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Ethanol is a promising fuel for low-temperature direct fuel cell reactions due to its low toxicity, ease of storage and transportation,

high-energy density, and availability from biomass. However, the implementation of ethanol fuel cell technology has been hindered

by the lack of low-cost, highly active anode catalysts. In this paper, we have studied Iridium (Ir)-based binary catalysts as low-cost

alternative electrocatalysts replacing platinum (Pt)-based catalysts for the direct ethanol fuel cell (DEFC) reaction. We report the

synthesis of carbon supported Ir;;Sn, catalysts with an average diameter of 2.7 £ 0.6 nm through a “surfactant-free” wet chemistry
approach. The complementary characterization techniques, including aberration-corrected scanning transmission electron
microscopy equipped with electron energy loss spectroscopy, X-ray diffraction, X-ray photoelectron spectroscopy, and X-ray
absorption spectroscopy, are used to identify the “real” heterogeneous structure of Ir;;Sn,e/C particles as Ir/Ir—Sn/SnO,, which
consists of an Ir-rich core and an Ir—Sn alloy shell with SnO, present on the surface. The Ir;;Sn,9/C heterogeneous catalyst
exhibited high electrochemical activity toward the ethanol oxidation reaction compared to the commercial Pt/C (ETEK), PtRu/C
(Johnson Matthey) as well as PtSn/C catalysts. Electrochemical measurements and density functional theory calculations
demonstrate that the superior electro-activity is directly related to the high degree of Ir—Sn alloy formation as well as the existence
of nonalloyed SnO, on surface. Our cross-disciplinary work, from novel “surfactant-free” synthesis of Ir—Sn catalysts, theoretical
simulations, and catalytic measurements to the characterizations of “real” heterogeneous nanostructures, will not only highlight the
intriguing structure —property correlations in nanosized catalysts but also have a transformative impact on the commercialization of
DEFC technology by replacing Pt with low-cost, highly active Ir-based catalysts.

1. INTRODUCTION small organic molecules (SOMs) becomes attractive due to its
high thermodynamic efficiency (higher than 70%) and low
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reactions.’ > Compared to hydrogen and methanol, ethanol is a
promising fuel in the so-called direct ethanol fuel cell (DEFC)
reaction for several reasons:* ® (1) Ethanol is less toxic; (2)
ethanol is easy to store and transport due to its relatively higher
boiling point; (3) ethanol has higher energy density due to the
nature of 12 electron transfer upon complete oxidation; and (4)
ethanol has been qualified as a substantial energy source since it
can be produced in large quantities from sugar- and cellulose-
containing raw materials. However, the implementation of the
DEFC technology has been hindered by the sluggish ethanol
oxidation reaction (EOR) at the anode, due to the lack of an
active anode catalyst.

Platinum (Pt) and its alloys are the most common catalysts in
both anode and cathode fuel cell reactions because of their excellent
properties in the adsorption and dissociation of SOMs.">*'°~1?
However, the expense of Pt-based catalysts is a major impedi-
ment in the commercialization of fuel cell technology, since Pt-
based catalysts alone account for approximately 54% of the total
fuel cell stack cost.”>*' Development of alternative electrocata-
lysts with high activity to EOR and low-cost is vital for the
implementation of DEFC technology. Several Pd-based catalysts
have been proposed as alternatives to Pt in the oxygen reduction
reaction (cathode reaction) or in the anode reaction in alkaline
fuel cells.”> ** However, developing effective Pt-free anode
catalysts for ethanol oxidation in an acidic electrolyte remains a
challenge.

A frequently used strategy to design highly active catalysts in
proton-exchange membrane fuel cells (PEMFCs) is the use of
multicomponent catalysts, including random alloys,>>*¢ inter-
metallic alloys,"*'* near surface alloys (nonrandom alloys),””**
or core/shell particles.'®”'®**° The electro-activity of multi-
component catalysts is determined not only by the intrinsic
properties of the metal components but also by their synergistic
interactions, which are known as ligand (responsible for the
charge transfer between the components), ensemble (responsible
for the adsorption properties due to the presence of distinct
atomic groups), and geometric (three-dimensional structural
characteristics) effects. The synergistic effect of multicomponent
metal catalysts has also been successfully explained by the changes
of electronic band structure. The d-band model developed by
Norskov and co-workers has successfully correlated the strength
of adsorbate bonding for the rate-limiting step to the electronic
structure of the catalysts and therefore to the reaction activity.>"*>
Recently, Strasser et al. showed that de-alloyed Cu—Pt core—
shell nanoparticles appeared to have compressive lattice strain,
which further caused the down shift of the d-band center of the Pt
atoms and therefore weakened the bonding to the reactive inter-
mediates, resulting in enhanced activity in the oxygen reduction
reaction.'® Hence, carefully tailoring the geometry, ligand and/or
ensemble effects of multicomponent heterogeneous catalysts
could lead to development of an alternative catalyst replacing
expensive Pt for the fuel cell reactions.

Iridium (Ir) has been used as an additive in Pt/C catalysts for
hydrogen evolution and oxidation of hydrocarbon reactions.>***
Ir metal is less expensive ($890/0z) than Pt ($1864/0z).>° To
date, several Ir—M (M: Se, V, Co, Sn) electrocatalysts have been
reported for fuel cell reactions.** *? These results are encoura-
ging. However, the lack of structural and spectroscopic informa-
tion for Ir-based systems hinders mechanistic interpretation and
direct comparison with other well characterized Pt-based cata-
lysts for fuel cell reactions.

