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Sol-Gel Derived Pt-Ir Mixed Catalysts for DMFC Applications
Haralampos Tsaprailis* and Viola I. Birss** ,z

Department of Chemistry, University of Calgary, Calgary, Alberta, Canada, T2N 1N4

Thin, nanoparticulate films of Pt-Ir~1.8:1 molar ratio!, formed using a sol-gel derived process, show excellent activity toward
methanol oxidation at room temperature for use in direct methanol fuel cells~DMFCs!. When compared on a mass basis to pure
Pt or Ir sol-based films, Pt1.8Ir yields 3.5 and 6 times higher methanol oxidation activity, respectively, and is also significantly more
active than carbon-supported Johnson-Matthey PtRu~1:1!. When also corrected for true surface area, the Pt1.8Ir catalyst continues
to outperform Pt and exhibits excellent stability. The Pt-Ir catalyst is most active when dried at 250°C, and conversion of Ir to Ir
oxide causes significant loss in methanol oxidation activity.
© 2004 The Electrochemical Society.@DOI: 10.1149/1.1792253# All rights reserved.
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In a fuel cell, the anode catalyst provides the foundation
converting the chemical energy of the fuel into electrical energ
is the best anode for hydrogen oxidation, but when methanol is
as the fuel, CO, formed as a reaction intermediate, irreversibl
sorbs to the Pt surface, rapidly lowering its activity.1,2 The mos
active material identified to date for methanol oxidation is the P
bifunctional catalyst, with Ru believed to serve the role of remo
CO~ads) from the Pt sites as CO2(g) ,3 as shown in

Ru-OH~ads) 1 Pt-CO~ads) → Ru 1 Pt 1 CO2~g! 1 H1 1 e2

@1#

Most of the published literature indicates that metallic Ru is
ferred in this reaction,4-7 while some groups have proposed that
oxide is the active species.3,8 The majority of direct methanol fu
cell ~DMFC! anode catalyst research has focussed on binary P
catalysts, with less attention having been paid to other binar
ternary/quaternary catalyst development. Successful fabricati
these new catalysts requires controlled mixing of the desired
ponents at the nanoscopic level.

Our previous research has been directed towards the format
nano-sized sols of Pt,9 Ir,10 NiOx ,11 and CoOx

11 using ‘‘sol-gel’’
~SG! synthesis. In metals that readily form oxides, these part
undergo hydrolysis to form a cross-linked polymer or@sol# gel struc-
ture. However, in Pt and Ir, the nanoparticles remain metall
nature, as verified by their distinctive cyclic voltammetric~CV! sig-
natures, and from X-ray diffraction~XD!, X-ray photoelectron spe
troscopy~XPS! analysis.9,10,12,13One of the key benefits of the
synthetic routes is the ability to mix materials at the atomic sc

We have employed these methods and materials to form, fo
first time, nanoparticulate binary mixtures containing Pt and I
controlled ratios. Pt-Ir mixtures have been previously formed u
electrodeposition methods,14 solution phase reduction,15 and by pre
cipitation techniques.16 Although Ir promoted methanol oxidatio
when coupled with Pt,16 all three previous studies have reported
the combination of Pt and Ir is less active toward methanol ox
tion than the PtRu analog.

In the present work, Pt-Ir catalysts, with atomic ratio of 1
Pt:Ir, are shown to exhibit excellent activity toward methanol
dation and very good tolerance towards CO adsorption. Fu
more, it is demonstrated that when the Ir component was maint
in the metallic state, a significantly higher activity is seen ve
when Ir is electrochemically oxidized.

Experimental

Pt and Ir sol synthesis.—Pt and Ir sols were prepared as pre
ously reported in the literature.9,10 The metal salt precursor
H2PtCl6 ~.37.5% metal basis, 99.9% pure, Aldrich! and anhydrou
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IrCl3 ~Aldrich!, were added to two and three parts, respectivel
sodium ethoxide~96%, Aldrich!, and then dissolved in 10 mL
absolute ethanol~.99.5% pure, Aldrich!. The precursor solution
were then refluxed for;2 h and then stirred at room temperature
;20 h, all under an argon atmosphere~Praxair!. The suspension
were then filtered to remove the precipitate~NaCl!.

