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ABSTRACT: In this study, carbon supported Ir—Ru nano-
particles with average sizes ranging from 2.9 to 3.7 nm were
prepared using a polyol method. The combined character-
ization techniques, that is, scanning transmission electron
microscopy equipped with electron energy loss spectroscopy,
high resolution transmission electron microscopy, energy
dispersive X-ray spectroscopy, and X-ray diffraction, were
used to determine an Ir—Ru alloy nanostructure. Both cyclic
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voltammetry and chronoamperometry (CA) results demonstrate that Ir,,Ru,;/C bears superior catalytic activities for the ethanol
oxidation reaction compared to Ir/C and commercial Pt/C catalysts. In particular, the Ir,;Ru,;/C catalyst shows more than 21
times higher mass current density than that of Pt/C after 2 h reaction at a potential of 0.2 V vs Ag/AgCl in CA measurement.
Density functional theory simulations also demonstrate the superiority of Ir—Ru alloys compared to Ir for the ethanol oxidation

reaction.
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D irect ethanol fuel cells (DEFCs) have attracted much
attention as a renewable energy source for both portable
and stationary electronic applications because of several unique
characteristics of ethanol fuel such as availability from biomass
production, low toxicity, and safety for storage and trans-
portation in liquid form.'™® Although ethanol may be
considered a promising and productive fuel for fuel cell
reactions, research and development of DEFC technology has
been hindered by the lack of cost-effective anode catalysts.
Platinum (Pt)-based nanostructured materials have commonly
been used as excellent anode catalysts for electro-oxidation of
small organic molecules (SOMs) because of the high catalytic
activity of Pt for dissociation of SOMs. Ethanol oxidation
reaction (EOR) is a complex twelve-electron transfer reaction,
which involves various reaction intermediates such as
acetaldehyde, acetic acid, carbon monoxide, and other
dehydrogenation fragments.**> These strongly adsorbed reac-
tion intermediates, CO in particular, can block active sites on
the surface Pt and exacerbate the charge transfer considerably.
Also, the high expense of Pt metal has seriously restricted their
implementation for commercial application.

Several notable theoretical and experimental efforts have
gone into developing active effective catalysts with high activity
and selectivity toward the EORS™™® Mavrikakis, Norskov, and
co-workers recently reported that several Platinum Group
Metals (PGMs) including Pt, Pd, Ir, Rh, and Ru could
decompose ethanol effectively using both experimental and
theoretical methods.'® Among these five PGMs, catalysts
containing Pt, Pd, Rh, and Ru have been well demonstrated
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for the EOR. However, Ir-based electrocatalysts have only been
reported in limited studies for the oxygen reduction reaction
and oxidation of SOMs.*""~*" Recently, experimental and
theoretical efforts from our group found the highly active Ir—Sn
heterogeneous nanocatalysts for the EOR, strongly demonstrat-
ing the potential of Ir metal as an alternative catalyst in fuel cell
reactions because of their favorable properties in dissociating
SOMs compared to Pt.'> Although Pt—Ru has been considered
as one of the best binary catalysts for the electro-oxidation of
SOMs, its Ir-based counterpart (Ir—Ru) has not been reported
to our knowledge. Questions, including the optimum atomic
ratio between Ir and Ru, and alloying effect of Ir—Ru for the
EOR, still remain. In this paper, we show the synthesis and
structure characterizations of carbon supported Ir—Ru alloyed
electrocatalysts. Their catalytic performance toward EOR has
been measured and estimated using electrochemical techniques
and density functional theory (DFT) calculations.

Ir—Ru nanoparticles were prepared by a polyol approach
using hydrous IrCly;-xH,0 (Alfa Aesar, 99.9%) and
RuCly-xH,O (Alfa Aesar, 99.9%) as precursors at 170 °C
using ethylene glycol (EG) as solvent/reducing agent and
polyvinylpyrrolidone (PVP) as stabilizing agent. The resulting
particles were then mixed with active carbon (Vulcan, XC-
72R), and treated at 300 °C in air followed by H, flow at 100

Received: April 8, 2012
Revised: ~ May 13, 2012
Published: May 14, 2012

dx.doi.org/10.1021/cs3002308 | ACS Catal. 2012, 2, 12261231


pubs.acs.org/acscatalysis

ACS Catalysis

pectrum Image

4

Normalized Intensity (a.u.) & ©

0
S
8
2
‘0
c
2
£
8 t I»
/ L;‘ Ir |
vous® g ] 1,(;R ( fi
=1=ADF signal F 11| u I
\J —4=EELS signal of Ir 2 Ry S \Jf\._.
0 1 2 3 4 5 6 0 2 4 6 8 10
Position (nm) Energy (keV)

Figure 1. (a) HAADF image, (b) bright field TEM image, and (c) HRTEM of carbon supported Ir,,Ru,; nanoparticles, and (d) HAADF image, (e)
ADF and EELS line scans, and (f) EDS probing of an individual Ir,;Ru,; nanoparticle.

