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Research Highlights

Highlights:

e Pd-coated Ni nanowires (PdNi-NWSs/C) with a low Pd:Ni molar ratio were first time
prepared.

e A unique Pd coating with a high catalytic efficiency was achieved by controllable
synthesized conditions.

e PdNi-NWs/C showed superior catalytic ability in EOR and CO-tolerance compared to
palladium nanoparticles (PdNPs/C).

e Remarkable improvement in electro-catalytic activity for EOR derived from the

addition of Ni and 1D core-shell structure.



Abstract

The major hindrance for a successful commercialization of direct ethanol fuel cells (DEFCs) is
the sluggish ethanol oxidation reaction (EOR) and the rapid poisoning of anodic catalysts by
by-products. In this work, a high-performance PdNi nanowire (PdNi-NWs) catalyst was
prepared via a two-step process in polyol medium based on the galvanic replacement reaction.
By carefully screening parameters for a uniform deposition of Pd layers on Ni nanowires, the
PdNi-NWs electrode exhibits a significant enhancement of both catalytic activity and durability
for the EOR in alkaline media, which may be ascribed to the electronic structure modification
and bifunctional electrocatalytic mechanism with hydroxyl and ethanol bindings on Ni and Pd,
respectively. Moreover, these nanowire structures are efficient electron and mass transfer and
enriched with abundant active sites by oxygen-rich compounds of Ni. The highest
electrocatalytic performance has achieved with a low Pd:Ni molar ratio of 18:100, which
reaches 9.3 times superior mass activity and the EOR onset potential shifts 50 mV negatively
compared with Pd nanoparticles (PANPs). These results highlight the active role of PANi-NWs

catalysts in DEFCs.

Keywords: PdNi nanowires, ethanol electrooxidation, bifunctional catalyst, galvanic

replacement reaction, CO-like tolerance



1. Introduction

Direct ethanol fuel cells (DEFC) with advantages such as using clean fuel, abundant from
biomass sources, high efficiency, large energy density, small design, compact, quiet and
operating at low temperatures have been projected to be strong candidates to compete with
advanced batteries for powering mobile electronic devices [1, 2]. However, the performance
and stability of DEFC in particular and fuel cells in general are facing many barriers and
challenges in the commercialization [3, 4]. One of the most important factors influencing on
the effectiveness of DEFC is the electrochemical catalysts for the oxidation and reduction
processes that take place at anode and cathode, respectively. On the anode, a complete
electrooxidation of each ethanol molecule to CO- can release 12 electrons (CH3CH2OH +
120H" — 2CO2 + 9H20 + 12¢7). This pathway requires high activation energy for breaking
the C—C bond [5]; hence, there is still distance to achieve a high selectivity of anode catalyst
for the direct 12-electron oxidation of ethanol in a fuel cell system. According to the
investigations by combining cyclic voltammetry (CV) with NMR spectroscopy and in-situ FT-
IR spectroscopy [6, 7], the main product of the EOR on all Pd-based anode catalysts in alkaline
media is acetate (CH3COO"). It is widely accept that the EOR often occurs incompletely

through a 4-electron pathway (C2HsOH + 50H™ — CH3COO™ + 4H20 + 4e") with state-of-the-

art catalysts [5, 8, 9]. The by-product can chemically adsorb and produce a poisoning effect for
the EOR in alkaline media on the monometallic Pd catalyst [10-12]. To convert intermediates
into more stable forms, one of the given solutions is the combination of Pd and cheaper
transition metals (M), e.g., Ag [10, 13], Ni [14-17], Co [2, 18], W [19], resulting not only in
improving the efficiency of EOR but also in reducing the amount of Pd precursors. The
transition metal can create oxygen-rich compounds with a high oxidation state though its strong
affinity with oxygen and accelerate the oxidation of ethanol [8]. Among that, the presence of
Ni in PdNi can create a number of oxygen-rich compounds, e.g., NiO, Ni(OH), and NiOOH,
which promote the EOR [20]. The previous study [21] suggested that Ni®* in NiOOH species
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can be as an active site for the direct electro-oxidation of ethanol. With high oxophilicity, Ni
can enhance the adsorption of the OH™ group and increase the removal of adsorbed ethoxy
intermediates. Calculating the adsorption energy of OH™ on Pd (-214.2 kJ/mol) and on PdNi (-
353.2 kJ/mol), Saurav group [22] pointed out that PdNi is a good catalyst for OH"
chemisorption. Additionally, Ni(OH)2, the main component of the Ni species, oxidizes to the
oxyhydroxide network via the reversible redox: Ni(OH). + OH™ = NiOOH + H>0 + e, which
chiefly accounts for the activation towards EOR on PdNi in alkaline media [23, 24]. Moreover,
the transfer of electrons from the less electronegative Ni (1.91) to Pd (2.20) in PdNi structures
also lead to down-shift d-band center of Pd. Consequently, the Pd-CO binding energy of CO-
like compounds on Pd-based active sites decreases and their adsorptive bonds are weakened,
resulting in improvement of CO-tolerance on PdNi [25-27]. Recently, Jelena et al. [15]
investigated the electrochemical performance of PdNi alloy in EOR and found that Pdo.74Nio.26
can achieve the higher catalytic efficiency than the others. In comparison with pure Pd,
Pdo.74Nio.26 Showed 3 times higher in current density and 100 mV more negative potential in the
onset potential of EOR. These studies make Ni an emerging second metal in effectively
combining with Pd to form PdNi bimetallic electrochemical catalyst, which improves the
limitations of pure Pd for EOR in alkaline media.

