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Abstract

Using an inverted spontaneous deposition method, unsupported Ru and carbon-supported 40% Ru nanoparticles were decorated with
platinum after surface Ru oxides were reduced in the hydrogen atmosphereGifd@51 h. All samples that we produced in this way
yielded high catalytic activity towards methanol oxidation at an electrode potential of interest to DMFC fuel cells. In the chronoamperometric
experiment, the activity increased with the uptake of platinum to high Pt packing density values. The 40% C/Ru/Pt catalyst with an optimized
packing density shows higher reactivity than that of an equivalent commercial, carbon-supported Pt/Ru catalyst. Reduction of Ru (and Ru/Pt)
nanoparticles at higher than ambient temperature induced unacceptable level of sintering, and was avoided.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction basis of the design of a direct methanol fuel cell (DMFC).
Methanol has a high energy density, with the full oxidation
There is a need for more potent, lightweight, efficient to CO, occurring through a six-electron reaction, and is a
and reliable power-sources for a variety of transportation, promising candidate for energy applications, for instance, in
portable electronics and other applicati¢hf Batteries and  portable electronics. The obstacles against the implementa-
fuel cells are alternative energy devices but batteries are onlytion of DMFC are the insufficient activity of the catalysts
viewed as a short/mid-term option. Fuel cells are efficient employed so far, and high cost of platinum in platinum-
energy conversion devices in which both fuel and oxidant based bimetallic catalysf$—11]. From among such Pt-based
are fed in a continuous supply to the electrodes for conver- bimetallic electrocatalysts, PtRu alloyed or Ru decorated Pt
sion into electrochemical energy. They have many benefits, [12] materials are known to be the most active.
including low or even zero emissions, higher efficiency and  Recently, Adzic and coworkers reported Pt-covered
reliability. The best fuel for fuel cells is pure hydrogen butthe Ru(00 0 1)single crystal electrodes of very interesting struc-
use of compressed hydrogen is troubled with inherent prob- ture/reactivity propertiefl3] and Pt decorated Ru nanopar-
lems associated with safety, hydrogen distribution, handling, ticles[14]. Those were obtained by reduction of ruthenium
and storage. Alternative fuels are being sought to replace hy-nanoparticles in Hlatmosphere at 150-35Q, and by adding
drogen in fuel cells, such as methanol, ethanol and formic platinum to ruthenium by the use of spontaneous deposition.
acid (and others) with varied success. Notice that the deposition method in the quoted work is an
Methanol is considered an ideal molecular fuel because invert of the procedure reported in Ref&l,15] and may
of its availability, ease of handling and storage, and is the be considered as an “inverted spontaneous deposition”. That
is, ruthenium was deposited on platinum nanoparticles in our
previous efforts while in this work platinum was deposited
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tion studies. The quoted authors found high activity of such 1 2
a Ru/Pt nanoparticle catalyst for reformate oxidatjb4]. —@~-

Low load of platinum in the catalysts was highlighted. Arico
et al.[16] investigated high temperature operation of DMFCs
based on an unsupported, Ru/Pt catalyst prepared in-house, '

and reported a DMFC power density of 150 mWcirat
130°C under air feed fuel cell operation. At such high tem-
peratures however Ru alone is active to methdhd], the
challenge therefore appears to design the Ru/Pt catalysts op-
erational at lower temperatures (lower thar?8). Our data
refer to this mode of DMFC applications.

The spontaneous deposition of platinum into ruthenium
matrices allows excellent utilization of expensive platinum
in the Ru/Pt catalydtl3,14] That is, the deposition of Pt on
the Ru nanopatrticles leads to improved Ru/Pt electrocatalysts
with considerably reduced Pt loadin®3,14,16,18,19]In S 6
this study, we have explored the Ru/Pt catalysts (unsupported_. ,

. . Fig. 1. The apparatus for reduction of Ru samples by hydrogen: (1) three-
a_nd carbon supported) fo_r_methanol e'e‘?"oox'an'O“ Cajtaly_ way stopcock for Ar inlet and Hinlet; (2) thermometer; (3) three-way
sis. The surface composition was examined via inductively siopcock for gas outlet and® injection; (4) aluminum cover; () gas
coupled plasma (ICP) and through CO stripping voltammetry preheating tubing; (6) sample; (7) silicone oil.