In addition to the difficulty in finding active, low-cost electro-
catalysts for the DEFC reaction, the synthesis of effective
nanocatalysts is also challenging. Solution phase synthesis is the
most commonly used method for the preparation of nanomater-
ials, which normally involves a surfactant that achieves fine
control over the size and shape of the catalysts. However, sur-
factant residue on the surface of the catalysts is not easily removed
even after vigorously rinsing. Therefore, a “surfactant-free” synthesis
is necessary to yield “clean” catalysts in solution, while still
maintaining the size and uniformity of the catalysts. Herein, we
report the “surfactant-free” synthesis of carbon supported Ir—Sn
alloys with an average diameter of less than 3 nm. Using comple-
mentary characterization techniques, we have identified the forma-
tion of an Ir—Sn alloy which strongly depends on the composition
of Ir and Sn. The electrochemical activity of Ir—Sn/C toward the
EOR has been studied, and our results unambiguously indicate the
promotional effect of alloy formation on the EOR activity.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Ir—Sn/C Nanoparticles. In a typical synthesis
of Ir;;Snyg nanoparticles, 33.3 mg SnCl, (Alfa Aesar, 99%) was initially
dissolved in 11 mL of ethylene glycol (EG, AR, Mallinckrodt Chemicals)
with 1 mL of deionized water. The mixture was then heated up to 130 °C
for 1 h. IrCly - xH,O (0.1 mmol, 35.3 mg, Alfa Aesar, 99.9%) was first
dissolved in the 3 mL of EG solution and then injected into 8 mL of
preheated EG (130 °C) in a flask which contained appropriate aliquots
of tin (0.025 mmol) colloidal solution. The reaction proceeded for 2 h
under an argon flow. The as made Ir;;Sn,y particles were then mixed
with 125 mg of carbon black (Vulcan XC—72, specific surface area of
254 m?/ g) via magnetic stirring for 1 h at room temperature. The
formation of Ir—Sn nanoparticles without surfactant capping might be
attributed to a coordination effect of glycolic acid resulting from the
oxidation of ethylene glycol, as reported previously in the synthesis of
PtRu nanoparticles.40 The as made Ir—Sn/C was then treated in a
hydrogen/argon flow at 205 °C for 1 h to evaporate any possible ethylene
glycol residual and to reduce any possible ionic Sn and promote Ir/Sn
alloy formation.

2.2. Structural Characterizations. High-resolution transmission
electron microscopy (HRTEM) was carried out with a FEI Titan
80—300 at 300 kV. High-angle angular dark-field (HAADF) STEM
images and electron energy loss spectroscopy (EELS) measurements
were performed and collected using aberration-corrected Hitachi HD
2700C equipped with a modified Gatan Enfina ER spectrometer at the
Center for Functional Nanomaterials at the Brookhaven National Labora-
tory. Regular TEM images were taken using a Zeiss/LEO 922 Omega
TEM. X-ray diffraction (XRD) patterns were recorded by a Bruker AXS
instrument equipped with a general area detector diffraction system
(GADDS) detector. A Cu Kot X-ray tube was employed as X-ray source.
X-ray photoelectron spectroscopy (XPS) was conducted using a Kratos
Axis HS XPS system with a Mg anode as the X-ray source.

2.3. XAS Measurements. XAS experiments were conducted at
beamline X18B at the National Synchrotron Light Source, Brookhaven
National Laboratory. The operating storage ring energy was 2.5 GeV,
and the ring current was between 110 and 300 mA. A pellet was mounted
in the in situ cell, which was placed between two ionization chambers for
data collection in transmission mode. The in situ experiments were
carried out at the Sn K edge (29200 eV) and Ir L; edges (11215 eV).
The sample was first heated to 205 °C and kept for one hour under the
5% H,/He flow, then heated to 300 °C and kept for two hours.
Afterward, the sample was cooled to room temperature, all under a
5%H,/He flow. In the air, the sample was heated to 50 °C and held for
1 h. After cooling down to room temperature in the air, the sample was
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then heated in air to 250 °C and kept for 1 h. The in situ process was
monitored by X-ray absorption near edge structure (XANES) measure-
ments at both Sn K and Ir L; edges, while the extended X-ray absorption
fine structure (EXAFS) scans were taken in the steady state at each
reaction stage. The Ir black and Sn foil standards were measured simulta-
neously along with the measurements of the samples, respectively, by
placing the standards between the transmitted beam detector and the
reference detector, for X—ray energy calibration and data alignment.
The IFEFFIT package was used to carry out data processing and analysis.*'

2.4. Electrochemical Measurements. The electrochemical
properties were examined with a CHI 660 single channel electrochemi-
cal workstation (CH Instruments). A three-electrode system, which was
composed of a glassy carbon rotating disk electrode (RDE) as the
working electrode, a platinum wire counter electrode, and an Ag/AgCl
(1 M KCI) reference electrode, was employed for the test. The rotating
rate of the working electrode was controlled at 1000 rpm. Supported
catalysts were dispersed in deionized water, and 10 uL of catalyst ink
(containing 2—4 ug of Ir or Pt) was drop casted on the working
electrode. Upon drying, another 10 uL of Nafion solution (0.5%,
Viation/ Vwater) Was used to cover the catalysts. The Nafion will cover
the electrocatalysts on the surface of electrode. It will prevent the catalyst
from detachment without affecting the transport of the reactants and
products during the electrooxidation of ethanol. Cyclic voltammetry
(CV) was performed in argon-purged 0.5 M sulfuric acid (99.999%,
Sigma-Aldrich) with the electrolyte scanning from —0.25 to 0.35 V at a
scan rate of 30 mV/s to collect hydrogen (H) adsorption/desorption
information on the catalyst surface. The electrocatalytic activity of these
catalysts toward ethanol oxidation was evaluated through CV and
current density vs time measurements in 0.5 M of ethanol/0.5 M of
sulfuric acid electrolyte at room temperature. The quasi-steady-state
polarization curve from linear sweep voltammetry (LSV) performed at a
sweeprateof I mV's™ !in 0.5 M of ethanol/0.5 M of H,SO, solution was
used for the Tafel plot. The electrolyte was deaerated by bubbling argon
for 30 min prior to the measurements.

2.5. DFT Calculations. All density functional theory (DFT) calcula-
tions were performed with the CP2K code,"*** which uses the Gaussian
and plane waves (GPW) method.** Goedecker—Tetter—Hutter-type
pseudopotentials represented core electrons.**® Valence electrons
were treated by optimized basis sets that describe the condensed phase
well.*” All metals were represented by double- basis sets, while C, O,
and H were represented by triple-C basis sets. The Perdew, Burke, and
Ernzerhof (PBE) exchange—correlation functional was used in all cal-
culations.* CP2K uses periodic boundary conditions and samples
reciprocal space at the I" point. All calculations were spin polarized.