PdNi bimetallic alloy nanospheres are commonly synthesized by the simultaneous
reduction of the respective precursors for the oxidation of alcohol [14, 15, 28-30]. However,
various investigations on catalytic activity pointed out that only Pd atoms at the surface of the
catalyst can provide the active centers for the adsorption and oxidation processes [31].
Consequently, to improve the catalytic performance, most of PdNi alloy structures needs to be
synthesized with a rather high Pd:Ni ratio from 0.67:1 to 2.85:1, leading to using a large amount
of Pd [14, 15, 26, 32, 33]. Instead of making PdNi alloy, if the bimetallic system is designed as
coating Pd on Ni nanoparticles (NPs), it could drastically reduce the amount of Pd precursor,

increase the shelf-life of Ni particles, and enhance the catalytic efficiency of Pd layer on the
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surface. Besides that, morphologies play critical roles in the performance of the catalysts [34].
Small spherical nanostructures can provide large electrochemical active surfaces, but the large
surface energy makes them easy is dissolved and agglomerated into large particles during
operation [35]. Meanwhile, the one-dimensional (1D) nanomaterials show several advantages
over commonly used small NPs, e.g., good activity and high durability. Due to reduced surface
energy, 1D catalysts are able to control dissolution, agglomeration and Ostwald ripening [36].
Furthermore, the 1D structures with few surface boundaries promote the electron transport
characteristics, and thereby increase the reaction kinetics on the catalytic surface [37, 38].
Despite these advantages, studies on synthesis and electrocatalytic activity for the EOR of 1D
Pd-coated Ni nanostructures have rarely been reported.

Herein, we synthesize the Pd-coated Ni core nanowires (PdNi-NWs) to reduce the Pd
loading in the catalyst composition and investigate its anode catalyst performance for DEFC.
The Ni nanowires (NiNWSs) are first prepared through NPs self-oriented attachment by a polyol
method without adding of templates or surfactants. We consider then it worthwhile to
investigate whether Pd can be coated over NiNWs by a galvanic replacement reaction in polyol
aqueous solution. Screening and optimization studies on the catalytic properties for EOR of
PdNi-NWs are observed with varying of synthesis temperature, synthesis time, Pd:Ni precursor
ratio and polyvinylpyrrolidone concentration. The uniform nanowires and well Pd coating
along with the bifunctional mechanism between Pd and Ni have enhanced significantly the
electroactivity and the poisoning tolerance of PdNi-NWs for ethanol electrooxidation.

2. Experimental

2.1. Materials

Nickel (I1) chloride hexahydrate (NiCl2.6H20, 99%), hydrazine monohydrate (N2H4.H-0,
80%), ethylene glycol (EG, 99.5%), polyvinylpyrrolidone (PVP, Mw = 40000), palladium (I1)

nitrate dehydrate (Pd(NO3)2.2H20 > 99%), Nafion solution (5 wt.% in isopropanol and water),



Al>03 and ethanol (99.5%) were purchased from Sigma Aldrich (Singapore). Vulcan XC-72
carbon black (VC-XC72) was obtained from Cabot Corp. (USA).

2.2. Synthesis of nickel nanowires

Nickel nanowires (NiNWSs) were synthesized by a polyol method with N2H4 as the reducing
agent. Typically, firstly 20 mL of EG and 0.3 g of PVP were added into a three necked flask
equipped with a reflux condenser and a thermometer. After that, 0.1 mL of 1 M NiCl solution
was added into the solution. The mixture was stirred and heated to 100 °C, and then N2H4 was
injected in dropwise. The solution turned black within few seconds. The reaction was operated
for 30 min, until the dark grey product appeared and floated on the surface of solution. After
being cooled down to room temperature, the sample was diluted with ethanol (at a volume ratio
of 1:10), and centrifuged several times at 3000 rpm for 20 min. The obtained product was stored

in ethanol for further steps.

