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ABSTRACT: Atomic-scale construction and high-throughput
screening of robust multicomponent nanocatalysts with
tunable well-defined surface structures and associated active
sites for the ethanol electro-oxidation reaction (EOR) in high
activity and selectivity, referring to C—C bond cleavage and full
oxidation of ethanol as a clean and sustainable energy source,
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has remained a great challenge. Herein, we demonstrate a PtPdRh NCs-200 PiPdRh NTOS Selectivity to €O,
powerful conceptual approach to design, synthesize, and CH,CH,0H+3H,0 ZLESRhNPS,  2CO,+12H"+12e

optimize single-crystalline Pt—Pd—Rh nanocrystals of altered
shapes and compositions for enhanced EOR performance,
based on combined density functional theory (DFT) calculations and experiment study. We prepared (111)-terminated Pt—Pd—
Rh nanotruncated-octahedrons (NTOs) and (100)-terminated Pt—Pd—Rh nanocubes (NCs) with varied-compositions by
regulating the reduction tendency of metal precursors in a facile hydrothermal method. Aided by DFT calculations, Pt;PdRh
NTOs, PtPdRh NTO, and 8.8 nm PtPdRh NCs-200 were screened to be the best performing catalysts with the highest EOR
activity (five times as much as that of commercial Pt black) at 0.5 V vs NHE. Among these catalysts, PtPdRh NTOs exhibited the
highest selectivity to CO, at 0.5 V and the noteworthy capability to fully oxidize ethanol at extremely low potential (0.35 V); 8.8
nm PtPdRh NCs-200 possessed the best durability. Morphology and surface composition correlated to the synergistic effect of
three metals were verified to affect the EOR performance of well-shaped Pt—Pd—Rh nanocrystals. Combined with in situ FTIR,
it was deduced that appropriate surface composition and exposed facets were the key factors to the promoted capability in the
cleavage of C—C bond down to low potential. Through adjusting surface composition and morphology of Pt—Pd—Rh
nanocrystals with homogeneous element distribution, enhanced EOR performance was achieved in light of DFT simulations of
the two elementary reactions (i.e., breakdown of C—C bond and oxidation of CO,4). This work has offered an effective and
useful strategy to promote the reactivity of multicomponent heterogeneous nanocatalysts with optimized compositions and
surface structures for many industrial catalytic processes.

KEYWORDS: trimetallic Pt—Pd—Rh nanocrystals, ethanol electro-oxidation reaction, controllable syntheses, in situ FTIR,
C—C bond splitting, DFT calculations

1. INTRODUCTION

utilization of ethanol, have the advantages in the facile storage
of fuels and relative low operation temperature, and have

Of both scientific and technological importance, the develop-
ment of novel high-performance (active, selective, and durable)
inorganic nanocatalysts plays a central role in enhancing and
maximizing the conversion efficiency of renewable energy
resources of biomasses such as ethanol biofuel and biodiesel.'
Ethanol, a hydrogen-rich liquid fuel with high energy density
(8.0 kWh/kg), acts as an attractive alternative for current fuels
(e.g, gasoline, methanol, etc.) due to its low toxicity and
abundant sources from biomass. Direct ethanol fuel cells
(DEECs), which are applied for the efficient and eco-friendly
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received extensive attentions in the most recent years.“_7
Nevertheless, sluggish kinetics reactions of anode reactions
(ethanol electro-oxidation reaction, EOR), especially the
inferior performance of catalysts, are the main issue which
retards the development of DEFCs. Unlike methanol electro-
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oxidation reaction (MOR), EOR is restricted by a partial
oxidation path with the formation of C2 species (i.e., acetic
acid, acetaldehyde) in high yield, rather than the poisoning of
adsorbed CO (CO,y), leading to the low energy utilization of
ethanol.*™"* Promoting the ability to fully oxidize ethanol into
CO, (i.e., dissociation of C—C bond) is the major aim for the
current EOR catalysts.

Due to the incompetence of single and binary metal catalysts
for EOR which constituted of complicated substep reactions
(e.g, dehydrogenation, breakdown of C—C bond, oxidation of
CO,y), construction of multicomponent catalysts to create
multiply catalytic sites is a promising route to improve the
activity of the catalysts by bifunctional effect and electronic
interplay from various constituents. As the primary component
of EOR catalysts, Pt has strong capabilities in ethanol
dehydrogenation and CO,q oxidation, while suffering the
difficulty in the breakdown of C—C bond. The Rh component
is manifested to be beneficial to the cleavage of C—C bond in
EOR."*" Pt—Rh catalysts can improve the selectivity to CO,,
but usually act at a low overall activity due to the Rh—CO
contaminants and the limited dehydrogenation rate.'® By
introducing components that facilitate the formation of
hydroxyl groups, Adzic’s group has developed multicomponent
PtRh/SnO, and PtRhlr/SnO, catalysts for EOR with improved
catalytic performance.'’"® Besides supported ternary catalysts,
trimetallic nanoparticles are applied to improve EOR perform-
ance because of abundant intraparticle active interfacial sites
and tunable d-band position. Many groups have reported the
enhanced EOR activity of Pt—Ru- and Pt—Sn-based multi-
metallic nanocatalysts by facilitating the oxidation of CO,,
whereas the finite improvement is restricted by the cleavage of
C—C bond.*®>* Also several multimetallic nanocatalysts
suffered the deactivation by blocking the Pt sites with formation
of metal oxides.>® More recently incorporation of a third metal
into PtSn/C was revealed to be a feasible strategy to facilitate
the cleavage of C—C bond and reactivity toward the electro-
oxidation of C2 organics (e.g, ethanol, acetaldehyde, etc.) due
to the enhanced strong Pt-carbon interaction.**”’ It thus
demands for an integration of stable active components for
both of C—C bond cleaving and CO,4 oxidation in the design
of multimetallic catalysts.”® Here, trimetallic Pt—Pd—Rh
nanostructure is proposed to be a promising candidate for
efficient EOR catalysts, as Rh and Pd facilitates the breakdown
of C—C bond and oxidation of CO,y species,'”** respectively.

Controlled syntheses through various facile wet chemistry
methods is an essential way to obtain multicomponent
nanomaterials with the optimal catalytic performances.**~>®
Construction of nanoparticles with well-defined morphology
and tunable surface (e.g, composition, strain, element
distribution) helps to design the composite nanocatalysts and
to rationalize the possible relations between structure and
catalytic property.**—>* However, controllable one-pot syn-
thesis and surface modulation on structure as well as
composition remains a challenge for ternary metallic alloys
because of the appreciable differences in the redox potentials of
various metal precursors. More recently, only limited examples
dealt with shaped ternary metal nanocrystals (e.g., Au@Pd@
Pt,*° Pt-on-(Au@Pd),*' FePtM (M = Cu, Ni),” Pt;Ni@M (M
= Ay, Ag, Cu, Rh)**) with enhanced activity for MOR, EOR,
oxygen reduction reaction, and the Suzuki—Miyaura reaction,
which were mainly fabricated via seed-mediated methods in
solutions, and mostly possessed core—shell structures.>*~>*
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To optimize EOR catalysts with proper shape and
composition, theoretical simulations have also been carried
out for the exploration of structure—activity relationship and
catalyst design based on catalytic mechanism study. Density
functional theory (DFT) calculation is an efficient methodology
in identification of reaction path, indication of intrinsic reaction
mechanism, and catalyst design for high reactivity, as reported
on PtRh/SnO,, (111)-exposed Rh, RtRu, and other materi-
als."”?~* For ternary nanocatalysts with tunable compositions
and morphologies, it is a large quantity of work not only for
experiments but also for DFT calculations to select the optimal
catalyst. A combination of experimental analysis and DFT
calculations notably should be expected to reduce the workload
in such a multivariate research system with high complexity,
and this combination offers a prompt approach to select
efficient catalysts as well as to understand the reaction
mechanism.

In this article, for the first time, we report composition-varied
trimetallic Pt—Pd—Rh nanocubes (NCs) and nanotruncated-
octahedrons (NTOs) prepared via a one-pot hydrothermal
method with enhanced EOR activity and selectivity. DFT
simulation based on experimentation concurrently guided the
shape and composition optimization of the trimetallic nano-
catalysts toward EOR. With combined DFT calculation and
experiments, surface composition and exposed facets were
revealed as the key factors for promoting the capability in the
breakdown of C—C bond in EOR. A simple criterion to screen
optimal Pt—Pd—Rh catalysts was established.

2. EXPERIMENTAL SECTION

2.1. Chemicals. RhCl;:3H,0 (A.R; Sinopharm Chemical
Reagent Co., Ltd., China), H,PtCls (A.R.; Shenyang Institute of
Nonferrous Metal, China), PdCl, (A.R;; Shenyang Institute of
Nonferrous Metal, China), Na,PdCl, (prepared by mixing 2
equiv of NaCl and 1 equiv of PdCl, with string overnight.), KI
(AR; Beijing Chemical Works, China), HCl (A.R; Beijing
Chemical Works, China), KBr (A.R; Beijing Chemical Works,
China), poly(vinylpyrrolidone) (PVP; M-W.: ~29 000; Sigma-
Aldrich), tin(II) chloride dihydrate (A.R.; Xilong Chemical Co.,
Ltd, China), Sn(acac), (acac = acetyl-acetonate) (>98%;
STREM), Pt(acac), (Pt 48.0% min; Alfa Aesar), Rh(acac),
(97%; Aldrich), 1,2-tetradecanediol (90%; TCI), 1-octadecene
(>90%; J&K Chemical Ltd.), oleic acid (>90%; Aldrich),
oleylamine (>80%; Acros), cyclohexane (A.R.; Beijing Chem-
ical Works, China), HCIO, (70%; Tianjin Xinyuan Chemical
Co., Ltd.), Pt black (High surface area; Alfa Aesar), acetone
(AR.), ethanol (A.R.), deionized water (Millipore, 18.2 MQ-
cm).