To explore the issue of Sn alloying with Ir, we modeled nanoparticles
of Ir with some atoms replaced by Sn. The nanoparticles were place in a
large box with dimensions of 27 x 27 x 27 A. Decomposition of ethanol
was simulated over model surfaces of Ir, Sn, and Ir/Sn. The surfaces used for
ethanol decomposition were treated by clusters (see Figure 8). Because
CP2K samples only the I point, large slabs are needed to ensure a proper k-
point density and to obtain reasonable results within the slab approach.*’
Cluster models however allow for a smaller surface structure to be modeled
and are therefore computational more tractable. Furthermore, cluster
models can give results that are in good agreement with slab calculations,
such as those using a plane-wave basis set.’>*" Our own tests (see the
Supporting Information) show that agreement with plane-wave simulations
is indeed possible with clusters of an appropriate size. A (110) SnO, surface
was modeled using a periodic slab model with a (4 x 2) surface cell. Further
details of the DFT calculations are found in the Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Structural Characterizations of Ir;,Sn,¢/C
Catalysts. Figure la shows the TEM image of Ir;;Snyg

electrocatalysts after being reduced at 205 °C, which are uni-
formly distributed throughout the carbon support with an
average size of 2.7 + 0.6 nm (Figure S1, Supporting Information,
energy dispersive X-ray spectroscopy). Figure 1b shows well-
defined lattice fringes of Ir;;Sn,o/C, which can be attributed to
{111} planes of a cubic Ir alloy structure. Figure 1c and d shows
the EELS line scans of Ir and Sn from a typical ~3 nm supported
Ir;;Sn,e nanoparticle, acquired from an aberration-corrected
STEM. Normalized intensity profiles show a higher signal
intensity of Sn at the edges compared to the center of the
particle, in contrast to the Ir profile that appears as a “volcano”
shape. The EELS line scan profiles of Ir and Sn suggests a Sn
shell-rich and Ir core-rich heterogeneous structure. The EELS
measurements from different Ir;;Sn,y particles also confirm the
nonrandom distribution of Ir and Sn within the individual
particle (Figure S2, Supporting Information). Further evidence
comes from XPS measurements (Figure S3, Supporting In-
formation): the perfect match of binding energies for Sn 3ds,
(486.7 eV) and 3d;/, (495.1 eV) between Ir;;Snyy and com-
mercial SnO, unambiguously shows the presence of ionic Sn
(Sn0O,) on the surface.

Carbon-supported Ir;;Sn,o shows a broad but clear diffraction
pattern from the XRD analysis (Figure 2). Two distinguishable
peaks at 40.4° and 67.7° are attributed to (111) and (220) planes
of a face-centered cubic (FCC) structure. The peak around 25°
belongs to (002) planes of carbon black. Compared to the Ir/C
catalysts made via a similar approach, the (111) diffraction peak
of Ir;; Snyg shifts to a lower 20 angle by 1.3° in good agreement
with the alloying of Sn into Ir. Similar expansion of the lattice
structures is also observed in the PtSn alloy.>*~>°Although EELS
and XPS indicate the presence of ionic Sn (SnO,) on the surface,
XRD did not show the existence of the SnO, on the surface.
Anomalies of SnO, in the diffraction data can be explained by the
overwhelming signal from Ir heavy metal or the incomplete
lattice formation (amorphous structure) as was reported in Pd-
doped Sn/SnO, nanoparticles previously.*®

3.2. XANES and EXAFS Analyses. XANES measurements
were used to investigate the electronic states of the Ir and Sn in
the as-made Ir;;Sn,g catalyst in different gas atmospheres at the
elevated temperatures. Figure 3a shows that the Sn K-edge
absorption peak region of the as-made Ir;;Sn,o/C is similar to
that of SnO,, suggesting that Sn is strongly oxidized. After
reduction (205 °C for 1 h), the Sn K-edge data of Ir;;Snyg in
the XANES region (near edge) are similar to those of Sn foil,
indicating a metallic state for Sn. Meanwhile, the Sn K-edge data
in the EXAFS region (extended edge) are different from those of
Sn foil, hinting at the formation of IrSn alloy, in agreement with
the results derived from the XRD measurements. After the
reduced Ir;;Sn,y was exposed to air at room temperature, Sn
K-edge XANES spectra showed features of cationic Sn, suggest-
ing the formation of Sn oxide. The electronic structure was
monitored by in situ XANES during these processes and depicted
in Figure $4, Supporting Information.

On the other hand, the Ir L3 edge absorption data of the as-
made Ir;;Sn,o/C features a white line with the intensity between
that of Ir foil and IrO,, whereas the XAFS oscillations resemble to
that of metallic foil with relatively lower amplitude, indicating
predominantly metallic phase of Ir metal with Ir oxide on the
surface (Figure 3b). After reduction, the Ir L; white line is
considerably lower than that in the as-made sample, indicating
the removal of surface layer of the Ir oxide. Since white-line
features in the Ir L; edge arise from 2p to 5d dipole transitions,
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Figure 1. (a) TEM, (b) HRTEM, and (c) HAADF images of the carbon-supported Ir;;Snyg catalyst after reduction in H,/Ar flow. (d) EELS line scans
across individual the Ir;;Sn,o nanoparticle, as indicated by white arrows in (c). The inset in (a) shows particle size distribution.
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Figure 2. XRD patterns of carbon-supported Ir, IrysSnss, IrssSnys,
Ir;,Snyg, and Irg,Sn, g nanoparticles after reduction at 205 °C under H,/
Ar flow.

low white-line intensity in the reduced Ir;;Sn,y/C points to a
more filled d-band. The modified d-band feature may result from
the alloying of Sn, as suggested previously for a PtSn alloy.>” >
More interestingly, only a slight increase was observed in the Ir
white-line intensity, even after the followed drastic oxidation
procedure (250 °C for 2 h), correlating very well with the
proposal that Ir mainly exists in the core of the structure.