2.3. Synthesis of Pd coated NiNWs

Pd coated NiNWs (PdNi-NWs) were synthesized via a galvanic replacement reaction
between NiNWSs and Pd?* ion in EG. The effect of synthesis temperature, reaction time, Pd:Ni
molar ratios and PVP concentration on the nanostructures of PANi-NWs were investigated. The
details are reported in the Supporting Information. For the sample preparation for 180 min at
90 °C, NiNWs were dispersed in 10 mL of EG, stirred and heated to 90 °C. Then, 2 mL of
aqueous Pd(NOs). (with a fixed molar ratio of Pd:Ni at 18:100 based on initial amount of
precursor) and PVP (0.1% w/v per 12 mL of the synthesis mixture) were added dropwise for
20 min. Then the solution was stirred for 180 min at 90 °C. The obtained product was
centrifuged with ethanol and then dried in a vacuum oven for 24 h at 60 °C.

2.4. Synthesis of Pd nanoparticles
For comparison, Pd nanoparticles (PdNPs, with average size at 3.5 nm as in Fig. S1) were

synthesized based on the process reported in previous research [39] with minor modifications.



Typically, 5 mL of EG was added into a three-neck flask (equipped with a condenser, a
thermometer, and a magnetic stirring bar) and heated to 120 °C. After that, 3 mL deionized
water containing 0.0243 g Pd(NOs3),.2H>0 and 0.0458 g PVP in 3 mL EG were added into,
simultaneously. Followed by, the whole mixture was continually stirred for 60 min. The product
was centrifuged and then dried in vacuum oven for 24 h at 60 °C.
2.5. Catalyst preparation

PdNi-NWs or PdNPs were dispersed on carbon support by mixing with VC-XC72 at a
mass ratio of 1:4 to produce catalysts named as PdNi-NWs/C or PANPs/C. They were stirred in
ethanol for 4 h and then dried in vacuum oven at 60 °C. Finally, the obtained products were
preserved for physical and electrochemical investigations.

2.6. Structural characterization

For morphologies investigation, the samples were dispersed in ethanol by ultrasonication,
followed by dropping onto copper grids and dried at room temperature. A JEOL 2010
transmission electron microscopy (TEM, 100 keV) was applied to collect TEM images. X-ray
powder diffraction was conducted on a D8 Bruker AXS X-ray diffractometer (CuKa radiation,
40 kV, 20 mA). The X-ray photoelectron spectroscopy (XPS) wide- and narrow-scan spectra
of the sample were obtained by a ThermoScientific K-Alpha photoelectron spectrometer
equipped with monochromatic Al K-a (hv = 1486.6 eV) at 200 eV pass energy, and 45° take-
off angle prior to being curve-fitted by Casa XPS software. All spectra were subtracted using a
Shirley background and normalized with the C1s peak set to 284.5 eV, which has been widely
assigned for C-C bond in carbon black [40, 41]. An asymmetric modified Lorentzian line shape
(LA(1.1,2.2,10)) was employed for fitting metal components while a symmetric
Gaussian/Lorentzian one (GL30) was applied for the others. Despite of Ni and Pd valence
states, the peak area ratio required for 2p and 3d spin-orbit doublets were constrained to be
equal to 2 and 1.5, respectively, while no constraints were applied for the Full Width at Half

Maximum (FWHM) and position of all peaks [42].
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2.7. Electrochemical investigation

The electrochemical performance of the materials for EOR was carried out by using a
Biologic MPG2 potentiostat (France) with a three-electrode cell including glassy carbon
electrode (GCE, 4 mm in diameter), Pt mesh and saturated calomel electrode (SCE) as the
working, counter and reference electrode, respectively. Cyclic voltammetry (CV), linear sweep
voltammetry (LSV) and chronoamperometry (CA) measurements were operated in (1 M KOH
+ 1 M Ethanol) solution with scan rate of 50 mV/s from -0.8 to 0.2 V vs SCE.

For the preparation of working electrode, alumina slurry was used for polishing GCE at first
and then ultrasonically clean with ethanol. The catalyst loading on GCE were prepared by
dropping 5 pL of well-dispersed suspension in which 3.3 mg of each catalyst dispersing in 1
mL ethanol by ultrasonication for 1 h. Then 5 pL of 0.5 wt.% Nafion solution in ethanol was
applied to fix the catalyst on GCE.

CO stripping test in 1M KOH solution was also employed to investigate the tolerance to
CO-like intermediates. CO gas was bubbled into a solution of 1 M KOH while keeping the
potential at -0.8 V vs SCE for about 30 min to saturate CO molecules on the catalysts. Then the
gas flux was switched from CO to nitrogen for 10 min in order to remove any dissolved CO in
solution. For the next step, the CO stripping experiment was proceeded by 10 cycles of CV test
with a scan rate of 50 mV/s from -0.8 VV to 0.2 V vs SCE at room temperature.

