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To improve the performance of direct methanol fuel cells (DMFCs), activated carbon-decorated
palladium and nickel nanocatalysts (Pd-PdHo.706@PdO-NiOxHy/C) with high performance were
synthesized by a one-pot solvothermal method. A transmission electron microscopy (TEM) analysis of
the Pd-PdHo 706@PdO-NiOxHy/C catalyst reveals that the average diameter of their metal nanoparticles
is approximately 10 nm. An X-ray powder diffraction (XRD) analysis suggests that Pd hydride (PdHo.706)
is synthesized successfully on Pd-PdHo.706@PdO-NiOxHy/C. In addition, an X-ray photoelectron
spectroscopy (XPS) analysis shows that the geometric structure of the particles is mostly spherical and
shows a core-shell structure with the shell consisting of PAO-NiO and the core consisting of Pd-PdHo 706.
Moreover, Ni(OH), and PdHo.706 can increase Pd activity, and Ni(OH). is catalytically active towards
the methanol oxidation reaction. Therefore, the Pd-PdHo.706@PdO-NiOxHy/C catalysts have high
catalytic activity for methanol oxidation and ethanol oxidation. A cyclic voltammetry (CV) analysis
indicates that the highest oxidation peak values of the Pd-PdHo.706@PdO-NiOxHy/C catalysts is 592.1
and 1504.0 mA mg™!' Pd for methanol oxidation and ethanol oxidation, respectively. According to results
of the chronoamperometry (CA) and electrochemical impedance spectroscopy (EIS) tests, the Pd-
PdHo.706@PdO-NiOxHy/C catalysts exhibit excellent activity and durability, as well as an outstanding
charge transfer rate.

Keywords: Pd nanoparticles, PdHo.70s nanoparticles, Ni(OH),, Ethanol electrooxidation, Methanol
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1. INTRODUCTION

DMEFCs have attracted increasing worldwide attention due to their highly efficient and pollution-
free operation, excellent properties, ease of use and other features [1-3]. In addition, an electrocatalyst
is an essential part of methanol fuel cells [4,5]. To date, Pt catalysts, which show good activity and
stability, are the most developed catalysts for the electrochemical oxidation of alcohols [6]. However, as
one of the materials in methanol oxidation, the active reaction sites of the Pt catalysts can be occupied
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by CO, thereby impeding reaction kinetics [7,8]. Additionally, the high cost of Pt needs to be considered
[9,10].

Due to the potential tunability of Pd to provide excellent performance and catalytic activity,
studies of nanocrystals, especially Pd nanoparticles or their alloy clusters, have been extensively studied
in current research [11,12]. Pd has a higher catalytic activity for oxidative deoxygenation of small
molecular alcohols than Pt in alkaline media [13,14]. In addition, the size and morphology of Pd
nanostructures are effectively regulated by the highly scattered Ni particles on a support with a large
surface area [15,16].Thus, the preparation of Pd-Ni alloy catalysts is an effective way to significantly
improve the overall catalytic activities of Pd [17,18]. In addition, strategies for forming palladium
hydrides appear to be very promising. Recently, PdHo 33 nanodendrites have been demonstrated to
possess significantly improved ORR activity [19]. The hydride degree of the Pd nanostructures (PdHx)
plays an important role in the enhancement of their oxygen reduction reaction (ORR) activity [20].

The common standards for a high-performance catalyst are (1) a nanoscale-size distribution [21];
(2) a uniform composition throughout the metal nanoparticles [22]; and (3) high dispersion on the carbon
support [23]. To attain these standards, the electrocatalyst preparation methods are important [24]. The
main disadvantage of an impregnation method is that it is difficult to control the nanoparticle size and
distribution [25]. A microemulsion method consumes a large amount of surfactant, requires a large
number of separation and washing steps, and may not be suitable for large-scale production [25].
Therefore, it is necessary to introduce a simple method for preparing a Pd-Ni catalyst by a solvothermal
method. Moreover, the structure-directing agent of a solvothermal method is also important for the
preparation of catalysts. Tert-butanol (TBA) demonstrates unique viscosity and hydrophobicity due to
its unique spatial structure and is usually used as a structure-directing agent for preparing catalysts [26].

Here, a Pd-PdHo.706@PdO-Ni1OxHy/C nanocatalyst is synthesized with TBA and KOH solution,
and it 1s found that Pd-PdHo 706 is successively synthesized on activated carbon, with the aim to improve
the efficiency of the DMFC anode catalyst. In this study on the Pd-PdHo.706@PdO-NiOxH,/C catalysts,
the effect of the amount of KOH solution, average particle size, and nanoparticle distribution on the
catalytic activity are fully discussed.