[20]. Methanol oxidations was monitored using chronoam-

perometry{20]. jected to the apparatus in order to protect the Ru surface by
water and prevent its oxidation. Wet nanoparticle samples
thus obtained were transferred to a beaker, and ca. 60 mL

2. Experimental (for ca. 30 mg samples) of a 10 MVLRICl/0.1 M Hy SOy
solution was admitted to the beaker. The suspension of the

The Ru/Pt catalyst preparation involves the application Ru/Pt nanoparticles was stirred for 1 h in air and the Ru/Pt
of a series of pretreatments of Ru and Ru/Pt nanopatrticles.nanoparticles were isolated after rinsing with 0.1 M@y
Namely, using consecutive reduction of ruthenium oxides by and Millipore water.
hydrogen (3 h reduction at a given temperature) and sponta- A conventional three-electrode electrochemical {2
neous deposition of Pt on the freshly reduced ruthenium sur-was used for the electrochemical measurements, with a high
face (for 1 h). The reduction and deposition processes weresurface area Pt gauze as the counter electrode and a Ag/AgCl
repeated four times to generate four Ru/Pt catalysts with in-in 3M NaCl reference electrode (all potentials in this pa-
creasing amount of platinum (see below). (The first Ru/Pt per are quoted versus the RHE electrode), powered by an
sample was obtained from Ru black, the second was obtainedEG&G 283 potentiostat/galvanostat. The working electrode
from the Ru/Pt (1 h) sample, again reduced by hydrogen (3 h) was made of the Ru/Pt catalyst or 40% C/Ru/Pt particles im-
and processed by spontaneous deposition (1 h), to obtain themobilized on a surface of a gold disk (10 mm in diameter,

Ru/Pt (2 h) sample, etc.) 5mm in height). A 0.5M HSOs was used as the support-
Unsupported and carbon supported nanoparticle Ru sam-ing electrolyte, prepared from concentrated analytical grade
ples were reduced in the apparatus showlign 1. The pre- sulfuric acid from Mallinckrodt Baker diluted in Millipore

heating tubing of this apparatus was used for balancing thewater. The catalyst was next distributed in Millipore water
inlet gas temperature and the three-way valves were used tdo make 4 mg mt® suspensiof20]. Approximately 10QuL
change gas (and water) pathways. About 30 mg of an as-(0.4 mg) of the catalyst ink was loaded on the surface of the
received unsupported Ru black (Alfa Aesar, 99.9%, lot # Au disk and dried under an IR lamp for 15 m20]. CO was
E20N28), Ru/Pt obtained from the Ru (see above), or sup- adsorbed on the surface of the sample catalysts by bubbling
ported 40% Ru/C commercial cataly§-TEK 40% Ru on CO gas at 1 atm for 20—40 min while holding the potential at
Vulcan XC-72, lot # 27641199) was placed on the bottom 0.06 V. CO was next eliminated from solution by purging the
of the flask. The tubing and the flask were immersed in the electrolyte with Ar gas for 20—40 min. CO stripping voltam-
silicone oil bath and were kept at 100, 160 and 2200r mograms were obtained through voltammetric oxidation of
thermostated at 2%, for a predetermined time (0.2-10h). CO to measure the active surface area of the catgd®8}s
During the reduction, hydrogen gas was flowing at the rate  Unless otherwise stated, chronoamperometric (CA)
of 100-200 mL min. When higher than ambient temper- curves were acquired by stepping the electrode potential to
ature was used, the bath was subsequently cooled down td®.05 V versus RHE in pure supporting electrolyte, holding the
the room temperature under argon atmosphere to isolate theelectrode until current induced by the step decayed, and then
sample from the ambient upon cooling. Once the room tem- quickly injecting a concentrated methanol solution to a final
perature was reached, deoxygenated Millipore water was in-concentration of 0.5 M methanol under active stirring condi-
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tions. This was followed by a potential step to the potential of Table 1

interest for methanol oxidation and the current was measuredCurrent density (in.Acm~?) for methanol oxidation at 0.4V and after 3h

usuaIIy after 3 h of methanol oxidation. Johnson and Matthey of oxidation obtained using hydrogen reduced unsupported Ru/Pt catalysts
. ) . see text