2.2. Synthesis of Bimetallic or Trimetallic NPs.
Synthesis of Trimetallic Pt—Pd—Rh NCs. In a typical synthesis
of Pt—Pd—Rh NCs with various compositions, 0.06 mmol of
total metal precursors (RhCly, H,PtCly, and Na,PdCl,), certain
amounts of KBr and KI, 0.05 mmol of HCI (1.0 mol-L™"), and
100 mg of PVP were dissolved in 15 mL of deionized water
with stirring for 10 min. The solution was transferred to a 25
mL Teflon-lined stainless steel autoclave and heated at 180 °C
for 4 h. After the mixture was cooled, the black products were
centrifuged with the introduction of 40 mL of acetone and
washed by water/acetone and ethanol/acetone several times.
To obtain NCs with a Pt/Pd/Rh molar ratio of 1:1:1 (PtPdRh
NC:s for short), 0.02 mmol of H,PtCl,, 0.02 mmol of Na,PdCl,,
0.02 mmol of RhCl;, 6 mmol of KBr, and 1 mg of KI were
added; to obtain NCs with a Pt/Pd/Rh molar ratio of 3:1:1
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(Pt;PdRh NCs for short), 0.036 mmol of H,PtClg, 0.012 mmol
of Na,PdCl,, 0.012 mmol of RhCl;, 6 mmol of KBr, and 1 mg
of KI were added.

Synthesis of Trimetallic Pt—Pd—Rh NTOs. The synthesis of
Pt—Pd—Rh NTOs is similar to that of Pt—Pd—Rh NCs, except
for the absence of KI and the increased reaction time to 12 h.
To obtain Pt—Pd—Rh NTOs with a 1:1:1 Pt/Pd/Rh ratio in
precursors (PtPdRh NTOs for short), 0.02 mmol of H,PtCl,,
0.02 mmol of Na,PdCl,, 0.02 mmol of RhCl;, and 6 mmol of
KBr were added. To obtain Pt—Pd—Rh NTOs with a 3:1:1 Pt/
Pd/Rh ratio in precursors (Pt;PdRh NTOs for short), 0.036
mmol of H,PtCly, 0.012 mmol of Na,PdCl,, 0.012 mmol of
RhCl;, and 3 mmol of KBr were added. To obtain Pt—Pd—Rh
NTOs with a 1:3:1 Pt/Pd/Rh ratio in precursors (PtPd;Rh
NTOs for short), 0.012 mmol of H,PtCl,, 0.036 mmol of
Na,PdCl,, 0.012 mmol of RhCl;, and 3 mmol of KBr were
added.

Synthesis of Trimetallic Pt—Pd—Rh NCs with Homoge-
neous Element Distribution. The key point to obtain Pt—Pd—
Rh NCs with homogeneous element distribution was to elevate
the reaction temperature and level the oxidation capability of
different metal ions. The synthetic method of Pt—Pd—Rh NCs
with homogeneous element distribution (PtPdRh NCs-200)
was the same as the synthesis of PtPdRh NCs, except that the
reaction temperature was increased to 200 °C. By adjusting the
addition amount of KI and KBr, Pt—Pd—Rh NCs-200 NCs
with various sizes were obtained. For 8.8 nm PtPdRh NCs-200,
3 mmol of KBr and 1 mg of KI were added; for 13.8 nm
PtPdRh NCs-200, 6 mmol of KBr and 2 mg of KI were added;
For 18.5 nm PtPdRh NCs-200, 6 mmol of KBr and 1 mg of KI
were added.

Synthesis of Bimetallic Pt—Pd and Pt—Rh NCs. Similar
hydrothermal synthesis was performed except for the reaction
temperature and the amounts of metal precursors, KBr, and KL
For Pt—Pd NCs, 0.03 mmol of K,PtCl, 0.03 mmol of
Na,PdCl,, 3.0 mmol of KBr, and 1 mg of KI were added, and
the reaction was performed at 160 °C for 4 h as reported in our
previous work.** For Pt—Rh NCs, 0.03 mmol of H,PtCl,, 0.03
mmol of RhCl;, 6.0 mmol of KBr, and 1 mg of KI were added,
and the reaction went on at 180 °C for 4 h.

Synthesis of PtRh(Sn)/SnO, NPs. Similar hydrothermal
synthesis was conducted to synthesize PtRh(Sn)/SnO, NPs
with an optimal Pt/Rh/Sn ratio of 3:1:4 as reported.”® 0.06
mmol of H,PtCl,, 0.02 mmol of RhCl;, 0.08 mmol of SnCl,,
720 mg of KBr, 100 mg of PVP, and 0.05S mmol of HCI were
mixed in deionized water with stirring and diluted to 15 mL.
The solution was then transferred into a 25 mL Teflon-lined
stainless steel autoclave and heated at 200 °C for 4 h. The as-
obtained black products were centrifuged with the addition of
40 mL of acetone, washed by ethanol/acetone several times,
and lastly dispersed in ethanol for the further characterizations.

Synthesis of Niggliite PtRhSn/C NPs. As referred to the
published work, a similar method was applied in the fabrication
of carbon supported niggliite PtRhSn NPs.”® In the initial step,
118.1 mg of Pt(acac), 40.7 mg of Rh(acac);, 129.7 mg of
Sn(acac),, 207.1 mg of 1,2- tetradecanediol, 0.16 mL of oleic
acid, 0.16 mL of oleylamine, and 20 mL of 1-octadecene were
mixed in a three-neck flask and heated at 60 °C in vacuum.
Then, the solution was heated up to 260 °C under N, gas flow
and kept for half an hour. The as-obtained black colloidal
solution was centrifuged with the addition of ethanol, washed
by ethanol/cyclohexane, and dispersed in 50 mL of cyclo-
hexane. All the colloidal cyclohexane solution was added into
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the cyclohexane solution which contained 100 mg of dispersed
carbon black (VulcanXC-72) and treated under sonication for 1
h in ice water. After stirring overnight, the carbon-supported
NPs were separated by centrifugation, dried under N, gas flow
at 280 °C for 1 h, oxidized in air at 250 °C for 2 h, and
calcinated under H, (10% in Ar) gas flow in furnace at 400 °C
for 1 h.

2.3. Instrumentation. Transmission electron microscope
(TEM), high-resolution transmission electron microscope
(HRTEM), energy dispersive X-ray spectroscopy (EDS), and
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) EDS line scan analysis were
conducted on a FEG-TEM (JEM-2100F, JEOL, Japan)
operated at 200 kV. The samples for TEM characterizations
were prepared by dropping the colloid solution on copper grids
coated with amorphous carbon and drying naturally. Powder X-
ray diffraction (PXRD) analysis was performed on a Rigaku D/
MAX-2000 diffractometer (Japan). Inductively coupled plasma-
atomic emission spectroscopy (ICP-AES) analysis was
conducted on a Profile Spec ICP-AES spectrometer (Leeman,
U.S.A.). X-ray Photoelectron Spectroscopy (XPS) was carried
out on an Axis Ultra Imaging Photoelectron Spectrometer
(Kratos Analytical Ltd., UXK.) with a monochromatic Al Ka
(1486.7 eV) X-ray source operated at 225 W with 15 kV
acceleration voltage.

Pt Lj-edge, Pd K-edge, and Rh K-edge extended X-ray
absorption fine structure (EXAFS) analysis was carried out
both on the IW2B beamline of Beijing Synchrotron Radiation
Facility (BSRF) operated at 2.2 GeV with injection currents of
300—500 mA and on the BL14WI1 beamline of Shanghai
Synchrotron Radiation Facility (SSRF) operated at 3.5 GeV
under “top-up” mode with current of 220 mA. Pt, Pd, and Rh
foils were used as reference samples. All the spectra were
collected in transmission mode. Athena and Artemis codes
were used to extract the data and to fit the curves, respectively.
The Fourier transformed curves were fitted in real space with
Ak = 2.6—144 A~ and AR = 1.3-3.3 A (k* weighted).

2.4, First-Principles Calculations. DFT calculation was
performed with the VASP code. Kohn—Sham equations were
expanded into plain waves. The exchange-correlation energy
functional was described in the Perdew—Burke—Ernzerhof
generalized gradient approximation (GGA). In the Brillouin
zone, the 5 X 5 X 1 Monkhorst—Pack special k-point mesh was
automatically generated. The atoms were presented by
projector augmented-wave (PAW) pseudopotentials. The
kinetics energy cutoff for the plane-wave basis set was 400
eV. (100) and (111) surface exposed 3 X 3 X 6 metal supercells
with three fixed layers and 15 A of vacuum was built for the
simulation. Pt, Pd, and Rh atoms were randomly placed with
some varied composition and uniform distribution. Each
structure was relaxed until the residual force was less than
0.02 eV/A.

2.5. Preparation of Working Electrode and Removal
of Capped PVP Surfactants. Ozone was generated from a 6
W low-pressure mercury lamp to remove the residual PVP on
the surface of NPs, which was reported as a nondestructive
method to remove surfactants on NPs.** First, 10 uL of the
colloid NPs solution was dropped on a glassy carbon electrode
and dried for preparing the working electrode. The sample on
the electrode was positioned 5 mm from the lamp and radiated
overnight. TEM image of UV/Ozone-treated PtPdRh NCs
(Figure S1 in Supporting Information (SI)) confirmed it to be a
nondestructive method to remove the surfactant on shaped
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nanoparticles. After the radiation, the samples on the working
electrode were covered by S uL of 0.2 wt % Nafion (Sigma-
Aldrich) solution and dried for further electrochemical
measurements.