2. EXPERIMENTAL

2.1 Synthesis of the Pd-PdHy.706@PdO-NiO:H,/C catalysts

The Pd-PdHo.706@PdO-NiOxHy/C catalysts are prepared by a solvothermal method. In a typical
experiment, 0.048 g activated carbon was mixed with 2 ml of 0.0564 M PdCl; solution, 1 ml of 0.1128
M NiCl and 35 ml of TBA in a 50-ml beaker (the molar ratio of Pd to Ni is kept at approximately 1:1).
The beaker was stirred with ultrasonication for 30 min. Then, an appropriate amount of 1 M KOH
solution was added to adjust the pH value of the suspension. Starting from 8 ml, the suspension was
made alkaline with a KOH solution. Then, it was poured into a stainless-steel reaction kettle lined with
Teflon, which was placed in an oven and heated to 180 °C for 6 hours. The reaction mixture was cooled
to room temperature, and then carefully filtered and rinsed thoroughly with distilled water and anhydrous
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ethanol. Next, it was desiccated at 80°C for 6 hours in a vacuum drying oven, ground with an agate
mortar, and kept in a plastic tube. Thus, a Pd-PdHo.706@PdO-NiOxH,/C catalyst was obtained. The
prepared catalyst was denoted as Pd-PdHo 706@PdO-NiOxH,/C-a. The value of “a” was the amount of 1
M KOH solution added to the reaction system. Thus, the catalysts were labelled Pd-PdHo.706@PdO-
NiOxHy/C-8, Pd-PdHo.706@PdO-NiOxH,/C-9, Pd-PdHo 706 @PdO-NiOxH,/C-10, and Pd-PdH¢ 706@PdO-
NiOxHy/C-11.

2.2 Characterization of the Pd-PdHy. 70s@PdO-NiOxH,/C catalysts

The metal content of the nanocatalyst was measured by applying atomic absorption spectrometry
6000 (AAS). The morphologies of the Pd-PdHo.706@PdO-NiOxH,/C catalyst supported on activated
carbons were characterized using a JEM 1200EX field emission gun TEM device. XRD was performed
using a Rigaku D/Max Ultima II diffractometer with Cu Ka radiation (k = 0.15418 nm). XPS was
performed with a Thermo Scientific Esca-lab 250Xi instrument.

2.3 Electrochemical measurements

Electrochemical tests were performed using a three-electrode system. The working electrode was
fabricated according to the method described in the literature [26-28]. A graphite electrode (4 cm?) and
an Ag/AgCl electrode were used as the counter and reference electrodes, respectively. The testing
electrolytes were deoxygenated solutions of 0.05 M H2S0O4, 0.1 M KOH + 1 M CH30H and 0.1 M KOH
+ 1 M CH3CH2OH. A CHI760E electrochemical workstation (Shanghai, China) was used to record the
electrochemical data. All experiments were conducted at 25°C.

3. RESULTS AND DISCUSSION

3.1 Characterization of the Pd-PdHy.70s@PdO-NiO:H,/C catalysts

As shown in Table 1, the AAS analysis reveals that the actual Pd loadings of the Pd-
PdHo.706@PdO-NiOxHy/C catalysts are 15.5, 16.0, 16.5 and 16.1 wt%. The actual Ni loadings of the
catalysts are 5.6, 5.9, 6.4 and 5.0 wt%. Both the Pd loading and Ni loading are lower than the theoretical
total metal loading due to the incomplete reduction of Pd** [27]. It can be seen that the amount of KOH
solution affects the reduction of the metal. The actual total metal loading first increases and then
decreases with increasing pH during preparation. Therefore, the KOH solution value can accelerate the
rate of the Pd reduction reaction, promote the rapid nucleation of Pd particles, and produce uniform Pd
particles required for high activity [28]. The maximum actual total metal loading is in the Pd-
PdHo.706@PdO-N1OxHy/C-10 catalyst.

