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Intermetallic TaPt; nanoparticles (NPs) are materialized for
the first time and exhibit much higher catalytic performance
than state-of-the-art Pt;Sn NPs for the electrooxidation of
ethanol. In-situ infrared-reflection-absorption spectroscopy
(IRRAS) elucidates that the TaPt; NPs cleave the C-C bond in
ethanol at lower potentials than Pt NPs, efficiently promoting
the complete conversion of ethanol to CO,. Single-cell tests
demonstrate the feasibility of the TaPt; NPs as a practical
energy-extraction catalyst for ethanol fuels, which realizes
more than 2 times higher output currents than Pt-based cells
at high discharge currents.

Small organic molecules (SOMs) including formic acid
and alcohols are becoming crucial as environmentally-benign
fuels for sustainable economy and society.' In particular,
ethanol is of confocal interest because it contains the
energetically dense C-C bond and can be produced via
biochemical processes, possibly leading to carbon-neutral
economy.” However, ethanol fuels are still precluded in
widespread use except as an additive to petroleum for
traditional combustion systems because of the lack in efficient
catalysts which promote the complete oxidation of ethanol
near room temperature, not being accompanied by heat loss.**
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Pt catalysts can efficiently promote the complete
electrooxidation of ethanol to carbon dioxide (CO,) involving
the C-C bond cleavage, but suffer from poor long-term
activity due to severe catalytic poisoning by one of the
reaction intermediates, carbon monoxide (CO-poisoning).**’
Alloying Pt with late-d-metals or metalloids including Ru, Fe,
Co, Ni, Cu or Sn improves both the CO-poisoning tolerance
and catalytic activity toward Cl-molecule fuels such as
methanol and formic acid, but diminishes the catalytic
activity toward the complete electrooxidation of ethanol.***
In addition, the traditional binary-alloy catalysts lack long-
term stability in repeated use because of surface segregation:
the counter elements of Pt readily leach out of the alloy or
migrate into the bulk during long-term operation at high
overpotentials.®

It is acknowledged that the improved -catalytic
performance of the late-d-metal-Pt alloys for the CI
molecules is attributed to reaction-active OH admolecules,
which are formed over the electropositive late-d-metal atoms
in aqueous media and preferentially oxidize reaction
intermediates on the neighboring Pt atoms (bi-functional
mechanism).” Early-d-metals including Ta may be a rational
alloy counterpart to Pt because Ta is much more
electropositive and oxyphilic than the late-d-metals and can
more favorably form the OH species to promote the desired,
complete electrooxidation of ethanol.® Furthermore, the Ta-Pt
alloys, when atomically ordered in an intermetallic phase of
TaPt;, can act as a more stable catalyst than conventional late-
d-metal alloys because of its large enthalpy of formation: e.g.,
4H, = -59.5 kJmol™ of Ta for TaPt; compared with AH, = -
13.6 kJ mol™ of Fe for Fe-Pt alloys.” However, synthesis of
intermetallic TaPt; catalysts in the desired form of
nanoparticles or porous materials has been a big challenge
because of the extremely oxyphilic nature of Ta metal (Ta(0)).

In this communication, we report the first successful
synthesis of intermetallic TaPt; in the form of nanoparticles
(TaPt; NPs) and demonstrate their much enhanced activity
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toward the electrooxidation of ethanol (EOR) in comparison
to pure Pt NPs or state-of-the-art catalytic alloys, Pt;Sn NPs.
The TaPt; NPs also exhibit higher stability to 10000-times
repeated EOR than Pt NPs or the alloy catalysts. Single-cell
assembly comprising the TaPt; NPs as the anode catalyst has
achieved higher power output than the reference cell
comprising Pt catalysts. /n-situ IRRAS has elucidated that the
TaPt; NPs efficiently catalyze the C-C cleavage in ethanol at
lower onset potentials than Pt NPs to promote the complete
conversion of ethanol to CO,.
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Figure 1. (a) pXRD profiles of Ta-Pt NPs (as-prepared and
annealed at different temperatures). For comparison, the
simulated pXRD pattern for intermetallic TaPt; is presented at
the bottom. Structural models showing atomic arrangements
in the Ta-Pt NPs (b) and TaPt; NPs (c). HX-PES spectra in the
Ta 4f- (d) and Pt 4f- (e) regions for the TaPt; NPs. HX-PES
spectra for bulk Pt, bulk Ta and bulk TaPt; are also shown as

references.