2.6. Electrochemical Measurements. Electrochemical
measurements were conducted on a CHI 840B electrochemical
analyzer (CH Instrument, TX, U.S.A.) in a standard three-
electrode cell. In the three-electrode system, a glassy carbon (6
mm in diameter) electrode was used as the working electrode; a
platinum foil was used as the counter electrode; a KCl-saturated
Ag/AgCl electrode was used as the reference electrode. All the
measurements were performed at room temperature, and the
electrolyte used was freshly made. The electrochemically active
surface area (ECSA) of each sample was calculated from the H-
adsorption area ranging from 0 to 0.25 V (vs NHE) in the
cathodic scan of CV measurement, which was carried out in 0.1
mol-L™! HCIO, aqueous solution at a sweep rate of 20 mV-s ™/,
because the H-adsorption method has been applied in the
measurement of ECSA of Pt, Pd, and Rh electrode
previously.** The calculation equation of ECSA is

ECSA (cm®) = Q,,/210 pC-cm ™ 1)

The EOR property of each sample was evaluated by its quasi-
steady polarization curve, which was obtained by linear sweep
voltammetry in N,-saturated 0.5 mol-L™' CH,CH,0OH/0.1
mol-L™! HCIO, aqueous solution at a sweep rate of 1 mV-s™".
Before the evaluations of trimetallic nanocatalysts toward EOR,
a hundred cycles of cyclic voltammetry ranged from 0 to 1.2 V
at a sweep rate of SO mV-s~' were applied to remove the
residues on surfaces. All the potentials used were normalized by
normal hydrogen electrode (NHE).

2.7. In Situ Infrared Reflection Absorption Spectros-
copy (FTIR). A Nicolet Nexus 870 Fourier transform infrared
spectrometer equipped with a mercury cadmium telluride
detector cooled with liquid nitrogen was employed in the in
situ FTIR electrochemical study. A calcium fluoride window
and an in situ EC-IR thin cell were applied in the test. The
reference spectrum was collected at 0.05 V in 0.5 M
CH,CH,0H/0.1 M HCIO,. Before the spectrum collection
at each potential, the working electrode was cleaned at 1.2 V to
remove the adsorbed species generated at the last potential, and
then the voltage was switched to 0.05 V. Meanwhile, spectra
under a continuous stepped potential were acquired. To
subtract the signals from background, the spectrum at each
potential was normalized by the reference spectrum as
follows:*®

R(Eg) — R(Ey)

AR, .\
?(Es)— R(E)

2)
R(ER) and R(Eg') were the spectrum at reference potential
and tested potential, respectively.

3. RESULTS AND DISCUSSION

3.1. Syntheses of Trimetallic Pt—Pd—Rh Nanocrystals.
A facile one-pot hydrothermal method was applied in the
controlled syntheses of Pt—Pd—Rh nanocrystals. (100)-
Terminated Pt—Pd—Rh NCs were synthesized in a 4 h
reaction with the addition of iodine and bromide (Figure la
and Figure S2a in SI). In the presence of bromide, (111)-
terminated Pt—Pd—Rh NTOs were obtained in the 12 h
reaction (Figure 1b and Figure S2b in SI). In the syntheses,
polyvinylpyrrolidone (PVP) served as the capping agent and

1998

Figure 1. TEM images of (a) PtPdRh NCs and (b) PtPdRh NTOs;
HRTEM images of (c) PtPdRh NCs and (d) PtPdRh NTOs. The
insets in HRTEM images are the corresponding fast Fourier transform
(FFT) patterns.

the reductant, with halide ions used for the construction of
well-defined morphologies, as demonstrated by Figure $3.*/7>°
With the fine adjustment of the facet-selective adsorption
effects of bromide and iodine ions on the nanocrystal growth
kinetics, the syntheses of composition-varied Pt—Pd—Rh NCs
and NTOs in well-defined shapes could be realized through the
synthetic strategy we developed (Figure S4 and SS in SI).

3.2. Sampling by DFT Calculations. Before the further
optimization on the synthesis condition for candidate Pt—Pd—
Rh samples with varied compositions and well-defined shapes, a
simplified DFT simulation was performed for the composition
effect on EOR performance regardless of the influence of
solvent environment, applied potential, coverage of adsorbents,
and so on.”" Considering the high complexity in enumerating
the possible atomic arrangement of the ternary metal models,
only two extreme cases were taken into account: unitary metal
and highly mixed ternary ones with uniform atom distribution.
To increase the screening efficiency further, for each Pt—Pd—
Rh composition, only one randomly placed model was
calculated. Although error might exist to a certain degree in
each isolated structure, some trends might be revealed on the
varied compositions. The calculation was performed on both
(100) and (111) exposed models based the above synthetic
experiments.

According to some current reports, high dissociation
capability of C—C bond is the major target for our Pt—Pd—
Rh catalysts design. For the breakdown of C—C bond, two
reported pathways'”*! have been suggested:

CHZCHZO(ad) = CHz(ad) + CHZO(ad) (3)

4)

Their corresponding breakdown energy was calculated as eq
S and eq 6, respectively:

CHCO(ad) b CH(ad) + Co(ad)
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AE(I) = E(metal with CH,) + E(metal with CH,0)

— E(metal with CH,CH,0) — E(metal) (5)
AE(II) = E(metal with CH) + E(metal with CO)
— E(metal with CHCO) — E(metal) (6)

The oxidation of CO,4 on Pt—Pd—Rh crystal planes was also
taken into account (replacing H* (aq) with an isolated H atom
would not change the variation sequence):

COpq) + OH(y) = COy) + H (g + €7 )
AE(III) = E(metal) X 2 + E(CO,) + E(H)
— E(metal with CO) — E(metal with OH)  (8)

To improve the total efficiency of the simulation prediction,
only these two steps were chosen, simply because both of them
were examined as the main obstacles in EOR from the reported
experimental analysis.>* The other steps (e.g., dehydrogenation,
formation of hydroxyl, less important steps in EOR) were all
ignored in the DFT screening. All the simulation results were
listed in the triangular diagrams in Figure 2 and Table S1.

The results simulated by the two reaction paths for the
breakdown of C—C bond illustrated that alloyed ternary
catalysts were expected to exhibit a better reactivity in the
cleavage of C—C bond than monometallic catalysts, indicating a
synergistic effect among Pt, Pd, and Rh in the ternary catalysts
to the full conversion reactions of ethanol (e.g., EOR, ethanol
steam reforming, etc.). Reaction energies of monometallic
planes also suggested the capability of Rh in cleavage of C—C
bond and that of Pd in oxidation of CO,4. For (100) planes,
Pd-rich regions had low reaction energy for CH,CH,0,q)
decomposition (Figure 2a). Decomposition energy of
HCCO(,q) on Pt—Pd—Rh alloy seemed to be similar, and no
clear trend was found on the varied composition (Figure 2c).
For composition-varied ternary (111) planes, the region from
the Pt/Pd/Rh ratio of 1:1:1 to the Pd-rich one was expected to
exhibit high reactivity in the decomposition of CH,CH,O,q
(Figure 2b), and a similar trend could be found in the
decomposition of HCCO,q) (Figure 2d). Therefore, besides
Pd-rich planes, ternary planes with the Pt/Pd/Rh molar ratio of
1:1:1, especially for (111), were projected to be efficient for the
breakdown of C—C bond.

Furthermore, DFT simulations on CO,4 oxidation were also
conducted on the random-alloyed PtPdRh (111) and (100)
planes. OH,q4 was regarded as the major oxidant in the
electrochemical reactions. Consequently, removal of CO,4 was
proposed to be accomplished with OH,g, as illustrated in eq 7.
For (100) planes, the reaction energy turned out to be quite
close with the lowest values at the Pt/Pd/Rh ratios of 1:1:1 and
1:7:1 (Figure 2e). However, Pt-rich regions were favorable for
CO oxidation on (111) planes (with the highest energy barrier
at the Pt/Pd/Rh ratio of 1:1:1) (Figure 2f). It demonstrated
that the increasing Pt component for Pt—Pd—Rh NTOs might
enhance the capability of CO,q oxidation, whereas the CO,q
oxidation capabilities over composition-varied Pt—Pd—Rh NCs
were similar.

Due to incapability in the synthesis of well-defined Pd-rich
NCs, PtPdRh NCs, Pt;PdRh NCs, PtPdRh NTOs, Pt;PdRh
NTOs, and PtPd;Rh NTOs were selected as the typical model
catalysts in experimental studies of EOR, with a focus on
exposed facets, surface composition, and their EOR activities.
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1.61 0.71 1.42 1.22
Pd Rh Pd Rh
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Figure 2. DFT calculations performed on random-alloyed Pt—Pd—Rh
(111) and (100) planes with various compositions. The reaction
energies for each composition were listed in the triangular diagrams
with the subscript reaction path and crystal plane: the red ones
represented favorable region with high expectations; the green ones
were ordinary for the reactions; the blue ones were adverse.

3.3. Structure and Composition Characterization of
Shaped Ternary Nanocrystals. As shown in Figure la and
Figure S4a, Pt—Pd—Rh NCs with two different compositions
were synthesized in high selectivity with the modulation of KBr
and KI. The average sizes of PtPdRh NCs and Pt;PdRh NCs
were 12.0 + 1.6 nm and 16.4 + 2.0 nm, respectively. HRTEM
images (Figure lc, Figure S4b in SI) viewed along the (001)
zone axis showed that the single-crystalline Pt—Pd—Rh NCs
were enclosed with six (100) planes. From the lattice fringes,
the distances of (100) planes were between 0.191 and 0.196
nm, which were similar to that of Pt (0.196 nm) and that of Rh
(0.190 nm). PXRD (Figure S6 in SI) demonstrated that the
Pt—Pd—Rh NCs were fcc-structured metals, and no crystallized
impurities presented. The (111) peaks of Pt—Pd—Rh NCs fell
between that of Rh and that of Pt. ICP-AES as well as XPS
analysis with a penetration depth of ca. 2 nm were performed to
determine the bulk composition and surface composition of
Pt—Pd—Rh NCs, respectively (Table S2 in SI). ICP-AES results
showed that the percentage of Rh component in NCs was
significantly lower than that in precursors, indicating that not all
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the Rh(III) in the precursors were reduced during the
syntheses. Compared with bulk composition, XPS results
demonstrated a surface enrichment of the Rh component. Also,
z-contrast from HAADF-STEM images (Figure 3a, Figures S4c

Figure 3. HAADF-STEM images of (a) PtPdRh NCs and (b) PtPdRh
NTOs; EDS line scan profiles of (c) PtPdRh NCs and (d) PtPdRh
NTOs; EDS element mapping images and their corresponding STEM
images of (e) PtPdRh NCs and (f) PtPdRh NTOs.

in SI) illustrated that Pt was located mainly at the center of the
NCs. According to EDS line scan profiles of a single trimetallic
NCs and elemental mapping images (Figures 3c, 3e, Figures S
4d, S4e in SI), Pt and Pd mainly stayed at the center of the
particles, whereas Rh segregated on the surface. It was
consistent with XPS results. Hence, the trimetallic NCs
possibly held a segregated PtPd@Rh structure.