In order to analyze the exact compositions of the Sn and SnO,
inside the Ir;;Sn,o/C catalyst, XANES linear combination fitting
(LCF) analysis was performed using the Athena program.
Figure 3c and d shows the XANES spectra under reduced and
oxidized conditions together with the best fit from the linear

15175

combination of the data measured in the Sn foil and SnO,
nanoparticles (40 nm in diameter). When the Ir—Sn was reduced
at 205 °C for 1 h, the metallic Sn content was found to be ~84%
of the available Sn, indicating where the predominant Sn metal
was located in the Ir;;Sn,e/C catalyst. Therefore, the overall
composition of Ir;;Sn,g can be expressed as “Ir;;Snjgsgase —
Sny9.(1-84%)Ox = Ir7;Sny, — SnsOx”. When the sample was
exposed to the air flow at 250 °C for 1 h, the Sn metal content was
found to be only ~11%, or indicating the catalyst to have the
composition as “Ir;;Snz95 1196 — SNaox(1-11%)Ox = Ir71Sn; —
Sn,sOx”. These results indicate that Sn oxide formation is much
enhanced in an oxidizing environment but still present in a
reducing environment.

To explore the structural details, EXAFS analysis was con-
ducted for both reduced and oxidized Ir;;Snyg catalysts using the
Artemis program. Fitting was performed simultaneously for Ir
and Sn edges’ data while applying several physically reasonable
constraints (Table 1). In addition, several k-weighting factors
were used in the fit, whenever appropriate, to minimize the cor-
relation between fitting parameters (Figure SS, Supporting In-
formation). Results of the FEFF6 fits, conducted simultaneously
for the Sn K- and Ir-L; edges’ data for (a) as-made sample, (b)
reduced sample at 205 °C, and (c) oxidized sample at 250 °C are
depicted in Figure SS, Supporting Information. The best-fit
values of structural parameters for all conditions are listed in
Table 1.

Table 1 and Figure S5, Supporting Information indicate that Ir
exists mainly in the metallic phase with Ir—O bonds decorating
the surface in the as-made Ir;;Sn,o/C, while Sn predominantly

dx.doi.org/10.1021/ja205649z |J. Am. Chem. Soc. 2011, 133, 15172-15183
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Figure 3. Selected XANES spectra of (a) Sn K-edge and (b) Ir Ls-edge of Ir,;Sn,o/C during the reduction in H,/He flow and oxidation in air flow at
different temperatures; (c) LCF of Ir;;Sn,o/ C after reduction at 205 °C under H,/He flow and (d) LCEF fit of Ir;; Snyo/ C after oxidation at 250 °C under

air flow.

Table 1. Ir—Sn System EXAFS Data Fitting Result (with Xg,/X;, Constraints)

NIr—Ir
NIr—O
NIr—Sn

Nsn—sn

Nsn—o

Nsn,h—
Ry1: (A)
R0 (A)
Rysa (A)

Rsnsa (A)

Rsa—o (A)

Rso_r: (A)

O (A%)
o (A%)
Cr—sn (A7)
sasa (AY)
a0 (A%)
s (A%

Ir Sn
12
4
2.715 (1)
3.020 (2)
0.0035 (1)
0.0105 (4)

Ir;,Sn50/C, Ir;;Sn50/C Hy,
as-made 205 °C
62 (5) 92 (4)
3.5(5)

1.5 (1.4) 0.5 (4)
7.4 (S) 1.5(S)
4.2 (7)
2.684 (3) 2693 (2)
1.998 (7)
324 (2) 3.06 (3)
2.062 (6) 2.08 (2)
2.75(2)
0.0064 (2) 0.0058 (2)
0.008 (1)
0.0076 (5) 0.001 (5)
0.0056 (8) 0.016 (8)
0.012 (3)

Ir7;Sn,9/C H,,

300 °C

8.8 (5)
1.5 (5)"

0.9 (4)

02 (2)

3.7(5)
2.696 (3)

274 (1)

3.09 (3)

2.13 (4)

2.74 (1)
0.0066 (3)

0.013 (2)"
0.010 (7)
0.00 (1)

0.013 (2)

Ir;,Sn,o/C, Ir;;Sn,e/C,
air 50 °C air 250 °C
9.2 (7) 8.7 (8)
12 (1.8) 0.8 (4)

0.9 (1.8)*

1.5 (6) 1.5 (9)
6.7 (2) 6.3 (4)
2.4 (1.8)

2.696 (4) 2.688 (4)
1.98 (5) 1.98 (2)
2.85 (5)°
3.249 (9) 324 (2)
2.061 (4) 2.055 (6)
2.85(5)

0.0053 (3) 0.0065 (4)
0.02 (3) 0.003 (4)
0.02 (1)°
0.006 (2) 0.007 (4)

0.0061 (5) 0.0071 (9)
0.02(1)

SnO,

3.204 (3)
2.063 (2)

0.0022 (3)
0.0027 (4)

“Indicates the following constraint was used: Ny,_g, = Ngp_1; X Xgn/Xir. ®Indicates the following constraint was used: Ry, s, = Rgn_1r ; o Tr—Sn =

Sn—Ir*
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Figure 4. CVs of (a) Ir/C and (b) Ir;;Sn,e/C in acid-only electrolyte sweeping from —0.25 to 0.8 V.

exists in the oxide form. The former conclusion stems from the
fact that the Ir—Ir bond distance (2.684 + 0.003 A) is more
similar to that in a pure Ir crystal (2.715 & 0.001 A) rather than
that in an IrO, structure (3.115 A). The latter conclusion stems
from the similarity between the average bond distances measured
in our EXAFS analyses for the Ir—Sn alloy (Rg,, s, = 3.24 & 0.02
A) and the SnO, (Rg, g, = 3.204 & 0.003 A). The resulting
coordination number of Sn—O (Ng,_o = 7.4 + 0.5), exceeds
somewhat the coordination number (6) in SnO,. This discre-
pancy may be attributed to the correlation of the coordination
numbers and the bond length disorder in the fit.

