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Abstract—In many catalyst systems, including fuel cell applications, control of the catalyst surface composition is
important for improving activity since catalytic reactions occur only at the surface. However, it is very difficult to mod-
ify the surface composition without changing the morphology of metal nanoparticles. Herein, carbon-supported
Pd;Au, nanoparticles with uniform size and distribution are fabricated by tert-butylamine reduction method. Pd or Au
surface segregation is induced by simply heating as-prepared Pd;Au, nanoparticles under CO or Ar atmosphere,
respectively. Especially, CO-induced Pd surface segregation allows the alloy nanoparticles to have a Pd-rich surface,
which is attributed to the strong CO binding energy of Pd. To demonstrate the change in surface composition of Pd;Au,
alloy catalyst with the annealing gas species, the oxygen reduction reaction performance is investigated and conse-
quently, Pd;Au, catalyst with the highest number of surface Pd atoms indicates excellent catalytic activity. Therefore, the
present work provides insights into the development of metal-based alloys with optimum structures and surface com-

positions for various catalytic systems.
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INTRODUCTION

Proton exchange membrane fuel cells (PEMFCs) are one of the
most promising clean and sustainable energy systems to resolve
numerous energy-related crises with benefits of low temperature
operation, high conversion efficiency; high energy density; and envi-
ronmentally benign products [1-3]. However, in PEMFCs, the oxy-
gen reduction reaction (ORR) at cathode is sluggish and requires
the use of expensive Pt and its alloy materials, which hinders their
commercialization [4]. Therefore, tremendous researches have been
carried out to explore and develop Pt-free or non-noble metal cat-
alysts for efficient ORR [5,6]. Pd has been known as an important
transition metal with high catalytic activity, earth-abundant, less
expensive, and suitable for the ORR [5,7-9]. However, Pd catalyst
shows relatively low activity and poor stability compared to Pt under
dynamic electrochemical conditions. Accordingly, Pd has been
alloyed with other transition metals (M=Fe, Co, Ni, Au, Cu, etc.)
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to improve the ORR activity of Pd catalyst, resulting in interesting
electrochemical properties [2,10-14].

Alloying two metal elements provides two important effects,
such as ensemble and ligand effects [15,16]. While the ensemble
effect is induced by unique geometric configurations, the ligand effect
is the result of electronic interaction between two metals [15-17].
However, the two effects can contribute to improving the catalytic
activity simultaneously due to the combination of two different met-
als. Based on previous studies on PdAu alloy catalysts with differ-
ent structures [2,10,18-21], it is well known that the catalytic prop-
erties of PdAu alloys depend strongly on shape, size, and surface
composition [22,23]. Although several strategies for synthesis of
PdAu alloy with diverse structures have been developed, fine con-
trol of the surface composition and particle size of PdAu alloy nano-
particles with increased number of active sites is still challenging.

In previous studies, several researchers demonstrated the syn-
thesis and potential applications of various PdAu alloy nanostruc-
tures with controlled surface composition, size, and structure. For
example, Yin et al. developed the synthesis of monodispersed bime-
tallic PdAu nanoparticles through an emulsion-assisted synthetic
strategy using metal precursors and surfactants in ethylene glycol
(EG) solution. The bimetallic Pd;;Au,, nanoparticles with low Pd
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content showed superior electrocatalytic for methanol oxidation
reaction (MOR) compared to Pd and Pt catalysts, demonstrating
that the synthesis method is an effective strategy to design Pd-rich
shell and Au-rich core structure [24]. Recently, Kumar et al. reported
an interesting result on the systematic control of Pd,, ,Au, nano-
particles supported on N-doped graphene by one-pot polyol method.
The electronic interaction among Pd, Au, and N-doped graphene
and their synergistic effect contributed to enhanced electrocatalytic
activity and stability toward MOR and alleviated the CO poisoning
effect [19]. Alternatively, Jiao et al. proposed an effective approach
to tune the surface properties of PdAu hollow nanospheres by one-
pot template method using cobalt nanoparticles as a sacrificial
substrate [25]. As a result, the PdAu hollow nanospheres showed
much higher ORR activity than a commercial Pt/C catalyst, which
was attributed mainly to the strain effect that makes the adsorp-
tion strength of oxygen-containing species appropriate.