A similar method was applied in the synthesis of 11.9 + 1.1
nm PtPdRh NTOs with the addition of KBr (Figure 1b and
Figure S2b in SI). The HRTEM image (Figure 1d) illustrated
that the single-crystalline nanocrystals were bounded with eight
(111) planes dominantly. PXRD confirmed that PtPdRh NTOs
hold an fec structure (Figure S6 in SI). HAADF-STEM EDS
line scan profile and elemental mapping image (Figure 3d,f)
clarified that NTOs hold a near homogeneous alloyed structure.
The contrast of HAADF-STEM image (Figure 3b) also
confirmed the near homogeneous element distribution.
However, XPS result (28:14:58 for Pt/Pd/Rh, Table S2 in
SI) demonstrated that there was an enhancement of Rh on the
surface of PtPdRh NTOs compared with ICP-AES data (Pt/
Pd/Rh ratio of 39:33:28). However, the surface segregation of
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Rh was much lower than that in NCs (Pt/Pd/Rh ratio of
7:10:83 for PtPdRh NCs). As illustrated in Figure SS, (111)-
terminated Pt;PdRh NTOs (6.0 + 0.8 nm) and PtPd;Rh
NTOs (7.5 + 1.1 nm) were fabricated in high selectivity. XPS
results (Table S2 in SI) showed that the surface composition of
Pt;PdRh NTOs (70:16:14 for Pt/Pd/Rh) was the same as its
bulk composition (62:20:18 for Pt/Pd/Rh) determined by
ICP-AES analysis, as well as for PtPd;Rh NTOs, suggesting that
Pt—Pd—Rh NTOs were in a more uniform element distribution
than Pt—Pd—Rh NCs (i.e., the surface composition was more
close to the bulk composition).

Furthermore, owing to the segregated structure of Pt—Pd—
Rh NCs prepared at 180 °C, Pt—Pd—Rh NCs with more
homogeneous element distribution (PtPdRh NCs-200) were
synthesized by elevating the reaction temperature in order to
determine the influence of element distribution toward EOR
and exclude the other factors from shape effect as illustrated in
Figure S7.

3.4. Atomic-Level Element Distribution of Shaped Pt—
Pd—Rh Nanocrystals. In order to clarify the local structure of
each type of atoms, the first-shell coordination environment of
Pt, Pd, and Rh in the ternary metal nanocrystals was analyzed
by EXAFS (Figure S8, Table S3 in SI). Interatomic distance
(R) and corresponding coordination number (CN) in the first
coordination shell obtained from real space data fitting are
summarized in Table 1. According to the first-shell fitting in

Table 1. EXAFS Parameters of Shaped Pt—Pd—Rh
Nanocrystals

sample edge shell CN R (A)
PtPdRh NCs Pt L Pt—Pt 7.5 £ 0.5 2.746 + 0.003
Pt—Pd 25+03 2.739 + 0.005
Pd K Pd—Pd 7.0 £ 0.5 2.733 + 0.003
Pd—Pt 25 +£03 2.739 + 0.005
Rh K Rh—Rh 83 + 04 2.689 + 0.002
PtPdRh NTOs Pt L Pt—Pt 4.6 £ 0.5 2.728 + 0.007
Pt—Pd 12 £ 0.7 2.74 £ 0.02
Pt—Rh 33+ 0.5 2.701 + 0.008
Pd K Pd—Pd 8.0+ 13 2.741 = 0.009
Pd—-Pt 12 +£07 2.74 £ 0.02
Rh K Rh—Rh 44+ 03 2.694 + 0.005
Rh—Pt 33+0.5 2.701 + 0.008

PtPdRh NCs, Rh—Pt or Rh—Pd shells were undetected. Only
Rh—Rh shells could be assigned from the fitting so Rh was
segregated in the particles. In PtPdRh NCs, both CNyp,_p,/
CNp,_pg and CNpg_pg/CNpg_p, were close to 3:1, indicating
that Pt and Pd were segregated into Ptrich and Pd-rich
domains at atomic level. In PtPdRh NTOs, although CNpg_pg/
CNpy_p was up to about 6.5:1, CNp_p/CNp_y (M = Pd, Rh)
and CNg,_pi/CNpyy (M = Pt, Pd) decreased to about 1:1
and 1.3:1, respectively, as compared with PtPdRh NCs. Near
half of both Pt and Rh alloyed to other type of atoms, verifying
a more homogeneous atomic-level element distribution and
stronger interactions among the three atoms at Rh-rich surface
in PtPdRh NTOs than those in PtPdRh NCs. The coordination
environment of each component in the Pt—Pd—Rh nanocryst-
als calculated from EXAFS analysis was consistent with the
prior conclusions drawn from both XPS and EDS analyses.
Furthermore, to understand the origin of the difference on
the element distribution of the samples with the two kinds of
morphologies, shape and composition evolutions of these two
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kinds of nanostructures were monitored. Among the three
elements, the Rh(III)/Rh pair has the lowest standard
reduction potential (E?(RhCls>"/Rh) = 0.5 V, E/(PdCl>/
Pd) = 0.62 V, E°(PtCl>~/Pt) = 0.742 V).>* Therefore, Rh
preferred to segregate on the surface of the particles, as it was
the last element to be reduced. TEM and EDS were conducted
to track the morphology and composition evolutions of Pt—
Pd—Rh NCs under a series of reaction times (Figure S9 in SI).
Within a 1.5 h reaction, the same amount of Pt and Pd
precursors were reduced. RhCl; was mainly reduced during the
next 2.5 h, which occurred with the formation of cubic
morphology. It confirmed that the successive reduction of
precursors was the reason for the segregated compositions.

However, NTOs exhibited more uniform surface element
distribution than NCs at atomic level despite the same total
composition and similar synthetic methods. According to the
output from tracking the formation process of Pt—Pd—Rh
NTOs (Figure S10 in SI), Pd (II) was preferentially reduced
among the three precursors (Figure S10f in SI), and the
obtained Pd-rich seeds (60% of Pd) were mostly octahedrons
(Figure S10a in SI) with 30% of Pt and 10% of Rh, which
agreed well with the first-shell coordination environment of Pd
in PtPdRh NTOs. Compared to the yields (ratio of the amount
of each element in nanoparticles to its total amount) in PtPdRh
NCs at half an hour, the reduction of Rh(III) and Pt (IV) in
PtPdRh NTOs was retarded with the absence of iodine.
Followed by the reduction of Pt (IV) and Rh (III), multipod
nanocrystals were generated from the octahedral seeds by the
epitaxial growth on the corner sites. During the prolonged
reaction time, the void between the pods with an abundance of
defect sites was gradually filled by the reduction of residual
metal ions or the diffusion of surface atoms,®® as illustrated in
Figure S10d. Hence, a more homogeneous element distribution
was obtained due to the coreduction of Pt(IV) and Rh(III) and
the promoted surface diffusion. In brief, the spatial element
distributions of the two morphologies were attributed to their
distinct growth mechanisms, as depicted in Figure S11.

3.5. Evolution of Surface Composition during Cyclic
Voltammetry Measurements. PtPdRh NCs, Pt;PdRh NCs,
PtPdRh NCs-200, PtPdRh NTOs, Pt;PdRh NTOs, and
PtPd;Rh NTOs were selected as the model trimetallic catalysts
for EOR to study the possible composition- and morphology-
dependent catalytic properties with commercial Pt black (Alfa
Aesar), Pd/C, Rh NCs, Pt—Pd NCs, and Pt—Rh NCs as
references (Figure S12 in SI shows TEM images of references).
Figures S13b and S13c show the stable cyclic voltammograms
of all samples in 0.1 mol-L™" HCIO, aqueous solution, which
were utilized to determine the ECSA.

The peaks between 0.34 and 0.72 V at the negative-going
potential scan referred to the reduction of adsorbed oxygen
species, which suggested the surface composition of the
catalysts.>* When the catalysts reached electrochemical steady
states after a hundred cycles of CV measurements, all the
reduction peaks shifted to the high potential, implying a
decrease of Rh component on the Rh-rich surfaces (Figure
S13a, S13b, and Table S4 in SI). It has been suggested that the
reduction peak shifted more positively with less Rh on surface
according to previous reports.”* EDS results (Table S5 in SI) of
the Pt—Pd—Rh NPs after catalysis demonstrated a slight
decrease of Rh on bulk, and the EDS line scan profile of
PtPdRh NCs after reaction (Figure S14 in SI) showed a slight
enrichment of Pt on the surface. TEM images (Figure S1S5 in
SI) show facets of the shaped nanoparticles mostly maintained

2001

during the catalysis with the removal of the corner site atoms,
which were highly coordination-unsaturated and considered as
unstable sites under electrochemical tests.>> Therefore, unlike
the reconstruction reported in Au—Pd NPs,*® surface leaching
of Rh would be the major reason for the change of surface
composition during the catalysis rather than a migration of Rh
from surface to the core.

