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ABSTRACT: A Rh—Sn nanoparticle is achieved by combinato-
rial approaches for application as an active and stable
electrocatalyst in the oxygen reduction reaction. Both metallic
Rh and metallic Sn exhibit activities too low to be utilized for
electrocatalytic reduction of oxygen. However, a clean and active
Rh surface can be activated by incorporation of Sn into a Rh
nanoparticle through the combined effects of lateral repulsion,
bifunctional mechanism, and electronic modification. The
corrosion-resistant property of Rh contributes to the con-
struction of a stable catalyst that can be used under harsh fuel cell
conditions. Based on both theoretical and experimental research,
Rh—Sn nanoparticle designs with inexpensive materials can be a
potential alternative catalyst in terms of the economic feasibility

of commercialization and its facile and simple surfactant-free microwave-assisted synthesis.
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lectrocatalysis for the oxygen reduction reaction (ORR)

has been extensively researched in the fields of nanoma-
terials and electrochemistry, using polymer electrolyte mem-
brane fuel cells, owing to the sluggish kinetics of ORR
compared to the hydrogen oxidation reaction."”” Nanosized
materials for ORR catalysis should be chemically active toward
oxygen molecules and stable under the corrosive operating
conditions of a fuel cell system. Noble metals (e.g., Pt, Pd, etc.)
have been suggested as electrocatalysts that satisfy the
minimum requirements of ORR activity and material
stability.” ™ In terms of the basic aspects of surface chemistry,
the ORR mechanism involves the adsorption of an oxygen
molecule, stabilization of hydroxyl functional groups on the
catalyst surface, and subsequent desorption of water molecule
from the active metal surface.”” This implies an optimum
binding energy between the oxygen species and the metal
surface for feasible ORR. Theoretical calculations have revealed
that a relatively lower binding energy barrier of oxygen and its
related species on Pt surface leads to higher coverage of
adsorbed oxygen species on the Pt surface that hampers ORR
by blocking the active sites.” '* Therefore, Pt- and Pd-based
nanoparticles alloyed with 3d transition metals like Ni, Co, Fe,
and Cu have been designed for enhancing the ORR kinetics by

-4 ACS Publications  © 2017 American Chemical Society

5796

tuning the oxygen binding energy and by reducing the amounts
of expensive noble metals used.''~'* Insertion of 3d transition
metal atoms into Pt or Pd nanoparticles can induce a small
lattice mismatch in the crystal structure, which alters the
electron density of Pt or Pd such that optimum interaction
energy with oxygen adsorbates is further approached.

Both ORR activity and economic feasibility can be improved
through incorporation of 3d transition metals. However,
stability of the resultant alloys is a serious issue because the
3d transition metal is prone to dissolution under harsh
operating conditions.””~"” To fulfill the requirements of both
high activity and long-term stability for bimetallic nanoparticles,
incorporation of a third metal component has been proposed
(e.g, Au, Rh, and Mo)."**° Ternary electrocatalysts
maintained their ORR activities after accelerated degradation
tests due to the extremely high material stability of the third
metal atoms. However, these designs require complicated
procedures and further treatments to obtain appropriate
compositions and local sites on the surface of the nanomateri-
als. Moreover, from the viewpoint of expansion of material
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Figure 1. Electrocatalysis of Rh—Sn nanoparticles. (a) Linear sweep voltammograms of Rh- and Sn-based catalysts and commercial Pt/C in an
oxygen-saturated 0.1 M potassium hydroxide at room temperature with a rotating speed of 1,600 rpm and a sweep rate of S mV s™". (b) Comparison
of kinetic current densities normalized by the electrochemical active surface area and weight of total noble metals at 0.75 V (left side) and 0.80 V
(right side). (c) The Koutecky—Levich plots obtained from ORR results of RhySn,/C at various potentials and rotating speeds. (d) Comparison of
Tafel slopes for Rh;Sn,/C (orange triangle), Rh/C (red rectangular), and commercial Pt/C (gray circle) catalysts.

selection for ORR electrocatalyst excluding conventional Pt-
and Pd-based materials, it is essential to exploit new candidates
for relieving the dependence of specific materials and
suggesting insights to develop active nanomaterials. Since
monometallic Au or Rh nanoparticles have poor ORR activities
even in an alkaline electrolyte, morphology-controlled Pt-free
binary nanostructures like Pd—Rh and Au—Rh have been
proposed to promote ORR activity for highly stable and
durable catalysis.”'~** It signifies that Rh-based materials may
be possible candidates for ORR electrocatalyst via adequate
combinatorial design. Despite these efforts, cost issues still
remain. Therefore, new designs of nanomaterials for electro-
catalytic reactions are in demand to produce active and stable
ORR catalysts suitable for industrial applications.

