persed on the carbon surface. also leads to the formation of smaller nanopatrticles (<4 nm)

The alcoholic reduction of platinum and ruthenium salts with a more uniform size-distribution. The PVP-protected
results in slightly larger particles (mean diameter =6.96 nm) nanopatrticles are not catalytically active and thermal ac-
and a broader size distribution (S.D.=1.55nm). Itis also ob- tivation is required to remove the organic shells. In fact,
served thatthe addition of 0.2 mL of 1 M NaOH tothe reaction thermally activated particle-size enlargement could be a sig-
mixture leads to further agglomeration of the nanoparticles nificant side-effect. Subsequently, these protected particles
(mean diameter=10.2nm, S.D.=1.87nm). These resultswere not used in this study. In the presence of carbon,
contrast strongly with the polyol (ethylene glycol) reduc- no sign of agglomeration of the PtRu particles is detected
tion of metal salts, in which smaller and more uniform Pt by TEM. The carbon surface can satisfactorily bind the
nanoparticles are formed in the presence of a base (KOHnanoparticles through chemical and mechanical interlock-
or NaOH)[39,40] Representative TEM images of carbon- ing effects, which result in an increase in the activation
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Cyclic voltammetry was used to evaluate and benchmark
Fig. 4. Histogram of the particle-size distributionRiRu-2 prepared (@) the activities of the three differently prepared catalysts for
without and (b) with NaOH addition. room temperature electrooxidation of methanol against a
commercial (E-TEK) Pt catalyst. For a fair comparison, the
energy required for particle agglomeration through surface pt |oadings inPtRu-1, PtRu-2 and PtRu-3 were pegged
diffusion. at the nominal Pt level in the commercial catalyst, i.e., at
In order to obtain carbon-supported PtRu nanoparticles ahout 20 wt.%. A voltage range of 0-1V was swept at the
from single-source molecular precursors, researchers ofterate of 50 mv s (Fig. 6). The peak current densities due to
resort to a solution adsorption or deposition method to load methanol oxidation are shown ifable 1 The voltammetric
the carbon black with the precursor compound. This is fol- features are consistent with literature reports and are typical
lowed by decomposition at elevated temperatures in a re-of the electrooxidation of methanol on Pt-based bimetallics
ducing atmosphere to form small and nearly monodisperse[21-24,39-42hamely: a methanol oxidation peak during the

nanoparticles. Due to the poor solubility of the [(bigi)] forward scan (from 0 to 1 V) at about 700 mV (versus SCE)
(PtCk) precursor in common organic solvents, ball-milling

is used to load the precursor on to the carbon blRtRu-3
is the result of the thermolysis of a carbon homogenized pre- —PtRu-1 — PtRu-2 — PtRu-3
cursor in a H/Ar mixture at 550°C. The molecular precursor
decomposes under these conditions to form metal alloy par-
ticles with well-defined stoichiometry and uniform mixing

at the atomic level. The mean particle diameter, as measured
by TEM, is 8.4nm (S.D.=3.3nm). ATEM image BtRu-3

and a histogram of the particle-size distribution are given in
Fig. 5.

In all of the above preparations leading to the carbon-
supported PtRu nanoparticles, almost all of the nanopatrticles
are bound to the carbon surface and repeated TEM examina-
tions do not indicate the presence of any isolated nanoparti-
cles or metal agglomerates outside of the carbon matrix. Fig. 6. Cyclic voltammograms fdPtRu-1, PtRu-2 andPtRu-3.
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Table 1

Comparison of electrocatalytic properties of various catalysts

Catalyst Details of preparation Peak current defgityA cm—2) Activity figure of merit® I¢/ly

PtRu-1 As prepared —2578 111% 0.96
After heat treatmefit —2183 94% 1.05

PtRu-2 As prepared —23.65 102% 1.29
After heat treatmefit —2277 98% 1.32
Reduction with addition of 0.2 mL NaGH —20.63 89% 1.0
Reduction with addition of 0.4 mL NaGH —9.46 41% 1.11
Reduction with addition of 0.6 mL NaCH -9.41 40% 1.13

PtRu-3 As prepared —-3181 137% 1.40

E-TEK - —2328 100% 1.04

2 Normalized to the electrode geometrical area.

b With respect to the E-TEK (20 wt.%) Pt catalyst.