°C (see a detailed experimental procedure in Supporting
Information). The nominal metal loadings (Ir and Ru) on
carbon for all these Ir—Ru samples were 15 wt %. High—angle
angular dark—field (HAADF) scanning transmission electron
microscopy (STEM) was performed using aberration-corrected
Hitachi HD 2700C at the Center for Functional Nanomaterials
at the Brookhaven National Laboratory. Figures la and 1b
show HAADF and bright field images of large-area carbon
supported Ir—Ru nanoparticles, where the particles were evenly
dispersed throughout the carbon support. The chemical
composition of a large area (around SO X 50 ym) of Ir—Ru
catalyst was determined to be Ir,;Ruy; using energy dispersive
X-ray spectroscopy (EDS) (Supporting Information, Figure
S1). The average size of Ir,;Ru,; was calculated to be 3.7 + 0.8
nm with a relatively narrow size distribution after analyzing
over 250 particles (Supporting Information, Figure S2). The
HRTEM of Ir;;Ru,; nanoparticles shown in Figure 1c clearly
demonstrates the well-defined crystalline structure. The
distances between adjacent fringes were calculated to be
~0.23 nm, which could be attributed to (111) planes of Ir or Ir-
based alloys.

Figures 1d and le show the HAADF image of a single
particle of Ir,;Ru,;, and annular dark field (ADF) and EELS
line scans as functions of mapping distance. Both ADF and
EELS profiles show a typical “volcano” shape concurrently,
indicating a nearly homogeneous distribution of Ir atoms within
the individual particle. Similar profiles of Ir were also observed
from different Ir—Sn particles (Supporting Information, Figure
S3). The ADF and EELS spectra of Ru atoms were not
available. The difficulty of detecting Ru might be attributed to
the interference of carbon K edge under EELS mode. Instead,
EDS probing was used as an alternative to analyze the chemical
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composition of single Ir;,Ru,; particles. The EDS spectrum in
Figure 1f evidenced the presence of Ru within the particle, and
the molar percentage of Ru was determined to be around 13%.
We note that the Ru ratio detected by single-particle EDS
probing using STEM is relatively lower than that by large area
EDS equipped on SEM (13% vs 23%). The discrepancy
between the two techniques could be attributed to (i) particle-
to-particle deviation of the Ru composition, or (ii) the smaller
atomic number of Ru atoms make its EDS signal harder to be
collected in single-particle probing, whereas limited data
acquisition time was applied to prevent the damage of the
particles.

By varying the ratios between Ir and Ru metal precursors
during the synthesis (see Supporting Information for details),
we also prepared two other carbon supported Ir—Ru
nanoparticles, that is, Irs;Rus; and IrgRug, of which the
compositions were verified by EDS. As we can see from
Supporting Information, Figure S4, both Ir—Ru nanoparticles
are evenly distributed throughout carbon support in TEM with
average sizes of 2.9 & 0.7 and 2.9 + 0.9 nm, respectively. X-ray
diffraction (XRD) was used to analyze the crystalline structure
of carbon supported Ir—Ru nanoparticles as shown in Figure 2.
The relatively broad peak around 25° can be attributed to the
carbon black (002) planes. All the Ir—Ru/C binary catalysts
showed a face-centered-cubic (fcc) crystalline structure with
(111), (200), and (220) indexed planes, analogous to those in
an Ir/C catalyst made by a similar approach. The Ir—Ru/C
catalysts with different chemical compositions showed right-
shifted diffraction peaks compared to Ir/C, which can be
explained by the contracted lattice of Ir upon the alloying with
the Ru atoms which have relatively smaller atomic size. In
particular, the Ir,;Ru,3;/C and Irg;Rus;/C showed more
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Figure 2. XRD patterns of carbon supported IrgRus;, Ir;;Ru,s,
Irg;Ruy, and Ir nanoparticles.