Sn is a cheap material that is known to serve as an effective
cocatalyst for electrocatalysts, especially in ethanol oxidation.
Sn-incorporated Pt or Pd nanoparticles displayed better
catalytic activities because of the bifunctional effect and
electronic modification on the nanoparticle surface.”>** Initial
research in the field of electrocatalysis revealed that the Pt—Sn
catalyst showed enhanced performance toward alcohol
oxidation compared to Pt itself, whereas Ir—Sn and Rh—Sn
had no effect and a negative effect due to the low activities of Ir
and Rh, respectively.””** However, by controlling the operating
conditions and carefully tailoring the nanoparticle geometry,
few studies recently reported that these nanomaterials were also
successfully applied as effective catalysts for ethanol oxida-
tion.””*" Likewise, these combinatorial-designing approaches
can lead to other electrocatalytic reactions including ORR.>" Rh
has been widely utilized in the fields of alcohol electro-
oxidation, water splitting, and exhaust gas purification due to its
unique binding properties and high corrosion resistance.”’>**
Thus, the problem of corrosion-induced instability of the ORR
catalysts can be solved by using Rh-based bimetallic nano-
particles.

From these perspectives, a new type of Rh—Sn bimetallic
nanoparticle has been developed as an exceptionally active and
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stable electrocatalyst for ORR. This nanoparticle exhibited
remarkably improved ORR activity in an alkaline electrolyte
relative to the monometallic catalysts and showed superior
material stability after an accelerated degradation test. In
addition to the benefits of this catalytic material for ORR, this
catalyst can be synthesized in only a few minutes via a
surfactant-free microwave-assisted method. Hence, a facile and
rapid preparation method has been established to attain clean
and active catalyst surfaces free from surfactant residue, by
which ORR is impeded.

Electrochemical properties of the Rh- and Sn-based catalysts
were characterized using a rotating disk electrode in an oxygen-
saturated 0.1 M potassium hydroxide solution, as shown in
Figure la. Sn can be considered an ineffective catalyst for ORR
in an alkaline electrolyte because carbon-supported Sn
nanoparticles exhibited a polarization curve similar to that of
the pure carbon support. Although the carbon-supported Rh
nanoparticle had fair activity, it is not enough to be chosen as
the suitable electrocatalyst for ORR. In terms of Rh—Sn catalyst
(20 wt % of metal amounts, Figure S1), the atomic contents of
Rh to Sn in the electrocatalyst were 72 and 28%, respectively,
confirmed from inductively coupled plasma atomic emission
spectroscopy results. This catalyst was denoted as Rh;Sn,;/C,
indicating a Rh:Sn atomic ratio of ~3:1 (Table S1). The
Rh;Sn,/C catalyst showed remarkable improvements in ORR
activity and onset potential compared to the monometallic
catalysts (Figure S2a). In order to simply estimate the
electrocatalytic ORR activity, the differences in half-wave
potentials (E,/,) were obtained. The Rh;Sn,/C catalyst showed
positive shifts in E,, of 120, 340, and 50 mV, relative to Rh/C,
Sn/C, and commercial Pt/C, respectively. Kinetic current
densities (i) in ORR curves at 0.75 and 0.80 V were calculated
in accordance with Koutecky—Levich plots and are compared
in Figure 1b.>* Both Rh/C and Sn/C displayed extremely low
kinetic current densities at those potentials, whereas the kinetic
current density of Rh;Sn;/C exceeded them and was at least S
times more than that of the commercial Pt/C catalyst. The
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Figure 2. Morphological characteristics of Rh;Sn; nanoparticles. (a) HR-TEM image of Rh;Sn; nanoparticles on carbon support. (b) HR-XRD
results for Rh/C, Sn/C and Rh;Sn;/C (diamond: Rb, triangle: Sn/SnOx, circle: carbon). (c) Fourier transform magnitudes of Rh K-edge EXAFS
spectra for Rh;Sn,/C catalyst. (d) Oxidation state information on Rh and Sn for Rh/C and Rh;Sn,/C with XPS depth-profiling using incident

photon energies of 630 and 1000 eV.

number of electrons transferred (1) during ORR can be also
acquired (Figures lc and S2b). The slopes are parallel at
various potentials, demonstrating first-order reaction kinetics,
and the number of electrons transferred for the Rh;Sn;/C
catalyst was 3.9—4.0, which implies almost complete electro-
catalytic reduction of oxygen into water on the surface of the
Rh—Sn nanoparticles. According to the Tafel plots in Figure 1d,
the Rh—Sn nanoparticle catalyst had the lowest slope and the
highest kinetic current density relative to the monometallic
catalysts, which ensures superior charge-transfer kinetics of
Rh;Sn,;/C for ORR catalysis in alkaline environment.

