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Sol-Gel Derived Pt-Ir Mixed Catalysts for DMFC Applications
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Thin, nanoparticulate films of Pt-If1.8:1 molar ratip, formed using a sol-gel derived process, show excellent activity toward
methanol oxidation at room temperature for use in direct methanol fuel (@$-Cs). When compared on a mass basis to pure

Pt or Ir sol-based films, Pglr yields 3.5 and 6 times higher methanol oxidation activity, respectively, and is also significantly more
active than carbon-supported Johnson-Matthey R1R1l). When also corrected for true surface area, thglPtatalyst 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.
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In a fuel cell, the anode catalyst provides the foundation for |rC|, (Aldrich), were added to two and three parts, respectively, of
converting the chemical energy of the fuel into electrical energy. Ptsodium ethoxide96%, Aldrich), and then dissolved in 10 mL of
is the best anode for hydrogen oxidation, but when methanol is usedbsolute ethanol>99.5% pure, Aldrich The precursor solutions
as the fuel, CO, formed as a reaction intermediate, irreversibly adyyere then refluxed for-2 h and then stirred at room temperature for

sorbs to the Pt surface, rapidly lowering its actiityThe most 0 h, all under an argon atmospheRraxai). The suspensions
active material identified to date for methanol oxidation is the PtRuyere then filtered to remove the precipitéaCl).

bifunctional catalyst, with Ru believed to serve the role of removing

COpaus) from the Pt sites as Cf .3 as shown in Compositional analysis of mixed Pt-Ir selsThe preparation of
. - the mixed Pt-Ir sol involved combining the individual sols in a pre-
RU-OHggs) + Pt-CQqg5)— RU+ Pt+ COyq + H™ + € sumed 1:1 molar ratio, assuming complete conversion of starting

[1] material into the sol phase. The true molar ratio of Pt:Ir in the mixed
. . . . ) Pt-Ir sols was determined by dissolution and subsequent analysis
Most of the published literature indicates that metallic Ru is pre- ysing a Thermo Jarrell Ash model AtomScan 16 inductively coupled
ferred in this reactioff;’ while some groups have proposed that Ru pjasma atomic emission spectrophotoméleP-AES. The desired
oxide is the active specié€. The majority of direct methanol fuel  sqs were micropipetted into 10 mL volumetric flasks and digested
cell (DMFC) anode catalyst research has focussed on binary Pt-Riyith 0.5 mL of aqua regia, prepared using ACS grade reagéts
catalysts, with less attention having been paid to other binary, Ofdrich), for 48 h. The digested sols were then diluted using Mega-

ternary/quaternary cataly_st development. _S_uccessful fabr_ication Opure water(ACS grade, Corningand emissions were collected at
these new catalysts requires controlled mixing of the desired com»g5 9 \m and 224.3 nm for Pt and Ir respectively.

ponents at the nanoscopic level.

Our previous research has been directed towards the formation of Electrode preparation and testing-Au electrode substrates
nano-sized sols of PtIr,° NiO,,** and CoQ'! using “sol-gel” were chosen due to their relatively inert electrochemical response in
(SO synthesis. In metals that readily form oxides, these particles0.5 M H,SO, and low affinity toward methanol oxidation. Clean
undergo hydrolysis to form a cross-linked polymef sol] gel struc- glass slides were first sputter-coated with-40 nm layer of Ti for
ture. However, in Pt and Ir, the nanoparticles remain metallic inadhesive purposes, followed by~al20 nm coating of Au, using a
nature, as verified by their distinctive cyclic voltamme(@YV) sig- Denton DV-502A high vacuum sputterer. All Pt, Ir, and Pt-Ir sols
natures, and from X-ray diffractiofXD), X-ray photoelectron spec- were deposited on these Au-coated slides using micropipette depo-
troscopy (XP9S) analysis’®?130ne of the key benefits of these sition and then dried between 50 and 500°C in air.
synthetic routes is the ability to mix materials at the atomic scale. Electrochemical experiments were conducted using a two-

We have employed these methods and materials to form, for theompartment cell containing 0.5 M,80, (ACS grade, Aldrich,
first time, nanoparticulate binary mixtures containing Pt and Ir, in geaerated with I (Praxaij by passing it initially through the cell
controlled ratios. Pt-Ir mixtures have been previously formed usingsoytion and then over it during data collection. A saturated sodium
electrodeposition method$ solution phase reductioi,and by pre-  cajomel electroddSSCE, 0.237s. SHE) served as the reference
cipitation techniques® Although Ir promoted methanol oxidation glectrode and was placed in one compartment, while the sol-coated
when coupled with PY¥ all three previous studies have reported that Au substrate, the working electro@&/E), was located in the second
t_he combination of Pt and Ir is less active toward methanol OXida‘compartment. This compartment also contained the high surface
tion than the PtRu analog. _ o area Pt gauz€99.9% pure, Alfa Aesarcounter electrode. In this