50:50 PtRu alloy catalyst (HiSPE® 6000, 2.5 nm diame- ; o ) e —

ter) and E-TEK carbon-supported 40% PtRu alloy (40% ptRy Reduction time (h) - Reduction temperature

on Vulcan XC-72, 1:1 a/o Pt:Ru, lot # 2239696) Pt were used 25 100 160 220

as standards for the comparison with the methanol oxidation 0.2 0.69 (78)

activity of our Ru/Pt decorated catalysts. Ultra high purity ar- 1 1.01 (64) 0.62(33)  0.60(33)

gon gas was used to remove the oxygen in the cell. Methanol 2 0.67/(38)

was ACS grade (Fisher Scientific), and other solutions were j 0.67 (36) 0-61(28)
made of BSOy (GFS ChemicaIS) and éPtC|4 (Alfa Aesar) 10 0.93 (66) 0.52 (30) 0.48 (22)
chemicals. All CO stripping voltammetry tests as well as ac- 20 0.78 (63)

tivity measurements for methanol oxidation were carried out coresponding surface areas (iR gr2) are listed as the figures in paren-

at room temperature. theses. The current density and surface areas are show as function of the

reduction time (in the hydrogen gas) and temperature.

reason for the latter effect is sintering of the unsupported Ru
particles by the repetition of the heat treatment undeg&b
First, the reduction process was carried out atZ20sing atmosphere. Clearly, in order to obtain Ru/Pt catalysts with
consecutive hydrogen reduction and spontaneous depositiod@rge specific surface area and high reactivity, the reduction
processes as reported in Sectioms also stated above, the ~Process requires milder conditions that this choseffign2.
surface area was calculated from CO stripping methanol oxi- ~ Table 1shows the current density for methanol oxida-
dation current was measured by chronoamperometry at 0.4 Vtion and the surface area of the unsupported Ru/Pt catalysts
in 0.5M methanol in 0.5M KSOs [20]. The factor used obtained after reduction processes under various reduction
for converting the CO stripping charge to the surface area times and temperature. The data demonstrate that the opti-
is 420p.C cnm 2. The plots shown ifFig. 2indicate that the ~ Mum conditions to get the best Ru/Pt catalyst require the
methanol oxidation current taken after 3 h of measurementsmodest reduction temperature of 25 (near room tempera-
increased with the number of treatments, that is, with the ture), and atime of 1 h. Under such mild conditions, we still
amount of platinum addef20,22] Concurrently however, —Managed to maintain the high dispersion of the Ru/Pt cata-

the surface area of Ru/Pt catalysts decreased. The obvioudySts. CO stripping voltammograms of all Ru/Pt catalysts are
presented irrig. 3. (Notice thatFig. 3a shows CVs for pure

Pt nanoparticle sample made of Pt black.)

L = Platinum packing density of Ru/Pt catalysts was calcu-
®  Surface area r lated by the method reported in a previous communication
® Current density - W from this laboratory20]. Namely, the mass of Pt and Ru ratio
80 e~ 420 . .

] - from a sample of a known total mass was obtained by using
- 1 ICP and the Pt packing densitie®{) were calculated from
the formula[20]:

3. Results and discussion
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o where mp; and mg, are the mass values of platinum and
Mivs, ruthenium,Na the Avogadro constant the specific sur-
05 face area of the catalyst (ég~1), I'ry the number of Ru
W L sites cnm2, andMpt is the atomic mass of PEg, was taken
as 1.63x 105 surface atomscn? (based upon crystallo-
r—r—— 11— * v 1 graphic data ifi23,24)). The electrochemically active surface
area of the catalysts was determined from the total amount
of adsorbed CO, assuming that the coverage of the saturated
Fig. 2. Changes in the surface area inferred from CO stripping peaks and CO adlayer is identical on Ru and Ru/Pt surfa@y.
in the current density at 0.4V of methanol oxidation on a Pt deposited Ru ~ The packing densities of platinum in the unsupported
black (Ru/Pt) catalyst with an increased number of pretreatments. A 0.5M Ru/Pt catalyst obtained using E@) for the consecutive pre-
C"r'?ioc'j"' i”t(;f‘z"gggs(%'t ;"; iSOCE{r;‘UiS;“;\?V'ﬁ ;dugi?hgy Tg‘t’rr:;;”e"r“’f‘s treatments from the first to the fourth are 0.46, 0.90, 1.37 and
gzvefs tf/)vuo consecutive procgsses; the reductioa at@2or 3ph under hy- 1.83. The values _Of the pa_cklng densities higher th?” 1 indi-
cate either a multilayer buildup of Pt on the Ru particle sur-