noticeable peak shifting, that is, ~0.2 and ~0.4 degrees higher
than that of Ir/C for the (111) peak, respectively.
Complementary data from a STEM line scan of Ir (Figure
le), single particle EDS probing of Ir/Ru spectra (Figure 1f), as
well as the peak-shifted XRD spectra of Ir—Ru compared to
that of pure Ir (Figure 2), unambiguously demonstrated the
alloy formation between Ir and Ru. In addition, no diffraction
peaks from RuO, can be discerned in the Ir;;Ru,;/C sample
compared to an XRD pattern of rutile type of RuO, synthesized
via a similar approach, indicating the dominance of alloy phase
in IrRu/C catalyst. To calculate the average size of Ir—Ru/C,
Scherrer’s equation was employed. The Ir,;Ru,; particles only
showed an average diameter of 2.0 nm (see Table 1), which is
substantially smaller than the size calculated from TEM images
(3.7 = 0.8 nm). This size discrepancy may be due to the partial
agglomeration from individual Ir,,Ru,; crystals (as readily seen

from Figure 1), which were counted as a whole particle in
TEM, thus increasing the overall size of particles. We note that
maximum Ru content for the Ir—Ru system is 33%. When more
Ru precursors were used, a segregated RuO, phase appeared,
indicating the formation of Ir—Ru alloy and RuO, mixed
phases.

The electrochemical activities for the EOR of Ir,Ru,;/C
were evaluated through cyclic voltammetry (CV) and
chronoammerometry (CA) measurements. All the potentials
reported here are referenced to Ag/AgCl (1 M KCl). The CV
measurements of Ir—Ru/C catalysts in 0.5 M H,SO, are shown
in Supporting Information, Figure SS, whereas hydrogen
adsorption features between potentials —0.217 and 0.06 V
were used to calculate the electrochemical surface area (ECSA).
A columbic charge of 220 #C cm™ was used to calculate the
value of ECSA in Ir—Ru catalysts, because of the similar
interactions between Pt/H and Ir/H.>** Figure 3a shows the
polarization curve of Ir—Ru/C in comparison with Ir/C and
commercial Pt/C (ETEK, 20%) in an electrolyte containing 0.5
M H,SO, and 0.5 M ethanol. The mass current density of
Ir;;Ru,3/C averaged by Ir mass was significantly higher than
that of Ir/C and commercial Pt/C all over the potential range
of —0.1 to 0.35 V in CV measurement. At the voltage of 0.2 V,
the mass current density of Ir,;Ru,;/C is 2.4 times and 3.9
times higher than that of Ir/C and Pt/C (ETEK), respectively.
Note that although a rotation disk electrode was used for all the
electrochemical measurements, we believe that the EOR in half-
cell measurements is not mass-transfer limited: When rotation
(1000 rpm) was applied, Ir,;Ru,; showed only marginally
higher current density (less than 5%) compared to that under
zero rotation (Supporting Information, Figure S6).

The superior performance of Ir;;Ru,;/C toward EOR was
also demonstrated in CA measurements as shown in Figure 3b,
conducted at a constant voltage of 0.2 V. The Ir,;Ru,;/C
exhibits superior activity with a mass current density of 5.2 A
g~ (with respective to the mass of Ir) after 2 h reaction, while
Ir/C and commercial Pt/C only retained mass current densities
of 1.7 A g™ and 0.24 A g™' (respective to the mass of Pt),
respectively. Ir;,Ru,;/C shows more than 3 times and 21 times
higher mass current density than Ir/C and Pt/C (ETEK) after
2 h of reaction. The specific current density averaged by ECSA
in CV and CA measurements also showed a similar trend (see
Table 1). Although the Irs;Ruy3/C displayed an inferior electro-
activity to Ir,;Ru,;/C in EOR, it outperformed Ir/C and Pt/C
(ETEK) in CV and CA measurements. The Iry,Ru,/C behaves
alike Ir/C in EOR: it shows slightly inferior current density
than Ir/C during a potential sweep of 0.25 to 0.35 Vin CV but

Table 1. Results Obtained for Ethanol Electro-Oxidation on Different Ir—Ru Catalysts

