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The rearrangement of the Pd and Ni atoms in the Pd-Ni nanoparticles is achieved by annealing under a
vacuum condition with an absolute pressure of 0.03 MPa, to successfully synthesize carbon supported
composite nanoparticles with Pd core and NiOxHy doped PdO shell (Pd@PdO-NiOxHy/C). This unique
structure with a Pd core and a PdO metal oxide shell doped by NiOxHy is proved by the X-ray
diffraction analysis and energy dispersive spectrometer mapping images. The shell structure of the
Pd@PdO-NiOxHy nanoparticles is further proved by the X-ray photoelectron spectroscopy. The
electrochemical test results indicate that the core-shell catalyst prepared at 400 °C (Pd@PdO-
NiOxHy/C-400) catalyst has the best catalytic activities and stabilities in all the catalysts for the
methanol electro-oxidation (MEO) and ethanol electro-oxidation (EEO). The peak value of the mass
specific current density on the PA@PdO-NiOxHy/C-400 catalyst for the MEO reaches to 1118.9 mA
mg™ Pd, which is 2.5 and 1.4 times those of the Pd/C (443.1 mA mg* Pd) and Pd-Ni/C (828.1 mA mg*
Pd) catalysts, respectively. This improvement is attributed to the unique doped structure between
NiOxHy and PdO in the shell layer of the Pd-based nanoparticles in the core-shell catalyst, the
promoting effect of the NiOOH, as well as the bifunctional mechanism. Under the influence of this
doped structure, the new Pd nanoparticles generated by the rearrangement of the Pd atoms in the
electrochemical activation process, are divided by the NiOxHy species, resulting in the new formed Pd
nanoparticles have ultra-small size and high stability. These are also the reason that the Pd@PdO-
NiOxH,/C-400 catalyst reveals good durability for both the MEO and EEO. Moreover, the ratio
between its stable current densities for the EEO (86.35 mA mg* Pd) and MEO (12.57 mA mg™ Pd)
after 3600 s at -0.1 V vs. Ag|AgCl is 6.9, showing that the PA@PdO-NiOxHy/C catalyst has broad
application prospects in the field of the direct ethanol fuel cells.

Keywords: Direct Alcohol Fuel Cells; Methanol Electro-oxidation; Ethanol Electro-oxidation; Core-
shell Structure; Pd based nanocatalyst; NiOxHy doped PdO.
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1. INTRODUCTION

It is great important to improve the activity and durability of the electrocatalyst, for the
commercial applications of the direct alcohol fuel cells (DAFCs). Although the Pt based nanocatalysts
exhibit good electrocatalytic activity, their catalytic performances are still unsatisfactory [1-5]. In
addition, the serious scarcity of the Pt resource has greatly frustrated their practical applications [6-9].
Therefore, it is urgent exploiting the non-platinum electrocatalyst with excellent activity, stability and
efficiency [10-12]. Pd, as one replaced metal of Pt, has been extensively investigated in recent, due to
their impressive catalytic activity and CO-tolerance ability for the methanol electro-oxidation (MEO)
and ethanol electro-oxidation (EEO) in alkaline media [7,13-20].

Since the activity of the electrocatalyst strongly depends on its surface area, number of active
sites and conductivity etc., many efforts have been made to optimize these characteristics for
improving the electrocatalytic activity [21,22]. A general method is preparing bimetallic composite
catalysts, because their active surface areas are increased by the synergistic structure between the two
metals, which significantly enhances the activity and durability of the catalysts [23-26]. At present,
numerous bimetallic Pd based catalysts, such as PdNi [7,13-16], PdCo [17], PdRu [18], PdCu [19], and
PdAu [20], etc., have been employed widely in the anode electrocatalysts of the DAFCs. Among these
Pd based electrochemical nanocatalysts, the Pd-Ni composite catalysts have attracted much attention,
due to their excellent activity for many electrochemical reactions [7,13-16].

For the oxidation catalysis, oxygen reacts with the metal catalyst to produce a metal oxide layer
on the surface of the catalyst, which represents a completely new compound compared to the original
metal, and results in a significant enhancement in the catalyst performance [27]. The detailed
information on the chemical properties of methanol on the clean and oxygen-modified transition metal
surfaces has been reported in previous literatures [28-30]. The adsorbed oxygen atoms significantly
enhance the chemical reactivity of the methanol oxidation on the transition surface, inducing a variety
of oxidation reactions. The adsorbed oxygen atoms as a Bronsted base, stimulate the initial
deprotonation of methanol to produce a methoxy intermediate with strong bonding force [30].
According to the mechanism that the redox reaction occurred at the surface of the oxides and
oxyhydroxides, the reaction intermediates, OH and OOH, are attached on the surface active sites of the
catalyst, which have a great improvement on the reaction kinetics [31-34]. Therefore, it is important to
establish bonding sites for these intermediates. The aerobic properties of the metal oxides make the
adsorbed OH species (OHags) be easily formed on their surfaces, improving the desorption rate of the
intermediate products [35,36]. Therefore, it is a proper approach to establish a surface structure
containing metal oxides, for improving the performance of the catalyst.