Figures 2a and S3 show that the Rh;Sn; nanoparticles were
uniformly distributed on the carbon support, as observed using
high-resolution transmission electron microscopy (HR-TEM)
combined with energy-dispersive X-ray spectroscopy (EDS).
Each nanoparticle was evenly composed of Rh and Sn in the
expected ratio, confirmed by a line-scanning technique of EDS
measurement. The nanoparticles had an average diameter of 3.0
nm with a standard deviation of 0.4 nm. Such small deviation is
due to the well-controlled nucleation and growth rates obtained
through a microwave-assisted nanoparticle synthesis.” In order
to reveal the crystal structure of the catalytic materials, high-
resolution X-ray diffraction (HR-XRD) experiments were
performed (Figure 2b). HR-XRD results for Rh/C and Sn/C
verified the face-centered cubic structure of Rh and the
tetragonal crystal structure of Sn and its oxide forms,
respectively. For XRD data for Rh;Sn,/C, although a decrease
in peak intensities was observed, ascribed to the phase
transformation between face-centered cubic and tetragonal
crystal structure, the diffraction peaks of Rh were found to shift
to lower values without any splitting of the signals. This
represents that the Rh—Sn alloy nanoparticles were successfully
formed with lattice expansion. Fourier-transformed Rh K-edge
extended X-ray absorption fine structure (EXAFS) is depicted
in Figure 2c¢ to identify the coordination chemistry of Rh;Sn,/
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C. The two main peaks are relevant to the first coordination
shell of Rh, confirmed by simulation studies.*® Coordination
number of Rh—Rh for the Rh;Sn; nanoparticle was 6.1,
compared to 9.0 for pure Rh nanoparticles (Figure S4),
indicating that Rh and Sn atoms were well-combined in an
atomic scale rather than in the form of aggregates. High-
resolution X-ray photoelectron spectroscopy (HR-XPS) was
conducted to ascertain the relationship between catalytic
activity and chemical composition of the catalysts. Surface
and bulk sensitive information, especially the chemical states,
can be determined by a depth-profiling technique with
controlling incident photon energies based on the universal
curve.”” In spite of noble property of Rh, approximately one-
fourth of the surface Rh atoms were oxidized for the Rh/C
catalyst owing to a high surface-to-volume ratio of the
nanoparticles (Figures 2d and S5). On the contrary, when Rh
combined with Sn, most Rh atoms at the surface can be
maintained as metallic Rh relative to the pure catalyst surface.
Due to the difference in binding properties with oxygen species
and metal, oxygen tends to bind with the adjacent Sn surface
atom rather than with the Rh surface atom. Consequently, both
catalysts secured similar contents of metallic Rh as an active site
at their surfaces, even though one-fourth of Sn existed at the
surface of Rh;Sn;/C. In addition to a preference for the
oxidation of metal, the incorporation of Sn into the
nanoparticle can induce a lateral repulsion by hydroxyl
functional groups adsorbed on neighboring surface Sn
atoms.”” This leads to lower coverage of hydroxyl groups on
the Rh surface atoms and retains clean and active surface with
metallic Rh sites for easier adsorption of molecules.
Furthermore, the reoxidation and removal of species adsorbed
on Rh are also improved by adjacent hydroxyl groups adsorbed
on Sn due to bifunctional effect.’® Thus, tuning the nanoscale
geometry of Rh;Sn;/C can provide active surfaces and
aggressive interactions, resulting in enhanced electrochemical
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Figure 3. Characterizations of electronic structure and material stability for Rh;Sn; nanoparticles. (a) Rh K-edge XANES results of Rh/C and
Rh;Sn,/C. Inset: Sn K-edge XANES spectra for Sn/C and Rh;Sn;/C. (b) DFT calculations of density of states (DoS) for a surface Rh atom in
Rh(111) (gray) and Rh;Sn,(111) (red) planes. (The dotted line at 0 eV stands for a Fermi level.) (c) CO stripping measurement derived from CO
displacement technique for Rh/C, Sn/C and Rh;Sn,/C. (d) Linear sweep voltammetry of Rh;Sn;/C for the ORR before (black) and after (red)
ADT of 3000 cycles. inset: Polarization curves of Rh;Sn;/C before and after ADT in an oxygen-free 0.1 M potassium hydroxide at room temperature

with a sweep rate of 20 mV s~ .

activity toward ORR. Slight shifts in core-level binding energy
for the Rh;Sn,;/C imply changes in electron configuration due
to atomic-scale interactions between different metal atoms
(Figure SS5a—d).*" It also suggests the idea of electronic
modification supported by the following theoretical calculation
and experiments.