¢ Heated in a constant flow of H5%)—Ar (95%) gas mixture.
d 1 M NaOH solution.

and another anodic peak onthe reverse se@®»0 mV versus (Ip) scans. Such a ratio has been used to infer the CO tol-

SCE) due to the removal of incompletely oxidized carbona- erance of the catalysfd3,44] A lower l¢/I, value signifies

ceous species formed in the forward s¢&®,44] poor oxidation of methanol to CO during the anodic scan and
The onset potentials for methanol oxidation BtRu-1 excessive accumulation of carbonaceous species on the cat-

and PtRu-2 are around 350—400 mV. By contrast, the on- alyst surface. In other words, a greater extent of CO poison-

set of methanol electrooxidation &Ru-3, prepared from ing. Hence a highei/lp value is indicative of improved CO

the single-source molecular precursor, occurs much earlier,tolerance. Thes/l, values of the three differently prepared

at around 280 mV. This indicates that the catalyst is able catalysts are listed ifiable 1 Heat treatment of the catalysts

to reduce significantly the overpotential in methanol oxi- does not significantly alter thig/l, values; more important

dation. The peak current densities due to methanol oxida-is the effect of the pH used in the syntheses. It can be clearly

tion (at ~700mV) for PtRu-1, PtRu-2, PtRu-3 and the seen thaPtRu-3, prepared from the single-source precursor,

20wt.% E-TEK catalyst are-25.78, —23.65, —-31.8 and has the best CO resistance among the prepared catalysts. It

—23.28 mAcnT?, respectively. The catalyst activities can also compares favourably with the E-TEK catalyst.

therefore be ranked in the following order E-TEKPtRuU- A comparison of all the data presentedlable 1lreveals
2<PtRu-1<PtRu-3 (seeTable ). This ranking does not thatPtRu-3had the bestapplication performance as an anode
follow the order of decreasing particle size, for whietiRu- catalyst, i.e., a 37% increase in electrocatalytic activity rela-

1<E-TEK <PtRu-2<PtRu-3. It should be mentioned that tive to the E-TEK catalyst as well as enhanced CO tolerance.
the E-TEK catalyst has Pt particles in the range of 2—10 nm This behaviour is due to the relatively large patrticle size of
and a mean diameter of 5.1 80]. Based on particle-size  the PtRu nanoparticles PtRu-3. This enhancement may be
analysis alone, the activity ¢ftRu-3 would be expected to  related to the high level of homogeneity of bimetallic mix-
be lower than those of the other prepared catalysts and alsang in catalysts obtained via from the single-source precursor
the commercial E-TEK catalyst. Perhaps the homogeneity approach.
in mixing the two metals at the atomic scale (which is excel-
lent for single-source molecular precursor) results in a higher
performance foPtRu-3. 4. Conclusions

Heat treatment d?tRu-1 andPtRu-2is expected to lower
catalyst activity through a sintering-induced increase in the  Carbon-supported PtRu nanoparticles are prepared
particle size. The decrease is, however, very marginal (2—6%)through: (i) room temperature NaBHeduction of BPtClk
and this can be attributed to surface stabilization offered by and RuC4 (PtRu-1); (ii) ethanol reduction of HPtClk and
the carbon support. A similar effect has been reported recentlyRuCk under reflux PtRu-2); (iii) thermolysis of a single-
by Liu et al.[44]. On the other hand the addition of NaOH source precursorP{Ru-3). Carbon is introduced as sus-
during the reduction reaction influences the electrocatalytic pended solids in the first and second methods but through
properties adversely to a very large extent. This agrees wellball-milling in the third method. Despite the fact tHtRu-3
with the TEM results that show a large increase in the particle from the single-source molecular precursor has the largest
size and extensive agglomeration when NaOH is present inaverage particle diameter, it displays the lowest onset poten-
the ethanolic reduction of #PtClk and RuCs. tial and the highest current density for methanol oxidation at

Yet another method to benchmark the catalyst perfor- room temperature. It is also the most CO tolerant among
mance is to compare the ratio of current densities associ-the three differently prepared catalysts. Heat treatment of
ated with the anodic peaks in the forwarg) @nd reverse  these catalysts only reduces their activities marginally. By



T.C. Deivaraj, J.Y. Lee / Journal of Power Sources 142 (2005) 43-49 49

comparison, a higher pH used in the preparation has a morg16] S.-A. Lee, K.-W. Park, J.-H. Choi, B.-K. Kwon, Y.-E. Sung, J. Elec-
significant adverse effect on catalyst performance. The re- _ trochem. Soc. 149 (2002) A1299.
sults from this work highlight the advantages of the single- [17] B. Gurau, R. Viswanathan, R. Liu, T.J. Lafrenz, K.L. Ley, E.S.

rce mol lar or rsor r hin catalvst pr ration Smotkin, E. Reddington, A. Sapienza, B.C. Chan, T.E. Mallouk, S.
source molecular precursor approach in catalyst preparation, g, angapani, J. Phys. Chem. B 102 (1998) 9997.
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