For increasing the amount of the metal oxides, the PtNi/C catalyst has been annealed at 200 °C
under atmospheric conditions, which enhances the performance of the catalyst [37]. It has been
reported that, moreover, the catalytic performances of numerous catalysts have been improved by the
atomic rearrangement of the active nanoparticles in the catalyst caused by heat-treatment [37-40].
Furthermore, the atoms in the Pt-Ni nanoparticle catalysts are successfully rearranged by the
electrochemical approach [41]. Therefore, it is great significant to research the effect of the atomic
arrangement on the activity of the Pd-Ni catalyst for the MEO and EEO.
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Here, the Pd and Ni atoms in the Pd-Ni/C (Pd-Ni composite nanoparticles supported on
activated carbon) catalyst prepared by a polyol process are firstly rearranged by heat treatment to
prepare the PA@PdO-NiOxHy/C (Pd core NiOxHy doped PdO shell (Pd@PdO-NiOxHy) composite
nanoparticles supported on activated carbon) catalyst. Then, the rearrangement of Pd atoms is achieved
by the electrochemical activation to improve the performance of the Pd@PdO-NiOxH,/C catalyst.
Furthermore, the effects of the atomic rearrangement on their structure, composition and
electrocatalytic properties for the alcohol oxidation are studied in this work.

2. EXPERIMENTAL SECTION

2.1 Preparation of the Pd-Ni/C and Pd/C catalysts

The preparing process of the Pd-Ni/C catalyst is as follows. Firstly, the PdCI, solution is
confected according to the method reported in literature [42]. Then, 48 mg activated carbon (Vulcan
XC-72R) is dispersed in a mixed solution prepared by 2 ml 0.0564 M PdCl; solution, 0.5 ml 0.112 M
NiCl2 solution and 20 ml ethylene glycol using ultrasonic agitation for 25 min. Following by continue
ultrasonic dispersion for 5 minutes, 6.8 ml 1 M KOH is added into the above solution. Subsequently,
the mixture is transferred into a 100 ml stainless steel autoclave, and the small beaker is washed using
40 ml ethylene glycol solution, which is also transferred into the stainless steel autoclave. After the
sealed container is heated from room temperature to 190 °C, it is held at this temperature for 6 hours
and then naturally cooled to room temperature. The product is collected by filtering the mixture and
washing repeatedly with ethanol and deionized water [43]. After the filter residue is dried in a vacuum
oven at 80 °C for 6 hours, the Pd-Ni/C catalyst is prepared. In addition, the activated carbon support Pd
nanoparticles (Pd/C) catalyst is prepared for comparison by the same preparation procedure as Pd-Ni/C
without NiCl> solution is added.

2.2 Atomic rearrangement in the Pd-Ni/C catalyst

The atomic rearrangement in the Pd-Ni/C catalyst is achieved by annealing under a vacuum
condition with an absolute pressure (Pags) of 0.03 MPa, which is carried out according to following
steps. Firstly, the as-prepared Pd-Ni/C catalyst is placed in a tube furnace. Then, the air pressure is
adjusted to 0.03 MPa using a vacuum pump. Subsequently, the Pd-Ni/C catalyst is annealed for 2 hours
at 300, 400 or 500 °C, respectively. After the tube furnace is naturally cooled to room temperature, the
Pd@PdO-NiOxHy/C catalyst is prepared, and taken out from the tube furnace. The Pd-Ni/C catalysts
annealed at 300, 400 and 500 °C at vacuum condition are denoted as Pd@PdO-NiOxH,/C-300,
Pd@PdO-NiOxH,/C-400 and Pd@PdO-NiOxH,/C-500, respectively. For comparison, the Pd-Ni/C
catalyst is also annealed at 400 °C for 2 hours under the protection of a nitrogen atmosphere, which is
indicated as Pd-Ni/C-400.
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2.3 Physical characterization

The morphology and distribution of the Pd based nanoparticles in the catalysts are observed by
a JEM 1200EX transmission electron microscope (TEM). The high-angle annular dark-field scanning
TEM (HAADF-STEM) and energy dispersive spectrometer (EDS) mapping images of the Pd@PdO-
NiOxHy nanoparticles in the Pd@PdO-NiOxHy/C-400 catalyst are collected using a Tecnai G2 F20
transmission electron microscope. The X-ray diffraction (XRD) data of the catalysts are recorded by a
Brucker D8 Diffractometer. X-ray photoelectron spectroscopy (XPS) measurements are performed on
a Thermo Scientific ESCALAB 250Xi XPS system. The loading of the metals in the catalysts are
determined by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) using an Agilent 7500ce.

2.4 Electrochemical test

All electrochemical tests are performed using an electrochemical workstation (CHI760E,
China), in a typical three-electrode system. A piece of graphite sheet (3 cm?) and an Ag|AgCl electrode
are used as counter and reference electrodes, respectively. The preparing method of the working
electrode is similar to the literatures [3,4,44,45]. Firstly, 10 ul catalyst inks, prepared using 1 mg
catalyst, 0.95 ml water, 0.05 ml isopropanol and 30 pul 5% Nafion solution (Dupont Co., USA), are
dropped on the surface of a glassy carbon electrode (® = 4 mm). Then, the inks are dried under the
radiation of an infrared lamp for about 5-10 min. Before the electrochemical test, the electrolyte
solution is blown by high purity nitrogen for 20 minutes to obtain O»-free solution. The activity and
stability of the catalyst are tested by cyclic voltammetry and chronoamperometry in 0.1 M KOH media
respectively with 1 M CH3OH and 1 M CH3CH>OH. For activating and calculating the electrochemical
active surface area (ECSA) of the catalyst, the working electrode is firstly tested by cyclic
voltammetry in a 0.05 M H,SO4 solution from -0.2 to 1.1 V at a scan rate of 50 mV s, until the test
curve is stable.