Because the oxide reduction peak potential of Pd (0.62 V)
was close to that of Pt (0.72 V) (Figure S13c in SI), the
potential values of oxide reduction peaks reflected the surface
composition of trimetallic nanocrystals, especially for Rh
content. The steady potential values of oxide reduction peaks
for composition-varied Pt—Pd—Rh NPs in the cathodic scan in
0.1 M HCIO, solution followed the order: Pt;PdRh NTOs =~
Pt,PdRh NCs > PtPdRh NTOs ~ PtPd;Rh NTOs ~ PtPdRh
NCs-200 > PtPdRh NCs, indicating that the surface
compositions of the alloyed surface after reactions were still
correlated with the initial surface compositions obtained from
XPS despite of the leaching of Rh. As illustrated in Figure S13b,
there was only one apparent reduction peak in the cathodic
scan for the trimetallic NPs. It suggested that the three
elements were alloyed rather than segregated on the surface of
Pt—Pd—Rh nanocatalysts during the reactions. Hence, we ruled
out the influence of element distribution status (mixing
homogeneity) on the surface in the mechanism study and
assumed that the three elements were well alloyed on the
surface layer. The element distribution mentioned below
referred to the element distribution in radial direction of a
particle.

3.6. Activities of Shaped Pt—Pd—Rh NPs toward EOR.
As illustrated in Figure 4a, linear sweep voltammograms (LSVs)
from 0 to 0.8 V at a sweep rate of 1 mV-s™! in 0.1 M HCIO,/
0.5 M CH;CH,OH solution were applied to obtain the quasi-
steady-status polarization curves. ECSA of all the tested
samples were listed in Table S6, and ECSA normalized current
density values at 0.5 V versus NHE were used to judge the
overall activity (Table 2, and Table S6 in SI) as referred to the
related literatures in regard to EOR catalysts.”**® Additional
current density values at other potentials were summarized in
Table S6.

PtPdRh NTOs, Pt;PdRh NTOs, and 8.8 nm PtPdRh NCs-
200 were the three most active Pt—Pd—Rh nanocatalysts at 0.5
V vs NHE, and the activity was increased to about S times as
compared with that of commercial Pt black (0.0093 mA-cm™2).
In addition, at a higher potential, 8.8 nm PtPdRh NCs-200
exhibited better activity than PtPdRh NTOs and Pt;PdRh
NTOs. Furthermore, 13.8 nm PtPdRh NCs-200 and Pt;PdRh
NCs showed as much as 3 times and twice activities than
commercial Pt black, respectively, which were regarded as the
second best Pt—Pd—Rh nanocatalysts that we obtained.
PtPd;Rh NTOs, PtPd NCs, 18.5 nm PtPdRh NCs-200, and
PtRh NCs showed comparable activity with commercial Pt
black. However, PtPdRh NCs, which were synthesized at 180
°C, had little EOR activity at 0.5 V.

With the consideration of morphology, (111)-terminated
Pt—Pd—Rh NTOs were more active than (100)-terminated
Pt—Pd—Rh NCs-200 with similar sizes. For cubic shape, it
seemed that the more homogeneous element distribution
achieved by elevated temperature can be attributed to the
promoted activity of PtPdRh NCs-200. Additionally, a size
effect was observed in PtPdRh NCs-200. Enrichment of surface
Pt content in Pt—Pd—Rh NTOs and Pt—Pd—Rh NCs would
also give rise to the enhanced EOR activity, especially for
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Figure 4. (a) LSVs curves of shaped Pt—Pd—Rh NPs in 0.5 M
CH,CH,0H/0.1 M HCIO, solution at a sweep rate of 1 mV-s™". (b)
Chronoamperometric curves of selected Pt—Pd—Rh NPs at 0.5 V vs
NHE in 0.5 M CH,;CH,0H/0.1 M HCIO, solution.

PtPdRh NCs. Therefore, geometric structure, particle size,
element distribution, and composition were deduced to be the
key factors to influence the EOR activity of Pt—Pd—Rh
nanocatalysts and would be discussed in detail in the following
sections.

The mass activities of active Pt—Pd—Rh nanocatalysts at 0.5
V versus NHE normalized by the mass of Pt and noble metals
were, respectively, given in Table S7. Mass activities normalized
by overall metals should be applied into the comparison,
because the elemental abundance of Rh and Pd was as low as
that of Pt. It was reasonable that all the solid Pt—Pd—Rh NPs
with well-shaped morphologies possessed smaller surface areas
(i, ECSA/mg,.n1) than commercial Pt black with high surface
area despite of their contained lighter metals (i.e, Pt and Rh).

As a result, Pt;PdRh NTOs (238 mA'mg,., '), PtPdRh
NTOs (1.85 mA'mg,. '), and Pt;PdRh NCs (1.83 mA-
Mg ) only showed a slight higher mass activity at 0.5 V
than commercial Pt black (1.64 mA'mg,..,”"), although these
trimetallic NPs had much higher specific activity.

In addition, chronoamperometric experiments recorded at
0.5 V vs NHE were carried out on Pt—Pd—Rh nanocatalysts
with enhanced activity to evaluate the durability. As illustrated
in Figure 4b and Table 2, all the five Pt—Pd—Rh nanocatalysts
possessed enhanced current densities at the initial time as
compared with commercial Pt black, whereas there was a
negligible change on activity order. The current densities of
(111)-facet-terminated PtPdRh NTOs and Pt;PdRh NTOs at 1
h reduced to 6% and 7% of the initial ones, respectively, and
were inferior to that of Pt black. However, the current density
of 8.8 nm PtPdRh NCs-200 at 1 h was almost twice as much as
that of Pt black, and those of 13.3 nm PtPdRh NCs-200 and
Pt;PdRh NCs were close to that of Pt black. Hence, an
apparent shape effect on durability was disclosed: (100)-
enclosed Pt—Pd—Rh NCs, which were synthesized at 200 °C,
maintained more than 25% activity at 1 h, suggesting a superior
durability of Pt—Pd—Rh (100) facets over (111) facets. The
capability to oxidize CO,q on different Pt crystal planes and
accumulation of Rh—C containments on Rh (111) surface well-
interpreted the shape effect on EOR durability of shaped Pt—
Pd—Rh nanocatalysts.>”*”>* The 5 h chronoamperometric
experiments at 0.7 V were also conducted on these EOR
catalysts, as shown in Figure S16 and Table S8. All the
trimetallic catalysts exhibited lower current densities than
commercial Pt black, and 8.8 nm PtPdRh NCs-200 still
possessed the best durability among all the Pt—Pd—Rh NPs.
(100)-Terminated NCs and Ptrich NPs showed good
durability as compared with the other Pt—Pd—Rh NPs, so
similar shape effect and composition effect on durability were
also observed at high potential. As determined from the shape
of chronoamperometric curves, Pt black deactivated quickly
initially and reached equilibrium rapidly, and it took almost 2 h
for Pt—Pd—Rh NPs to level off. It indicated a slow
accumulation process of obstacle species on Pt—Pd—Rh NPs.

3.7. Synergistic Effect of Faceted Pt—Pd—Rh NPs
toward EOR. As indicated by DFT calculations and activity
evaluations of the well-shaped Pt—Pd—Rh NPs, a synergistic
effect among Pt, Pd, and Rh toward EOR was proposed. To
identify the influence of each component, EOR properties of
Rh NCs, Pt—Rh NCs, Pt—Pd NCs, and Pd/C were measured
by the same LSVs method (Figure S17a and Table S6 in SI).
Compared with Pt black, Pd/C catalysts exhibited negligible
current density (1.2 X 10™* mA-cm™) at 0.5 V, manifesting

Table 2. Current Density Values of Commercial Pt Black and Selected Pt—Pd—Rh Nanocrystals at 0.5 V Obtained from LSVs

and 1 h Chronoamperometric Tests

catalysts Jat 0.5 V vs NHE (LSVs) (mA-cm™2)

Pt Black 0.0093
PtPdRh NCs ~0

Pt,PdRh NCs 0.0169
8.8 nm PtPdRh NCs-200 0.0460
13.8 nm PtPdRh NCs-200 0.0308
18.5 nm PtPdRh NCs-200 0.0088
PtPdRh NTOs 0.0447
Pt;PdRh NTOs 0.0491
PtPd;Rh NTOs 0.0090

2002

Jinitial at 0.5 V vs NHE (mA-cm™2) Jin at 0.5 V vs NHE (mA-cm™>)

0.0351 0.0146
/ /
0.0515 0.0132
0.0933 0.0263
0.0622 0.0176
/ /
0.0527 0.0031
0.0867 0.0061
/ /
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that pure Pd nanocatalyst was inert toward EOR in acidic
solution. Unexpectedly, monometallic Rh NCs possessed
similar activity (0.012 mA-cm™2) at 0.5 V as Pt black, indicating
that both the Rh site and Pt site contributed equally to the
EOR activity at low potential in acidic solution. It was deduced
that EOR activity of Rh NCs near onset potential probably
resulted from its outstanding capability on the cleavage of C—C
bond of ethanol. However, the current density of Rh NCs
started to drop at 0.6 V, whereas that of Pt black still increased
with the increase of potential. As a consequence, the activity of
Rh sites was usually overlooked near the first oxidation peak of
Pt catalysts in the previous reports.’® On account of the
elaborate discussions on the roles of Pt and Rh in the published
research, as well as our coincident results,M_16 the following
discussion will be focused on the role of Pd.

Besides the monometallic nanocatalysts, (100)-terminated
bimetallic Pt—Rh NCs and Pt—Pd NCs were selected to further
rationalize the possible synergistic effect between two of the
elements. As illustrated in Figure S17a and Table S6, the LSVs
curves almost overlapped below 0.6 V, as Pt—Rh NCs showed
higher reactivity than Pt—Pd NCs at high potential. It
demonstrated that incorporation of Pd promoted the reactivity
of Pt sites probably due to the modulation of electronic
structure® because inactive Pd sites on the surface were taken
into the calculation of ECSA for Pt—Pd NCs. For Pt—Rh NCs,
there was no obvious promotion on activity when alloying Pt
with Rh, when considering the similar specific activity of Pt
black and Rh NCs catalysts.

