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Abstract

A Ni nanowire array (NiNWA) supported three-dimensional flowerlike Pd nano-
electrocatalyst with high electrocatalytic performance for the electrooxidation of ethanol in
alkaline media has been fabricated by borohydride hydrothermal reduction method. This
novel hybrid NiINWA/PANF (nanoflowers) electrocatalyst exhibits large electrochemically
active surface area (EASA, 45 m? g’}(Pd)), excellent electrocatalytic activity (14 mA mg"
1(Pd)), and high level of the poisoning tolerance (li/l, = 1.2) to the CO-like carbonaceous
oxidative intermediates for the electrooxidation reaction in alkaline media. In addition, the
electrochemical stability of NINWA/PANF is significantly higher than that of NINWA/PdNP
(nanoparticles) electrocatalyst, as evidenced by chronoamperometry experiments in which the
electrooxidation current of nanoflowers is controlled by the diffusion transport of ethanol
species rather than the CO-poisoning. This high electrocatalytic activity can be attributed to
the more open structure with higher electrochemically active sites and shape of Pd

nanoflowers. This is further enhanced by the core support NINWA with a very large surface
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area and the open interspaces that ensure easy alcohol access even to remote active sites for

fast ion adsorption/desorption.

Keywords: Pd Nanoflowers, Electrocatalysts, Nanowire array, Catalysis, Direct Ethanol Fuel
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1. Introduction

Direct alcohol fuel cells (DAFCs) that directly convert the chemical energy stored in the
alcohol into electricity are promising as power sources for auxiliary power in transportation,
portable electronics, and other contemporary applications [1-4]. In particular, alkaline direct
ethanol fuel cells (ADEFCs) have been the topic of numerous research papers [5-9]. This is
due to the fact that ethanol is considered a most attractive liquid fuel with an energy density
of 8 kWh kg (cf. 6.1 kWh kg for methanol) [10]. Large scale production from the
fermentation of biomass, ease of storage and transportation, and relative non-toxicity of
ethanol and its final electrooxidation product CO, makes it an attractive fuel for ADEFCs [3,
11]. Furthermore, during the electrocatalytic reactions in ADEFCs, the charge carrier is the
anion (OH") instead of the proton (H*), which avoid fuel crossover by electro-osmosis drag of
hydrated hydroxyl ions through the anion exchange membranes (AEMs) [12, 13]. Finally, the
electro-kinetics of both the ethanol oxidation reaction (EOR) [14-16] and oxygen reduction
reaction (ORR) [17] are more facile in alkaline media than in acid media. Since non-precious
metals are sufficiently stable in alkaline media, low cost Pt-free metals capable of efficient
ethanol oxidation are expected to reduce the cost of ADEFCs [18]. The main pitfall
associated with the alkaline fuel cells is the precipitation of carbonate salts on the electrode

surface due to reaction with COg, the final product of ethanol electrooxidation. The



carbonation of the aqueous electrolyte can be minimized by the application of AEMs as solid
polymer electrolyte which also eliminates the electrolyte leakage [3, 18]. Recently, novel
AEMs modified by polymer electrolyte have shown excellent performance and stability in
alkaline fuel cells [13, 19]. However, further development and commercialization of the
ethanol powered alkaline fuel cells is seriously hindered by two key issues- the slow kinetics
or inefficient oxidation of ethanol to CO> caused by catalyst poisoning on available Pt-based
electrocatalysts, and the cost of precious metals employed [2, 20, 21]. The development of
electrocatalysts for ethanol oxidation to CO; that break the C-C bond has been a major
challenge in electrocatalysis [18]. Nevertheless, it has shown recently that Pd is a more
active, stable and poison tolerant electrocatalyst than Pt for ethanol oxidation in alkaline
media [2, 21-25]. Since Pd is cheaper and at least 50 times more earth abundant than Pt [21,
26], it is promising for use as an electrocatalyst to replace Pt in ADEFCs. Notably, Pd
nanostructures with high surface to volume ratio (e.g., nanowires [25], nanotubes [27],

nanoporous[8] and nanoflowers [28]) have attracted much attention in fuel cell reactions.