3. Results and discussion

3.1. Influence of synthesis temperature

The templates of PANi-NWs were prepared by using a synthesized NiNWs with an average
diameter and length of 75 nm and 18 um, respectively (Fig. 1a and S2). Due to a large gap of
the standard redox potentials between Pd?*/Pd (+0.915 V) and Ni?*/Ni (-0.25 V), Pd?* ions were
reduced by Ni atoms. TEM images shown in Fig. 1 indicate the distinct surfaces between
NiNWs and PdNi-NWs prepared at different synthesis temperatures. An operating synthesis

system at moderate low temperatures (70 °C and 80 °C) forms several PANPs decorated on



NiNWs’ surfaces (Fig. 1b and 1c). Meanwhile, a thin Pd shell layer of small particles can be
observed by tuning up to higher temperatures (90 °C and 100 °C, Fig. 1d and 1e, respectively).
The reasonable explanation is that at low temperatures, the galvanic reaction between Ni and
Pd?* may occur with a low rate, thus generated a few PANPs. This can rise up with an increase
of synthesis temperature. As suggesting by Papaderakis group’s research [43], a fast galvanic
replacement can control the coating into a thin and continuous metallic layer, otherwise a slow
replacement resulting in a particulate film. Besides, it is marked that the reaction of Pd?* and
EG will occur at a high temperature [39]. As a result, Pd particles not only deposited on NiNWs
but also appeared separately outside the templates when increasing temperature to 110°C (Fig.
1f). Therefore, the synthesis temperature plays a crucial role in the diffusion of Pd?* and the
coating of Pd(0) on NiNWs’ surface during the galvanic replacement reaction in polyol

medium.

50 nm

50 nm

Fig. 1. TEM images of (a) NiNWs and (b-f) PdNi-NWs prepared at different synthesis

temperatures. (b) 70 °C, (c) 80 °C, (d) 90 °C, (e) 100 °C, and (f) 110 °C.



The PdNi-NWs, which were synthesized at different temperatures and dispersed on VC-
XC72, are referred to as PANi-Tx/C (x is a value of the synthesis temperature). Electro-catalytic
performances of PdNi-Tx/C were analysed to evaluate the difference properties between these
samples. Fig. 2a shows CV curves in 1 M KOH solution of NiNWs/C, PdNPs/C and PdNi-
T90/C. In the inner image of Fig. 2a, on the forward scanning from -1.0 to -0.5 V, a peak at ca.
-0.71 V is typical for the oxidation of Ni(0) to Ni** [32, 44]. However, this peak disappears on
the scanning in the potential range from -0.8 to 0.4 V due to the overlap of a strong peak at ca.
0.33 V which is associated with the further oxidation of Ni?* into a higher oxidation state of
nickel, e.g., NiOOH. The reduction of NiOOH compound to Ni?* can be observed at ca. 0.26 V
on the backward scanning [45, 46]. Whereas, CV result in Fig. 2a shows a characteristic
behaviour of Pd metal in KOH solution that a strong peak at ca. -0.4 V in the backward scanning
is attributed to the reduction of PdO into Pd. Hence, the Pd catalytic cites are reactivated for the
further oxidation of CoHsOH in the next scanning cycles [35, 47-49]. For the PdNi-T90/C
sample, the CV curve in Fig. 2a exhibits all the typical peaks of NiNWs/C and PdNPs/C
samples. This proves that the synthesized PdNi-NWs material possesses nickel and palladium
as major components. The catalytic abilities of PdNi-Tx/C samples for the electro-oxidation of
1 M C2Hs0OH in 1 M KOH solution were examined with LSV technique in Fig. 2b. The strong
redox peak on each LSV curve at ca. -0.3 V is assigned to the electro-oxidation of ethanol in
alkaline solution [15, 33]. Their mass activities are in the increasing order: PdNi-T70/C < PdNi-
T80/C < PdNi-T110/C < PdNi-T100/C < PdNi-T90. This may be due to the different degrees
of Pd coating on NiNWs template under tuning reaction temperature which was analysed by
TEM images in Fig. 1. Consequently, preparing catalyst at 90 °C can form a rather smooth and

unique palladium coating, and create active catalytic sites for improvement of EOR.
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Fig. 2. (a) CV curves of NiNWs/C, PANPs/C and PdNi-NWs/C in 1M KOH solution and (b)
LSV result of the catalysts synthesized at different temperatures in (1 M CoHsOH + 1 M KOH)
solution with scan rate of 50 mV/s, at room temperature. The inset is CV curve of NiNWs/C
with scanning from -1.0 to -0.5 V.