Table 1. Metal loading of the Pd-PdHo.706@PdO-NiOxH,/C catalysts measured by AAS
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Figure 1. TEM images of the (a) Pd-PdHo.706@PdO-NiOxHy/C-8, (b) Pd-PdHo.706@PdO-NiOxHy/C-9,
(c) Pd-PdHo.706@PdO-NiOxHy/C-10 and (d) Pd-PdHo.706@PdO-NiOxHy/C-11 catalysts

TEM was used to study the morphology of the Pd-PdHo 706@PdO-NiOxHy/C catalysts. Fig. 1
shows that the Pd-based metal nanoparticles successfully combine with activated carbon. The average
diameters of the nanoparticles in the Pd-PdHo.706@PdO-NiOxHy/C-8, Pd-PdHo.706@PdO-NiOxHy/C-9,
Pd-PdHo.706@PdO-NiOxHy/C-10 and Pd-PdHo 706@PdO-NiOxHy/C-11 catalysts are approximately
10.28, 10.03, 9.85 and 11.34 nm, respectively. It can be seen that the average diameter first decreases
and then increases with the increase in the amount of KOH solution. The Pd-PdHo.706@PdO-NiOxH,/C-
10 catalyst has the smallest average diameter. This is because the reaction system is related to the amount
of the KOH solution, and the appropriate amount of the KOH solution can increase the loading of the
Pd or Pd-Ni metal [29]. In terms of dispersion, some agglomerations of the Pd-based nanoparticles occur
on the activated carbon. However, the Pd-PdHo706@PdO-NiOxHy/C-10 catalyst has the least
agglomeration on the activated carbon. It can be clearly seen that the distribution of the Pd-
PdHo.706@PdO-NiOxHy/C-10 catalyst is more uniformly dispersed than other catalysts. Therefore, the
dispersion of the metal nanoparticles increases with the amount of KOH solution. This is because the
amount of KOH solution affects the reduction rate of the Pd and Pd-Ni nanoparticles, which has a
profound influence on the size and dispersibility of the nanoparticles [30].
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Figure 2. XRD spectra of the Pd-PdHo.70s@PdO-NiOxH,/C-8, Pd-PdHo.706@PdO-NiOxH,/C-9, Pd-
PdHo.706@PdO-NiOxHy/C-10 and Pd-PdHo.706@PdO-NiOxH,/C-11 catalysts.

The XRD patterns of the Pd-PdHo.706@PdO-NiOxH,/C-8, Pd-PdHo.706@PdO-NiOxH,/C-9, Pd-
PdHo.706@PdO-NiOxHy/C-10 and Pd-PdHo 706@PdO-NiOxHy/C-11 catalysts are shown in Fig. 2. The
standard XRD cards of Pd, PdHo.706 and Ni(OH) are included for comparison. All catalysts display a
large peak at approximately 25°, which corresponds to the (002) plane of the activated carbon support
(JCPDS No0.98-3439). Furthermore, all catalysts display four peaks at approximately 40.1°, 46.7°, 68.1°,
and 82.1°. These peaks are attributed to the Pd (111), (200), (220), and (311) planes, respectively (JCPDS
No. 72-0710). The XRD patterns of all the Pd-PdHo706@PdO-NiOxHy/C catalysts reflect an fcc
crystalline structure. The formation of PdHo 706 is also confirmed by an XRD analysis. Relative to the Pd
peaks, the diffraction peaks of PdHo.706 all shift to low 20 angles, indicating that the crystal lattice
constant has increased [20]. Comparing with the Joint Committee on Powder Diffraction Standards
(JCPDS No. 87-637) file, the PdH is between Pd and PdHo 706; therefore, the sample can be assigned as
Pd-PdHo.706. Pd nanocrystals may form first and then transform in situ to PdHo.706 [31]. TBA has a boiling
point of 82.3 °C, so TBA may generate methacrylaldehyde at high temperature and pressure in situ. It
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has been reported that aldehydes produce hydrogen gas on metal catalysts [29]. Therefore, the catalytic
decomposition of TBA on the surface of the initially formed Pd nanocrystals provides hydrogen gas,
which is then absorbed into the Pd nanocrystals to form PdHo 706 at a later growth stage. With the
exception of the diffraction peaks of the carbon and Pd nanoparticles, it is found that all the catalysts
have five additional peaks located at approximately 19.3°, 33.1°, 52.1°, 59.1° and 62.7° due to Ni(OH)>
(JCPDS No.74-2075) [32]. This indicates that Ni mostly exists in the form of Ni(OH). using this
preparation method [33].
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Figure 3. XPS spectra of (a) wide-scan survey of Pd-PdHo.706@PdO-NiOxH,/C-10, (b) Pd 3d spectrum
of Pd-PdHo.706@PdO-NiOxH,/C-10, (c¢) Ni 2p spectrum of Pd-PdHo.706@PdO-NiOxH,/C-10.