Table 1 and Figure SS, Supporting Information also show that
metallic structures dominate both Ir and Sn in the reduced
Ir;;Sn,0/C (205 °C in the H,/He flow). The higher resultant
Ir—metal (Ir—M) coordination number (Np_n = Np_p +
Ny—sn = 92 & 04) relative to that of Sn—M (Ng,_ym =
Nsn_1r + Nsn_sn = 4.7 £ 0.8) points to the model that has an
Ir-rich core and a Sn-rich shell, since such a configuration will
cause the Sn environment to be less coordinated by metallic
neighbors than the Ir environment, due to the surface truncation
effects.” In addition to the Sn—M coordination number being
smaller than that of Ir—M, significant Sn—O contribution is an
independent evidence for a Sn-rich shell.

By examining partial coordination numbers for Ir—Ir, Ir—Sn,
Sn—1Ir, and Sn—Sn pairs, we confirmed this model and further
refined it by proposing a more detailed scenario of Ir and Sn
segregation. Specifically, we obtained that Ir L3;-edge EXAFS data
are contributed by predominantly monometallic Ir, while the Sn
environment is, on the average, heterogeneous: (Ng, 1, =4.2
0.7) and (Ng,_gn = 0.5 &= 0.4). This observation further refines
our core—shell structure model: the core consists mostly of
monatomic Ir, while the shell is composed of an Ir—Sn alloy. The
coexistence of the separated SnO, and Ir/Ir—Sn nanoparticles
can be excluded by the facts that no SnO, phase was observed in
the XRD pattern (Figure 2) and that only an Ir core-rich, Sn
shell-rich structure was observed by STEM-EELS line scans
(Figure 1 and Figure S2, Supporting Information) from several
individual particles without the observation of separated SnO,
nanoparticles.

Very similar Ir—Sn heterogeneous structures arise after the
Ir;9Sn,;/C was reduced at 300 °C in the H,/He flow. The Ir—M
coordination number (Nj,__p = Np, 1 + Ny gy = 10.3 £ 0.7) is
much higher than Sn—M coordination (N, _am = Ngp_1r +
Nsp_sn = 4.6 £ 0.6). The relatively larger difference between
Ni,—mand Ng, v compared to that obtained in the sample being
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reduced at 205 °C suggests an even more segregated Ir—Sn
structure (Ir-rich core and Sn-rich shell). Such phenomenon can
be explained by the lower surface free energy of Sn relative to Ir,
which drives Sn to the surface at elevated temperatures.

After the reduced Ir—Sn/C was oxidized at 250 °C in the
air, no distinguishable Ir—Sn (Ny,_g,) and Sn—1Ir (Ng,_1,) co-
ordination could be observed. Large Sn—O coordination was
obtained (Ng, o = 6.3 £ 0.4), indicating most of Sn transforms
to SnO, On the other hand, Ir retains its metallic character,
although a small amount of Ir—O bonding is present, demon-
strated by XANES analysis (described above) and EXAFS
analysis (N;,_o = 0.8 £ 0.4).

The results from EXAFS and XANES analysis reveal the
intriguing dynamics of Ir/Sn heterogeneous atoms at the nano-
scale: as-made Ir,;Sn,o/C shows strong segregation with slightly
oxidized Ir and highly oxidized Sn (SnO,) within the nanopar-
ticles. Once reduced at 205 and 300 °C, a high level of Ir—Sn
alloy forms, resulting from the migration of Sn atoms into the Ir
lattice, and after consequent oxidation at 250 °C in the air, Ir—Sn/C
again appears as phase segregation between Ir and SnO,.

3.3. Electrochemical Measurements of Ir;;Sn,o/C in EOR.
Given the heterogeneous nature of the Ir—Sn catalyst, the
electrochemical activity of the Ir;;Sn,g/C catalysts toward the
ethanol oxidation reaction was evaluated, in order to interpret the
structure—function relationship in Ir—Sn/C catalysts.

The CV of Ir/C and Ir;,Sn,o /C catalysts in acidic solution are
shown in Figure 4 with the sweeping potentials between —0.25
and 0.8 V (vs Ag/AgCl). During the cathodic scans, reduction
peaks of Ir (as red arrow marked) diminished continuously.
Steady-state CV was reached after 50 cycles of potential sweep-
ing. Similar decreases in the voltammetric charges were observed
in Ir;1Sn,o /C catalysts during the sweeping. Since Nafion was
used to cover the catalysts on the surface of electrode, the
possibility of catalysts detachment can be excluded. Therefore,
we believe the decreases in voltammetric charges may indicate a
significant change in the roughness of the surfaces of Ir and
Ir—Sn, possibly due to the irreversible aggregation on the surface
of both catalysts during the high potential sweeping. After 50
cycles of CV scans at the potentials between —0.25 and 0.8 V, the
electrochemical active surface area (ECSA) of Ir,;Sn,y /C
decreased from 2.6 cm” to 0.66 cm” with respective to 3 ug Ir
metal loading, showing 75% loss. On the other hand, ECSA of
Ir/C decreased from 3.2 to 0.32 cm” under the same condition,
showing 90% loss. Ir;;Sn,g /C catalysts also showed discernible
Sn reduction features (as blue arrow marked) between —0.1 and
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Figure S. Electrochemical measurements of carbon-supported Ir;; Snyg, I, and Pt7Sn, 3 and Pt (ETEK), PtRu (JM) catalysts: (a) CVs from —0.1~0.35
Vand (b) current density vs time measurements at 0.1 Vin 0.5 M of H,SO,/0.5 M of ethanol electrolyte, (c) Tafel plot for ethanol electrooxidation on
Ir;;Sn,9/C, Pt;,Sn,3/C, and PtRu (JM) catalysts in 0.5 M of H,SO,/0.5 M of ethanol electrolyte at scan rate of 1 mV s ! (data extracted from LSV
measurements), and (d) comparisons of CV and current density vs time measurements between Ir;;Sn,o/C reduced in H,/Ar at 205 °C, Ir;;Sn,e/C
reduced in H,/Ar at 300 °C, and Ir;;Sn,o/C oxidized in air at 250 °C conducted at the same conditions as in (a) and (b) .