3.2. Influence of synthesis time

PdNi-NWs catalysts synthesized for varying synthesis time and dispersed on Vulcan-XC72
are named as PdNi-ymin/C, where y is the synthesis time. Fig. S3 shows TEM images of the
PdNi-ymin samples prepared for 60 to 210 min, separately. All possess a smooth surface as
well as a stable 1D structure after a long duration in the galvanic reaction. Although the
difference in morphology between these samples is insignificant, the mass activity of PdNi-
ymin/C arises with an increasing reaction time from 60 to 180 min (Fig. 3). According to the
galvanic mechanism reaction [50], lasting reaction time leads to increase the shell coverage
degree on the template. As a result, the growth of Pd thickness makes the electro-catalytic
efficiency rise. However, a slight reduction is observed in PdNi-210min/C may due to the Pd
shell overgrowth suffered from keeping the galvanic reaction longer. This may lead to alter the

morphology and thus make the catalytic activity less effective [51] .
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Fig. 3. LSV curves of PdNi-ymin/C samples prepared for different reaction time in (1 M

C2HsOH + 1 M KOH) solution with scan rate of 50 mV/s at room temperature.

3.3. Influence of Pd:Ni molar ratio

Varying Pd:Ni molar ratios of relevant precursors from 10:100 to 26:100 were investigated
to analyse the influence of Pd:Ni ratio in the formation and growth of PANPs shell on NiNWs
core. The samples are referred to as PdNi-p:n, where p:n is the molar ratio of Pd:Ni. TEM
images in Fig. 4a,b show that a smooth layer of Pd coating on NiNWSs was fabricated with the
Pd:Ni ratio of 18:100. Remarkably, the coverage of Pd shell became the islands by using the
26:100 ratio. The XRD patterns of NiNWs and PdNi-p:n dispersed on carbon support (named
as NiINWSs/C and PdNi-p:n/C, respectively) are presented in Fig. 4c. The strong diffraction
peaks at 44.53°, 51.80° and 76.55° are indexed to the (111), (200) and (220) planes,
respectively, of a typically crystalline face-centered cubic (fcc) structure of nickel (JCPDS #04-
0850, in black). There is an absence of the typical peaks of Pd metal from the XRD patterns.
Hence, EDX analysis of the prepared catalyst was applied to identify the elemental
composition. The EDX result of PdNi-18:100 sample in Fig. 4d shows that the actual Pd:Ni
molar ratio is 15:100. The slight deviation between product and precursor may be due to a loss
of Pd in the washing steps and centrifugal. Moreover, high-resolution XPS spectra of PdNi-

18:100/C is displayed in Fig. 4e,f. That of the Pd3d core level was well-fitted with six
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distinguished peaks by constraining the peak splitting and peak area ratio of Pd3d spin-orbit
doublets to be 5.26 eV and 1.5, respectively [42], suggesting the co-existence of at least three
different Pd species. However, only the first contribution at 335.7 and 341.0 eV can be
undoubtedly assigned to Pd3ds. and Pd3ds; characteristic peaks of Pd° [41, 52, 53]. The
remaining Pd3ds,, peaks at 337.5 and 338.9 eV were assigned to the higher oxidation states
Pd®" (PdOx) [54]. The presence of PdOy could be due to the formation of Pd(OH), from the
reaction between Pd** and OH~, which was generated during the reduction of NOs~ (in
Pd(NOs3), precursor) to NO2 . After that, Pd(OH). dehydrated into PdOx and deposited on the
catalyst’s surface [55, 56]. It was noticed that PdOy thin layer could enhance the adsorption of
ethanol and intermediates, leading to promote the catalytic activity for EOR [57]. Nickel has a
natural tendency to form a thin layer of NiO, Ni(OH)2 and NiOOH on its surface upon exposure
to ambient air [58, 59]. The curve-fitting of the Ni2p XPS spectra is not straightforward due to
the emergence of “shake-up” satellite peaks to the main characteristic peaks of the Ni2p core
levels [60, 61]. However, the adequate differences in BE between the metallic, oxide and
hydroxide species allow qualitative interpretation of XPS spectra of their mixture without
exactly taking into account the FWHM and position of the satellite peaks [23, 62, 63]. The
Ni2ps2 region that is below 861 eV was fitted with four distinguished peaks at 853.1, 854.8,
856.0, and 857.3 that could be assigned to Ni° NiO, Ni(OH),, and NiOOH [60, 63-68]. The
analysis also exhibits that the Pd:Ni atomic ratio on the surface was measured to be 330:100
which is much higher than that of the EDX result (15:100). The result is a markable presence
of Pd nanoshell. The difference of Pd:Ni ratio in the product analyzing from XRD, EDX and
XPS can be explained that PdNi-18:100/C was prepared by adding a tiny amount of notable
palladium to assure its economic feasibility, resulting in no diffraction pattern of palladium in
the XRD profiles. The depth for XPS analysis is few nanometers; thus, it was carried out to
confirm the occurrence of Pd nanoshell and identify the chemical elements on the surfaces. The

results emphasize that our protocol based on the galvanic replacement reaction between Pd?*
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ion and NiNWs in EG solution is an effective approach for the preparation of Ni-core — Pd-

shell nanowires.
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Fig. 4. TEM images of PdNi-18:100 (a) and PdNi-26:100 (b); XRD patterns of PdNi-
NWs/C prepared with various Pd:Ni molar ratios (c); EDX spectrum (d), high-resolution XPS

spectra at Ni2p (e) and Pd3d (f) core levels of PdNi-18:100/C sample.
The electrocatalytic EOR activities of PdNi-p:n/C samples and of PANPs/C are shown in