Here, considering the multifunctional ability of bimetallic PdAu
alloy nanostructures and their tunable surface property; a facile
strategy to increase the number of active sites in carbon-supported
Pd;Au, nanoparticles (Pd;Au,/C) through heat treatments under
different gas atmospheres is proposed. It is clearly confirmed that
the surface composition of Pd and Au in Pd;Au,/C catalyst can be
tuned without severe particle agglomeration by simply changing the
gas atmospheres (Ar or CO) during the heat treatment. Interest-
ingly, when the ORR performance of the surface-controlled Pd;Au,/
C catalysts is evaluated, they show totally different catalytic activity
depending on the surface composition of Pd and Au. The proposed
surface tuning method will provide insights into the development
of alloy catalysts useful for various catalyst systems as well as elec-
trochemical applications.

EXPERIMENTAL

1. Materials

The entire chemicals purchased were used without any further
purification. Palladium(II) acetylacetonate (Pd(C;H,0,), 99%),
Gold(IIT) chloride trihydrate (HAuCl,-3H,O, 299.9%), oleylamine
(CysH;3sNH,, 70%), anhydrous ethanol (=99.5%), and borane tert-
butylamine ((CH,); CNH,-BH;) were purchased from Aldrich.
2. Synthesis

Carbon-supported Pd;Au; nanoparticle catalysts (20 wt% metal
loading, 3: 1 molar ratio Pd: Au) were prepared by tert-butylamine
reduction method in anhydrous ethanol at room temperature. 0.1g
of carbon black (Vulcan XC-72) was dispersed in anhydrous etha-
nol (100 ml) through ultrasonication. Meanwhile, oleylamine (3.039
mmol) was added to the suspension and allowed to sonicate for
1 h. Afterwards, Pd(IT) acetylacetonate (0.145 mmol), Au(III) chlo-
ride trihydrate (0.048 mmol), and borane tert-butylamine (1.937
mmol) were dissolved in anhydrous ethanol of different quantities
(80, 20, and 20 mL, respectively). To the dispersed carbon black sus-
pension, metal precursors and reducing agent were quickly added
in the order Au, Pd, and borane fert-butylamine at an interval time
of 30 min and the mixture was stirred for 24 h. After 24 h, the slurry
was vacuum filtered fitted with a membrane filter, washed with copi-
ous amount of ethanol and dried in vacuum oven. To remove sur-
factant (oleylamine) impurities on catalyst surface, the samples were

annealed in air (200 sccm) for 1h at 200 °C in a tubular furnace
(Pd;Au,-ASP). To achieve surface segregation of Pd or Au (Pd;Au,-
Ar or Pd;Au,-CO), the as-prepared samples were heated under Ar
or CO (200 sccm) for 1h at 200 °C, whereas the reverse surface seg-
regation (Pd;Au,-(CO-Ar)) was achieved by heating the CO-treated
sample under Ar atmosphere (200 sccm) for 1h at 200 °C again.
The heat treatment procedure involved heating the catalysts from
room temperature to 200 °C (10 °C/min) under N, atmosphere (200
sccm) and maintaining N, atmosphere (200 sccm) when the ele-
vated temperature is cooled to room temperature before and after
the main heat treatment at 200 °C, respectively.
3. Characterization

All the synthesized samples were analyzed by recording X-ray
diffraction (XRD) patterns using Rigaku D/MAX 2500 diffractom-
eter equipped with a Cu Ko X-ray source (4=1.5401 A). Trans-
mission electron microscopy (TEM) images (Philips CM30) were
recorded to confirm particle size and distribution of Pd;Au, elec-
trocatalysts. X-ray photoelectron spectroscopy (XPS) measurements
were carried out on PHI-5000 Versa Probe (Ulvac-PHI) to analyze
Pd 3d and Au 4f core level regions. The XPS binding energies were
calibrated by using a C 1s value of 284.6 eV. Peak fitting was per-
formed by using XPS 4.1 software.
4. Electrochemical Measurements