In the present work, Pt-Ir catalysts, with atomic ratio of 1.8:1 haner il current densities are given with respect to both geometric
PtiIr, are shown to exhibit excellent activity toward methanol oxi- 54 req) surface areas of the WE, as indicated, and are also corrected
dation and very good tolerance towards CO adsorption. Furtherys, ihe total catalyst loadings, while all potentials are reposted
more, it is demonstrated that when the Ir component was malntalneg1e SHE. Powerlab/200, running Chart for Windows v4.0.1, was
in the metallic state, a significantly higher activity is seen versus sqaq g acquire data from the Hokuto-Denko HA-301 potentiostat,
when Ir is electrochemically oxidized. controlled by an EG&G PARC model 175 universal programmer.

Experimental Methanol oxidation was conducted on Pt, Ir, and Pt-Ir sol catalysts,
as well as at carbon-supported PtRu catalyst, Johnson Matthey,

Pt and Ir sol synthesis—Pt and Ir sols were prepared as previ- 1 mg/cnt Pt loading, in a stirrel 1 M methanol(ACS grade, Ald-
ously reported in the literatufel® The metal salt precursors, rich) and 0.5 M HSO, cell solution. Upper potential limits and all
H,PtCl; (>37.5% metal basis, 99.9% pure, Aldrjcaind anhydrous  other conditions were kept constant between samples and data were

not compensated for solution resistance.

) . Morphology and compositional mapping of Pt-Ir filmsThe
* Electroch I Society Student Member. ; ; h
ok Eli;{gghimlﬁg Sgg:gé AcfivinMe,fﬂefr morphology of the Pt-Ir coating was determined using a JEOL JXA-
Z E-mail: birss@ucalgary.ca 8200 electron microprob€EMPA), coupled with a wavelength-
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Table I. Pt and Ir content in mixed SG-derived Pt-Ir thin films
using ICP-AES.

P£ Ir2 Molar ratio
Sample (ppm) (ppm) Pt:Ir
1 24.0 131 1.80
2 25.1 135 1.83
3 24.7 13.4 1.82
4 24.2 13.2 1.81
Average 245 13.3 1.82
Standard deviation 0.5 0.2 0.01
Theoretical maximurth 245 29.2 —
Conversion efficiency 98-100% 44-46% —

aEmissions collected at 265.9 nm and 224.3 nm for Pt and Ir, respectively.
b Anticipated metal content based on the amount of starting materials
employed.

dispersive X-ray spectromet@VDS) for compositional analysis. A
Rigaku multiflex diffractomete(XRD), equipped with JADE XRD
pattern processingRelease 65 was used for compositional and
particle size analysis of Pt-Ir samples dried at 200°C for 15 min.
Particles sizes were confirmed using a Hitachi H-7000 transmissiorps
electron microscop€TEM, Microscopy and Imaging Facility, Uni- [
versity of Calgary, with an acceleration voltage of 75 kV.

Results and Discussion

Compositional and structural characterization of Pt-Ir
catalyst—The bulk composition of the mixed Pt-Ir sols, prepared
by combining the individual Pt and Ir sols in a 1:1 ratio, was deter-
mined to be approximately 1.8 moles of Pt to 1 mole of Ir using
ICP-AES (Table ). Therefore, the binary catalyst is referred to as §
Pt, dr in the present work. The conversion efficiency is a measure of
the amount of metalPt or Ir) present in the sols. the anticipated '
content based on the amount of starting materials employed. Base
on the ICP datdTable ), the conversion efficiency of Pt was found
to be 98-100%, while for Ir, it was only-45%. This is consistent
with the dark color of the precipitate, anticipated to be primarily
NaCl*? formed in the Ir sol synthesis, indicating some co-
precipitation of Ir and/or Ir oxidé® In contrast, the precipitate ) .
formed in the Pt sol synthesis was generally white, and sometime§igure 1. EMPA images of Rtdr coated Au substrate, dried at 200°C/15
greyish in color, demonstrating that the majority of the Pt remained™in. after electrochemical testinga) secondary electron image arit)

: . backscattered image.
in the solution phase.