An XPS analysis was used to analyse the surface composition and oxidation state of metals in
the Pd-PdHo.706@PdO-NiOxHy/C-10 catalyst. As shown in Fig. 3a, the peak positions at 284.6, 334.8,
533.2 and 856.5 eV are C 1s, Pd 3d, O 1s and Ni 2p, respectively. Fig. 3 (b-c) shows the regional spectra
of the Pd 3d and Ni 2p core level regions. The 341.5 and 336.2 eV peaks of Pd in Fig. 3b show that the
Pd 3d spectra display a doublet peak, which consists of a high-energy band (Pd 3d3/2) and a low-energy
band (Pd 3ds»). These peaks are attributed to the presence of PdO [34-36]. Another doublet of Pd 3ds,
and Pd 3ds3, peaks at approximately 337.2 and 342.6 eV, respectively, are attributed to a high oxidation
state similar to PdO [37]. Therefore, this observation indicates that PdO is the main form of Pd metal on
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the surface of the catalyst particles. Moreover, the 3ds» peak of Pd is located at 336.2 eV, which is
positively shifted by 1.0 eV compared to pure Pd in the literature [38]. This is due to the generation of
PdHo 706 and the alloying of Ni and Pd, which is consistent with the XPS results. As shown in Fig. 3c,
the Ni 2p spectrum of the Pd-PdHo.706@PdO-NiOxHy/C-10 catalyst also shows a doublet peak, which
consists of a high-energy band (Ni 2p1,2) and a low-energy band (Ni 2p3,2). The broad Ni 2p3/2 peak may
be assigned to three peaks at 855.6, 856.8 and 858.0eV, which correspond to NiO, Ni(OH), and NiOOH,

respectively. As a result, Ni metal exists mainly in the form of NiO, Ni(OH), and NiOOH on the surface
of the catalyst particles [39,40].

3.2 Electrochemical studies
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Figure 4. CV curves of the Pd-PdHo70s@PdO-NiOxH,/C-8, Pd-PdHo.706@PdO-NiOxH,/C-9, Pd-
PdHo.706@PdO-NiOxHy/C-10 and Pd-PdHo 706@PdO-NiOxHy/C-11 catalysts in solutions of (a)
0.1 M KOH + 1 M CH30H, (b) 0.05 M H2SOy4, and (c) 0.1 M KOH + 1 M CH3CH2OH at 50
mV/s. The present densities are standardized by the actual Pd loadings.

As shown in Fig. 4a, all the catalysts have significant characteristics of methanol oxidation peaks
in the anodic scan. The oxidation peak values of methanol on the Pd-PdHo.706@PdO-NiOxH,/C-8, Pd-
PdHo.706@PdO-NiOxHy/C-9, Pd-PdHo.706@PdO-NiOxHy/C-10 and Pd-PdHo 706@PdO-NiOxHy/C-11
catalysts are 439.8, 500.0, 592.1 and 554.5 mA mg™' Pd, respectively. It can be seen that the oxidation



Int. J. Electrochem. Sci., Vol. 15, 2020 4806

peak first increases and then decreases with the increase in the amount of KOH solution. This
phenomenon is related to the effect of the distribution and the average size of Pd-based nanoparticles in
the Pd-PdHo.706@PdO-NiOxHy/C catalysts, which is caused by the KOH solution [28]. In addition, the
Pd-PdHo.706@PdO-NiOxH,/C-10 catalyst has the best catalytic performance for methanol oxidation.
Compared with other literature on the Pd/C catalyst (367.9 mA mg! Pd), the Pd-PdHo706@PdO-
NiOxH,y/C catalysts have higher oxidation peak values [41]. This phenomenon indicates that the presence
of a sufficient amount of Ni can reduce the occupation of active sites by carbon-containing intermediates
such as CO, thereby releasing more active sites and improving the electrocatalytic activity [42].
Ni(OH)»-based electrode materials also have superior electrochemical performance [43]. In addition,
Pd-PdHo.706 causes a change in the lattice, which increases the carrier mobility [44]. Therefore, the Pd-
PdHo.706@PdO-NiOxHy/C catalysts show more active sites, which provides them with high catalytic
activity [45].