TEM size  XRD size ECSA mass loading of Ir or
catalysts (nm) (nm) (cm?)® Pt (ug)
Pt/C (ETEK) N/A 2.7 2.09 2.5
PtgRuso/C JM)  N/A N/A 136 23
Pt.,Sn,5/C 43412 N/A 0.93 32
(homemade)
Ir/C 34+ 1.1 2.2 1.45 3.8
Irg,Ruy/C 2.9 + 09 19 1.68 36
Iry,Ruy/C 37 08 2.0 1.86 33
IrgRus,/C 2.9 + 07 2.1 148 3.0

Ccv CA

jat02V jat 02V jat02 Vat2h jat02Vat2h
QgD (uAan )P (g (WA e )"

18.5 222 0.24 0.3

332 54.3 N/A N/A

56.1 1914 N/A N/A

30.3 782 1.7 4.7

31.7 67.5 2.4 5.1

72.0 111.8 52 8.3

52.2 105.7 4.2 8.5

“—0.217 V vs Ag/AgCl was arbitrarily chosen as boundary to calculate ECSAs of Ir based materials. ®Mass and specific current density at 0.2 V in CV
measurements. “Mass and specific current density after 2 h reaction in CA measurements.
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Figure 3. (a) Polarization curves and (b) chronoamperometric
measurements of Ir—Ru/C in comparison with Ir/C and Pt/C
(ETEK) at a potential of 0.2 V in 0.5 M H,SO, + 0.5 M ethanol
solutions at scan rate of 30 mV s™' at room temperature. Both
measurements were conducted using a rotating disk electrode at a rate
of 1000 rpm.

40% higher quasi-steady state current density than that of Ir/C
in CA measurement after 2 h of reaction. Long-term CA
measurements (up to 10 h) were also conducted for Ir,,Ru,;/C
and Pt/C (ETEK) catalysts. Supporting Information, Figure S7
shows that the current density of commercial Pt/C dropped to
zero after 4.3 h of reaction, while Ir,;Ru,; maintained a
measurable current even after a 10 h period. Long-term CA
measurements undoubtedly demonstrate the superior anti-
poisoning ability of Ir—Ru catalysts compared to that of Pt.
Although results on Ir-based electrocatalysts have been rarely
reported for the EOR, Pt-based materials have been intensively
studied. In particular, the Pt—Sn system has been considered as
one of the best anode catalysts for the EOR*’ We have
compared the electroactivities of Ir,;Ru,;/C with a commercial
Pts,Rug,/C catalyst (Johnson Matthey Inc.) and a homemade
Pt;,Sn,;/C catalyst as summarized in Table 1. CV data show
that our Ir,;Ru,; outperforms Pt;Sn,; and PtoRug, at 0.2 V (vs
Ag/AgCl) with a higher mass-specific current density.
However, Pt,,Sn,; catalysts showed around 70% higher current
density averaged by ECSA, compared to Ir,,Ru,; (Supporting
Information, Figure S8 and Table 1). In addition to commercial
Pts,Ruso/C and homemade Pt;,Sn,;/C catalysts, we also
compared the electroactivities of Ir,;Ru,3/C with our recently
reported Ir;;Sn,,/C catalysts for EOR (Supporting Informa-
tion, Figure SS).12 From the polarization curve, we can see that
Ir;;Snyy/C catalysts had much lower peak potential and higher
peak current density compared to Ir,,Ru,; catalysts (Support-
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ing Information, Figure S8a). However, Ir,;Ru,; showed much
higher electrochemical stability: upon sweeping between —0.25
to 0.8 Vin 0.5 M H,SO, electrolyte, for Ir;;Ru,3/C 55% of the
initial ECSA remained after 50 cycles of CVs, while for
Ir;;Sn,o/C only 25% remained (Supporting Information, Figure
S8b and S8c).