To establish the morphology of the catalyst, it sol was
aliquot-deposited on Au substrates, dried at 200°C for 15 min under
atmospheric conditions, and then examined after electrochemical

testing using EMPA. The secondary electron imédgig. 13 of the  of oxide formation. Therefore, the composition of thg dft coat-
mixed metal catalyst shows a mud-cracked structure, typical of hy-ings appears to remain unchanged at a molar raticaof .8 mol of
drous or sol-derived materiat§®As the P{ dr coatings likely con- Pt per mole of Ir during electrochemical experimentation. Further-
tain solvent species when placed in the high-vacuum environmentmore, consistent with the backscattered image, the elemental maps
rapid film drying may cause stress within the film and subsequentshow that Pt and Ir are homogeneously distributed within the sol
film cracking. When electrodes that had not been subjected to eleceoating, at least on the micron scale.
trochemical testing were examined, the films had a very similar  XRD analysis of the Rlr catalysts, dried at 200°C for 15 min
appearance. That the films are very stable electrochemically sugin air, was also carried out to confirm the film compositi@ig. 2).
gests that the cracked morphology is induced by the vacuum envitt can be seen that both Pt and Ir are present in the dried sols, as is
ronment, and is not present in freshly formed films under normalihe 5o by-product, NaCl.@values of the Rtgr sol powder do not
atmosphere conditions. ] . _overlap precisely with the literature values for Pt and Ir, but lie
The backscattered imad€ig. 10 shows no contrast in atomic - petween the two reference lines. This may be the result of the close-
density, suggesting a homogeneous distribution of Ir and Pt, whichhess of these lines or, similar to the case of PtRu catal§3his
is consistent with the Pt and Ir elemental maps, obtained usingnay indicate that the Pt and Ir nanoparticles are partially or fully
WDS. The Pt and Ir elemental counts were standardized to allowg|ioyed. Furthermore, the XRD patterns do not indicate the presence
for direct comparison, showing~1.8 times as much Pt of Pt or Ir oxide in the freshly formed catalyst, consistent with the
(highest count%= 10) in the coatingvs. Ir (highestcount%  absence of a CV response characteristic of these phases. The aver-
= 5.5). The post-electrochemical analysis of the bulk compositionage particle size determined from the XRD peak widths for Pt and Ir
of the Pt gIr coatings using WDS was in good agreement with pre- using the Scherrer e(iuati%iris <4 nm, consistent with published
electrochemical analysis using ICP-AES. WDS profiling for oxygen, results for Ir(1-2 nm?2 and Pt(1-3 nm?® sols formed using our
not shown here, came up negative, strongly suggesting the abseneceethods. The XRD derived particle sizes data were confirmed using
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Figure 2. XRD data for Pidr sol dried at 200°C for 15 min. Inset: Pre- Methanol present.

electrochemistry, TEM image of P4r films (150,000).
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mC/cnf)?®2?* and also when considering the fact that the real Pt
TEM (Fig. 2 insel, showing particle sizes in the range of 1.5 to content of the film is approximately twice that of Ir. This suggests

that the Pt particles are largéower surface areathan are the Ir
3.5 nm. . y O IR .
particles or that their distribution is not yet optimized.
Electrochemical behavior of Rglr thin films.—Figure 3 shows The P gr CV profile response appears similar to that of pure Ir.