The TaPt; NPs were synthesized by co-reduction of metal
precursors in dry diglyme (See supporting information for the
details). Figure la shows powder X-ray diffraction (pXRD)
profiles of the as-prepared product and of the products
annealed at different temperatures. Broad diffraction peaks
are observed for the as-prepared product, indicating low
crystallinity and/or small particle size. However, clear
diffraction peaks appear when annealing the as-prepared
product at high temperatures in vacuum. The product
annealed at 600 °C exhibits five diffraction peaks at 39.7°,
46.2°, 67.3°, 81.2° and 85.6°, corresponding to the 111, 200,
220, 311 and 222 reflections of an fcc-type structure. The
product annealed at 600 °C is consisted of alloy nanoparticles
(Ta-Pt NPs) in which Ta and Pt are statistically distributed
over the fcc lattice (Figure 1b). The calculated lattice
parameter, a = 3.932 A, is larger than that of pure Pt, a =
3.920 A, showing the incorporation of larger Ta atoms in the
Pt matrix to form the Ta-Pt phase. As the annealing
temperature increases, additional peaks emerge from the
intermetallic TaPt; phase (at 800 °C and 900 °C, Figure S1).
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The pXRD pattern for the product annealed at 1000 °C is
fully assigned to intermetallic TaPt; (NbPt;-type, space group
P21/m, a=4.869 A, b=15537 A, c=9.269 A, B =100.62°,
Figure 1b)."

Hard X-ray Photoemission spectra (HX-PES) of the TaPt;
NPs show clear emission peaks from the metallic Ta(0)
(Figure 1d). The binding energies of the Ta-core emissions
from the TaPt; NPs are consistent with the values for bulk
TaPt; (Figure 1d). Note that the Ta-core emissions from the
TaPt; NPs are shifted to higher binding energies with respect
to those from pure Ta metal, showing that the valence
electrons of Ta atoms are used for the formation of Ta-Pt
bonds to diminish the screening of the nucleus charge (Table
S1). The formation of the Ta-Pt bonds also results in an
increase in the binding energy of the Pt-core emissions from
the TaPt; NPs, with respect to those of pure Pt (Figure le and
Table S1).

Figure 2. (a) TEM- and (b) STEM images of the TaPt; NPs.
The inset shows a simulated atomic arrangement in the TaPt;
NPs, viewed in the <201> direction. (¢) FFT pattern obtained
from Figure 2b. (d)-(g) EDS mapping of Pt (red), Ta (green)
and the composite image for the TaPt; NPs.

Figure 2a shows that the prepared TaPt; NPs were
agglomerated to form a network structure. The STEM image
of a TaPt; NP and the corresponding FFT pattern indicate that
the atoms in the TaPt; NPs are ordered in the monoclinic
NbPt;-type structure, as expected from pXRD (Figures 2b and
2¢)."” The EDS spectra have confirmed that the Ta- to Pt
atomic ratio in the TaPtNPs is 1:3 (Figure S2). The
compositional mapping over the TaPt; NPs is presented in
Figures 2d-g. Importantly, the distributions of Pt (red) and Ta
(green) are uniform over the TaPt; NPs, as is evident from the
composite image (Figure 2g). The pXRD-, HX-PES- and
TEM/STEM characterization have demonstrated that
annealing of the as-prepared product at 1000 °C leads to the
desired, single-phase TaPt; NPs.