02 V in the cathodic scans compared to Ir/C. The continuous
decrease of voltammetric charges in this region could be attributed to
the dissolution of the Sn component during potentials sweeping.
These features show that metallic Sn exists in the Ir;;Sn,g /C
catalysts as an Ir—Sn alloy structure, which is subject to oxidation
at high potentials. Similar etching of the Sn component was also
observed in a PtRhSn ternary alloy catalyst we reported recently.*

The instability found in both catalysts upon high potential
sweeping may due to their small sizes (both catalysts are less than
3 nm). To improve its stability in the high potential, one could
increase the size of Ir—Sn. Meanwhile, our data indicate that
SnO, on the surface may stabilize the Ir—Sn/C, as seeing less
ECSA loss in Ir—Sn/C compared to Ir/C under the same
condition. Therefore, introducing a metal oxide support ma
also offer a solution to stabilize Ir—Sn/C and Ir/C small catalysts. 2

The CV curves (forward scans) of Ir;;Sn,o /C in the solution
of 0.5 M of H,SO, /0.5 M of ethanol are shown in Figure 5a in
the presence of Ir/C, Pt,Sn,3/C, and commercial Pt/C (20 wt %,
ETEK) and PtRu/C [Johnson Matthey (JM), 30 wt % Pt, 15 wt %
Ru] electrocatalysts. The positive potentials are limited to 0.35 V
to avoid the dissolution of the Sn. Figure 5a shows a low peak
potential during ethanol oxidation of Ir;;Snye /C (at 0.07 V),
compared to those of Ir/C, Pt;,Sn,3/C, PtRu/C (JM), and Pt/C
(ETEK). In particular, the Ir;;Sn,y /C sample exhibits a peak
mass current density of 130 mA/mg Ir at a potential of 0.07 V,
which is 11 and 30 times higher than those of commercial PtRu/C
and Pt/C, respectively.

Current density vs time measurements were conducted in a
solution of 0.5 M of H,SO, /0.5 M of ethanol with a constant
applied potential at 0.1 V for 2 h. For all five current density vs
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time curves displayed in Figure Sb, the current drops continually
with time, which could be due to the poisoning of surface active
sites. Ir;1Sn,9 /C catalysts show a superior long-term activity
with a mass current density of 8.7 mA/mg Ir after 2 h reaction,
while the Ir/C, Pt;,Sn,3/C and PtRu/C only exhibit 0.6, 2.2, and
1.8 mA/mg Pt (or Ir), respectively. Commercial Pt/C was
inactive under such a low steady potential (0.1 V). The current
of Pt/C dropped to zero within seconds of reaction.

Figure Sc shows a linear region of the Tafel plots measured in
the solution of 0.5 M of H,SO, /0.5 M of ethanol with a scan rate
of 1 mV s~ " of the Ir;;Sn,9/C, Pt,,Sn,3/C, and PtRu/C (JM)
catalysts. The lowest Tafel slope (107 mV dec™') found in
Ir;;Sn,o /C indicates a high rate of ethanol electrooxidation.
Similar anodic Tafel slopes of 114 mV dec™ ' were obtained from
Pt;,Sn,3/C catalysts, suggesting that the same reaction mechan-
ism occurs for both catalysts containing Sn. Tafel slopes on both
catalysts are in agreement with the Temkin-type adsorption for
both OH,4 (*OH) and ethoxi (*CH3CO) at low potentials,
indicating reaction (CH;CO + OH— CH;COOH) is the rate-
determining step for the EOR at low potentials.®> In contrast,
ethanol oxidation on PtRu/C (JM) surface showed a much
higher anodic Tafel slope (257 mV dec -, suggesting a lower
charge-transfer rate during the EOR.

3.4. Optimum Sn Content in Ir—Sn/C Catalysts. We have
studied in total four different carbon supported Ir—Sn bimetallic
nanoparticles with the atomic ratios of Sn ranging from 18 to
54% (Figure S8, Supporting Information). The strains (S) of
various Ir—Sn alloys are used to characterize the level of Ir—Sn
alloying, given by the equation: S = (ay,_s,, — ar,)/ar, from which
ay—sn and ay, are the lattice parameters of supported FCC Ir—Sn
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and Ir nanocatalysts calculated from the (111) diffraction peaks.
To examine the relationship between alloy formation and
electroactivity of various Ir—Sn alloys, Figure 6 shows the current
density obtained from chronoamperometric measurements as a
function of the strain (S). Foremost, the data show that all the
Ir—Sn catalysts had larger lattice parameters than pure Ir nano-
particles and that the strain (S) and mass current density toward
EOR increased when more Sn alloyed with Ir. When the strain
increased from 0.6% to 3.8%, the averaged mass current density
obtained from current density vs time measurements increased
from 4.3 to 9.0 mA/ mg Ir. Among the various Ir—Sn catalysts,
Ir;;Sn,0/C and Irg,Sn;g/C had higher strains (S) and catalytic
activities. Meanwhile, an inverse linear relationship between Sn
content and alloy strain (S) was observed. For example, Irg,Sn; s/
C had the largest value of strain (over 4%), while Ir,sSns,/C had
the least value (0.6%), showing a “negative” deviation from
Vegard’s law. This could be explained by the formation of
nonalloyed SnO, on the surface, consistent with a similar
“inverse” Vegard’s law found in the Pt—Rh and Pt—Ru bimetallic
nanostructures reported greviously where surface segregation of
transition metal happened **°

Although the Ir—Sn system has been rarely studied previously,
its Pt-based counterpart (Pt/Sn) has been intensively studied in
the EOR from the groups of Lamy, Antolini, Behm, and Xin, with
controversial results on the optimum ratio of Sn.%>%%373566~71
Xin et al. reported that the optimum composition of 33—40%
(molar ratio) of Sn in nonalloyed Pt—SnO, had a better
performance than a Pt—Sn alloy for EOR.” Conversely, Behm
et al reported a less alloyed Pt—Sn/C catalyst with 25% Sn
showed lower EOR activity compared to commercial Pt.”>
Antolini recently predicted the theoretically optimized Sn con-
tent for the EOR in partially alloyed Pt,—Sn/C catalysts for the x
in the range from 1.66 to 3, representing 25—38% Sn.”" Our data
(Figure 6) showed that a maximum of ~20% metallic Sn might
be able to completely alloy with Ir, where the largest strain (S)
value was observed. When more Sn atoms were added, they were
not fully incorporated into the Ir lattice, resulting in the surface
enrichment as oxides.