Compositional analysis of mixed Pt-Ir sols.—The preparation o
the mixed Pt-Ir sol involved combining the individual sols in a p
sumed 1:1 molar ratio, assuming complete conversion of sta
material into the sol phase. The true molar ratio of Pt:Ir in the m
Pt-Ir sols was determined by dissolution and subsequent an
using a Thermo Jarrell Ash model AtomScan 16 inductively cou
plasma atomic emission spectrophotometer~ICP-AES!. The desire
sols were micropipetted into 10 mL volumetric flasks and dige
with 0.5 mL of aqua regia, prepared using ACS grade reagents~Al-
drich!, for 48 h. The digested sols were then diluted using M
Pure water~ACS grade, Corning! and emissions were collected
265.9 nm and 224.3 nm for Pt and Ir, respectively.

Electrode preparation and testing.—Au electrode substrat
were chosen due to their relatively inert electrochemical respon
0.5 M H2SO4 and low affinity toward methanol oxidation. Cle
glass slides were first sputter-coated with a;10 nm layer of Ti fo
adhesive purposes, followed by a;120 nm coating of Au, using
Denton DV-502A high vacuum sputterer. All Pt, Ir, and Pt-Ir s
were deposited on these Au-coated slides using micropipette
sition and then dried between 50 and 500°C in air.

Electrochemical experiments were conducted using a
compartment cell containing 0.5 M H2SO4 ~ACS grade, Aldrich!,
deaerated with N2 ~Praxair! by passing it initially through the ce
solution and then over it during data collection. A saturated so
calomel electrode~SSCE, 0.237vs. SHE! served as the referen
electrode and was placed in one compartment, while the sol-c
Au substrate, the working electrode~WE!, was located in the seco
compartment. This compartment also contained the high su
area Pt gauze~99.9% pure, Alfa Aesar! counter electrode. In th
paper, all current densities are given with respect to both geom
and real surface areas of the WE, as indicated, and are also co
for the total catalyst loadings, while all potentials are reportevs.
the SHE. Powerlab/200, running Chart for Windows v4.0.1,
used to acquire data from the Hokuto-Denko HA-301 potentio
controlled by an EG&G PARC model 175 universal program
Methanol oxidation was conducted on Pt, Ir, and Pt-Ir sol cata
as well as at carbon-supported PtRu catalyst~1:1, Johnson Matthe
1 mg/cm2 Pt loading!, in a stirred 1 M methanol~ACS grade, Ald
rich! and 0.5 M H2SO4 cell solution. Upper potential limits and
other conditions were kept constant between samples and dat
not compensated for solution resistance.

Morphology and compositional mapping of Pt-Ir films.—The
morphology of the Pt-Ir coating was determined using a JEOL J
8200 electron microprobe~EMPA!, coupled with a wavelengt



A

nd
min.
ssion
i-

-Ir
red
ter-
ing
as

re of
d

ase
nd
t
rily
co-
te
times
ined

nder
mica

f hy-
-

ent
uent
elec
ilar
sug

envi
rmal

ic
hich
sing

allow
t

ition
pre-
en,
senc

ther-
maps
sol

in

, as is
t
t lie
lose-

fully
sence
the

e aver-
nd Ir
d
r

using

tively.
ls

/15

Electrochemical and Solid-State Letters, 7 ~10! A348-A352 ~2004! A349
dispersive X-ray spectrometer~WDS! for compositional analysis.
Rigaku multiflex diffractometer~XRD!, equipped with JADE XRD
pattern processing~Release 6.5!, was used for compositional a
particle size analysis of Pt-Ir samples dried at 200°C for 15
Particles sizes were confirmed using a Hitachi H-7000 transmi
electron microscope~TEM, Microscopy and Imaging Facility, Un
versity of Calgary!, with an acceleration voltage of 75 kV.