Based on chronoamperometric experiment results of
reference nanocatalysts at 0.5 V (Figure S17b and Table S8
in SI), Rh NCs and Pt—Rh NCs only retained less than 15% of
the initial activity at 1 h, whereas the current density of Pt—Pd
NCs reduced to 41% of the initial one. It was concluded that
Rh components made the EOR catalysts much unstable under
the action of long-time constant potential due to the
accumulation of the Rh—C obstacle.*"’” Nevertheless,
compared with the performance of PtRh NCs and PtPdRh
NCs-200, both the activity and durability of Pt—Rh-based
catalysts were improved with the introduction of Pd, which was
inert to EOR. Hence, a synergistic effect among Pt, Pd, and Rh
toward EOR was certified by the catalytic performance
evaluations of monometallic and bimetallic nanocatalysts. In
view of the synergistic effect between Pt and Pd toward MOR
and EOR, the enhanced reactivity was probably related to the
modulated electronic structure that weakened adsorption of
carbonic species (e.g,, CH,, CO, etc.) and supply of hydroxyl
group to facilitate the oxidation of adsorbed carbonic species at
low potential >*>%

In short, Pt and Rh were proved to be the primary active sites
to EOR in acidic solution, whereas PtRh catalysts suffered from
the accumulation of adsorbed carbonic species and the resulting
inferior durability. Inactive Pd was proposed to be an auxiliary
site that offered hydroxyl groups at low potential and
modulated the electronic structure to facilitate the oxidation
of adsorbents, so the EOR performance of catalysts was
significantly promoted by the construction of trimetallic Pt—
Pd—Rh nanocatalysts.

3.8. Influence of Morphology, Element Distribution,
Particle Size, and Composition. Geometric structure and
element distribution (i.e., the difference between the inner
composition and outer composition in a particle), as mentioned
above, were demonstrated to be the key factors to influence the
EOR activity of Pt—Pd—Rh nanocatalysts. Ahead of the
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discussion on shape effect, the influence of element distribution
ought to be figured out because Pt—Pd—Rh NCs and NTOs
prepared at 180 °C had quite different element distribution
status. The catalytic performance evaluation on PtPdRh NCs-
200 with more uniform element distribution and similar
average size (13.8 nm PtPdRh NCs-200) was carried out to
interpret the influence of element distribution. XPS analysis was
applied in the determination of element distribution in
particles, as the mismatch between surface composition and
bulk composition reflected the element arrangement in a
particle on the premise that metals were randomly alloyed on
surface layers. Element distribution status judged from XPS was
in accordance with atomic-level element distribution obtained
from EXAFS analyses and single-particle EDS analyses. 13.8 nm
PtPdRh NCs-200 were prepared by the similar hydrothermal
method with the increase of temperature to 200 °C. According
to previous reports, high temperature could draw the redox
capabilities of metal precursors near and brought about
homogeneous element distribution in the particles.’ XPS
results manifested an improved element distribution of 13.8 nm
PtPdRh NCs-200 with a Pt/Pd/Rh atomic ratio of 15:25:60 on
the surface, less segregated than PtPdRh NCs prepared at 180
°C with a Pt/Pd/Rh atomic ratio of 7:10:83 on the
surface(Table S2 in SI). The EOR specific activity of 13.8
nm PtPdRh NCs-200 at 0.5 V was 0.031 mA-cm™2, but PtPdRh
NCs synthesized at 180 °C showed no activity. It was verified
that more interatomic interfaces created by the improvement in
element distribution gave rise to the high reactivity as DFT
simulation predicted.

Influence of particle size and composition to EOR could be
ignored in the comparison of 11.9 nm PtPdRh NTOs and 13.8
nm PtPdRh NCs-200, because the surface compositions before
and during electro-catalysis was close to those of PtPdRh
NTOs in light of XPS results and stable CV curves in HCIO,.
However, the activity of 13.8 nm PtPdRh NCs-200 (0.031 mA-
cm™2) was still lower than that of PtPdRh NTOs (0.0447 mA-
cm™?), suggesting that exposed facets as well as element
distribution probably contributed to the improved activity of
PtPdRh NTOs. Compared with Pt;PdRh NCs which had the
same initial surface composition (Pt/Pd/Rh molar ratio of
34:11:55) as PtPdRh NTOs (Pt/Pd/Rh molar ratio of
28:14:58), the higher activity of PtPdRh NTOs also confirmed
the merits of (111) exposed facet. As illustrated in Figure 4a,
the oxidation peak potentials of Pt—Pd—Rh NTOs fell in the
region between 0.7 and 0.8 V, whereas those of Pt—Pd—Rh
NCs were higher than 0.8 V. At 0.8 V, 13.8 nm PtPdRh NCs-
200 and 8.8 nm PtPdRh NCs-200 showed higher activity than
Pt—Pd—Rh NTOs. This implied that Pt—Pd—Rh NTOs
exhibited high EOR activity at low potential (below 0.7 V,
i.e,, the oxidation peak potential), and Pt—Pd—Rh NCs showed
strong capability to EOR at high potential. Furthermore, the
(100) facet of Pt—Pd—Rh NCs remarkably increased the
durability at constant potential. Therefore, the exposed facet of
shaped Pt—Pd—Rh NPs affected the activity at varied potentials
as well as the durability, suggesting the alteration of
accumulated adsorbents on the two facets. The intrinsic
mechanism will be discussed subsequently in the in situ FTIR
study.

In addition, 8.8, 13.8, and 18.5 nm PtPdRh NCs-200 with the
same overall composition were synthesized by the adjustment
of halide ions. Due to the relative large particle size (i.e, 9—18
nm) and well-defined morphology of PtPdRh NCs-200, the
influence of special reaction sites (e.g., terrace sites,62 etc.)
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Figure S. In situ FTIR spectra of (a) PtPdRh NCs, (b) Pt;PdRh NCs, (c) PtPdRh NCs-200, (d) PtPdRh NTOs, (e) Pt;PdRh NTOs, and (f)
PtPd;Rh NTOs at different potentials in a mixture of 0.5 M ethanol and 0.1 M HCIO,.

brought by small size could be ignored. The EOR activity at 0.5
V increased with the decrease of particle sizes. XPS analysis
clarified that the Pt/Pd/Rh ratio on the surface approached
1:1:1 with reduced particle size, indicating the homogeneous
element distribution status of 8.8 nm PtPdRh NCs-200. It
accorded with the studies on size effect to element distribution
of nanoparticles.**** DFT simulations also suggested an
increased activity from Rh-rich to the region with Pt/Pd/Rh
molar ratio of 1:1:1, consistent with the change on surface
compositions of PtPdRh NCs-200. Hence, the improved
element distribution status brought by small size was the
probable key reason for the size effect of PtPdRh NCs-200. In
other words, the catalytic performance of PtPdRh NCs-200
with varied sizes confirmed the influence of element
distribution to EOR in Pt—Pd—Rh nanocrystals.

To correlate the activities of composition-varied Pt—Pd—Rh
NPs with previous DFT simulations, evaluation results acquired
at low potential (0.5 V) were used due to the probable
uncertainty brought by the applied potentials.”’ Among all the
shaped Pt—Pd—Rh trimetallic nanocatalysts, enhanced activity
at 0.5V was observed on NPs with a Pt/Pd/Rh molar ratio of
1:1:1 and 3:1:1 on overall composition. However, the activity of
Pd-rich PtPd;Rh NTOs equaled to that of Pt black. Even worse,
Pt—Pd—Rh NPs with a Rh-rich surface (ie, PtPdRh NCs)
were inactive below 0.5 V but active at higher potential. In view
of DFT calculations, it was noted that the Pt—Pd—Rh (100)
surface with Pt/Pd/Rh molar ratio of 1:1:1, Pt—Pd—Rh (100)
surface with Pt/Pd/Rh molar ratio of 1:1:1 or 7:1:1, and Pd-
rich Pt—Pd—Rh (100) and (111) surface were probably favored
for EOR. Judging from XPS results, the Pt/Pd/Rh molar ratio
of Pt;PdRh NCs on the surface was closer to 1:1:1 than that of
PtPdRh NCs, agreeing with the DFT simulation results that the
capability on cleavage of C—C bond increased from Rh-rich
region to the Pt/Pd/Rh molar ratio of 1:1:1. Therefore,
Pt;PdRh NCs were the better cubic Pt—Pd—Rh catalysts
prepared at 180 °C. The size effect of PtPdRh NCs-200 was
another compelling evidence for the optimal surface
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composition. For (111)-terminated Pt—Pd—Rh NTOs, the
surface composition was correlated to the corresponding bulk
composition due to the relative homogeneous element
distribution. It was a matter of course that enhanced overall
activity was obtained for Pt—Pd—Rh NTOs with Pt/Pd/Rh
molar ratio of 28:14:58 and 70:16:14 on the surface by XPS,
which approached the appropriate composition of (111) planes
for breakdown of C—C bond and oxidation of CO,,
respectively, referring to the DFT simulation results on Pt—
Pd—Rh (111) planes. For the Pd-rich region, the experimental
results appeared not to be consistent with theoretical
simulations. Nearly 60% of the surface atoms of PtPd;Rh
NTOs were covered with EOR-inert Pd sites, so activity
enhancement did take place for only Pt or Rh sites. Meanwhile,
other essential steps for EOR (ie, dehydrogenation, CO,q
oxidation, which Pd site might show inferior capability to
catalyze) may retard the overall reactivity on Pd-rich NPs.