To provide insight into the surface enrichment of Sn in the
Ir—Sn catalysts, we have employed DFT calculations to model
the stability of Sn atoms in Ir—Sn particles. Figure 7 shows
optimized structures for four different Ir/Sn particles. All of these
particles contained 50 atoms and approximated particles 1 nm in
diameter. The structure for an Ir particle was taken from the work
of Doye and Wales,® wherein they used a Monte Carlo algorithm
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Figure 7. Calculated DFT potential structures for Ir—Sn nanoparticles.
The relative energies for the particles are shown; the particle at 0 eV/
atom is the most stable. The gray and brown spheres represent Ir and Sn
atoms, respectively.

with an empirical potential to determine optimized particle
structures for Pt and Rh. We took the particle geometries and
reoptimized them using DFT but with Ir rather than Pt or Rh.
These particular nanoparticles display large number of (111)
facets, the most stable FCC surfaces, and thus provide a reason-
able model representing the “real” catalyst particles. For three of
the particles we took the Ir particle and substituted six Sn atoms
along the surface of the particle, since the experimental results
show a high concentration of Sn atoms on the surface of Ir;;Sn,g
nanoparticles. As we can see in Figure 7, the Sn atoms distort the
surface of Ir/Sn particles extensively, and the Sn atoms move
away from the surface, likely due to the poor Ir—Sn miscibility.
We also modeled one particle by replacing six core Ir atoms with
Sn. This particle distorted significantly, and several Sn moved to
the surface during relaxation. Relative energies for the different
particles were calculated (0.00 eV/atom corresponding to
the most stable particle), and the Ir—Sn particle with core Sn
was unstable by 0.15 eV/atom, while the Sn surface-rich par-
ticles were relatively close in energy (0.00—0.01 eV/atom). These
calculations help explain why the experimentally observed
carbon supported Ir—Sn particles are Sn-rich on the surface, since
they show the poor mixing of Ir and Sn in the core of the particle.
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3.5. Alloying Effect of Ir—Sn/C in EOR. The superior
performance of binary alloy electrocatalysts has been attributed
to a bifunctional effect and an electronic (ligand) effect, which
have been frequently observed in many Pt-based binary catalysts.
To estimate the synergistic effect of Ir—Sn alloy in EOR, the
electro-activities of Ir;;Sn,y/C reduced at 205 and 300 °C and
oxidized at 250 °C were compared. After reduced Ir;,Sn,g /C
(as Ir/IrSn/Sn0,) was oxidized at 250 °C in the air, the mass
current density of oxidized Ir;;Sn,o /C only showed 10% of the
value displayed by the reduced Ir;;Sn,o /C (H,, 205 °C) in CV
measurements, and it eventually dropped to 0 after 2 h in IT
measurement (Figure Sd). We also notice that the Ir;;Sn,e/C
reduced at 300 °C showed slightly decreased current density,
even though it had more alloying. This can be explained by the
possible aggregation of catalysts at elevated temperature.

It is also noteworthy that the current densities for ethanol
oxidation shown in Figure 5d follow the same trend as the white-
line intensity of the Ir L3 adsorption edge (Figure 3b inset). For
example, Ir;;Sn,o/C catalysts reduced at 205 and 300 °C, which
show the higher current density in EOR, had lower white-line
intensity in the Ir L; edge relative to the Ir foil, demonstrating a
more filled Ir d-band. On the other hand, Ir;;Sn,e/C catalyst
oxidized at 250 °C had the least activity in EOR as well as higher
white-line intensity relative to Ir foil. This correlation indicates
that the promoting effect of alloying between Ir—Sn is also linked
to the occupancy of the Ir d-band. Increasing the amount of alloy
resulted in a reduced white-line intensity, which has been
interpreted in terms of smaller vacancy of the Ir Sd-band. It is
known that transition metals (e.g., Sn and Ru) lead to more
occupancy of the Pt d-band, which weakens the Pt—CO bond.
The weakened Pt—CO bond will then enhance CO diffusion
from Pt to Ru or Sn sites and allow the formation of CO, at lower
potentials.”*~”” In this work, the electronic back donation from
Sn to Ir in the Ir—Sn alloy phase changed the electronic structure
of Ir, allowing the weakening of the Ir—CO bond and therefore
improving catalytic performance. A higher degree of alloying
found in Ir;;Snye/C brings Ir and Sn atoms in close proximity
throughout the catalysts, which could optimize both bifunctional
effects and electronic modification between the two components.

3.6. DFT Calculations of Surface Reactions. In order to
understand how the nature of the catalyst affects the reaction of
ethanol, we modeled the first steps of ethanol decomposition and
oxidation (i.e., H removal) over several potential catalyst sur-
faces. The surface clusters used in the current work are shown in
Figure 8. Further details on the clusters and ethanol reactions are
found in the Supporting Information (Figures S9—S13). In these
calculations we ignored the effect of aqueous environment or
assumed the ethanol reference state to be gas phase. This
simplified approach is often used as a starting point to under-
standing catalytic reactions in real-world conditions. The initial
dehydrogenation of adsorbed ethanol may proceed to produce
three different products, CH;CH,O, CH3;CHOH, or
CH,CH,OH as shown in the following pathways:

*CH;CH,0H — *CH;CHOH + *H )

We calculated reaction energies for these processes and report
them in Figure 8. For these simplified calculations we have not

calculated activation energies but expect the activation energies
to be proportional to the reaction energies, in accord with
Bronsted—Evans—Polanyi relation (see for example refs 78
and 79). That is, lower reaction energies will tend to have lower
reaction barriers.