By studying the CV curves in 0.05 M H>SOy4 solution, the electrochemically active surface area
(ECSA) of the Pd-PdHo.706@PdO-NiOxH,/C catalysts[46] can be determined. As shown in Fig. 4b, the
cathodic current peak at approximately 0.2-0.6 V can be used to evaluate the ECSA of the catalyst. The
ECSA is calculated by measuring the charge collected in the cathodic peak at 0.4 V before a double-
layer correction and assuming a value of 0.424 mC/cm? for the reduction of the PdO monolayer.

ECSA =Q/[Pd] * 0.424 [47]

The ECSAs of the Pd-PdHo.706@PdO-NiOxHy/C-8, Pd-PdHo.706@PdO-NiOxHy/C-9, Pd-
PdHo.706@PdO-NiOxHy/C-10 and Pd-PdHo.706@PdO-NiOxHy/C-11 catalysts are calculated to be 428,
444, 452 and 436 cm? mg™! Pd, respectively. The ECSAs first increase and then decrease with increasing
amounts of the KOH solution. The Pd-PdHo.706@PdO-NiOxHy/C-10 catalyst has the largest specific
surface area, which is attributed to the good dispersion of the Pd-PdHo.706@PdO-Ni1OxHy/C-10 catalyst
on the carbon support [48].

Fig. 4c shows the CV curves on the Pd-PdHo.706@PdO-NiOxHy/C catalysts in 0.1 M KOH + 1M
CH3CH:OH. The oxidation peak values of the Pd-PdHo.706@PdO-NiOxHy/C-8, Pd-PdHo.706@PdO-
NiOxHy/C-9, Pd-PdHo.706@PdO-NiOxHy/C-10 and Pd-PdHo.706@PdO-NiOxHy/C-11 catalysts are 756.4,
894.5,1504.0 and 994.1 mA mg! Pd, respectively. Due to reactions with intermediate products, a current
peak appears at -0.6-0.0 V during the negative scan. It can be seen that the Pd-PdHo 706@PdO-NiOxHy/C-
10 catalyst has the best catalytic performance in ethanol oxidation. This is because Ni(OH), and PdHo.706
can increase Pd activity, and Ni(OH): is also catalytically active towards the oxidation reaction [49].
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Figure 5. Chronoamperometric curves run at 0.1 V vs. Ag|AgCl on the Pd-PdHo.706@PdO-NiOxHy/C-8,
Pd-PdHo.706@PdO-NiOxH,/C-9, Pd-PdHo706@PdO-NiOxH,/C-10 and Pd-PdHo70s@PdO-
NiOxHy/C-11 catalysts respectively in the mixed solutions of (a) 0.1 M KOH + 1 M CH30H and
(b) 0.1 M KOH + 1 M CH3CH2OH for 3600 s at 25 °C.

To confirm the stability of the Pd-PdHo.706@PdO-NiOxHy/C catalysts, chronoamperometry is an
important method. Figure. 5a depicts the chronoamperometric curves of the Pd-PdHo.70s@PdO-
NiOxHy/C catalysts for the electrocatalytic oxidation of methanol in 0.1 M KOH + 1 M CH;0OH at 0.1
V. The current densities on the Pd-PdHo.70s@PdO-NiOxHy/C-8, Pd-PdHo.706@PdO-NiOxH,/C-9, Pd-
PdHo.706@PdO-Ni1OxHy/C-10 and Pd-PdHo.706@PdO-NiOxHy/C-11 catalysts are approximately 0.8, 1.0,
2.2, and 1.53 mA mg™! Pd, respectively. Therefore, the Pd-PdHg 706@PdO-NiOxH,/C-10 catalyst also has
the best electrocatalytic stability and current density for the methanol electrooxidation after 3600 s. The
results show that the Pd-PdHo.706@PdO-NiOxHy/C-10 catalyst has the best catalytic stability for the

methanol electrooxidation, demonstrating a good resistance to poisoning [50,51].