All electrochemical measurements (Autolab 302N potentiostat)
involved using a standard three-electrode electrochemical cell com-
posed of glassy carbon (GC) rotating disk electrode (5 mm diame-
ter, geometric area= 0.196 cm’), Pt wire, and a saturated calomel
electrode as the working, counter and reference electrodes, respec-
tively. The catalyst ink was prepared by dispersing 10 mg of catalyst
in 5wt% Nafion solution (0.1 mL, Aldrich) and 2-propanol (1 mL)
for few minutes until homogeneous ink was obtained. A drop of
prepared catalyst ink (total metal loading= 44.86 jig cm’) was drop
casted on a GC electrode and then dried at room temperature.
Cyclic voltammetry (CV) measurements were carried out between
0.05 to 1.05 Vg ranges with a scan rate of 20mV s~ in Ar-purged
0.1 M HCIO, (perchloric acid, ACS reagent, 70%, Aldrich) solu-
tion. ORR measurements were carried out at potential range from
0.05 to 1.05 V5 at a scan rate of 5mV s ' under a constant rota-
tion speed of 1,600 rpm in O,-saturated 0.1 M HCIO; solution.

RESULTS AND DISCUSSION

The schematic diagram of the surface rearrangement of Pd;Au,
nanoparticles by different gas atmospheres is displayed in Fig. 1.
‘When Pd;Au,-ASP as a starting material was treated in Ar, Pd;Au;,-
Ar catalyst with Au-rich surface was produced due to strong Au
surface segregation. This result is attributed to lower surface free
energy of Au (141 ] m™) than that of Pd (204 ] m™) [26,27]. Whereas,
Pd segregation predominates under CO gas atmosphere since the
CO binding energy on Pd (—2.01 eV) is ~6 times higher than that
on Au (-0.35eV) [28,29]. Concurrently, when CO-induced Pd seg-
regated nanoparticle was further subjected to the Ar heat treatment,
Au atoms are segregated into the surface again, which implies that
Pd or Au surface enrichment on the PdAu alloy nanoparticle can be
rationally controlled by simply changing the gas atmosphere during
the heat treatment.
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Fig. 1. Schematic representation for the Pd and Au surface segrega-
tion in Pd;Au, catalyst by heat treatment using different gas
species.

Fig. 2. Transmission electron microscopy (TEM) images of 20 wt%
Pd;Au,/C electrocatalysts annealed under different gas atmo-
spheres: (a) Pd;Au;-ASP, (b) Pd;Au,-Ar, (¢) Pd;Au,-CO, (d)
Pd;Au,-(CO-Ar).

First, the particle size distribution of the as-prepared and heat
treated Pd;Au,; nanoparticles was estimated from a sample of ~100
nanoparticles in the TEM images (Fig. 2). As a result, the average
nanoparticle size was 3.09 + 0.27 nm, 3.18 + 0.24 nm, 3.20 + 0.25
nm, and 3.28 + 0.21 nm for Pd;Au,-ASP, Pd;Au;-Ar, Pd;Au,-CO,
Pd;Au,-(CO-Ar), respectively (Fig. S1, see Supporting Information).
In comparison with the particle size of Pd;Au,-ASP, all the heat-
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Fig. 3. XRD patterns of Pd;Au, electrocatalysts: (a) Pd;Au,;-ASP, (b)
Pd;Au,-Ar, (c) Pd;Au,-CO, (d) Pd;Au,-(CO-Ar).

treated catalysts exhibited slightly increase in size (~0.1 nm) due to
particle agglomeration and growth. Therefore, based on the TEM
analysis, it was difficult to clearly identify the structural difference
among the prepared catalysts.