3. RESULTS AND DISCUSSION

3.1 Generation and evolution of the Pd@PdO-NiOxH,/C catalyst

Figure 1 shows the generation and evolution of the Pd@PdO-NiOxH,/C catalyst, from the
synthesis of the Pd-Ni/C catalyst to the electrochemical activation of the Pd@PdO-NiOxH,/C catalyst.
In this schematic diagram, the effect of the heat-treatment and electrochemical activation processes on
the composition and structure of the activity nanoparticle in the catalyst is revealed, using a simple
atomic model. For the preparation of the Pd/C and Pd-Ni/C catalysts, the catalyst precursors are
reduced by the reducing species produced from the decomposition of ethylene glycol under a high
temperature in alkaline medium [43].
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Figure 1. Schematic diagram about the generation and evolution of the Pd@PdO-NiOxH,/C catalyst
from the synthesis of the Pd-Ni/C catalyst to the electrochemical activation of the Pd@PdO-
NiOxHy/C catalyst.

3.2 Morphologies of the catalysts

Figure 2 reveals the TEM images of the as-prepared catalysts and their size distributions
(inserts), which are obtained by a statistical approach [43-46]. Figure 2a and 2b present that the Pd
based nanoparticles in the Pd/C and Pd-Ni/C catalysts are well dispersed on the carbon support. The
particle diameter histograms in Figure 2 indicate that, the average diameters of the Pd based
nonaoparticles in the Pd/C, Pd-Ni/C, Pd-Ni/C-400, Pd@PdO-NiOxHy/C-300, Pd@PdO-NiOxHy/C-400
and Pd@PdO-NiOxH,/C-500 catalysts are about 3.73, 3.75, 4.09, 4.90, 5.06 and 6.66 nm, respectively.
This result exhibits that the Pd based nanoparticles become big obviously due to the rearrangement of
the Pd and Ni atoms, after the Pd-Ni/C catalyst is annealed. It is surprised that, however, the mean size
of the PA@PdO-NiOxHy nanoparticles in the Pd@PdO-NiOxH,/C-400 catalyst is much larger than that
of the Pd-Ni nanoparticles in the Pd-Ni/C-400 catalyst. This phenomenon is resulted from the insertion
of the O atoms in the crystal lattice of the Pd-Ni nanoparticles to form metal oxides, due to the reaction
between the metal and oxygen. Therefore, the rearrangements of the Pd and Ni atoms are accelerated
with the assistance of O.. The corresponding evolution process is displayed in Figure 1. For the
Pd@PdO-NiOxH,/C catalyst, the average diameter of the Pd@PdO-NiOxHy nanoparticles increases
with the annealing temperature, implying that the annealing temperature is another factor affecting the
atomic rearrangement level.
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Figure 2. TEM images of the Pd/C (A), Pd-Ni/C (B), Pd-Ni/C-400 (C), Pd@PdO-NiOxHy/C-300 (D),
Pd@PdO-NiOxH,/C-400 (E), and Pd@PdO-NiOxH,/C-500 (F) catalysts. Inserts show the
corresponding particle diameter histogram.

3.3 Compositions of the catalysts

Table 1. Metal loading of the catalysts measured by ICP-MS

. Theoretical

C Pd loading N! Actual tot_al total

atalyst (Wt%) loading  Metal loading metal loading
(Wt%) (Wt%) (Wt%)
Pd/C 27.4 NA 27.4 30.0
Pd-Ni/C 16.0 2.2 18.2 24.1
Pd-Ni/C-400 15.5 3.3 18.8 24.1
Pd@PdO-NiOxH,/C-300 14.2 2.6 16.8 24.1
Pd@PdO-NiOxH,/C-400 15.9 3.2 19.1 24.1
Pd@PdO-NiOxH,/C-500 53.4 9.5 62.9 24.1

The Pd and Ni loadings of the catalysts tested by ICP-MS are listed in Table 1. The theoretical
Pd and Ni loadings in the bimetallic catalyst are 18.9% and 5.2%, respectively. However, the actual Pd
and Ni loadings of the Pd-Ni/C catalyst respectively are about 16.0% and 2.2%, which are both lower
than the corresponding theoretical values, especially for the Ni loading. This is caused by the
incomplete reduction of the precursor [43]. However, the actual Pd and Ni loadings of the Pd@PdO-
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NiOxHy/C-500 are far higher than their theoretical loadings, reaching to about 53.4% and 9.5%. The
possible reason is the activated carbon reacted with oxygen when the Pd-Ni/C is annealed at 500 °C,
leading to a great loss for the carbon support.