Table 2. EIS parameters of the catalysts

0.1 M KOH + 1 M CH;OH 0.1 M KOH + 1 M CH:;CH,0H
Catalyst | R (ohm) | R2(ohm) | CPEIT(uF) | CPEIP(UF) | R1(ohm) | R2(ohm) (;I(’EFI) CPEIP(uF)
Pd-
PdHo706@PdO- | 39.75 | 15779 | 0.00011508 | 090527 | 43.99 | 15802 |0.00021428 | 0.87448
NiOH,/C-8
Pd-
PdHo706@PdO- | 39.32 | 14944 |0.00010137 | 090463 | 3958 | 13242 | 0.0001121 | 0.90436
NiOH,/C-9
Pd-
PdHo706@PdO- | 4038 | 8525 |0.00015714| 092683 | 4358 | 5113 |0.00018984 | 0.91228
NiOH,/C-10
Pd-
PdHo706@PdO- | 39.74 | 13710 |0.00010166 | 0.90483 | 4068 | 15132 |0.00014134 | 0.85615
NiOgH,/C-11
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Figure 6. Nyquist plots of electrooxidation on the Pd-PdHo.706@PdO-NiOxH,/C-8, Pd-PdHo.706@PdO-
NiOxHy/C-9, Pd-PdHo.706@PdO-NiOxHy/C-10 and Pd-PdHo.706@PdO-NiOxH,/C-11 catalysts in
(a) 0.1 M KOH + 1 M CH30H and (b) 0.1 M KOH + 1 M CH3CH>OH at -0.1V vs. Ag|AgCl.

In addition, Fig. 5b shows the chronoamperometric curves of these catalysts in 0.1 M KOH + 1
M CH3;CH2OH. The current densities of the Pd-PdHo.706@PdO-NiOxHy/C-8, Pd-PdHo.706@PdO-
NiOxHy/C-9, Pd-PdHo.706@PdO-NiOxHy/C-10 and Pd-PdHo.706@PdO-NiOxHy/C-11 catalysts are
approximately 2.32, 1.67, 4.56, and 2.54 mA mg™! Pd, respectively. The Pd-PdHo 706@PdO-NiOxH,/C-
10 catalyst still has the highest current density. However, among the other three catalysts, the
chronoamperometric curve of the Pd-PdHo.706@PdO-NiOxH,/C-9 catalyst has a relatively high initial
value and the minimum value after 3600 s. This is caused by an unstable step voltage applied to the
working electrode [52]. Based on the above structural analyses, we may attribute the outstanding current
density of Pd-PdHo.706@PdO-NiOxHy/C-10 to the high electrochemical activity of Pd-PdHo.706 and
Ni(OH)., thereby enhancing the performance [38].

As shown in Fig. 6, EIS is used to analyse the electrocatalytic reaction of each electrode in
different solutions. R1 and R2 embody electrochemical reactions, and CPE1 is the double-layer
capacitance for the electrochemical reactions. The value of R2 is related to the radius of the arc in Table
2. Due to a small arc radius, the electron transfer resistance is small, and thus, the catalytic performance
is better. The impedance data are provided in Table 2, which simply indicates that the Pd-PdHo.706@PdO-
NiOxHy/C-10 catalyst has the smallest charge transfer resistance in Fig. 6a and Fig. 6b and shows the
best performance. The observed high dispersion of Pd-PdHo.70s@PdO-NiOxHy/C-10 will likely decrease
the build-up of methanol and ethanol reaction intermediates and increase the further adsorption of
methanol and ethanol on the electrode surface [24].

4. CONCLUSIONS

An easy and reproducible one-pot synthesis of Pd—Ni core-shell nanoalloys is presented. The Pd-
PdHo.706@PdO-NiOxHy/C nanocatalyst is synthesized using TBA. As shown in the characterization of
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the Pd-PdHo.706@PdO-NiOxH,/C catalysts, Pd-Ni nanoparticles are successfully deposited on the surface
of the carbon support, and Pd-PdHo 706 1s synthesized on the activated carbon. The average diameter of
the nanoparticles in the Pd-PdHo 706@PdO-NiOxHy/C catalysts is approximately 10 nm. In addition, the
geometric structure of the particles is mostly spherical and shows a core-shell structure with PAO-NiO
as the shell and Pd-PdHo 706 as the core. Moreover, Ni(OH)> and PdHo 706 can increase Pd activity, and
Ni(OH), is catalytically active towards the methanol oxidation reaction. The Pd-PdHg 706@PdO-
NiOxH,y/C catalyst with good activity can be prepared with an appropriate amount of KOH solution. The
Pd-PdHo.706@PdO-NiOxHy/C-10 catalyst has the smallest particle size and has the best catalytic
performance in ethanol oxidation and methanol oxidation. In chronoamperometry and EIS tests, the Pd-
PdHo.706@PdO-NiOxH,/C-10 catalyst demonstrates its durability and still shows a good current density
and charge transfer rate. The above results indicate that the Pd-PdHo 706@PdO-NiOxH,/C-10 catalyst
will be useful as an efficient and economical anode catalyst in the development of DMFCs.
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