Our preliminary data show that the presence of Sn, either
through a pure Sn surface or Sn in an Ir—Sn alloy, destabilizes the
reaction intermediates to the point of the intermediates being
unstable on the surface. On the other hand, both Ir and SnO,
display reaction energies that are reasonably exothermic, with the
dehydrogenation reaction over SnO, being very exothermic. It
should be emphasized that the DFT calculations shown here are
preliminary and certainly do not provide a complete picture of
ethanol oxidation, and further work is needed to clarify the
reaction mechanism. However, it is reasonable to conclude: (1)
Ir-based materials might act as good catalysts for ethanol oxida-
tion; (2) SnO, on the surface may further enhance the catalytic
performance due to its high tendency to dehydrogenate the
ethanol via a 0-C—H bond scission step (eq 2); and (3) Sn metal
is inactive toward dehydrogenation of ethanol. The DFT calcula-
tions support the picture of Ir/Ir—Sn/SnO, being the active
phase of the catalyst.

3.7. Final Product of EOR on Ir-Sn/C. Electrooxidation of
ethanol is a complex reaction because several reaction products
and intermediates form. Several in situ techniques, such as differ-
ential electrochemical mass spectrometry (DEMS) and Fourier
transform infrared spectroscopy (FTIRS), have been used to
study the reaction mechanism of ethanol electrooxidation by
identifying the adsorbed intermediates on the catalysts at the
different potentials.®”>>7%%%~*> It has been concluded that the
oxidation mechanism of ethanol in acidic solution involves two
major series of parallel reactions, in which carbon dioxide or
acetic acid is the final product:

CH3CH20H - [CH3CH20H]ad - CH3CHO - CH3
+ CO — 2CO; (complete oxidation)

CH;CH,0H — [CH;CH,0H]_, — CH;CHO — CH;CO
— CH;COOH (partial oxidation)

Although the nature of ethanol oxidation on the surface of an
Ir—Sn alloy catalyst is unclear, it is speculated that its reaction
pathway may be similar to that on its Pt—Sn alloy counterpart.
To assess the possible reaction mechanism of EOR on Ir—Sn
surface, electroactivities of Ir;;Sn,o/C, Pt/C, and Ir/C in the
presence of acetaldehyde, acetic acid, and ethanol have been
studied, respectively. CV data show: (1) acetaldehyde oxidation
on Ir—Sn at low-potential range resembles the polarization
curves when the ethanol was used as fuel; (2) only Ir,;Sn,,/C
was active toward the oxidation of acetaldehyde (Figure 9b); and
(3) Iry1Sny/C, Ir/C, and Pt/C were all inactive toward acetic
acid (Figure 9c). These data strongly indicate that the peaks
appearing at ~0.07 V during the ethanol oxidation reaction on
the surface of Ir;;Snyy/C can be attributed mainly to the
oxidation of ethanol into acetic acid in the presence of Sn and
that the final product could be acetic acid via a partial oxidation,
in good agreement with the Tafel measurements shown in
Figure Sc. Similar results were also reported for a Pt—Sn alloy
counterpart catalyst reported from Lamy and co-workers.*> They
found that the formation of CO, and acetaldehyde decreased on
a Pt—Sn alloy surface compared to pure Pt at low temperature,
whereas the formation of acetic acid increased. They explained
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that once acetaldehyde formed on the Pt sites, C—C cleavage was Previous in situ differential electrochemical mass spectrometry
not favored in the presence of alloyed Sn. Acetaldehyde was (DEMS) studies showed that the selectivity for complete oxida-
quickly oxidized into acetic acid in the presence of OH tion to CO, is only about 1% at the potentials up to 1.1 V [vs
species before the breaking of the C—C to form CHj and reversible hydrogen electrode (RHE)] on the surface of Pt;Sn/C
CO, since adjacent Sn can activate water molecules at very alloy at room temperature in an acid medlum, with the major
low potential.** products being acetaldehyde and acetic acid.” Since formations
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of acetaldehyde and acetic acid deliver only 2 and 4 electrons,
compared to the 12 electrons upon the formation of CO,, the
efficiency of incomplete EOR is low. Therefore, studying and
developing anode catalysts for highly efficient oxidation of
ethanol into CO, are a challenge that requires detailed, funda-
mental understanding of the EOR reaction mechanisms.

‘While our data show that a higher alloying level between Ir and
Sn results in larger ethanol oxidation currents, detailed in situ
analysis of the distribution of products (acetic acid, acetaldehyde,
CO,) at given potential is necessary in the future to further
understand the role of SnO, and Ir—Sn alloy in the oxidation of
ethanol oxidation, in order to elucidate the effects of Ir—Sn
heterogeneous structures on the reaction mechanism.

4. CONCLUSION

In this paper, we demonstrated the “surfactant-free” synthesis
of carbon-supported Ir—Sn/C binary alloy nanoparticles via the
polyol process. Compared to commercial Pt/C and PtRu/C
benchmark catalysts as well as homemade Pt—Sn/C, superior
electroactivity and stability were found in Ir—Sn/C from the CV
and current density vs time measurements. Our results, obtained
from several characterization techniques, including DFT calcula-
tions and electrochemical measurements, allow us to uncover the
correlation between the Ir—Sn/C heterogeneous structure and
electroactivity in EOR. Our findings include the following: (1)
The Ir;;Sn,9/C catalyst consists of an Ir core-rich, Ir—Sn alloy
shell-rich, and SnO, present on the surface, indicating an Ir/
Ir—Sn/Sn0O, heterogeneous structure. In particular, the max-
imum metallic Sn content alloying with Ir is found to be around
20%. (2) The Ir;;Snye/C catalyst showed a very low peak
potential (0.07 V vs Ag/AgCl) during EOR, which is mainly
due to the formation of acetic acid without breaking of the C—C
bond. (3) Both the Ir—Sn alloy and SnO, on the surface are
important in the EOR, demonstrated by our electrochemical
measurements and DFT calculations. In particular, higher level of
Ir—Sn alloying resulted in higher mass density in both CV and
current density vs time measurements.

Our results will have a significant impact on DEFCs technol-
ogy by completely replacing Pt with an alternative low-cost,
highly active Ir-based nanocatalyst. Our results not only highlight
the intriguing structure—function correlation in catalyst design
for DEFCs but also for the fundamental catalysis that drives so
many processes. The reported findings will directly support the
nation’s effort to diversify its energy supply portfolio and will help
to reduce the global carbon footprint, by offering a more cost-
effective DEFC technology.
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