Fig. 5a. The LSV curves present the catalytic capacities in the following order: PANPs/C <
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PdNi-10:100/C < PdNi-14:100/C < PdNi-26:100/C < PdNi-22:100/C < PdNi-18:100/C. The
PdNi-18:100/C sample showed the highest mass activity (4288 mA.mgest) and the most
negative onset potential -0.63 V). The increase in Pd:Ni ratios higher than 18:100 leading to
decrease in current may be due to nickel atoms exposed on catalyst’s surface were completely
covered by a thick Pd shell (as can be seen in TEM image of PdNi-26:100, Fig. 4b). Previous
researches [33, 46, 69] reported that nickel in bifunctional PdNi catalyst plays an important role
in accelerating the overall rate of EOR. The oxophilic Ni promoters generate oxygen-rich
species that can support the adsorption of ethanol and OH" as well as the kinetic process of EOR
on the catalytic surface. Besides, XPS of Ni in Fig. 4e also confirms that there are high oxidation
state compounds of nickel such as NiO, Ni(OH). and NiOOH on the surface of PdNi. Hamdan
group [70] suggested that when NiOOH is formed, the adsorption of ethanol on the electrode
surface occurs immediately. To further investigate, CV tests of PdNi-p:n/C, NiNWs/C and
PdNPs/C were carried out in 1 M KOH and (1 M C2HsOH + 1 M KOH) solution. In Fig. S4,
CV curve of NINWs/C in 1 M KOH solution demonstrates two oxidation - reduction relative
peaks of the Ni(OH). and NiOOH (denoted as A: and Ci, respectively). In the presence of
ethanol (red curve in Fig. S4), the oxidation peak A at ca. 0.3 V of Ni(OH)2 into NiOOH was
overlapped with the region A2 from 0.3 to 0.4 V, which is ascribed to the immediate strong
adsorption and oxidation of ethanol after completing the formation of NiOOH [70]. In order to
evaluate the contribution of NiOOH in EOR efficient, the CV measurements of PdNi-18:100/C
in (1 M C2HsOH + 1 M KOH) solution were performed in the various potential ranges from -
0.8 to 0.2 V (Fig. S5) and from -0.8 to 0.4 V (Fig. 5b). As seen in Fig. 5b, similarly to the
processes on PANPs/C, the ethanol oxidation reaction on PdNi-18:100/C starts at -0.7 V and a
oxidation peak (denoted as Ao) is observed during the forward scan in the potential range
between -0.8 and 0.2 V. Remarkably, the addition of Ni in PdNi-NWs catalysts provides the
strong oxidation - reduction peaks in the potential range from 0.2 to 0.4 V at C; peak and A

region while they disappear in the case of PANPs/C (Fig. 5b). Moreover, the results in Fig. S5
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show clearly that the mass activity (Ir) and I¢/l, ratio achieved in the potential range between -
0.8 and 0.4 V are larger than in the range from -0.8 to 0.2 V. The high oxidation state Ni3* in
NiOOH is suggested as an active site for the oxidation of ethanol and intermediate as in Eq. 1
and Eq. 2 [21, 71]. This proves the role of NIOOH forming at ca. 0.3 V in the promotion of

ethanol adsorption and electro-oxidation.

Ni* —ethanol — Ni**—intermediate + e (Eq. 1)
Ni* —intermediate — Ni**—product + e (Eq. 2)
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Fig. 5. LSV curves (a) of PdNi-p:n/C samples and CV curves (b) of PdNi-18:100/C and
PdANPs/C in (1 M CoHsOH + 1 M KOH) solution at room temperature with scan rate at 50

mV/s.

3.4. Influence of PVP concentration

To examine the influence of a capping agent on the core-shell structure of PANi-NWs, PVP
concentration was increased from 0 to 0.5% w/v in the synthesis procedure. The samples are
named as PdNi-zPVP, where z is the concentration (% w/v) of PVP. TEM images in Fig. 6a-f
show clearly that Pd nanoclusters agglomerated into large particles and formed a uniform
coating layer on NiNWs’ surface when using a PVVP concentration lower than 0.1% w/v and in
the range from 0.1% to 0.5% w/v, respectively. It is known that a PdNi synthesis without or

with a low PVP is insufficient protecting of Pd nuclei, hence the further growth of Pd layer on
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these nuclei develops with different orients [72]. To characterize the distribution of Ni and Pd
on the core-shell PdNi-NWs, the EDS elemental mapping analysis was applied for PdNi-
0.1PVP sample. As shown in Fig. 6g-i, Ni-core nanowire is coated uniformly by Pd-shell. It
confirmed that PVP is an effective surfactant for compensating the high surface energy of

PdNPs and controlling them into a smooth shell.