drogen and the spontaneous deposition of PtRu for 1 h using 10 pifitH, : ) g '
solution (see text). face, or a penetration of platinum into the Ru lattice (Ptand Ru
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00 02 04 06 08 10 1.2 density but the potential difference is very smal3g mV).
25 ] Similar to the Ru deposited Pt catalysts, Ru/Pt catalysts have
0] @ T MPtblack high activity for methanol oxidation due to the bifunctional
151 mechanism between the Pt and Ru. (As well-known, the role
104 of Ru in this bifunctional mechanism is to dissociate water
5] M to create an oxygen species that converts chemisorbed CO
0 on neighboring Pt atoms to G@25].) Much excess of plat-
-5 inum of the Ru surface can be eliminated by inspection of the
-10 cyclic voltammetric curves ifigs. 3 and Bhat are still much
o 251 —— JMPtRu alloy more Ru- than Pt-like. Therefore, the data tend to point at the
3 2] (®) - — -J-MRu black Pt penetration process, but this issue needs to be investigated

further.

Fig. 4 shows chronoamperometric curves for methanol
oxidation on Ru/Pt catalysts of various packing densities ob-
tained after the reduction process at25or 1 h. The data in-
dicate that the Ru/Pt catalysts have high activity for methanol
oxidation (as a pure Ru sample yields zero or very low cur-

) rent from the oxidation). Clearly, the reactivity is increased
37) with the increase in the Pt uptake; the highest packing den-

)

)

j/uAcm

©

sity obtained in this study yields the best reactivity. Although
the actual Pt:Ru ratio on the outmost (two-dimensional) part
of the surface is unknown (see above), one may expect that
this ratio is high for platinum. Formally, this would give sup-
port to previous results obtained by Gasteiger €R&l] and
. Frelink et al.[26] calling for highly Pt enriched Pt/Ru sur-
0.0 0.2 04 06 08 1.0 1.2 faces of polycrystalline PtRu alloys for effective methanol
Vvs RHE /V oxidation catalysis. However, the overall Ru/Pt particle mor-
phology that we produce in this report is very much different
Fig. 3. CO stripping voltammograms on (a) a Pt black electrode, (b) on from that of polycrystalline Pt/Ru used by the other groups
Joh_nson and M(_e\tthey Pt_/l_?u alloy and Ru black and (c) on Ru/Pt cat_alysts of [25,26], and care needs to be taken to compare all these re-
various Pt packing densities. Scan rate 5 mY,9.5 M H,SO; supporting .
electrolyte. The catalyst composition is given. sults directly. Nevertheless, we conclude tha.t mugh Pt must
be added to the surface zone of the Ru particles in order to
atoms exchange in the surface zone of the Ru particles) via thePbtain high activity, which we believe is a new observation in
cementation proce$&2]. Some physical properties and CO the methanol fuel cell catalysis field. Still, the high amount of
stripping peak potentials with samples obtained using hydro- Ptis needed only locally, leaving the overall bulk nanoparticle
gen reduction treatment are showrTable 2 Relevant data ~ Made of ruthenium. Iiiable 2 the atomic ratio of commercial
on unsupported Ru black or Ru/Pt catalysts and commercialJM PtRu alloy catalyst was 1:1 but in case of Pt deposited
JM PtRu alloy catalyst are also available in this table. The sur- Ru catalysts, the ratio was 1:7 to 1:12. These values were
face area deceases and the CO stripping peak moves to lowepbtained from the compositions of bulk Ru/Pt nanoparticles
potential with the increase in Pt packing density. According and they were different from that of the surface. Therefore,
to the results of Waszczuk et 0], Ru nanosizedislandsare  this report demonstrates that relatively low Pt load and high
formed on Ru decorated Pt nanoparticles (using spontaneougctivity Ru/Pt nanoparticle catalyst was obtained by the in-
deposition). In case of Ru/Pt catalysts, when the Ru phasesverted deposition methofd2,15] the result that may have
are activated by hydrogen reduction, the Pt atoms may movePractical implications in the DMFC field. Noticeably how-
into the core of Ru via the cementation process. As it can be €Ver, the catalytic activity of even the highest Ptload is lower
seen inTable 2andFig. 3, the CO stripping peaks of Ru/Pt  than that obtained by the unsupported JM, 50:50 Pt/Ru alloy
catalyst shift to lower potential with increasing the Pt packing catalysts, as shown ifig. 4