In a noble metal-transition metal binary system, higher
transition metal (TM) content will generate more TM—OH,;
complexes, resulting from the dissociative adsorption of water,
which facilitate the oxidation of adsorbed SOMs. However,
higher TM content will also decrease the occupancy of active
noble metal atoms on the surface, and consequently impair the
overall performance of dissociation of adsorbed SOMs.
Therefore, an optimal composition usually exists as a result
of such rival effects. The optimal ratio of Ru in Ir—Ru alloy for
the electro-oxidation of SOMs has not been reported, while
that of Ru in Pt—Ru binary system has been intensively studied
with various controversial results, especially for the methanol
oxidation reaction (MOR).**** Watanabe, Loffler, and Gilman
reported PtgoRus, alloy had the best performance in MOR,**~2®
while Gasteiger et al. found that for the MOR, the optimal Ru
content on the surface of polycrystalline Pt—Ru bulk alloys had
strong temperature-dependency: ~10% and ~30% surface Ru
were the optimal ratios at 25 and 60 °C, respectively.””** They
also proposed that the surface enrichment of Pt could be
responsible for controversial results on the optimal Ru ratios in
Pt—Ru systems, which was largely ignored by previous studies.
Similarly, Iwasta and Abruna found a broad maximum in
activity for MOR between 10 to 40% of surface Ru for Pt—Ru
alloy at room temperature.>"** Furthermore, Cuesta studied
the cyanide-modified Pt(111) electrodes for MOR,>® and found
out that an ensemble of three contiguous Pt atoms was
indispensible for CO formation through dehydrogenation of
methanol, strongly indicating Pt;Ru; might be the perfect
surface composition to mitigate the CO poisoning, which is
consistent with above-reported results for MOR. In the present
work, Ir;,—Ru,; nanoparticles showed the highest catalytic
activity for EOR. Although the surface composition of Ru is
unknown in this report, it is expected that surface composition
should not differ significantly from bulk composition. This is
because the surface enrichment of Ir is less severe compared to
Pt in Pt—Ru system, as the surface free energy of Ir is analogous
to that of Ru (3.231 ] m™2 vs 3.409 ] m~2) at 25 °C.%***® The
optimal ratio between Ir and Ru is close to ~3:1, indicating that
an ensemble of three contiguous of Ir atoms might be also
necessary for the EOR, during which removal of strongly
adsorbed CO might be crucial.

Previous in situ differential electrochemical mass spectrom-
etry and Fourier transform infrared spectroscopy studies
showed that the selectivity for complete oxidation of ethanol
into CO, via C—C cleavage is low. >!3143L3637 Byen using the
best Pt;Sn, catalysts less than 5% of ethanol can be oxidized
into CO, at room temperature in an acid medium, with the
major products being acetaldehyde and acetic acid.*® Therefore,
studying and developing anode catalysts for complete oxidation
of ethanol into CO, to achieve a twelve-electron transfer
remain a challenge. To assess the ability of Ir—Ru for C—C
cleavage during the EOR, CVs and CA of Ir,;Ru,;/C and Pt/C
in the presence of ethanol, acetaldehyde, and acetic acid are
compared as shown in Supporting Information, Figure S9.
Polarization curves in Supporting Information, Figure S9 (a, b
and c) indicated that (i) both Ir,;Ru,;/C and Pt/C catalysts
were active toward the oxidation of ethanol and acetaldehyde.

dx.doi.org/10.1021/cs3002308 | ACS Catal. 2012, 2, 12261231
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The current densities in acetic acid oxidation only appeared as
background current (i.e, CV current in H,SO,-only electro-
lyte), suggesting no acetic acid was oxidized on the surface of Pt
or Ir—Ru; (ii) for each fuel, Ir;;Ru,;/C appeared to have a
higher current density, indicating better electroactivity of
Ir;Ru,;/C toward dissociation of SOMs compared to Pt/C.
Meanwhile, CAs in Supporting Information, Figure S9 (d and
e) show that (i) there were no noticeable CA currents found in
Ir,;Ru,;/C and Pt/C when using acetic acid as a fuel; (ii)
Ir;;Ru,;3/C exhibited higher current densities compared to Pt/
C; after 6000 s CA measurements, Ir,-Ru,;/C showed current
densities of 0.05 A/g and 5.6 A/g in the presence of
acetaldehyde and ethanol, respectively. During the EOR,
formation of acetaldehyde and acetic acid would deliver two
and four electrons, respectively. A 112 times increase of the
current density in CA for Ir,;Ru,3/C observed by using ethanol
over acetaldehyde as fuels strongly indicated a certain amount
of C—C scission happened when using ethanol as a fuel, to
deliver more than a four-electron charge transfer reaction. We
notice that about a 40 times increase of the current density
observed from Pt/C when using acetaldehyde and ethanol
(0.01 A/g vs 0.4 A/g), respectively. These data also indicate
Ir;;Ru,3/C might exhibit a better C—C cleavage ability
compared to Pt/C.