Carbon nanotubes (CNTSs) supported Pt nanoparticles (NPs) have demonstrated significant
enhancement in electrocatalytic activity of fuel cells due to their higher electroactive surface
area and stability than individual NP [29, 30]. It is well understood that the performance of
nanostructured electrocatalysts depends on their surface morphology (e.g., shape, size, etc.)
and the supporting structures [28-30]. It has been demonstrated that CNTs supported
flowerlike Pt nanostructures shows high electrocatalytic performance compare to the
commercial electrocatalyst [31]. Recently, three-dimensional flowerlike Pd nanostructures
have been shown to be more active and stable than their NP format for the electrooxidation of
methanol in alkaline medium [28]. However, little efforts have been made in the fabrication

of hybrid 3D flowerlike Pd nanostructures [28, 32]. Synthesis of hybrid nano-electrocatalyst



on the walls of CNTs is still a challenge. CNTs are hydrophobic and usually require
modification (e.g., inorganic acids used to generate carboxylic acid sites on the tube walls or
polymer (surfactant) to functionalize) to facilitate their dispersion in water. Additionally,
agglomeration of CNTs extensively reduces the surface area for the electrocatalysts support
and increase the contact resistance [33]. On the other hand, nanowire or nanotube arrays have
attracted increased attention due to their excellent physical and chemical properties [25, 34-
36]. The arrayed nanostructures possess a high electroactive surface area, allows fast
diffusion of liquid alcohol, and useful ways to optimize and increase the utilization of
precious metal electrocatalysts. Herein, we report a novel hybrid NINWA/PANF
(nanoflowers) electrocatalyst using one-dimensional (1D) and conductive metal NINWA as a
support for the PANF. This hybrid 3D PdNF electrocatalyst has been fabricated by
electrodeposition of NiNWA using polycarbonate template and the reduction of Pd as NF
onto the surface of NINWA through borohydride hydrothermal reduction method. The results
indicated that 3D flowerlike NINWA/PANF electrocatalyst can be used as efficient

electrocatalysts for ethanol electrooxidation in ADEFCs.

2. Experimental

2.1 Synthesis of NINWA

Polycarbonate template (Isopore™ Membrane Filters of 47 mm diameter, pore diameter of
~220 nm, thickness of ~25-30 um and porosity of ~13.8%) was purchased from Millipore
Ireland B.V. The backside of the template was coated by a 400 nm thick layer of Ni using
thermal evaporation technique (Temescal FC-2000). A copper wire was connected to the Ni

backside of the template by silver paste (Radionics Ltd. Ireland) and dried overnight before



use. Low stress nickel sulfamate bath was prepared using nickel sulfamate (120 g I'%), boric
acid (40 g I'Y), nickel bromide (4 g I'Y) and wetting agent ANKOR (R) F (10 ml I'Y). The pH
of the solution was adjusted to 3.8 by adding 1 M sulfamic acid at room temperature. The
solution was stirred slowly and the deposition was conducted at constant current (50 mA cm-
as the ratio of the total template area) and temperature (50 °C). A two electrodes cell was
used with Ni pellets in a Ti-basket as an anode and Ni/porous polycarbonate template as a
cathode. The deposition rate of Ni nanowires (NWSs) was found to be 0.45 pum per minute. A
thin film of Ni (3-4 um) was also deposited onto the backside of the template which
prevented NWs from collapsing after the template dissolved in dicholoromethane. The 1D

NiNWA (~13 pm in length) was washed with plenty of deionized water and dried in air.

2.2 Synthesis of NINWA supported PANF

The NiNWA was cut into small pieces of 0.5 x 0.5 cm? areas, cleaned in 1M nitric acid for 1
minute, washed repeatedly with deionized water and dried in air. The hybrid nano-
electrocatalysts of NiINWA supported PANF were prepared by a NaBH4 hydrothermal
reduction method from the chemical bath containing metal precursor salt (10 mM PdCl>) in
water. A piece of the NINWA sample was immersed into a 5 ml glass tube contained 0.5 pl
aliquots of Pd metal precursor salt at 80 °C, followed by stirring for 20 min. Subsequently, an
excess quantity of freshly prepared NaBH4 (10 mM) solution was added drop wise to the
mixture and stirred slowly until its color turned from yellowish to colorless (typically 10 min
required). The chemical reduction of Pd using the higher concentration metal precursor salt
(10 mM PdCly) was illustrated as the vigorous reduction method. After completion of the
reaction the resulting hybrid NiNWA/PdNF electrocatalyst was removed from the mixture

and washed repeatedly with deionized water for the complete removal of residual CI™ ions