Results and Discussion

Compositional and structural characterization of Pt
catalyst.—The bulk composition of the mixed Pt-Ir sols, prepa
by combining the individual Pt and Ir sols in a 1:1 ratio, was de
mined to be approximately 1.8 moles of Pt to 1 mole of Ir us
ICP-AES ~Table I!. Therefore, the binary catalyst is referred to
Pt1.8Ir in the present work. The conversion efficiency is a measu
the amount of metal~Pt or Ir! present in the solvs. the anticipate
content based on the amount of starting materials employed. B
on the ICP data~Table I!, the conversion efficiency of Pt was fou
to be 98-100%, while for Ir, it was only;45%. This is consisten
with the dark color of the precipitate, anticipated to be prima
NaCl,12 formed in the Ir sol synthesis, indicating some
precipitation of Ir and/or Ir oxide.13 In contrast, the precipita
formed in the Pt sol synthesis was generally white, and some
greyish in color, demonstrating that the majority of the Pt rema
in the solution phase.

To establish the morphology of the catalyst, Pt1.8Ir sol was
aliquot-deposited on Au substrates, dried at 200°C for 15 min u
atmospheric conditions, and then examined after electroche
testing using EMPA. The secondary electron image~Fig. 1a! of the
mixed metal catalyst shows a mud-cracked structure, typical o
drous or sol-derived materials.17,18As the Pt1.8Ir coatings likely con
tain solvent species when placed in the high-vacuum environm
rapid film drying may cause stress within the film and subseq
film cracking. When electrodes that had not been subjected to
trochemical testing were examined, the films had a very sim
appearance. That the films are very stable electrochemically
gests that the cracked morphology is induced by the vacuum
ronment, and is not present in freshly formed films under no
atmosphere conditions.

The backscattered image~Fig. 1b! shows no contrast in atom
density, suggesting a homogeneous distribution of Ir and Pt, w
is consistent with the Pt and Ir elemental maps, obtained u
WDS. The Pt and Ir elemental counts were standardized to
for direct comparison, showing;1.8 times as much P
(highest count %5 10) in the coating vs. Ir (highest count %
5 5.5). The post-electrochemical analysis of the bulk compos
of the Pt1.8Ir coatings using WDS was in good agreement with
electrochemical analysis using ICP-AES. WDS profiling for oxyg
not shown here, came up negative, strongly suggesting the ab

Table I. Pt and Ir content in mixed SG-derived Pt-Ir thin films
using ICP-AES.

Sample
Pta

~ppm!
Ira

~ppm!
Molar ratio

Pt:Ir

1 24.0 13.1 1.80
2 25.1 13.5 1.83
3 24.7 13.4 1.82
4 24.2 13.2 1.81

Average 24.5 13.3 1.82
Standard deviation 0.5 0.2 0.01

Theoretical maximumb 24.5 29.2 —
Conversion efficiency 98-100% 44-46% —

a Emissions collected at 265.9 nm and 224.3 nm for Pt and Ir, respec
b Anticipated metal content based on the amount of starting materia

employed.
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of oxide formation. Therefore, the composition of the Pt1.8Ir coat-
ings appears to remain unchanged at a molar ratio ofca. 1.8 mol of
Pt per mole of Ir during electrochemical experimentation. Fur
more, consistent with the backscattered image, the elemental
show that Pt and Ir are homogeneously distributed within the
coating, at least on the micron scale.

XRD analysis of the Pt1.8Ir catalysts, dried at 200°C for 15 m
in air, was also carried out to confirm the film composition~Fig. 2!.
It can be seen that both Pt and Ir are present in the dried sols
the sol by-product, NaCl. 2u values of the Pt1.8Ir sol powder do no
overlap precisely with the literature values for Pt and Ir, bu
between the two reference lines. This may be the result of the c
ness of these lines or, similar to the case of PtRu catalysts,19,20 this
may indicate that the Pt and Ir nanoparticles are partially or
alloyed. Furthermore, the XRD patterns do not indicate the pre
of Pt or Ir oxide in the freshly formed catalyst, consistent with
absence of a CV response characteristic of these phases. Th
age particle size determined from the XRD peak widths for Pt a
using the Scherrer equation21 is ,4 nm, consistent with publishe
results for Ir ~1-2 nm!12 and Pt ~1-3 nm!9 sols formed using ou
methods. The XRD derived particle sizes data were confirmed