the CV response of thin films of the mixed, Bit catalyst, as well as  Furthermore, when the integrated,Jglcharges for Pt and 1¢120
those of the pure Pt and Ir sol components, in 0.5 M sulfuric acid.and 366 mC/crhper mg metal, respectivélyare summed in a ratio
These three coatings were deposited concurrently to minimize sobf 1.8 Pt: 1 Ir, the k4 charges should be-210 mC/cni per mg
aging effects and allow good comparison between them. In eacltatalyst. However, the value obtained for the ftcatalyst is close
case, a 4QuL aliquot of the sol was deposited on the Au electrode to twice this value,~400 mC/cni per mg of catalyst. The higher
surface and the electrodes were then dried at 200°C/air for 15 minpy, . H,pa Charge indicates a better distribution of the Pt and Ir
The potential was cycled until a steady-state CV response was objarticles when mixed together, a reduced Ir particle size, or some
tained. Electrochemical analyses did not indicate surface oxide foryiher synergistic effect caused by the mixing together of the Pt and
mation for any of these electrodes. Therefore, as previouslyr sois.”In addition, the mixing of Pt and Ir sols leads to the im-
reported’:'° the films formed in air are composed of metallic Pt and ,6veqd utilization of the materials, as seen by the fact thalPt
Ir. The current o_Iensnty in each case has been corrected for the met 'isplays a significantly higher raw current per milligram signal than
content of the film(based on the ICP resultsThe CV response of s individual components. Furthermore, the CV response of the
the Au substrate, being just due to double layer charging in thismixeq metal film was extremely stable to potential cycling, indica-
potential range, is not detectable at the current sensitivity employegiye of a stable structure and good film adhesion.
here and therefore is not shown in Fig. 3.
Note that the hydrogen underpotential depositiéh,) region Methanol oxidation at Pt, I, and Rflr sols dried at
for the pure Pt film is significantly smaller in magnitude than for 200°C—The activity of the Ptglr catalyst toward methanol oxida-
pure Ir. This should be the reverse, based on the repdtigg tion was established using a range of sweep rates and was compared
charges anticipated for Pt0.22 mC/cnd)??> and Ir (0.1365 to that at the pure Ir and Pt sol-formed films, as well as to a com-
mercial carbon-support PtRu catalyst. In all cases, the CV response
in 0.5 M sulfuric acid was subtracted from that 1 M methanol
15 + 0.5 M sulfuric acid, as shown in Fig. dnsed for the Pi dr
catalyst. A comparison of the activity of all of materials under study,
after an analogous baseline subtraction, as well as correction for
n geometric area and catalyst loading, is shown in Fig. 4. To prevent
0 Pt or Ir oxide formation, the upper potential was again not allowed
| — j\i to exceed 0.75 Ws. SHE in these experiments.
Excellent methanol oxidation activity is seen for the dAtcata-
lyst, independent of sweep rate, with the onset of oxidation occur-
15 4 ring at~0.27 Vvs. SHE. Pt gr methanol oxidation current&t 0.7
V vs. SHE) were 3.5 and 6 times higher than at the pure Pt and Ir
sol-based films, on a mass basis, respectively. More important, when
compared to the Johnson-Matthey PtRl) catalyst, Ptgr out-
performed the PtRu catalyst by a factor of 2.7 in current dertaity
-30 ' ' ! 0.7 V vs. SHE), at room-temperature conditions. The PtRu catalyst
0 02 04 06 08 was supported on high surface area carbon that is intended to maxi-
Potential (V vs. SHE) misg the distribution of PtRu particles, thus increasing thg area
available for catalysis. In contrast, the Rt catalyst was deposited
Figure 3. CV profiles of(i) Pt, (ii) Ir, and i) Pt, gr sols dried at 200°C/15 ~ On a relatively smooth Au surface that would not be expected to
min. Au substrate not detectable on this current scéddeaerated 0.5 M generate the optimum catalyst distribution. Also, it is unlikely that
H,SO,, 20 mV/s) all of the Pt ¢Ir catalyst particles would be in good electrical contact

Corrected Current Density
(mA/cm2 per mg of catalyst)
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Figure 5. Methanol oxidation data at Pt and; Rt sols corrected for real

Hpq @reas. Sols were dried at 200°C for 15 min. Only first CV sweeps are . . . .
shown[1 M Methanol+ 0.5 M H,SO,, 20 mV/g. Inset: Stability of nor- until a steady-state CV was obtained. Evidence for the conversion of

malized methanol oxidation currents measured at constant potéheal v Ir to IrOx was obtained from the decrease in the size ofkhgy

vs. SHE) as a function of CV cycle number. peaks, with the retained charge in these peaks attributed to the pres-
ence of Pt. Overall;~25% of the UPD charge was lost due to IrOx
formation, consistent with a surface composition of 1.8 Pt atoms
(0.220 mC/crf) to 1 Ir atom(0.135 mC/crf). Furthermore, similar

to Pt dIr, the P glrOx signal was stable with cycling and showed no
ign of CO poisoning.

with the smooth Au substrate or with each other. Therefore, it is
anticipated that RgIr would be still more catalytic toward methanol
oxidation when distributed on a high surface area support such ad Furth » for the electrochemical f i f PO
carbon, conditions under which the utilization efficiency of the was Lgbt:irngzi” freonn(wtethgrno?aglt—:‘ecdreczzcrezrsnéciar\] tﬁ;mn?el(t)k?agdsl ox)i(dation
Pt, ¢Ir particles would be maximized. These types of experiments are_ - . - - e
currently underway. activity after extension to high potentialfig. 7, curve b vs. the

Figure 5 shows the methanol oxidation data of Fig. 4 on a true’ase before catalyst oxidatigRig. 7, curve & These results show

active surface area basis, as gauged from the magnitude of,gge H that metallic Pidlr is the preferred form of the catalyst for methanol

peaks. It can be seen that the gt catalyst still outperforms pure oxidation. The low methanol oxidation acti\slity reported in the lit-
Pt, especially at potentials below 0.65 V, while the pure Ir sol re- erature for previously studied Pt-Ir cataly$t$*may be because the