3.4 Structure of the Pd@PdO-NiOxHy/Ccatalysts

Figure 3 indicates the XRD profiles of the Pd/C, Pd-Ni/C, Pd-Ni/C-400, Pd@PdO-NiOxHy/C-
300, PA@PdO-NiOxHy/C-400 and Pd@PdO-NiOxHy/C-500 catalysts. In Figure 3, the diffraction peak
at 25.4° is assigned to the C (002) plane of the carbon support [JCPDS, No. 74-2330] [43,44,46]. For
the Pd/C catalyst, the peaks at 40.1, 46.6, 68.5 and 82.3° correspond to the (111), (200), (220) and (311)
planes of Pd with fcc structure [JCPDS, No. 5-0681], respectively [47]. Compared to the Pd/C catalyst,
the positions of the peaks in the Pd-Ni/C diffraction pattern hardly shift, indicating that the Pd-Ni alloy
phase is not easily formed under the preparation conditions. However, the Pd (111), (200), (220) and
(311) crystal planes of the Pd-Ni/C-400 catalyst in Figure 3 are respectively located at 40.6, 46.9, 68.8
and 82.7°, which are between the 26 values of the pure Pd and pure Ni [JCPDS, No. 4-0850]. This
phenomenon indicates that some Ni atoms enter the lattice of the Pd nanoparticles and partially replace
the Pd atoms. Therefore, the Pd-Ni alloy phase is formed, and the lattice parameters of the Pd crystals
are changed due to the electron-inducing effect of the Ni atoms on Pd atoms [48]. This change in the
lattice parameters of noble metals can significantly enhance its catalytic activity [49]. The Pd@PdO-
NiOxHy/C-300, Pd@PdO-NiOxHy/C-400 and Pd@PdO-NiOxH,/C-500 catalysts exhibit great different
diffraction peaks, compared to the Pd/C, Pd-Ni/C and Pd-Ni/C-400 catalysts. The strong diffraction
peaks at 33.8, 41.9, 54.7, 60.2 and 71.4° are related to the (101), (110), (112), (103) and (202) planes of
PdO [JCPDS, No. 75-0584], respectively [50]. In addition, the peaks corresponding to the Pd (111)
plane are situated at about 40.1°, although it is extremely weak. These results suggest that most of the
Pd atoms in the Pd@PdO-NiOxHy/C catalysts are principally PdO, and only few Pd atoms are existed
as metallic Pd. It is preliminarily concluded that, therefore, the outer Pd atoms in the Pd-Ni/C catalysts
are oxidized to form the PdO shell layer, when it is annealed in the tube furnace with the vacuum
degree of 0.07 MPa; while a small part of inner Pd atoms are still the metallic Pd. Namely, the
Pd@PdO-NiOxHy nanoparticles have a core-shell structure. Moreover, the Pd (111) diffraction peaks of
the PA@PdO-NiOxHy/C catalysts scarcely shift with the increase in the heating temperature, which
suggests that no metallic Ni exists in these catalysts. Or else, the Pd (111) diffraction peaks will shift to
the high 26 value with the enhancement in the heating temperature, which is similar to the result that
the Pd diffraction peaks of the Pd-Ni/C-400 catalyst has higher 26 value than the Pd-Ni/C catalyst.
Therefore, the metallic Ni atoms hardly exist in the PA@PdO-NiOxHy/C catalysts. In other words, all
the Ni atoms in the PA@PdO-NiOxHy/C catalysts appear to be the oxidized form (NiOxHy). Compared
to the standard XRD card of PdO, the diffraction peaks of the PdO shell layer in the Pd@PdO-
NiOxHy/C catalysts scarcely shift, meaning that the PdO shell layer in these catalysts is pure PdO.
Therefore, no new phase is formed between PdO and NiOxHy. This result suggests that the oxidation of
the Pd and Ni atoms in the annealing process makes the Pd-Ni nanoparticles in the Pd-Ni/C catalyst are
turned into the Pd@PdO-NiOxHy nanoparticles in the Pd@PdO-NiOxH,/C catalyst. During this
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procedure, the Pd and Ni atoms are inevitably rearranged according to the related sketch map shown in
Figure 1. Furthermore, the diffraction peaks of both Ni and NiOxHy are never found in the XRD
patterns of all the Pd based catalysts. The possible reason is that Ni and NiOxHy in the composite
nanoparticles are existed as an amorphous form. This structure can fully utilize the merits of the
NiOxHy species with excellent co-catalysis effect to prompt the catalytic performance of the Pd@PdO-
NiOxHy/C catalyst.
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Figure 3.XRD profiles of the Pd/C, Pd-Ni/C, Pd-Ni/C-400, Pd@PdO-NiOxHy/C-300, Pd@PdO-
NiOxHy/C-400 and Pd@PdO-NiOxH,/C-500 catalysts. The standard XRD card of PdO is
included for reference.

To further identify the core-shell structure, and study the distributions of the Pd, Ni, and O
components of the Pd@PdO-NiOxHy nanoparticles, the Pd@PdO-NiOxH,/C-400 catalyst is
investigated using an EDS mapping analysis in the HAADF-STEM mode. The HAADF-STEM and
EDS mapping images of the Pd@PdO-NiOxHy nanoparticles in the Pd@PdO-NiOxH,/C-400 catalyst
are shown in Figure 4. The pink, blue, and green points represent the Pd, Ni, and O elements,
respectively. Compared the HAADF-STEM image with the EDS mapping images of the Pd, Ni and O
elements, it is found that, the outline of their distributions very similar. To obtain more detailed
information, the mixed EDS mapping images of the Pd and Ni elements, and the Pd, Ni and O
elements are shown in Figures 4E and 4F, respectively. It can be seen clearly from Figure 4E that,
some Ni atoms are primarily distributed on the edge of the Pd@PdO-NiOxHy nanoparticles, which is
shown by a green rectangle; while some Ni atoms in some region (orange oval-shaped area) reveal
relatively uniform. This phase separation phenomenon is caused by the clustering phenomena or
spinodal decomposition [45]. According to Figures 4B, 4C, 4D and 4E, the O atoms are mainly
distributed near the Ni elements. The possible reason is that the oxygen level in NiOxHy is higher than
that in PdO. These results further suggest that, both the Ni and Pd elements on the surface of the
Pd@PdO-NiOxHy nanoparticles are oxidized by O to respectively form PdO and NiOxHy. Figure 4F
indicates that, only few O atoms are distributed in the two regions denoted by white dotted cycles
compared to the adjacent regions. This implies that the Pd cores of the PA@PdO-NiOxHy nanoparticles
are located at these regions, which is mainly situated in the phase separation zone. However, the O
atoms are distributed throughout the other regions of the Pd@PdO-NiOxHy nanoparticles, showing that
PdO and NiOxHy are evenly mixed together to form a unique doped structure, in the shell layers of the
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Pd@PdO-NiOxHy nanoparticles and the regions that the Pd and Ni atoms are uniformly distributed.

Figure 4. HAADF-STEM (A) and EDS mapping images (B—F) of the Pd@PdO-NiOxHy nanoparticles
in the PdA@PdO-NiOxHy/C-400 catalyst.