The catalytic activity of the TaPt; NPs toward the ethanol-
electrooxidation reaction (EOR) was tested in comparison
with that of the Pt NPs and Pt-alloy NPs (Figure 3a and 3b).
The electrooxidation currents were normalized with the
electrochemical ~ surface area (ECSA, SI)."  The
electrooxidation currents normalized to the Pt loading weight
(mass activity) are shown in SI as Figure S3. The EOR peak-
current density of the TaPt; NPs is 3 times higher than that of
the Pt NPs (Figure 3a). The EOR onset potential of the TaPt;
NPs, +0.27 V, is 0.17 V lower than that of the Pt NPs, +0.44
V. The TaPt;NPs are superior to the state-of-the-art EOR
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catalyst, carbon-supported Pt;Sn NPs (Pt;Sn/C), in terms of
the higher current density and the lower onset potential
(Figure 3b). One of the reasons for the enhanced activity of
the TaPt; NPs is likely due to the ability of oxyphilic Ta
reacting with water to form Ta-OH, which can further oxidize
the reaction intermediates of alcohols chemisorbed onto the
neighboring Pt atoms. "
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Figure 3. (a), (b) Cyclic voltammetry profiles for the TaPt;
NPs and Pt NPs in 1.5 M ethanol solution. (¢) Variation of
ECSA of the TaPt; NPs and Pt NPs as a function of potential
cycles. (d) I-V profiles and power density profiles of the TaPt;
NPs and Pt NPs, obtained at room temperature in 1 M ethanol
solution.

In order to investigate the long-term stability of the TaPt;
NPs, we repeated potential cycles from -0.17 V to +1.0 V in
0.5 M H,SO, solution. Figure 3¢ depicts the ECSA of the
catalysts as functions of the number of cycles. The TaPt; NPs
show good stability to repeated potential cycles: the TaPt;
NPs retain 85 % of its initial ECSA even after 10000 cycles.
The increase in ECSA of the TaPt; NPs, which is observed on
the first few cycles, may be attributed to removal of
contaminants from the catalyst surface, which is evident from
the prominent hydrogen adsorption/desorption peaks (Figure
S4)."* EDS mapping after the stability test further confirmed
that the TaPt; NPs retain their atomic arrangement and
chemical composition intact even after the potential cycles
(Figures S5 and S6). By clear contrast, the Pt NPs and
Pt;Sn/C retain only < 50 % of its initial ECSA after 10000
cycles, because of agglomeration and/or leaching of NPs
(Figure S7)." These results of the stability test demonstrate
that alloying of Pt with Ta significantly stabilizes the catalyst
against harsh electrochemical conditions, possibly because
the strong Ta-Pt bonds inhibit surface segregation and/or
leaching during the catalysis.

We examined the feasibility of the TaPt; NPs as a
practical energy-extraction catalyst for ethanol fuels by using

This journal is © The Royal Society of Chemistry 2012
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a direct-ethanol-fuel-cell (DEFC) assembly (Figures S8 and
S9). Figure 3d shows the /-V profiles and power-density
profiles obtained for the different cell assemblies, each of
them loaded the TaPt; NPs (TaPt;-DEFC) or the Pt NPs (Pt-
DEFC)."” The TaPt;-DEFC and the Pt-DEFC exhibited
similar performance at low discharge currents. However, both
the output potential and power output of the TaPt;-DEFC
became higher than those of the Pt-DEFC when the discharge
current exceeded 0.15 mA-cm™ (Figure S10). The power
density of the TaPt;-DEFC reached 215 uW at 1.6 mA-cm?,
which was almost 2 times higher than that of the Pt-DEFC.
This value was equal to 1/2 of the power density of a DEFC
assembly comprising the state-of-the-art DEFC catalyst,
Pt;Sn/C, even though the particle size of the TaPt; NPs (>200
nm) was 100 times larger than that of the supported Pt;Sn
NPs (2~3 nm) (Figure S11 and Table S2). Note that the TaPt;-
DEFC, unlike Pt-DEFC, exhibited no degradation in power
density at high current densities > 1 mA-cm?, showing
inhibited polarization effects at the electrodes and improved
tolerance to CO poisoning.'® Indeed, CO-stripping tests
(Figure S12) and density- functional-theory (DFT)
calculations (Figure S13) have verified that the CO-
chemisorption to the TaPt; surface is significantly weakened,
resulting in the improved CO-poisoning tolerance which is
competitive to that of the Pt;Sn/C (Figure S12).
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Figure 4. In-situ IRRAS spectra (from 1900 to 2500 cm™)
over the TaPt; NPs (a) and Pt NPs. (b) /n-situ IRRAS spectra
(from 2200 to 2500 cm™) over the TaPt; NPs (c) and Pt NPs
(d). The broken line in (d) situated at 2350 cm™ corresponds
to the peak position for atmospheric CO..