In Figure 3a and its inset, the Rh K-edge and Sn K-edge X-
ray absorption near-edge spectra for Rh/C, Sn/C, and Rh;Sn,/
C were displayed to determine their local symmetries. The first
intense peak on Rh K-edge of Rh;Sn,/C was increased, whereas
that of Sn K-edge was diminished, signifying a decrease in the
electron density of Rh. This leads to stronger interaction of
adsorbates on the surface, resulting in lower adsorption energy
barrier to bind with oxygen species.**” Density functional
theory (DFT) is widely used to predict the trends on
chemisorption, energy barrier, and dissociation of molecules
on metal surfaces.”>™" With regard to the DFT studies, the
electron density for two crystal planes, Rh(111) and
Rh;Sn;(111), were estimated along with their energy differ-
ences from a Fermi level (Figures 3b and S6). The crystal
structure of Rh—Sn is assumed to be face-centered cubic for
simplifying theoretical calculations, although it may exist in the
phase transformation stage between the face-centered cubic
structure of Rh and the tetragonal structure of Sn. According to
the simulations at the Rh,Sn,;(111) surface, overall intensities of
density of states shifted to higher energy values, which indicate
a stronger interaction between a Rh surface atom of Rh;Sn; and
an adsorbed molecule.** With regard to the electrochemical
experiments, the adsorption tendency of carbon monoxide
(CO) on Rh surfaces with coordination number of metal atoms
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is analogous to that of the oxygen species, and are in good
agreement with the aforementioned theoretical calculations, as
shown in Figure 3c.*” CO displacement was achieved using the
selective and irreversible adsorption ability of CO on Rh
surface, and CO was subsequently oxidized to attain the extent
of CO adsorption on Rh-based catalyst surfaces.** Upon
incorporating Sn into Rh nanoparticles, the onset potential has
a negative shift of 0.1 V relative to that of pure Rh/C, signifying
that facile oxidation of CO molecules occurs at the interfacial
regions due to the bifunctional effect. A positive shift of the
intense peak from 0.54 V for the pure catalyst to 0.68 V was
clearly observed, implying that CO adsorption is further
strengthened at the Rh surface incorporated with Sn. Amounts
of adsorbed CO also increased notably. Theoretical and
experimental results supported stronger interaction of
adsorbates with the surface Rh atom of Rh;Sn; nanoparticles,
caused by changes in electron configuration and coordination
chemistry of the Rh atom. These electronic modifications may
be derived from a decrease in coordination number with
distortion of crystal structure, expansion of lattice parameters,
and a nonlinearity between oxygen binding energy and Rh
fraction in a nanoparticle.””**™" An accelerated degradation
test (ADT) was assessed for 3000 potential cycles between 0.6
and 1.0 V at a scan rate of SO mV s~ to establish the long-term
stability of the Rh;Sn;/C catalyst (Figure 3d). Onset potentials
near 0.90 V before and after ADT exhibited the same profiles,
and thus, fair electrocatalytic activity after ADT was observed.
Electrochemical surface areas (ECSAs) of the catalysts were
also attained from the hydrogen desorption areas on cyclic
voltammograms (inset, Figure 3d). The ECSA of fresh Rh/C
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and fresh RhySn;/C were revealed as 28.9 and 55.9 m?*/g,
respectively, attributed to the enhancement of catalyst
utilization. Even a position of intense peak at regions of
hydrogen desorption was negatively shifted after ADT, ECSA
of Rh;Sn;/C was evaluated as 54.0 m?/ g. This implies only
slight morphological changes on the Rh;Sn;/C surface under
harsh operating conditions, due to the electrocatalyst design
with corrosion-resistant nanomaterial.

Facile synthesis of a new type of Rh—Sn nanoparticle is
presented to achieve a highly active and stable ORR
electrocatalyst. Electrocatalytic activity of the Rh;Sn;/C catalyst
is ascribed to providing clean and active surface Rh sites by
lateral repulsion and a bifunctional mechanism, as well as
evolution of sufficient interacting systems between the
adsorbates and the metal atoms by electronic modification.
Nanoscale Rh—Sn combination also contributes to the
improvement of catalyst utilization. Furthermore, corrosion-
resistant ability of Rh contributes to the stable structure of the
Rh—Sn nanoparticle, which endures well under harsh operating
conditions. In addition to superior catalytic properties, the
surfactant-free microwave-assisted method presented here
results in rapid synthesis of the Rh—Sn nanoparticles in a few
minutes without any further treatment steps to eradicate
surface-capped organic molecules. It is ascertained that these
procedures and material designs produce highly active and
stable cost-effective catalysts for ORR. Future efforts are
focused on other combined electrocatalytic systems including
combination of non-Pt (or Pd) metal and transition metal,
which create valuable materials based on theoretical and
experimental approaches in the fields of nanomaterials and
electrocatalysis.
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