For all the selected (100)-terminated Pt—Pd—Rh NCs, it was
noted that the polarization curves were in a similar shape and
the activities changed with their surface compositions acquired
from XPS analyses, basically corresponding to the DFT
simulations on composition-varied Pt—Pd—Rh (100) planes.
Hence, promotion on activity through elevating element
distribution for Pt—Pd—Rh NCs possibly stemmed from the
optimal surface composition with reduced Rh content. To sum
up, it was revealed that element distribution, particle size,
exposed facets, and composition significantly affected the EOR
performance of Pt—Pd—Rh NPs. Among these factors, except
for shape effect, particle size, element distribution, and overall
composition were tightly associated with surface composition
given by XPS with the assumption that surface atoms were
randomly alloyed under reaction conditions. Therefore, geo-
metric structure and surface composition should be considered
as the two vital parameters for the EOR performance of shaped
Pt—Pd—Rh NPs.

3.9. In Situ FTIR Study To Determine the Selectivity to
CO,. To further understand the structure- and composition-
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dependent catalytic properties of trimetallic Pt—Pd—Rh
nanocrystals, in situ FTIR was performed to detect the
intermediates and to rationalize the mechanism. PtPdRh
NCs, Pt;PdRh NCs, 13.8 nm PtPdRh NCs-200, Pt,PdRh
NTOs, PtPdRh NTOs, PtPd;Rh NTOs, and Pt black were
selected to verify the possible intrinsic mechanism. Figure S18
shows the in situ FTIR spectra under a continuous stepped
potential from 025 to 0.75 V. Considering the probable
accumulation of catalytic dead-end products during in situ IR
tests in static conditions,és’66 we cleaned the surface of the
working electrode by deionized water after the measurement at
each potential in order to reduce the interference of such dead-
end products from the previous potential and qualitatively
estimate the selectivity. The obtained spectra and magnified
ones are illustrated in Figure S, Figure S19 and Figure S20
respectively. All the assignments of the characteristic bands are
listed in Table S9 according to previous reports.'>”

In Figure S18, in situ FTIR spectra under a continuous
stepped potential distinctly illustrated the adsorbed intermedi-
ates during reactions and the corresponding onset potentials.
The onset potentials of CO, on Pt—Pd—Rh NTOs were near
0.35, 0.1, and 0.2 V, which were negatively shifted as compared
with Pt black and Pt—Pd—Rh NCs, respectively. It implied that
(111)-terminated Pt—Pd—Rh NTOs possessed the capability to
tully oxidize ethanol at extremely low potential. It was noted
that the band of CO,4 at 2030 cm™ (linear CO,4) and 1830
cm™" (bridge CO,4) appeared at 0.25 V in the spectra of Pt—
Pd—Rh NTOs ensured the capability on the cleavage of C—C
bond at low potential for Pt—Pd—Rh NTOs. In addition, strong
linearly bounded CO,q was observed on Pt;PdRh NCs above
0.25 V (Figure Sb, and Figure S18c in SI), whereas the
formation of CO, started from 0.55 V, probably due to the
insufficient ability on CO,4 oxidation at low potential. The
onset potentials of acetic acid and acetaldehyde (ca. 0.65 V)
were quite similar for all the samples, judging from the bands
positioned at 1285, 1350, and 1720 cm™'. All these band
intensities increased with the elevated applied potential, so
scarcely any conversions between the adsorbents could be
decided from the band intensities. The spectra obtained at
individual potential (Figure S and Figure S19 in SI) were
identical with the spectra under the continuous stepped
potential (Figure S18).

A blue shift on the band of CO,4, which is known as the
“Stark effect”, was observed with the increased applied potential
in Figure 5, S18, and S20, 58 As shown in Figure S21, Stark
tuning rates, the relationship between applied potential and
vibration frequency, were associated with the surface coverage
of CO,4. However, unlike pure CO adsorbed on the surface of
monometallic plane, the situation was more complicated for
nanosized particles in the dissociation of organic compounds,
and Stark tuning rates were only applied to compare the CO 4
coverage qualitatively. In general, the Stark tuning rates at low
potential were higher than those at high potential for each
catalyst. In terms of previous reports, high Stark tuning rate
suggested a low CO coverage (i.e., less than 0.13 monolayer for
45 cm™"-V™! on a polycrystalline Pt electrode in 0.1 M HCIO,),
and the low value suggested a high CO,q coverage.””*® The
turning points of these plots fell between 0.55 and 0.75 V,
implying that a high coverage of CO,4 on Pt—Pd—Rh catalysts
in the region from 0.55 to 0.95 V. The values of the upward
linearly bonded CO,4 band at low potential followed the order:
Pt;PdRh NCs (66 cm™ V™) ~ Pt;PdRh NTOs (66 cm™ V')
> PtPd;Rh NTOs (39 cm™ V™!) ~ PtPdRh NTOs (39 cm™
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V'), indicating the same sequence of CO,q kinetics on the
catalysts and a possible composition effect.”” Hence, adsorbed
CO on the surface was an appreciable obstacle for these
catalysts toward EOR, especially for PtPd;Rh NTOs and
PtPdRh NTOs. This probably depressed the activity and
durability of Pt—Pd—Rh NTOs, particularly at high potential
with high CO,4 coverage. The CO, and CO,4 band appearing at
0.25 V on Pt—Pd—Rh NTOs demonstrated the capability of
Pt—Pd—Rh (111) facets on the fully oxidation of ethanol as
well as the cleavage of C—C bond. Furthermore, the deduced
CO,q oxidation capabilities were in agreement with the DFT
simulations on Pt—Pd—Rh (111) facets for Pt—Pd—Rh NTOs
(Figure 2f).

To determine the selectivity to total oxidized product CO, at
0.65 and 0.95 V, only the ratios of the band intensity of CO, at
2340 cm™ to that positioned at 1285 cm™ (acetic acid) were
utilized as shown in Figure 6, Figure S22 and Table S10,

%
"™ |

v

Pt Black Pt,PdRh NCs Pt,PdRh NTOs PtPdRh NCs-200

Figure 6. Ratios of in situ FTIR adsorption band intensities of CO, at
2340 cm™! to that of acetic acid at 1285 cm™ at 0.65 V.

because the band of C=O0 stretching vibration at 1715 cm™,

which assigned to the formation of acetic acid and
acetaldehyde, was perturbed by the bending mode of H,O at
1650 cm™1%% At 0.95 V, the band ratio of PtPdRh NTOs was
slightly higher than the others, so there was no significant
difference for the selectivity (Figure S22). It probably attributed
to the domination of partial oxidation path with the formation
of acetic acid at very high potential. Nevertheless, (111)-
bounded PtPdRh NTOs exhibited the highest selectivity to
CO, at 0.65 V, 6 times as much as that of commercial Pt black.
It agreed well with previous DFT calculation on the superior
capability of Pt—Pd—Rh (111) planes with Pt/Pd/Rh molar
ratio of 1:1:1 in the cleavage of C—C (Figure 2b,d). However,
despite the high selectivity of PtPdRh NTOs toward EOR, the
activity of Pt;PdRh which had inferior ability on the breakdown
of C—C bond was slightly higher than that of PtPdRh NTOs,
indicating that there ought to be another obstacle on EOR
catalyzed by Pt—Pd—Rh NTOs. Choi et al. simulated the
decomposition of ethanol on Rh (111) planes by DFT and
kinetics Monte Carlo simulations.*' They stated that the major
obstacle of ethanol decomposition on Rh (111) was the C—C
contamination instead of the breakdown of C—C bond. It gave
a plausible explanation to the formation of CO, and CO species
at low potential on PtPdRh NTOs. It demonstrated that the
capability in the oxidation of CO,q increased with the increasing
Pt sites introduced in ternary NTOs by DFT simulations and
the Stark tuning rates (Figure 2f, Figure S21 in SI), achieving
the promoted EOR activity for Pt;PdRh NTOs, along with the
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decrease on the capability in cleavage of C—C bond as testified
by in situ FTIR (Figure 6). The result manifested the proposal
on the possible obstacle of EOR Pt—Pd—Rh NTOs and
provided another optimum EOR catalysts in the Pt—Pd—Rh
system. A strong CO,4 band was observed in PtPd;Rh NTOs at
0.25 V, implying its superior capability on the breakdown of
C—C bonds. However, its low selectivity to CO, possibly
resulted from the confinement of other steps, such as the low
CO,4 oxidation kinetics, which was indicated by Stark tuning
rate and DFT simulation (Figure S21 in SI and Figure 2f). It
gave a plausible explanation to the inferior activity of PtPd;Rh
NTOs.

In addition, compared with PtPdRh NCs and 13.8 nm
PtPdRh NCs-200 (Figure 6), the selectivity to CO, at 0.65 V
increased S-fold by homogenizing element distribution. DFT
simulation of C—C bond splitting on (100) planes also
suggested the lower reaction barrier at Pt/Pd/Rh ratio of 1:1:1
to Rh-rich region (Figure 2a,c). However, the selectivity of
PtPdRh NCs-200 was almost half of that of PtPdRh NTOs, and
the initial potential of CO, generation was higher than that of
PtPdRh NTOs. It verified that both the exposed facet and the
appropriate surface composition contributed to the strong
capability of PtPdRh NTOs in the cleavage of C—C bond at
low potential.

For the two best catalysts in selectivity, high CO,4 coverage
and sluggish CO oxidation kinetics resulted in the poor
durability of PtPdRh NTOs, as compared with 13.8 nm PtPdRh
NCs-200. Unlike the other Pt—Pd—Rh NPs, it was noted that
there was no sharp CO,4 band at diverse applied potential in
Figure Sc, S18d, and S20g, indicating fast CO,4 oxidation
kinetics on 13.8 nm PtPdRh NCs-200. Hence, the high CO,
selectivity at 0.65 V should be partially attributed to the
superior CO,q4 oxidation capability. The 8.8 nm PtPdRh NCs-
200 with more homogeneous element distribution ought to
possess stronger capabilities in the breakdown of the C—C
bond than the 13.8 nm PtPdRh NCs-200 in light of the optimal
surface composition suggested by DFT simulations, and it
further contributed to the high performance of 8.8 nm PtPdRh
NCs-200.