n
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Table 2

Physical properties and CO stripping peak potentials of five different samples obtained using hydrogen reduced, unsupported Ru/Pt catalysts
Sample Packing density Pt/Ru (wt.%) Pt/Ru (atm) Surface arég(h) CO stripping peak potential (V)
JM PtRu - 65.9/34.1 1/1 78 0.492

Ru/Pt-046 0.46 13.4/86.6 1/12 64 0.550

Ru/Pt-090 0.90 17.3/82.7 1/9 44 0.526

Ru/Pt-137 1.37 20.2/79.8 1/8 35 0.514

Ru/Pt-183 1.83 22.5/77.5 1/7 30 0.514
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Fig. 4. Chronoamperometric oxidation at 5 of methanol at 0.4V on Pt
deposited Ru black (Ru/Pt) catalysts of various Pt packing density (a) for
surface area and (b) for unit metal mass. A 0.5 MGgOH, in 0.5 M H,SOy.

The catalyst composition is given.

Carbon supported catalysts exhibit higher specific activity

35
—--—Pton40%Ru/C (0, =091)
Pt on 40% RU/C (9, = 0.53)
=i - - - -Pton40%Ru/C (@, =021)
- — Pton40%Ru/C(8, =0.13)
5] T ETEK40%PtRUC

metal

j/pAcm
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Vvs. RHE/V
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Fig. 5. CO stripping voltammograms on the Ru/Pt catalyst, scan rate
5mVs1, 0.5M H,SOy supporting electrolyte. The catalyst composition
is given.

described above. During the deposition, platinum was selec-
tively deposited on Ru patrticles, not on the carbon support,
because only the metallic Ru surface acts as a nucleating
agentfor the Pt depositigh8]. Table 3shows essential phys-

ical properties and the CO stripping peak potentials of sam-
ples obtained after hydrogen reduction for supported Ru/C,
C/Ru/Pt, and commercial E-TEK 40% Pt/Ru/C catalysts. The
surface area deceases and the CO stripping peak moves to the
lower potential with the increase in the packing density sim-
ilarly to the results with the unsupported samples.

Cyclic voltammetric curves (CVs) for CO electrooxida-
tion on several 40% C/Ru/Pt catalysts — displaying the in-
creased amount of platinum — are giverFig. 5 The data
were obtained at a scan rate of 5nmtdn 0.5M HySOy.
Comparing the data ifig. 5to the base CV for pure plat-
inum in Fig. 3a indicates that the surfaces are essentially
Ru-like, confirming that the Pt and Ru atoms most likely
exchange during the deposition/cementation process, as pro-
posed above for the unsupported sample. The alternative is a
strong electronic effect that the Ru matrix may exert on the

when compared to the unsupported catalysts (such as reporte®t additives, but this has to be confirmed by a method sensi-
above) because smaller and spatially separate nanoparticletive to the Ru/Pt electron density of states (DQ&)] in the

can be made stable during a catalytic reaction, that is, with-

out meaningful sintering for a long time. In this project we

studied Ru/Pt atomic configurations.
The peak potential for the CO oxidation shifts negatively

produced a 40% C/Ru/Pt catalyst using 40% C-supportedas the Pt packing density is increased. However, this poten-
Ru nanoparticles and the Pt spontaneous deposition methodial shift continues only until to the Pt packing density 0.53
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Physical properties and CO stripping peak potentials of five different samples obtained using hydrogen reduced, carbon-supported C/RaI/Pt catalyst