Figure 1. EMPA images of Pt1.8Ir coated Au substrate, dried at 200°C
min, after electrochemical testing;~a! secondary electron image and~b!
backscattered image.
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TEM ~Fig. 2 inset!, showing particle sizes in the range of 1.5
3.5 nm.

Electrochemical behavior of Pt1.8Ir thin films.—Figure 3 show
the CV response of thin films of the mixed Pt1.8Ir catalyst, as well a
those of the pure Pt and Ir sol components, in 0.5 M sulfuric a
These three coatings were deposited concurrently to minimiz
aging effects and allow good comparison between them. In
case, a 40mL aliquot of the sol was deposited on the Au electr
surface and the electrodes were then dried at 200°C/air for 15
The potential was cycled until a steady-state CV response wa
tained. Electrochemical analyses did not indicate surface oxid
mation for any of these electrodes. Therefore, as previo
reported,9,10 the films formed in air are composed of metallic Pt
Ir. The current density in each case has been corrected for the
content of the film~based on the ICP results!. The CV response o
the Au substrate, being just due to double layer charging in
potential range, is not detectable at the current sensitivity emp
here and therefore is not shown in Fig. 3.

Note that the hydrogen underpotential deposition (Hupd) region
for the pure Pt film is significantly smaller in magnitude than
pure Ir. This should be the reverse, based on the reportedHupd
charges anticipated for Pt~0.22 mC/cm2!22 and Ir ~0.1365

Figure 2. XRD data for Pt1.8Ir sol dried at 200°C for 15 min. Inset: Pr
electrochemistry, TEM image of Pt1.8Ir films ~150,0003!.

Figure 3. CV profiles of~i! Pt, ~ii ! Ir, and~iii ! Pt1.8Ir sols dried at 200°C/1
min. Au substrate not detectable on this current scale.~Deaerated 0.5 M
H SO , 20 mV/s.!
2 4
l

.
-

l

mC/cm2!23,24 and also when considering the fact that the rea
content of the film is approximately twice that of Ir. This sugg
that the Pt particles are larger~lower surface area! than are the I
particles or that their distribution is not yet optimized.

The Pt1.8Ir CV profile response appears similar to that of pur
Furthermore, when the integrated Hupd charges for Pt and Ir~120
and 366 mC/cm2 per mg metal, respectively! are summed in a rat
of 1.8 Pt: 1 Ir, the Hupd charges should be;210 mC/cm2 per mg
catalyst. However, the value obtained for the Pt1.8Ir catalyst is clos
to twice this value,;400 mC/cm2 per mg of catalyst. The high
Pt1.8Ir Hupd charge indicates a better distribution of the Pt an
particles when mixed together, a reduced Ir particle size, or
other synergistic effect caused by the mixing together of the P
Ir sols. In addition, the mixing of Pt and Ir sols leads to the
proved utilization of the materials, as seen by the fact that P1.8Ir
displays a significantly higher raw current per milligram signal
its individual components. Furthermore, the CV response o
mixed metal film was extremely stable to potential cycling, ind
tive of a stable structure and good film adhesion.

Methanol oxidation at Pt, Ir, and Pt1.8Ir sols dried at
200°C.—The activity of the Pt1.8Ir catalyst toward methanol oxid
tion was established using a range of sweep rates and was com
to that at the pure Ir and Pt sol-formed films, as well as to a c
mercial carbon-support PtRu catalyst. In all cases, the CV res
in 0.5 M sulfuric acid was subtracted from that in 1 M methano
1 0.5 M sulfuric acid, as shown in Fig. 4~inset! for the Pt1.8Ir
catalyst. A comparison of the activity of all of materials under st
after an analogous baseline subtraction, as well as correctio
geometric area and catalyst loading, is shown in Fig. 4. To pre
Pt or Ir oxide formation, the upper potential was again not allo
to exceed 0.75 Vvs.SHE in these experiments.