We further performed in-situ IRRAS measurements to
elucidate the EOR kinetics over the TaPt; NPs (Figures 4a-
4d). Figure 4a shows a series of IRRAS spectra for the TaPt;
NPs in the CO-stretching region, acquired with increasing
potentials (Figure S14). When the potential reaches +0.15 V,
an anomaly becomes visible on the profile at 2070 cm™. This
anomaly corresponds to the stretching mode of the CO
molecules which are generated through cleavage of the C-C
bond in ethanol.'” The CO-stretching peak continuously
grows with increase in potential up to +0.35 V, resulting in
the enhanced EOR current in the potential range from +0.15
to +0.35 V (Figure 4a). The CO-stretching peak gradually
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diminishes when the potential exceeds +0.40 V and finally
becomes invisible at +0.60 V, as a result of the full
conversion of CO admolecules to CO, (Figure S10). By
contrast, CO evolves over the Pt NPs first at +0.25 V or
higher potentials, which is consistent with literature (Figure
4b).'® The TaPt; NPs are more active than Pt catalysts toward
the C-C bond cleavage, in terms of the low onset potential for
the CO generation.

The TaPt; NPs efficiently catalyze not only the C-C bond
cleavage but also the complete conversion of ethanol to CO,.
As shown in Figure 4c, when the potential exceeds +0.35 V,
the asymmetric stretching peak of CO, appears at 2342 cm’
over the TaPt; NPs. The CO,-stretching peak over the Pt NPs
becomes first visible at +0.45 V, indicating that the Pt NPs
are less active toward the complete ethanol/CO, conversion
than the TaPt; NPs (Figure 4d, note that the IRRAS spectra
contain background signals from atmospheric CO, at 2350
cm™)." Importantly, CO, starts to evolve over the TaPt; NPs
at a similar potential to which the CO-stretching peak starts to
decrease, +0.35 V (compare Figures 4a and 4c). In addition,
the increase in the CO,-streching peak at > +0.40 V (Figure
4c) is proportional to the decrease in the CO-stretching peak
(Figure 4a). The enhanced ethanol/CO, conversion over the
TaPt; NPs is primarily attributed to the electrooxidation of
the CO admolecules.

In conclusion, we have successfully developed a high-
performance alcohol-electrooxidation catalyst, TaPt; NPs.
The TaPt; NPs are superior to state-of-the-art binary alloy
catalysts in terms of the stability and catalytic activity toward
the electrooxidation of ethanol. /n-situ IRRAS measurements
have elucidated that the TaPt; NPs efficiently promote both
the C-C bond cleavage in ethanol and the complete
conversion of ethanol to CO,. Moreover, single-cell tests have
demonstrated that the TaPt; NPs act as a highly feasible
catalyst for the desirable low-temperature energy extraction
from ethanol fuels. The large particle size of the current TaPt;
NPs limits the figure of merit of TaPt; NPs-based catalysts.
However, the particle size of catalysts can be significantly
reduced by dispersing the NPs over appropriate electro-
conductive supports, such as carbon nanoparticles or
graphenes (Figure S15).*° The molecular kinetics of the
promoted C-C bond cleavage and CO, evolution over the
TaPt; surface is currently being investigated. The developed,
high-performance TaPt; NPs electrocatalyst may prompt the
low-temperature energy management based on ethanol fuels,
meeting the energy/environmental challenges presently we
face.
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