Sample Packing density Pt/Ru/C (wt.%) Pt/Ru (atm) Surface arég(h) CO stripping peak potential (V)
E-TEK PtRu/C - 26.4/13.6/60.0 1/1 69 0.562
C/Ru/Pt-013 0.13 1.3/39.5/59.2 1/59 51 0.531
C/Ru/Pt-021 0.21 2.2/39.1/58.7 1/34 50 0.504
C/Ru/Pt-053 0.53 4.7/38.1/57.2 1/16 44 0.483
C/Ru/Pt-091 0.91 6.2/37.5/56.3 1/12 34 0.483

(a)

%

2
metal
P

j/HA cm

—*—Pton40% Ru/C (9 , =0.91)
= Pton40%Ru/C (9, =053)

——E-TEK 40% PtRu/C
Pt on 40% RU/C (6, = 0.21)

— — Pton 40% Ru/C (8, = 013)

Time/h

E]

metal

i/Amg

0.0014 «

- Pton 40%Ru/C (6 ,=053)
—==—Pton 40%Ru/C (b ,=091)

— E-TEK 40% PtRu/C
Pt on 40% Ru/C (8, =0.21)

= = Pton 40%Ru/C (6, =0.13)

————
e e T

0.000

5 10 15
Time /h

Fig. 6. Methanol oxidation at 25C on Pt deposited on 40% Ru/C (40% ) _ A
C/Ru/Pt) catalysts of various Pt packing density (a) for surface area and (b) Which the Pt atoms exchange with the Ru matrix atoms, and

for unit metal mass. A 0.5 M methanol oxidation at 0.4V in 0.5 ySy.

is reached (Eq.1) was again used for the Pt packing density
determination). As above, the meaning of this observation is
unclear as the actual composition of the outmost Ru/Pt sur-
face isunknown, butit may show that the 0.53 packing density
(or coverage) corresponds to the surface composition of the
maximum activity of the catalyst. (Notice that it was reported
in [20] that the surface composition of the Pt/Ru catalyst of
ca. 0.5 yielded the highest methanol oxidation activity at the
same potential.) Chronoamperometric data for methanol oxi-
dation on the supported samples are showkign6. Clearly,

the 40% C/Ru/Pt catalyst with a packing density of 0.53 dis-
plays the highest reactivity, and this value is higher than that
of the commercial carbon-supported 40% Ru/Pt catalyst of
the 50:50 Ru:Pt ratio (see the central solid-grayish line in
Fig. 6). Notably, Gasteiger et aJ25] carried out potentio-
static oxidation of methanol from 0.5 M430, at 25°C on
PtRu alloy electrodes at several Pt/Ru ratios at 0.4 V. Using
these gquoted results as a benchmark, the reactivities (current
densities) of the unsupported and carbon supported Ru cata-
lysts are ca. 30% of the data with the PtRu alloy. Apparently,
the higher activity of bulk metal/alloy versus nanopatrticle
catalysts is still a not completely understood issue.

Overall, while certain saving of platinum could be
achieved by our method at the expense of less expensive
ruthenium versus commercial Pt/Ru catalysts, the load of
platinum is still too high. However, we believe that the re-
ported catalyst syntheses open a possibility to develop a pro-
cess that can be called “ruthenium matrix catalysis” in which
more admetals than platinum will be added to ruthenium
nanopatrticles. In principle, higher catalytic activity can then
be obtained via electronic factors as described in R&i.

This multicomponent preparative path will have yet to be
pursued.

4, Conclusions

Unsupported Ru/Pt and carbon-supported C/Ru/Pt
nanoparticle catalysts were obtained using inverted spon-
taneous deposition of platinum to ruthenium following the
ruthenium reduction process under hydrogen atmosphere at
room temperature. Apparently, a certain level of reduction of
Ru oxides occurs under such mild reduction conditions to per-
mit the deposition of platinum into the ruthenium substrate. A
part of the deposition most likely occurs via cementation, in

penetrate below the two-dimensional Ru/Pt surface towards
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