Excellent methanol oxidation activity is seen for the Pt1.8Ir cata-
lyst, independent of sweep rate, with the onset of oxidation o
ring at;0.27 V vs.SHE. Pt1.8Ir methanol oxidation currents~at 0.7
V vs. SHE! were 3.5 and 6 times higher than at the pure Pt a
sol-based films, on a mass basis, respectively. More important,
compared to the Johnson-Matthey PtRu~1:1! catalyst, Pt1.8Ir out-
performed the PtRu catalyst by a factor of 2.7 in current densi~at
0.7 V vs. SHE!, at room-temperature conditions. The PtRu cata
was supported on high surface area carbon that is intended to
mise the distribution of PtRu particles, thus increasing the
available for catalysis. In contrast, the Pt1.8Ir catalyst was deposite
on a relatively smooth Au surface that would not be expecte
generate the optimum catalyst distribution. Also, it is unlikely
all of the Pt Ir catalyst particles would be in good electrical con

Figure 4. Methanol oxidation data at~i! Pt, ~ii ! Ir, and ~iii ! Pt1.8Ir sols
corrected for geometric area and catalyst loading. Sols were dried at
for 15 min. ~iv! PtRu ~1:1! dispersed on carbon was obtained and use
received from Johnson Matthey. Only the first CV sweeps are shown~1 M
Methanol1 0.5 M H2SO4 , 20 mV/s!. Inset: Pt1.8Ir ~a! with and~b! without
methanol present.
1.8
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with the smooth Au substrate or with each other. Therefore,
anticipated that Pt1.8Ir would be still more catalytic toward methan
oxidation when distributed on a high surface area support su
carbon, conditions under which the utilization efficiency of
Pt1.8Ir particles would be maximized. These types of experiment
currently underway.

Figure 5 shows the methanol oxidation data of Fig. 4 on a
active surface area basis, as gauged from the magnitude of thupd

peaks. It can be seen that the Pt1.8Ir catalyst still outperforms pur
Pt, especially at potentials below 0.65 V, while the pure Ir so
mains the least active. Another significant advantage of our P1.8Ir
catalyst is that there is no loss in methanol oxidation activity
repeated CV cycling~Fig. 5, inset!, in contrast to the case at the
sols, where the current drops irreversibly in the presence of m
nol after only a few cycles of potential. At Pt1.8Ir, the current re
mains unchanged during cycling and any losses experienced a
stant anodic potentials are immediately regained upon resumpt
the potential sweep. As discussed earlier, CO poisoning of Pt
greatly diminishes methanol oxidation currents because CO irre
ibly adsorbs to its surface, blocking the active sites. The role o
in PtRu catalysts is to remove adjacent adsorbed CO from Pt
excellent activity and especially the stability of our Pt1.8Ir catalyst
during methanol oxidation indicates that Ir is likely serving a sim
beneficial role as is Ru.

The effect of Pt1.8Ir catalyst drying temperature was also exa
ined in this work. Figure 6 shows that the methanol oxidation a
ity is highest for films dried at ca. 250°C. At lower temperature
is conceivable that the Pt1.8Ir nanoparticulate film is still well dis
persed, with some retained organics contributing to incomplete
tact between the particles and the substrate. At drying temper
.400°C, the activity drops significantly, perhaps due to particle
tering and the onset of conversion of Ir to IrOx.15 The results of Fig
6 mirror those obtained for pure Pt sols where the maximum
current densities andHupd charge densities are seen at drying t
perature in the range of 200-250°C,9 while the analogous optimu
temperature for pure Ir sols is;100°C.10