Fig. 6. TEM images of NiNWs (a), PdNi-NWs synthesized without PVVP (b), and in the presence
of (c) 0.05% w/v, (d) 0.1% wlv, (e) 0.3% wl/v, (f) 0.5% w/v PVP. HAADF-STEM image (Q),
and EDS elemental mapping for Ni (h) and Pd (i) of PdNi-0.1PVP sample.

The LSV curves of PdNi-zPVP samples in (1 M KOH + 1 M C,Hs0H) solution are shown

in Fig. 7a. The results show that PdNi-0.1PVP sample exhibits the highest mass activity (7999
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mA.mgprq™) and the most negative onset potential (-0.64 V) for EOR. Due to the agglomeration
of Pd into large particles on PdNi-NWs’ surface when using a PVP concentration lower than
0.1% w/v (as shown in Fig. 6b,c), the number of active Pd sites significantly reduce, hence, the
mass activity of these samples is much lower than of others (Fig. 7a). Meanwhile, the mass
activity down to 4288 and 2093 mA.mgpq after increasing PVP concentration (w/v) to 0.3%
and 0.5%. For stabilization, Han et al. [24] investigated the property of C=O group in PVP
when it interacts with PANPs (denoted as PVVP-Pd) and in pristine PVP molecules by analyzing
FT-IR spectra. They pointed out that peak of C=0 in PVP-Pd shifted to a lower wave number
(1636 cm™) compared to pristine PVP (1655 cm™), proving the occurred coordination of C=0
group to PdNPs. Hence, the interaction of PdNi-NWs’ surface with a high density of PVP
molecules may lock the active catalytic sites; therefore, it limits even hinders the adsorption of
ethanol molecules and hydroxyl groups. Consequently, the catalytic ability has been
significantly reduced when the concentration of PVVP higher than 0.1% wi/v.

Moreover, the total electrochemical resistance and activation energy of ethanol electro-
oxidation reactions over the catalysts also contribute to the elucidation of the catalytic activities.
Here, the charge transfer resistances of PdNi-zPVP/C catalysts was analyzed by the
electrochemical impedance spectroscopy (EIS). Nyquist plots of EIS in Fig. 7b indicate that
their charge transfer resistances are in the increasing order: PdNi-0.1PVVP/C < PdNi-0.3PVP/C
< PdNi-0.5PVP/C < PdNPs/C. It means that PdNi-NWs exhibit a faster electron exchange at
the electrode/electrolyte interface than Pd nanospheres. Besides, the activation energy of EOR
(Ea) can be determined according to Arrhenius equation [13] as in Eq. 3:

Inl =InA - Ea/ (RT) (Eq. 3)

where 1 is the current at a certain potential, R is the ideal gas constant, T is specific temperature
and Ea is the activation energy. For calculation of Ea, CV results in Fig. S6a,c of PdNi-0.1PVP/C
and PdNPs/C samples were analyzed by plotting currents at ca. -0.2 V as a function of the

logarithm of each corresponding testing temperature. As shown in Fig. S6b,d, good linear
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responses were achieved in the temperature range from 20 to 60 °C, spanning the range of
temperatures commonly found in DEFCs. These fitting data presented that Ez of EOR on PdNi
-0.1PVP/C and PANPs/C are 12.54 and 19.52 kJ /mol, respectively. As a result, the mass activity
and onset potential of PdNi-0.1PVP/C sample are 9.3 times greater and 50 mV more negative,

respectively, in comparison with PANPs/C toward EOR (Table S2 and Fig. S7).
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Fig. 7. () LSV curves and (b) Nyquist plots of Pd/C and PdNi-zPVP/C catalysts at —0.3 V in

(1 M KOH + 1 M CzHs0H) solution at room temperature with scan rate at 50 mV/s.

3.5. Electrochemical durability and CO poisoning tolerance of catalysts
The chronoamperometric (CA) in solution (1 M C2HsOH + 1 M KOH) at -0.42 V vs SCE
was applied to investigate the durability of catalysts. CA test for 3600 s in Fig. 8a shows that
in the early stages, high mass activities of two samples were produced due to the rapid oxidation
of ethanol. After an adsorption of CO-like intermediates, they both decrease significantly in the
first 100 s and decay slow down at further times [33, 73]. After 3600 s, PdNi-0.1PVP/C sample

still maintains a higher activity than PANPs/C.
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Fig. 8. CAresults in (1 M C2HsOH + 1 M KOH) solution (a) and CO stripping voltammograms
in 1 M KOH at 25 oC and scan rate of 50 mV/s of PANPs/C (b) and PdNi-0.1PVP/C (c).