The chemical states of the surface Pd and Ni atoms in the Pd@PdO-NiOxH,/C-400 catalyst are
determined by an XPS analysis. The total spectrum of the Pd@PdO-NiOxH,/C-400 catalyst is depicted
in Figure 5A, which contains a C 1s peak at 284 eV, an O 1s peak at 531 eV, a Pd 3d peak at 337 eV,
and a Ni 2p peak at 855 eV. The most intense peak in the C 1s spectrum (Figure 5B) is located at
284.79 eV, which is very close to 284.80 eV of pure carbon [51]. The inferior and weak doublets
around 286.28 and 288.82 eV represent C-O and C=0, respectively [51]. The narrow scan spectrum of
Ni 2p (Figure 5C) shows a complex structure, in which spin-orbit coupling is found in the Ni 2p
spectrum, and shake-up peaks appear at 861.4 and 880.8 eV, due to the multi-electron excitation [52].
Considering the shake-up peaks, Ni 2ps» decomposes into four peaks at 854.26, 855.34, 856.43 and
857.30 eV, which respectively correspond to NiO, Ni(OH)., NiOOH and Ni>03 [45,53-55]. No metallic
Ni peak is found in the Ni 2p spectrum at about 852.3 eV, which further proves that all the Ni atoms in
the Pd@PdO-NiOxH,/C-400 catalyst are fully oxidized [45]. Due to spin-orbit coupling, the Pd 3d
spectrum shown in Figure 5D is mainly divided into two parts: a low binding energy band at 337.27
eV (Pd 3ds/2) and a high binding energy band at 342.63 eV (Pd 3dz), which both correspond to PdO
[51,56-58]. The other two weak peaks located at 339.70 and 345.34 eV are associated to the PdO> [56].
Surprisingly, the metallic Pd signal never appears at about 335.2 eV in the XPS spectrum [51,56-58],
which is different to the XRD result (the metallic Pd is found in the profile of the Pd@PdO-NiOxHy/C
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catalysts), further indicating that the metallic Pd is located at the center of the PA@PdO-NiOxHy
nanoparticle to form the pure metallic Pd core. Moreover, it is wrapped by NiOxHy doped PdO to form

core-shell structure.
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Figure 5. XPS spectra of the Pd@PdO-NiOxH,/C-400 catalyst in the total (A), C 1s (B), Ni 2p (C) and
Pd 3d (D) regions.

3.5 Electrochemical test

Figure 6A shows the cyclic voltammograms (CVs) on the as-prepared catalysts in a 0.05 M
H>SOs electrolyte at a scan rate of 50 mV s, in a scan potential range of -0.2 to 1.1 V vs. Ag|AgCl. In
the hydrogen region between -0.2 and 0.1 V, a hydrogen adsorption/desorption process is performed
[51]. The potential range from 0.1 to 0.5 V is an electric double layer region [59]. The Pd oxidized and
oxygen evolution regions respectively are 0.5 to 1.0 V, and 1.0 to 1.1V [59]. The current peak
appearing at 0.1-0.7 V during the negative scanning is attributed to the reduction of PdO to Pd, which
is usually used to evaluate the ECSA of the catalyst, according to a value of 405-420 uC cm [58,60].
The calculated ECSAs according to the PdO reduction zone for the Pd/C, Pd-Ni/C, Pd-Ni/C-400,
Pd@PdO-NiOxHy/C-300, PA@PdO-NiOxHy/C-400 and Pd@PdO-NiOxHy/C-500 catalysts are 347.1,
836.2, 489.5, 990.5, 1071.9 and 110.5 cm? mg* Pd, respectively. The Pd@PdO-NiOxH,/C-500 catalyst
exhibits the smallest ECSA, due to big size of the Pd@PdO-NiOxHy nanoparticles, which is caused by
the excessive oxidation of the Pd and Ni components. The Pd@PdO-NiOxH,/C-400 catalyst reveals the
largest ECSA among these catalysts, which is 3.1 and 1.3 times the ECSAs of the Pd/C and Pd-Ni/C
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catalysts, respectively. The initial 3 CVs on the Pd/C and Pd@PdO-NiOxH,/C-400 catalysts in 0.05 M
H2SO4 solution are indicated in Figure 6B, which reveals that the current peak related to the PdO
reduction increases with the number of scanning cycles, suggesting that the ECSA is constantly
enhanced during the electrochemical activation process. However, the ECSA of the Pd@PdO-
NiOxH,/C-400 catalyst increases much faster compared to the Pd/C catalyst. This phenomenon implies
that, the great enhancement in the ECSA of the Pd@PdO-NiOxH,/C-400 catalyst is caused by more
than just the electrochemical cleaning of its surface. The formation of the new Pd nanoparticles caused
by the atomic rearrangement during the reduction process of PdO is a key factor. The corresponding
schematic drawing is indicated in Figure 1. As the number of scanning cycles increases, in addition,
more and more PdO species are electrochemically reduced to form the Pd nanoparticles in the shell
layer of the Pd@PdO-NiOxHy nanoparticles. Obviously, these newly generated metallic Pd
nanoparticles determine the electrochemical performances of the PA@PdO-NiOxHy/C catalyst. Due to
the doped shell structure between PdO and NiOxHy in Pd@PdO-NiOxHy nanoparticles, the
rearrangement of the Pd atoms is restricted by the NiOxHy species during the reduction procedure of
the PdO species in the electrochemical activation procedure. Therefore, the new Pd nanoparticles are
separated by the NiOxHy species, causing the newly formed Pd nanoparticles have ultra-small size.
Therefore, the newly produced Pd nanoparticles with small size result in both the Pd@PdO-NiOxHy/C-
300 and Pd@PdO-NiOxHy/C-400 catalysts have large ECSA, due to the size effect [46]. According to
the CVs at the region from 0.5 to 1.1 V shown in Figure 6B, the mass-specific current densities of the
anodic polarization curve on the Pd@PdO-NiOxHy/C-400 catalyst enhances with the cycling number
increasing, as well as the CVs exhibit the characteristics of the metallic Pd after the first scan cycle,
which is in complete agreement with the previous report [61]. This proves again that a large amount
PdO in the shell layer of the Pd@PdO-NiOxHy nanoparticles is reduced to form the metallic Pd after
the first CV scan. Otherwise, a few NiOxHy components may be dissolved in the H>SO4 solution
during the electrochemical activation process, leading to the surface of the Pd@PdO-NiOxHy
nanoparticals form a porous structure like the literatures [38,41]. This structure makes many newly
formed Pd nanoparticles exist as an island, which is another possible reason that makes the Pd@PdO-
NiOxHy/C-400 catalyst has large ECSA. Comparing to the Pd/C catalyst, furthermore, the addition of
Ni in the Pd-Ni/C catalyst increases its ECSA, because the Ni element promotes the surface
segregation of the Pd atoms in the catalyst. The reason that the ECSA of the Pd-Ni/C-400 catalyst is
considerably decreased compared to the Pd-Ni/C catalyst, may be caused by the increase in the
average size and the formation of the Pd-Ni alloying phase [62,63].