To understand the crystal structure of heat-treated Pd,Au, nano-
particles, the XRD analysis was carried out as shown in Fig. 3.
Interestingly; all the samples had similar XRD patterns correspond-
ing to face-centered cubic structure, which suggests that the heat-
treated electrocatalysts retained the crystal structure even under
different gas atmospheres. In comparison with pure Pd (68.17°,
JCPDS 65-6174) and Au (64.83°, JCPDS 65-8601), the (220) peaks
of Pd;Au, catalysts were found between Pd and Au peaks, which
implies the formation of the Pd;Au, alloy [2,10]. In line with the
TEM results, the crystallite sizes of Pd;Au,-ASB, Pd;Au,-Ar, Pd;Au,-
CO, and Pd;Au,-(CO-Ar), were estimated from the (220) diffrac-
tion peaks using Scherrer equation and were found to be 3.0, 3.1,
3.2, and 3.3 nm, respectively [30].

In addition, the chemical state and electronic structure of the
catalysts were analyzed by XPS (Fig. S2 and Table S1, see Support-
ing Information). The binding energy of Pd 3d (335.8eV) and Au
4f (84.0¢eV) of all Pd;Au, catalysts was similar and showed a slight
shift to lower binding energy in comparison with commercial Pd/
C (3369 ¢eV) and Au/C (84.4 eV), which further proves the Pd;Au,
alloy formation in accordance with previous reports [2,10,31]. XPS
is a powerful tool to observe the surface composition of our Pd;Au,
catalysts; however, X-rays might reach from surface to core part,
resulting in bulk scale estimation rather than surface composition.
Therefore, the surface composition of Pd;Au, electrocatalysts was
exclusively determined by electrochemical methods.

The electrochemical behavior of as-prepared and heat treated
Pd;Au, catalysts was investigated by recording cyclic voltammo-
grams (CVs) measured in 0.1 M HCIO, (Fig. 4(a)). Furthermore,
the CV of commercial Pd/C (premetek) was compared to evaluate
Pd;Au, catalysts relatively. In addition, the Pd surface area ratios of
the Pd-based catalysts were calculated by relative comparison based
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Fig. 4. (a) Cyclic voltammograms (CVs) of Pd;Au, catalysts measured in 0.1 M HCIO,, (b) Pd surface area ratio estimated from the CVs. In
the figures, the data of commercial Pd/C catalyst were compared with those of Pd;Au, catalysts.

on the CV area of the commercial Pd/C catalyst between 0.05V and
04 V. As shown in Fig. 4(b), the Pd surface composition of the cata-
lysts in percentage values for Pd/C, Pd;Au,-ASP, Pd;Au,-Ar, Pd;Au,-
CO, and Pd;Au,-(CO-Ar) were estimated to be 100, 87.4, 72.8,
67.7, and 56.2%, respectively. Pd;Au,-Ar sample had lower Pd sur-
face ratio compared to Pd;Au;-ASP, resulting in the Au-rich sur-
face formation due to the low surface energy of Au. In sharp contrast,
the CO-treated catalyst (Pd;Au,-CO) had the highest Pd surface
composition (87.4%) among the Pd;Au, catalysts, which effectively
proves that CO gas has the potential to induce the maximum amount
of Pd surface segregation due to strong interaction between Pd
and CO while maintaining PdAu alloy structure [10]. Interestingly,
in the case of Pd;Au,-(CO-Ar) catalyst, it was confirmed that most
of the Pd atoms which were segregated to the surface by CO anneal-
ing process can be replaced by Au atoms again through the sec-
ondary Ar heat treatment.