On the basis of the associated analyses of FTIR, EOR
evolution, and DFT simulation, a possible EOR mechanism on
shaped Pt—Pd—Rh nanocrystals was put forward. At high
potential (above 0.7 V), the coverage of CO,4 increased (Figure
S21 in SI), and partial oxidation products (acetic acid) started
to increase (Figure S, Figure S18 and S19 in SI). In
consideration of the literature>' and selectivity given by FTIR
(Figure S22 in SI), formation of oxidant (i.e., hydroxyl or
oxygen atom) probably gave rise to the preferential partial
oxidation path directly as the following equation:

Pt(CH,CH,0OH),; + Pt(H,0),4

— Pt + CH;COOH + 4H" + 4e” (9)

High applied potential condition also facilitated the oxidization
of the surface Rh and Pd sites rather than Pt sites, as judging
from their reducing capacity. Hence, more surface sites would
be hindered by CO,4, O,4, and OH,4 at high potential for Pt—
Pd—Rh nanocrystals than pure Pt, when comparing the
durability at 0.5 and 0.7 V. This resulted in the limited activity
and poor durability for Pt—Pd—Rh nanocrystals at 0.7 V.
Meanwhile, it was reasonable that Pt-rich NPs possessed high
performance in activity and durability at high applied potential,
as illustrated in Figure S16. Under low applied potential,
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adsorbed ethanol was proved to dissociate on a trimetallic
surface to generate CO,q species. Pt was usually considered as
the site to capture unbounded ethanol and the place where
dehydrogenation took place; the Rh site promoted the
dissociation of C—C bond and was easily hindered by the
formed CH, group; the Pd site was revealed to facilitate the
formation of hydroxyl group at low potential and assisted the
cleavage of the C—C bond with Pt and Rh sites, as suggested by
DFT simulations. Hence, the full oxidation reaction path of
ethanol under low applied potential on Pt—Pd—Rh nanocryst-
als was deduced as

Pt + CH,CH,OH — Pt(CH,CH,OH) 4 (10)
Pt(CH,CH,0H),,

— Pt(CH,CH,0),; or Pt(HCCO),y + H" + ¢~ (11)
Pt(CH,CH,0),, or Pt(HCCO),; + Rh + Pd

— Pt(CO),4 + Rh(CH,),4 + Pd (12)
Pd + H,0 — Pd(OH),4 + H + ¢~ (13)

Pt(CO),4 + PA(OH),4; — Pt + Pd + CO, + H" + ¢~
(14)

Rh(CH,),q + 2Pd(OH),4

- Rh+Pd+CO, + 2+ x)H"+ (2 +x)e”  (15)

Hence, the association of the three elements was essential for
the fully oxidation of ethanol at low potential.

With the help of in situ FTIR and DFT calculation, the
influence of the exposed facet and surface composition to the
capability in the cleavage of C—C bond were revealed, and the
possible reaction mechanism on shaped Pt—Pd—Rh nanocryst-
als was rationalized. DFT simulations were associated with
experimental results at low applied potential, in spite of
ignoring the influence of applied potential, solvent environ-
ment, and so on. Lastly, the increased activity of shaped Pt—
Pd—Rh nanocrystals was correlated to the two possible
obstacles: the cleavage of C—C bond was proposed to be the
descriptor for the activity of (100)-bounded NPs; so were both
the cleavage of C—C bond and the oxidation of CO for that of
(111)-bounded NPs.

3.10. Comparison with Pt—Rh—Sn NPs. To the best of
our knowledge, Pt—Rh—Sn ternary nanocatalysts have
exhibited prominent EOR activity and have drawn increasing
attention in the current research of EOR catalysts. Herein, we
fabricated two kinds of Pt—Rh—Sn tricom};onent nanocatalysts
with the optimal Pt/Rh/Sn ratio of 3:1:4. 4% A illustrated in
Figure S23, Pt—Rh—Sn NPs synthesized by the similar
hydrothermal method (PtRh(Sn)/SnO, NPs) were revealed
to be a mixture of fcc-structured Pt-based alloy and SnO, NPs.
XRD (Figure S24 in SI) confirmed the constituents of as-
obtained Pt—Rh—Sn NPs. The carbon supported Pt—Rh—Sn
NPs synthesized by reported method (PtRhSn/C NPs) were
also characterized by XRD, verifying the PtRhSn niggliite
structure.”*

EOR evaluation results (Figure S25a in SI) manifested that
both PtRh(Sn)/SnO, NPs and niggliite PtRhSn/C NPs
exhibited higher activity than commercial Pt black at 0.5 V.
In particular, the current density of PtRhSn/C NPs at 0.5 V
(0.082 mA-cm™2) was 8 times as much as that of Pt black, and
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the onset potential of the LSV curve shifted 0.15 V to low
potential as compared with that of Pt black. In contrast with the
three most active shaped Pt—Pd—Rh nanocrystals (i.e., PtPdRh
NTOs, Pt;PdRh NTO, and 8.8 nm PtPdRh NCs-200), niggliite
PtRhSn/C NPs had its advantages at low potential toward EOR
undoubtedly. The intersection point of the LSV curve of
PtRhSn/C NPs with those of the three Pt—Pd—Rh nano-
catalysts was around 0.53 V versus NHE, implying that the
specific activity of the best Pt—Pd—Rh nanocatalysts surpassed
that of niggliite PtRhSn/C NPs above 0.53 V. The
chronoamperometric experiment at 0.5 V (Figure S25b and
Table S8 in SI) showed that the durability of niggliite PtRhSn/
C NPs was better than that of Pt—Pd—Rh NTOs but worse
than that of 8.8 and 13.8 nm Pt—Pd—Rh NCs-200.

In a word, the EOR activity of the optimal Pt—Pd—Rh
nanocatalysts obtained in this work was comparative to that of
niggliite PtRhSn/C NPs near 0.5 V versus NHE, and a better
durability was observed for the Pt—Pd—Rh NCs-200. There
was much in common for the Pt—Pd—Rh and Pt—Rh—Sn
trimetallic EOR nanocatalysts. Judging from the starting point
for the design of the multicomponent EOR catalysts, both Pd
and Sn were proposed to be the site to provide the oxidation
reaction with sufficient oxidants at low potential. Acting as the
site to facilitate the oxidation, Sn was a better candidate than Pd
according to the large oxidation peak of Pt—Rh—Sn NPs at low
potential. Several Pt—Pd—Rh NPs (e.g, PtPdRh NTOs,
PtPd;Rh NTOs) suffered from the slow CO oxidation kinetics.
However, the incorporation of Pd into PtRh-based NPs was
proved to be a valid method to promote the cleavage of the C—
C bond and elevate the selectivity to CO,, especially by the
construction of (111) facets. For Pt—Rh—Sn NPs, many groups
stated that Sn component contributed little to the breakdown
of the C—C bond in EOR."?””° Recently, Teng’s group
manifested the promoted selectivity in Pt-SnO, NPs by
constructing a core—shell NPs.* Hence, the comparable
activity of Pt—Pd—Rh NPs should benefit from the enhanced
capability on the breakdown of the C—C bond with the
introduction of Pd. Boosting the CO oxidation kinetics could
probably enhance the reactivity of Pt—Pd—Rh NPs for the
exploration of high efficient multicomponent EOR nano-
catalysts.

4. CONCLUSIONS

In this work, composition-varied (100)-terminated Pt—Pd—Rh
NCs and (111)-terminated Pt—Pd—Rh NTOs were prepared in
a facile hydrothermal method by controlling the reduction
tendency of the three metal precursors with the help of halides.
Pt—Pd—Rh NTOs had atomic-level alloyed surface element
distribution, whereas more Rh was segregated on the Rh-
enriched surface of Pt—Pd—Rh NCs. A synergistic effect among
Pt, Pd, and Rh toward EOR was revealed, with the combination
of DFT calculations and experiments. It was demonstrated that
Pd in the Pt—Pd—Rh nanocrystals contributed to the promoted
activity and durability by offering oxidative hydroxyl groups to
facilitate the oxidation of adsorbed species as well as
modulating the electronic structure. Pt;PdRh NTOs, PtPdRh
NTOs, and 88 nm PtPdRh NCs-200 with homogeneous
element distribution were found to show the most enhanced
EOR activity at 0.5 V vs NHE, § times as much as that of
commercial Pt black. It is worthwhile to note that 8.8 nm
PtPdRh NCs-200 exhibited the highest activity even after 1 h in
the chronoamperometric experiments under 0.5 V. Element
distribution, morphology, particle size, and composition were
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revealed to affect the EOR performance of Pt—Pd—Rh
nanocrystals. Among these factors, the influences of particle
size, element distribution, and overall composition were
attributed to the alteration of surface composition. In other
words, surface composition was able to be tuned by controlling
the overall composition, particle size, and element distribution.
Hence, shape and surface compositions were considered as the
original factors to the EOR reactivity.

According to the mechanism study by in situ FTIR, a
prominent selectivity to CO, was observed on both Pt—Pd—Rh
NTOs and Pt—Pd—Rh NCs-200, indicating that their
promoted activity resulted from the strong capability in
breakdown of C—C bond. In particular, (111)-terminated
PtPdRh NTOs hold the ability to fully oxidize ethanol to CO,
at extremely low potential (0.35 vs NHE) and the highest
selectivity to CO, among all the measured catalysts. Integrated
with DFT calculation and mechanism study, the key factors to
affect the EOR activity over Pt—Pd—Rh nanocrystals were
deduced as morphology and surface composition. It was proved
that optimal Pt—Pd—Rh nanocatalysts toward EOR could
simply be screened with DFT calculations of two elementary
reactions (i.e., breakdown of C—C bond and oxidation of
CO,q). The results not only demonstrated a robust way to
promote EOR performance by modulating surface structure
and composition of the ternary metallic nanocatalysts but also
provided an example for the rational construction of efficient
nanocatalysts with the integrated multiple active components
on tunable surfaces in high complexity for complicated
heterogeneous reactions.
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