Int. J. Electrochem. Sci., Vol. 15, 2020 7907

100 60
A B o
50 - 20+
0+
ok - 20
g ,_L; -40f
[ : o
< —e—Pd-NilC P ol
£ -100 —— Pd-Ni/C-400 =
-~ —v—Pd@PdO-NiOH/C-300( ™ -100 - 4
= —<—Pd@PdO-NiO,H, /C-400 200 | S
-150 |- —»— Pd@PAO-NIO,H,/C-500 -300 F w2 e
-400 PA@PO-NIO,H /C-400 s
_200 1 1 1 1 1 1 1 _500 1 1 1 1 1 Il 1
02 00 02 04 06 08 10 12 -02 00 0.2 0.4 0.6 0.8 1.0 1.2
E/V vs. Ag|AgCI E |V vs. Ag|AgCI
1200 2100
C D —a— Pd/C

—a— Pd/C

—o— Pd-Ni/C
1000 - Pd-Ni/C-400
—v—Pd@PdO-NiO,H,/C-300
800 - —e— Pd@PdO-NiO,H, /C-400
—>— Pd@PdO-NiOH,/C-500

| —e—Pd-Ni/C
1800 - — by Nic-400
—v—Pd@PdO-NiO,H,/C-300
[ —— PA@PAO-NiO,H,/C-400
1200 |. —*— Pd@PdO-NiOH,/C-500

D

o

o
T

JI mAemg” Pd
D
o
o

N

o

o
T

o
T

-08 -06 -04 -0.2 0.0 0.2 0.4 -08 -06 -04 -02 0.0 0.2 04
E/V vs. Ag|AgCI E IV vs. Ag|AgCI

Figure 6. (A) CVs of the Pd/C, Pd-Ni/C, Pd-Ni/C-400, Pd@PdO-NiOxH,/C-300, Pd@PdO-NiOxH,/C-
400 and Pd@PdO-NiOxHy/C-500 catalysts in 0.05 M H2SO4 between -0.2 and 1.1 V. (B) CVs
of the Pd/C and Pd@PdO-NiOxHy/C-400 catalysts in 0.05 M H2SO4 between -0.2 and 1.1 V
from 1% to 3" cycle. CVs of alcohol oxidation on the Pd/C, Pd-Ni/C, Pd-Ni/C-400, Pd@PdO-
NiOxHy/C-300, PdA@PdO-NiOxH/C-400 and Pd@PdO-NiOxH,/C-500 catalysts in 0.1 M KOH
+ 1M CH30H (C) and 0.1 M KOH + 1 M CH3CH20H (D) mixed solutions. Scan rate: 50 mV
s, All the currents are normalized using the Pd loading determined by ICP-MS.

Figures 6C and 6D are the CVs on the Pd/C, Pd-Ni/C, Pd-Ni/C-400, Pd@PdO-NiOxHy/C-300,
Pd@PdO-NiOxH,/C-400 and Pd@PdO-NiOxHy/C-500 catalysts respectively in 0.1 M KOH + 1 M
CH3OH and 0.1 M KOH + 1 M CHsCH2OH mixed solutions at a scan rate of 50 mV s%. In Figure 6C,
the peaks near 0 V in the forward scan are related to the MEO, and the sharp peaks appearing about -
0.2 V in the reverse scan are resulted from the electro-oxidation of the carbonaceous species, which is
produced and adsorbed on the electrode surface during the forward scan, such as CO [64]. It can be
seen from Figure 6C that, the initial potential for the MEO on the Pd@PdO-NiOxH,/C-400 catalyst is
just -0.45 V, which is more negative compared to the other catalysts, meaning that methanol is oxidized
more easily on the Pd@PdO-NiOxH,/C-400 catalyst than the other catalysts. The anode peak current
densities for the MEO on the Pd/C, Pd-Ni/C, Pd-Ni/C-400, Pd@PdO-NiOxH,/C-300, Pd@PdO-
NiOxHy/C-400 and Pd@PdO-NiOxHy/C-500 catalysts are 443.1, 828.1, 391.9, 978.9, 1118.9 and 119.3
mA mg Pd, respectively. As is shown in Figure 6D, moreover, the mass-specific current densities for
the EEO on the Pd/C, Pd-Ni/C, Pd-Ni/C-400, Pd@PdO-NiOxHy/C-300, Pd@PdO-NiOxH,/C-400 and
Pd@PdO-NiOxHy/C-500 catalysts are respectively up to 601.5, 961.9, 583.0, 1357.7, 1439.0, 156.5
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mA mg* Pd. For both the MEO and EEO, the Pd@PdO-NiOxH,/C-400 catalyst exhibits the highest
electrocatalytic activities. Furthermore, the Pd@PdO-NiOxHy/C-400 catalyst also shows the most
negative initial potential of -0.65 V for the EEO among these catalysts. The MEO and EEO activities
of the Pd@PdO-NiOxH,/C-400 catalyst are about 2.5 and 1.4 times those of the Pd/C and Pd-Ni/C
catalysts, respectively. These values are close to the corresponding ECSA ratios, suggesting that the
ECSA is an important factor for enhancing the catalyst activity. It has been reported that, the PdO
catalysts hardly have the electrocatalytic activity for the MEO [61]. Therefore, the active material in
the Pd@PdO-NiOxH,/C-400 catalyst is not the PdO species in the PdO-NiOxHy shell layer, but the new
Pd nanoparticles generated in the electrochemical activation. Firstly, the regenerated ultra-small Pd
nanoparticles in the Pd@PdO-NiOxH,/C-400 catalyst prompt the catalyst surface to expose more
active sites due to the size effect, which lead to the Pd@PdO-NiOxHy/C-400 catalyst exhibits large
ECSA and excellent electrocatalytic performance [46,65]. Moreover, methanol and ethanol can be
electrooxidized by NiOxHy, according to Equations 1 and 2 [45,66-68].