To thoroughly study the effect of surface rearrangement of Pd;Au,
catalysts on the electrochemical properties, ORR polarization curves
were obtained as shown in Fig. 5(a). As a control, commercial Pd/
C demonstrated superior ORR activity with the highest half-wave
(E,;») potential (0.82 V). Interestingly, among all the Pd;Au, alloy
samples, CO-treated Pd;Au, (Pd;Au,-CO) catalyst showed excellent
ORR performance (E;,= 0.79 V) compared to Pd;Au,-ASP (E,,=
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0.77 V), Pd;Au,-(CO-Ar) (E;,= 0.72V), and Pd;Au,-Ar (E,,= 0.71
V). However, for Pd;Au,;-(CO-Ar) sample, the ORR activity was
much lower than Pd;Au,-CO but similar to Pd;Au,-Ar. Significant
changes in the ORR performance of the catalysts can be explained
rationally by the following reasons. In general, heat treatment of
metal nanoparticles under specific gas atmosphere such as CO is
expected to induce surface rearrangements due to the interaction
of metal atoms with adsorbates. In our case, during the heat treat-
ment by CO gas, Au atoms are exchanged by Pd atoms at the sur-
face due to high CO binding energy of Pd, resulting in Pd-rich
surface [10,28,32]. On the other hand, for Pd;Au;-(CO-Ar), the
deactivation of Pd;Au; nanoparticles is attributed to the enrich-
ment of inactive Au atoms on the surface after the secondary Ar
heat treatment.

As shown in Fig. 5(b), the correlation between half-wave poten-
tials obtained from the ORR polarization curves and Pd surface
area ratios calculated from the CV's was plotted for Pd-based elec-
trocatalysts with different surface compositions. As a result, it was
clearly proved that the half-wave (E,,) potentials for the ORR
changed depending on the Pd surface area ratio and were strongly
affected by the number of exposed Pd atoms on the surface. Con-
sequently, the present work provides a facile strategy to change the
surface composition of metal alloy nanoparticles. By simply con-
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Fig. 5. (a) ORR polarization curves and (b) correlation between their half-wave potentials and Pd surface areas of Pd;Au, catalysts. In the fig-
ures, the data of commercial Pd/C catalyst were compared with those of Pd;Au, catalysts.
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trolling the gas atmosphere during annealing process, one might be
able to find the best surface composition of metal alloy nanoparti-
cles for a certain application.

CONCLUSION

A simple method to control the surface composition in Pd;Au,/
C catalyst under different gas atmospheres was successfully devel-
oped. When CO was used as an annealing gas, CO-induced sur-
face segregation of Pd was generated in Pd;Au, alloy nanoparticles,
which resulted in a significant increase in the number of Pd atoms.
In contrast, the secondary Ar heat treatment after CO annealing
process made Pd;Au, alloy nanoparticles have Au-rich surfaces
again. Depending on the number of surface Pd atoms on Pd;Au,
alloy nanoparticles, the ORR performance totally changed, and
Pd;Au, alloy with the highest Pd surface area showed superior cat-
alytic activity than others. The results clearly confirmed that high
CO binding energy of Pd can promote the surface segregation of
Pd and exchange the surface Au with Pd atoms positioned at the
sub-surface layer. Therefore, the CO-induced surface segregation
method is expected to be applied to the development of metal-based
alloys with optimum structures and surface compositions for vari-
ous applications.
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Fig. S2. Pd 3d (top) and Au 4f (bottom) core-level XPS spectra of Pd;Au,-ASP, Pd;Au,-Ar, Pd;Au,-CO, and Pd;Au,-(CO-Ar).

Table S1. Summary of XPS measurement data

Pd 3d Au 4f
Samples
Oxidation state BE (eV) Relative intensity (%) Oxidation state BE (eV) Relative intensity (%)
Pd(0) 335.71 65.4 Au(0) 84.06 -
Pd,Au,-ASP
st Pd(11) 336.18 346
Pd(0) 335.81 54.4 Au(0) 84.10 -
Pd;Au,-Ar
s PA(ID) 336.29 456
Pd(0) 335.82 80.6 Au(0) 84.05 -
Pd,Au,-CO
s Pd(I1) 336.62 194
Pd(0) 335.81 66.5 Au(0) 84.05 -

Pd;Au;-(CO-An) Pd(II) 33636 335
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