. . L oxidized form of Ir was present in these binary mixtures. This would
mains the least active. Another significant advantage of ouiPt e consistent with the high upper potentials and high drying tem-
catalyst is that there is no loss in methanol oxidation activity with perature employed in previously published work.

repeated CV cyclingFig. 5, inse}, in contrast to the case at the Pt

sols, where the current drops irreversibly in the presence of metha- Conclusions

nol after only a few cycles of potential. At Rfr, the current re- Combining Pt and Ir sols together produces homogeneous cata-
mains unchanged during cycling and any losses experienced at COllysts mixed on the micrometer or sub-micrometer scale, with XRD
stant anodic potentials are immediately regained upon resumption of 4 TEm analysis showing an average particle size 0f2.6.9 nm

the potential sweep. As discussed earlier, CO poisoning of Pt alongq yith some indication of the formation of a Pt:Ir alloy. A 1:1 ratio

greatly diminishes methanol oxidation currents because CO irreversa¢ py.| in the individual starting materials resulted in a final product

ibly adsorbs to its surface, blocking the active sites. The role of Ru L . .
in PtRu catalysts is to remove adjacent adsorbed CO from Pt. Thé omposition of 1.8 Pt to 1 Ir (gr), consistent with the fact that

excellent activity and especially the stability of our Bt catalyst

during methanol oxidation indicates that Ir is likely serving a similar

beneficial role as is Ru. —_
The effect of Ptgr catalyst drying temperature was also exam- NE

ined in this work. Figure 6 shows that the methanol oxidation activ- ¢ 20 -

ity is highest for films dried at ca. 250°C. At lower temperatures, it

is conceivable that the P§r nanoparticulate fim is still well dis- &

persed, with some retained organics contributing to incomplete con- s,

tact between the particles and the substrate. At drying temperature =

>400°C, the activity drops significantly, perhaps due to particle sin- & 40

tering and the onset of conversion of Ir to Ir&XThe results of Fig.

6 mirror those obtained for pure Pt sols where the maximum CV ¢»

current densities anHl,,y charge densities are seen at drying tem-

perature in the range of 200-250°Qyhile the analogous optimum

temperature for pure Ir sols is100°C1° 0 : : .
When the potential of bulk Ir electrodes is extended positively of

1.2 Vvs.SHE, Ir undergoes an irreversible conversion to hydrous Ir 03 0.4 0.5 0.6 0.7

oxide (IrOx).2° At sol-derived Ir nanoparticles, we have repotfed Potential (V vs. SHE)

that these particles can be completely and irreversibly converted to

IrOx by this means. To establish the impact of IrOx on methanol Figyre 7. Methanol oxidation orfa) Pt dr formed at 200°C/15 min antb)

oxidation, similar to the debate as to whether Ru or Ru oxide is thepy, jrox, formed by the electrochemical oxidization of the electrodéain

active component of PtRu methanol oxidation catalysts, Au elec-corrected for geometric areaStirred 1 M Methanok 0.5 M H,SO;,, 20

trodes coated with Pglr catalyst were cycled above 1.2\6. SHE mv/s)

Current De
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some Ir was coprecipitated with NaCl during Ir sol synthesis. The 2-
CV response of Rilr mixtures in 0.5 M sulfuric acid solutions,
deposited on Au substrates, reveals a signature that appears more
similar to Ir than Pt. These catalysts show excellent activity toward 4
methanol oxidation at room temperature, with the activity com- s
mencing at~0.275 V vs. SHE, and rivalling that observed with
commercial supported PtRu catalysts. Furthermore, it was found6.
that, on both a mass and true active area basis, the highest methanol
oxidation activity was seen for Pfir catalysts which were dried in
air at~250°C. At lower temperatures, interparticle bonding is likely
not yet optimized, while higher drying temperatures may result in
the thermal conversion of Ir to Ir oxide as well as particle sintering. o.
When these Rfr thin films were electrochemically converted to 10.
Pt; drOx, the methanol oxidation activity was greatly diminished,
suggesting that the metallic state of Ir is the preferred form for E
catalysis. In addition, consistent with a surface composition of 1.8 Pt
atoms(0.220 mC/crf) to 1 Ir atom(0.135 mC/crf), ~25% of the 15
hydrogen UPD charge was lost due to the formation of IrOx in the 14.
binary catalyst.
15.
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