Ni(OH), + OH < NiOOH + H.0 +e~ 1)

NiOOH + organic compound — Ni(OH)2 + product 2

Firstly, NiOOH can be formed effectively though a combination of NiOxHy and OH™ in the
solution, according to Equation 1 [45,66,67]. Then, methanol and ethanol can be electrooxidized by
NiOOH in alkaline medium, according to Equation 2 [45,67,68].

According to Figures 6C and 6D, the catalytic activity of the Pd-Ni/C-400 catalyst is much
lower than that of the Pd-Ni/C catalyst, suggesting that the formation of the alloying phase between the
Pd and Ni components goes against the activity improvement of the Pd-Ni/C composite catalyst, which
is agree with the previous report [62,63]. Compared Figure 6C with 6D, moreover, all the catalysts
have a great increase in the mass current density of the oxidation peak for the EEO compared to the
MEO, showing these Pd based catalysts are suited to electro-oxidize ethanol [69].

The CO-like tolerance of the Pt based catalyst for the MEO in acidic media is usually evaluated
by the ratio between the forward (jr) and backward (jn) current densities, jijn [5,43,70]. Actually, this
ratio is an approximate ratio between the areas of the anodic (As) and cathodic (Ac) polarization current
peaks, Aa/Ac, because these current peaks have same peak shape and similar half peak width. This
approximate disposal method is very common in the chromatographic analysis [71,72]. However, the
CO-like tolerance of the Pd based catalyst in this work for the MEO and EEO in the alkaline
electrolyte systems cannot be indexed using j/jo, due to the great different peak shapes and half peak
widths between the anodic and cathodic polarization current peaks. Therefore, Aa/Ac is employed to
assess the CO-like tolerances of the Pd based catalysts for the MEO and EEO. According to Figure 6C,
the Ad/Ac values for the MEO on the Pd/C, Pd-Ni/C, Pd-Ni/C-400, Pd@PdO-NiOxHy/C-300, Pd@PdO-
NiOxHy/C-400 and Pd@PdO-NiOxHy/C-500 catalysts are 3.50, 4.12, 3.28, 3.76, 4.28 and 3.24,
respectively. Correspondingly, the Ad/Ac values calculated from Figure 6D for the Pd/C, Pd-Ni/C, Pd-
Ni/C-400, Pd@PdO-NiOxH,/C-300, Pd@PdO-NiOxHy/C-400 and Pd@PdO-NiOxHy/C-500 catalysts
are respectively 1.66, 1.83, 1.48, 1.80, 1.73 and 1.71. It is found that, the Pd-Ni/C, Pd@PdO-
NiOxHy/C-300 and Pd@PdO-NiOxHy/C-400 catalysts exhibit excellent CO-like tolerances for both the
MEOQO and EEO. The increase in the CO tolerance of the Pd-Ni/C, Pd@PdO-NiOxH,/C-300 and
Pd@PdO-NiOxHy/C-400 catalysts is closed associated with the bifunctional mechanism [4,5,7,64]. In
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term of the Pd-Ni/C catalyst, the CO-like species on the Pd atoms are reacted with the OHags formed on
the Ni atoms, due to its low oxidation potential [4,5,7,64]. For the PA@PdO-NiOxHy/C-300 and
Pd@PdO-NiOxHy/C-400 catalysts, the OHags Species can also be produced on the surface of the metal
oxides by the hydration of NiOxHy [45,73,74]. Therefore, the recovery of the Pd surface can be
achieved by the reaction between the OHags on the surface of the Ni(OH). species and the poisoning
intermediates adsorbed on the active site of the catalyst [45,73,74]. Equations 3 and 4 can be used to

explain the corresponding mechanism [74]:
Ni(OH),

Pd - (CH3CO) 45 + OH >Pd -~ CH;COOH +e

3)

Pd-CH3COOH + OH —Pd + CH3COO™ + H,0 4)

For all the as-prepared catalysts, their CO-like tolerances for the MEO are about 2 times as
high as those for the EEO, indicating that more CO-like species are produced during the EEO reaction
compared to the MEO process. The reason is that the electron number transferred in the EEO (12) is
more than that in the MEO (6).