We used DFT simulations to assess the electroactivity of Ir,
Pt, and Ir—Ru catalysts for EOR. We modeled (111) surfaces of
Ir, Pt, and an Ir—Ru binary cluster as shown in Figure 4. In the
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Figure 4. (a) Top and (b) side views of the Ir (111) slab used in the
current work. The Pt (111) slab was equivalent. (c) Top and (d) side
views of the Ir—Ru (111) slab used in the current work. Gray spheres
represent Ir atoms and brown spheres represent Ru atoms. Calculated
reaction energy diagram for C—C bond scission of () CHCO,q4, and
(f) CH,CO,q, over Ir, Pt, and Ir—Ru surfaces. Reactant states are
adsorbed intermediates (CHCO and CH,CO), and product states are
adsorbed dissociated species (CH/CO and CH,/CO). The transition
state energy indicates the kinetic barrier for dissociation. The reference
state (adsorbed reactant) on both surfaces was taken to be 0 eV.
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binary cluster, the top layer of Ir atoms was replaced by Ru,
giving an overlayer structure. Full details on the simulations are
given in the Supporting Information. During ethanol oxidation,
a large number of intermediates may form after C—H, C—0O, or
C—C bond scission. C—C bond scission is one the most
difficult steps during ethanol oxidation, and previous DFT
work'®* indicates the reaction CHCO 4, = CO,4, + CH,4, to
be the most likely rate-determining step. Accordingly we
modeled this reaction, as well as the reaction CH,CO,, —
CO,qy + CH, 4, over the Ir, Pt, and Ir—Ru surfaces.

Results from our calculations are shown in Figures 4e and 4f.
For both reactants C—C bond breaking is easier (lower reaction
barrier) over the Ir—Ru alloy surface, supporting our
experimental results that Ru alloying with Ir leads to a better
catalyst. Scission of CHCO (Figure 4e) also has a lower barrier
compared to CH,CO (Figure 4f), indicating that C—C bond
scission is more likely to proceed via a CHCO intermediate. As
already mentioned, CHCO scission has been proposed as the
rate-determining step,'®*” and our results are in agreement
with this. We mention that while we have only considered one
potential alloy structure, our calculated activity trends for
ethanol oxidation/decomposition are as follows: Ir—Ru > Ir >
Pt. This fully supports the superiority of Ir—Ru alloy catalysts
over Ir and Pt catalysts which we observed experimentally. In
these calculations we assumed the C—C splitting of ethanol
occurred relative to the gas phase on metallic surfaces, and
ignored the effect of aqueous environment, or dielectric
background. Although this is different from the realistic
reaction environment, this simplified approach is often used
as a starting point to understanding catalytic reactions under
real-world conditions. DFT calculations in aqueous solution
and under applied potentials may be considered in future work,
especially the effects of dissociated water molecules and
external potentials on the C—C scission of ethanol fuel.

In conclusion, carbon supported Ir—Ru nanoparticles with
average sizes between 2.9 to 3.7 nm were prepared via a polyol
process in the presence of PVP. Complementary character-
ization techniques including STEM equipped EELS line scan,
HRTEM, single-particles EDS probing, and XRD revealed an
Ir—Ru alloyed structure. The catalytic activities of Ir—Ru/C
toward EOR were measured, and compared with Ir/C and
commercial Pt/C (ETEK) by CV and CA measurements.
Ir;;Ru,;/C was determined to be the optimal chemical
composition for the EOR, which can be further attributed to
the alloying effect between Ir and Ru. DFT calculations indicate
the C—C bond scission during ethanol electro-oxidation is
energetically more favorable on an Ir—Ru alloy catalyst
compared to on an Ir and a Pt catalyst. Our study highlights
the potential of Ir—Ru alloys as alternative electrocatalysts for
DEFC applications. Future studies on Ir-based catalysts to
further reduce its cost and enhance its electroactivity for EOR
are needed.

B ASSOCIATED CONTENT
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Detailed experimental procedures, large area EDS spectra of
Ir—Ru/C nanoparticles, size distribution of carbon supported
Ir;;Ru,; nanoparticles, TEM of carbon supported IrgRus;,
HAADF images and ADF plus EELS line scans of a individual
Ir;,Ru,; nanoparticle, Irg;Ruy, Ir and RuO, nanoparticles and
CVs of Ir—Ru/C, Ir;;Sn,g, Pt;;Sn,,, PtyRugy (JM) catalysts in
0.5 M H,SO, electrolyte, details of DFT calculations. The CVs
and CAs of Ir;;Ruy;/C and Pt/C using ethanol, acetaldehyde,
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and acetic acid as fuels are also included. This material is
available free of charge via the Internet at http://pubs.acs.org.
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