The tolerance to CO-like intermediates formed during the EOR of PdNi-0.1PVP/C and
PdNPs/C are shown in Fig. 8b,c. It can be observed on the forward scan that PANi-NWs shows
two strong peaks at -0.41 V and -0.20 V (with the corresponded onset potentials at -0.50 V and
-0.27 V, respectively), but there is only a strong peak at -0.15 V along with the onset potential
at -0.24 V on PdNPs/C sample. The peaks at higher potential (-0.15 V and -0.20 V) of two
samples are related to the oxidation of CO molecules on isolated Pd sites [49, 74]. Meanwhile,
the peak at lower potential of PdNi-0.1PVP/C can be attributed to CO electro-oxidation on PdNi
phase produced from the galvanic reaction between Pd?* ions and Ni atoms, agreeing with
previous reports [75]. This result shows that the oxidation of CO on PdNi-NWs occurs earlier
than on monometallic Pd. The reasonable explanation is that combining Pd with a less
electronegative metal such as Ni can lead the transfer of electron from Ni to Pd that is lower
the Pd-CO binding energy. Consequently, the adsorptive bonds between CO molecules and Pd
catalytic sites are weakened which can help the oxidation of CO easier [25, 76, 77]. Besides
that, adding the transition Ni metal into Pd-based nanostructures can promote oxygen-rich
species with a high oxophilicity surface [8]. This behaviour can enhance not only the adsorption
of the OH" group but also of ethanol molecules on PdNi catalyst in alkaline media and increase
the removal of adsorbed ethoxy intermediates and the overall rate of EOR. As a result, the
negative shift of the CO oxidation peak in PdNi-NWs/C was observed, proving that PdNi
catalyst possesses a tolerance to CO-like intermediates more than pure Pd.

20



Additionally, electro-catalytic properties of PdNi catalyst for EOR in alkaline medium of other
relevant works are also collected and summarized in Table 1. The data demonstrate that a
combination of Pd and Ni in the synthesis of core-shell nanostructures catalyst not only help to
minimize the quantity of Pd precursor but also enhance the electrocatalytic efficient. Moreover,
the 1D structures with less surface boundaries can help the PdNi-NWs catalyst prevent from
Ostward ripening effect during the galvanic process [78] as well as during the EOR catalytic
working [31, 36, 39, 48, 79]. Therefore, PdNi-0.1PVP/C exhibits a higher EOR activity and
stronger poisoning tolerance not only than as-prepared and pure PdNPs samples in this study
but also other PdNi catalysts in previous reports as shown in Table 1. The results make PdNi-
NWs core-shell a promising as well as competitive candidates for anodic catalysts in alkaline
DEFCs.

Table 1. The EOR electrochemical properties of several relevant PdNi-based catalysts

Materials Pd:Ni atomic EOR onset Mass activity Ref.

ratio potential (mA/mgepd)
PdNi-01.PVP/C 18:100 -0.64 V vs 7999 This
(Nanowires, core Ni SCE research
- shell Pd)
PdNPs/C (Pd -- -0.59 V vs 861 This
nanospheres) SCE research
PdNPs/C -- -- 880.5 [20]
Commercial Pd/C -- -- 827 [80]
PdNi/C 1:1.12 0.4V vs RHE 2300 [26]

(~ 89:100) (-0.67 V vs

SCE)
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Pd2Nit/C 2:1 - 2956 [46]

(200:100)

PdNi ~80:100 -0.6 V vs SCE -- [73]

4. Conclusions

Pd coated NiNWs with a low Pd content has been successfully synthesized in polyol
medium based on galvanic reaction for the first time. The synthetic factors including
temperature, reaction time, molar ratio of Pd:Ni and PVP concentration have strongly affected
on the formation of a Pd coating on NiNWs’ surfaces as well as their electro-catalytic
performance for EOR. The efficiency in EOR was gradual increased with the increase of
synthesis temperature from 70 to 90 °C. Meanwhile, along with the increasing of synthesis time
from 60 to 180 min, the catalytic activity increased gradually and tended to decrease with longer
synthesis duration. Besides, the study also showed that the highest catalytic efficiency of PdNi
can be achieved when combining Pd with Ni at Pd:Ni ratio of 18:100 in the presence of 0.1%
PVP. Higher than 0.1% leads to lock Pd active sites while lower than 0.1% limits the unique
Pd coating depositing on nickel wire surface. When compared with pure Pd, the electrochemical
oxidation of ethanol occurred on PdNi was much more efficient and its durability over time as

well as the ability of CO — tolerance were also superior.
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