In order to study the stability of the as-prepared catalysts, the chronoamperometry tests are
carried out at -0.1 V vs. Ag|AgCl for 3600 s in the 0.1 M KOH + 1 M CH3OH and 0.1 M KOH + 1 M
CH3CH2OH mixed solutions, respectively. The corresponding chronoamperograms are revealed in
Figure 7. As can be seen from Figure 7A, the stable current densities for the MEO on the Pd/C, Pd-
Ni/C, Pd-Ni/C-400, Pd@PdO-NiOxHy/C-300, PA@PdO-NiOxHy/C-400 and Pd@PdO-NiOxH,/C-500
catalysts respectively are 2.93, 7.25, 4.43, 8.37, 12.57, 0.35 mA mg™ Pd; while their stable mass-
specific activities for the EEO respectively reach to 16.75, 31.94, 18.48, 66.05, 86.35, 2.30. Apparently,
the Pd@PdO-NiOxH,/C-400 catalyst exhibits much higher stable current densities for both the MEO
and EEO, compared to other catalysts. Moreover, the variation regular for the durability of the
catalysts is similar to the activity change law for both the MEO and EEO. For the MEO, the stable
current density of the Pd@PdO-NiOxHy/C-400 catalyst is about 1.7 and 4.3 times those of the Pd-Ni/C
and Pd/C catalysts, respectively. The stable current density for the EEO on the Pd@PdO-NiOxH,/C-
400 catalyst is also much higher than those of the other catalysts. By comparing the Pd@PdO-
NiOxHy/C-400 catalyst with the Pd-Ni/C and Pd/C catalysts, the corresponding ratios of the stable
current density for the EEO reach to 2.7 and 5.2, respectively. The improvement in the electrocatalytic
stability of the Pd@PdO-NiOxH,/C-400 catalyst is also relevant to its composition and structure.
Firstly, the newly Pd nanoparticles with ultra-small size hardly becomes big in the electrochemical
reaction, since they are divided by the NiOxHy species. The recovery of the Pd surface, additionally,
which is resulted from the electrooxidation of the CO-like species under the influence of the OHags On
the surface of the NiOxHy species, due to the bifunctional mechanism, is another factor [45,73,74].
However, the stable current density of the PdA@PdO-NiOxHy/C-500 catalyst is greatly reduced, which
is probably caused by the abscission of the Pd@PdO-NiOxHy nanoparticles with big size from the
carbon support. Surprisingly, the stable current densities on all the as-prepared catalysts for the EEO
are much higher than those for the MEO. Furthermore, the stable current density ratio (6.9) between
the EEO and MEO on the Pd@PdO-NiOxH,/C-400 catalyst is far more than the corresponding anodic
current density ratio (1.3) revealed in Figures 6C and 6D, although the Pd@PdO-NiOxHy/C-400
catalyst reveals a better CO tolerance for the MEO compared to the EEO. The possible reason is that,
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the poisoning species produced during the EEO can be desorbed more easily than that formed during
the MEO. These results imply that the PdA@PdO-NiOxHy/C catalyst has broad application prospects in
the field of the DAFCs.
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Figure 7. Chronoamperograms collected for 3600 s at -0.1 V vs. Ag|AgCl on the Pd/C, Pd-Ni/C, Pd-
Ni/C-400, Pd@PdO-NiOxH,/C-300, Pd@PdO-NiOxH,/C-400 and Pd@PdO-NiOxH,/C-500
catalysts in 0.1 M KOH solutions respectively with 1 M CH3OH (A) and 1 M CH3CH20H (B).
All the currents are normalized using the Pd loading determined by ICP-MS.

4. CONCLUSION

The two-stage atomic rearrangements occurred in the Pd-Ni/C catalyst greatly improve its
electrochemical performance. Firstly, the Pd and Ni atoms in the Pd-Ni/C catalyst are rearranged by
heat treatment in a vacuum condition to prepare the Pd@PdO-NiOxH,/C catalyst. Then, the
rearrangement of the Pd atoms in the Pd@PdO-NiOxHy nanoparticles is achieved through the
electrochemical activation process. The TEM results of the Pd@PdO-NiOxH,/C-400 catalyst show that
the Pd@PdO-NiOxHy nanoparticles are uniformly dispersed on the carbon support with an average
particle diameter of 5.06 nm. The EDS mapping images, as well as the XRD and XPS results indicate
that, only partial Pd atoms at the center of the Pd@PdO-NiOxHy nanoparticles in the Pd@PdO-
NiOxHy/C-400 catalsyt are kept as the matellic state. Furthermore, these Pd cores are completely
encapsulated by NiOxHy doped PdO, forming a core-shell structure. The unique doped structure
between NiOxHy and PdO in the PA@PdO-NiOxHy nanoparticles, makes the new Pd nanoparticles
formed by the rearrangement of the Pd atoms during the electrochemical activation, be separated by
NiOxHy species, leading to they have ultra-small size. The ultra-small size of the newly generated Pd
nanoparticles is favorable for the enhancement of its electrochemical activity, due to the size effect.
Moreover, NiOxHy species around the newly formed Pd nanoparticles in the catalyst prevent them from
becoming big, benefiting the improvement of its stability. The electrochemical measurements show
that the PA@PdO-NiOxHy/C-400 catalyst has the largest ECSA, highest catalytic activity and stability
among these catalysts, due to its newly formed Pd nanoparticles with ultra-small size, unique doped
structure between NiOxHy and PdO, as well as the bifunctional mechanism caused by NiOxHy.
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Furthermore, the stable current density on the PA@PdO-NiOxHy/C-400 catalyst for the EEO is 6.9
times that for the MEO, implying that the PA@PdO-NiOxHy/C catalyst has broad application prospects
in the field of the EEO. In addition, it will be a promising approach adding transition metals and
controlling the formation of metal oxides and hydroxides in nanoscale to improve the performance of
all the noble metal-based nanocatalysts.
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