When the potential of bulk Ir electrodes is extended positive
1.2 V vs.SHE, Ir undergoes an irreversible conversion to hydro
oxide ~IrOx!.25 At sol-derived Ir nanoparticles, we have reporte10

that these particles can be completely and irreversibly convert
IrOx by this means. To establish the impact of IrOx on meth
oxidation, similar to the debate as to whether Ru or Ru oxide i
active component of PtRu methanol oxidation catalysts, Au
trodes coated with PtIr catalyst were cycled above 1.2 Vvs.SHE

Figure 5. Methanol oxidation data at Pt and Pt1.8Ir sols corrected for rea
Hupd areas. Sols were dried at 200°C for 15 min. Only first CV sweep
shown@1 M Methanol1 0.5 M H2SO4 , 20 mV/s#. Inset: Stability of nor
malized methanol oxidation currents measured at constant potential~0.65 V
vs.SHE! as a function of CV cycle number.
1.8
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-

-
f

-
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until a steady-state CV was obtained. Evidence for the convers
Ir to IrOx was obtained from the decrease in the size of theHupd
peaks, with the retained charge in these peaks attributed to the
ence of Pt. Overall,;25% of the UPD charge was lost due to Ir
formation, consistent with a surface composition of 1.8 Pt a
~0.220 mC/cm2! to 1 Ir atom~0.135 mC/cm2!. Furthermore, simila
to Pt1.8Ir, the Pt1.8IrOx signal was stable with cycling and showed
sign of CO poisoning.

Further evidence for the electrochemical formation of Pt1.8IrOx
was obtained from the notable decrease in the methanol oxid
activity after extension to high potentials~Fig. 7, curve b! vs. the
case before catalyst oxidation~Fig. 7, curve a!. These results sho
that metallic Pt1.8Ir is the preferred form of the catalyst for metha
oxidation. The low methanol oxidation activity reported in the
erature for previously studied Pt-Ir catalysts12,13may be because t
oxidized form of Ir was present in these binary mixtures. This w
be consistent with the high upper potentials and high drying
perature employed in previously published work.

Conclusions

Combining Pt and Ir sols together produces homogeneous
lysts mixed on the micrometer or sub-micrometer scale, with X
and TEM analysis showing an average particle size of 2.56 0.9 nm
and with some indication of the formation of a Pt:Ir alloy. A 1:1 ra
of Pt:Ir in the individual starting materials resulted in a final prod
composition of 1.8 Pt to 1 Ir (Pt1.8Ir), consistent with the fact th

Figure 6. Effect of drying temperature on methanol oxidation currents
rected for real area at Pt1.8Ir thin films. Drying time is 15 min.~Stirred 1 M
Methanol1 0.5 M H2SO4 , 20 mV/s!.

Figure 7. Methanol oxidation on~a! Pt1.8Ir formed at 200°C/15 min and~b!
Pt1.8IrOx, formed by the electrochemical oxidization of the electrode in~a!.
Corrected for geometric areas.~Stirred 1 M Methanol1 0.5 M H2SO4 , 20
mV/s.!
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some Ir was coprecipitated with NaCl during Ir sol synthesis.
CV response of Pt1.8Ir mixtures in 0.5 M sulfuric acid solution
deposited on Au substrates, reveals a signature that appears
similar to Ir than Pt. These catalysts show excellent activity tow
methanol oxidation at room temperature, with the activity c
mencing at;0.275 V vs. SHE, and rivalling that observed wi
commercial supported PtRu catalysts. Furthermore, it was f
that, on both a mass and true active area basis, the highest me
oxidation activity was seen for Pt1.8Ir catalysts which were dried
air at;250°C. At lower temperatures, interparticle bonding is lik
not yet optimized, while higher drying temperatures may resu
the thermal conversion of Ir to Ir oxide as well as particle sinter
When these Pt1.8Ir thin films were electrochemically converted
Pt1.8IrOx, the methanol oxidation activity was greatly diminish
suggesting that the metallic state of Ir is the preferred form
catalysis. In addition, consistent with a surface composition of 1
atoms~0.220 mC/cm2! to 1 Ir atom~0.135 mC/cm2!, ;25% of the
hydrogen UPD charge was lost due to the formation of IrOx in
binary catalyst.
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