(the filtrate water was analyzed with 1 M silver nitrate solution and no white colored
precipitate (AgCl) was obtained thereby confirming the complete removal of CI ions). The
PdNP (nanoparticles) were reduced onto the NiNWA surface using a similar technique but
from the lower concentrations metal precursor salt (2 mM PdCl,) and NaBH4 (10 mM)
solution, which is referred to here as the mild reduction method. In this case, PANP are
formed instead of PANF. The synthesized electrocatalysts were dried in an oven at 100 °C for
1.5 h. The amount of Pd reduced onto the surface of NINWA was measured using a high
precision electronic microbalance (Mettler Toledo, XS 105 Dual Range, repeatability (SD), d
= 0.01 mg) from the weight difference before and after the reduction of Pd onto the surface of

NiNWA support.

2.3 Structural and microscopic characterization

The morphology, nanostructure and particle size were acquired by scanning electron
microscopy (SEM) (QUANTA FEG 650) coupled with energy dispersive X-ray spectroscopy
(EDS Oxford Instruments INCA energy system) operating at an accelerating voltage of 200
kV. TEM images were obtained by using JEOL 2100 operated at an accelerating voltage of
200 kV. Specimens for TEM examination were prepared by encapsulation in a low melting
point wax and thinned to electron transparency using standard focused ion beam (FIB)
thinning procedures described elsewhere [37]. X-ray diffraction (XRD) analysis was carried
out with a Philips X pert PW3710-MPD diffractometer using filtered Cu-Ka (A = 1.54 A)

radiation, operated at 40 kV and 40 mA with a scan rate of 0.015 260/s.

2.4 Electrochemical characterization and ethanol electrooxidation



The electrocatalytic activities of the NINWA/PANF for the electrooxidation of ethanol were
performed using a three-electrode electrochemical cell and a CH Instruments 660C
potentiostat. Cyclic voltammetry (CV) and chronoamperometry (CA) were performed with
the test cell filled with 1 M ethanol (EtOH) and 0.5 M KOH as an electrolyte, with platinized
titanium mesh as the counter electrode and a Hg/HgO (1 M KOH solution) as the reference
electrode. The working electrodes were the fabricated Ni/Pd thin film, NINWA/PdNP, and
NiNWA/PANF. Each working electrode had an area of 0.5 x 0.5 cm?. The electrochemical
results are normalized to the electrochemically active surface area (EASA) of Pd. CV
measurements were carried out in the potential range of 0.4 to -0.9 V at scan rates of 10 to 50
mV s following conditioning at the open circuit potential (-0.55 V, OCP) for 20 s. CA
measurements were carried out at a fixed potential of -0.2 V. The electrolyte was purged with
N2 for 30 minutes prior to each measurement and all experiments were conducted at room

temperature 22 +1 °C.

3. Results and discussion

Fig. 1 shows SEM images of the NINWA and NiNWA/PdNP electrocatalysts taken at 45°
perspective view. Fig. 1 (a) and highly magnified inset view clearly reveal the smooth surface
of the as prepared nanowire arrays. Fig. 1 (b) shows a little roughening of the surface
morphology of the NiINWA after the reaction with metal precursor salt (PdCI,) and NaBH4
solution under the mild reduction condition. In the mild reduction method as mentioned in the
experimental section 2.2, using the lower concentration metal precursor salt and NaBH4
solution, PANPs are found to be coated over the NINWA walls. The point-resolved EDS
spectra (see, Fig. S-1 in the Supplementary Materials (SM)) collected at various points of the

NiINWA/PdNP surface also confirm that NiINWA is well covered by PANPs, which are not



visible in the EDS for the as prepared NINWA (see, Fig. S-2 in the SM). However, when Pd
is deposited under the vigorous reduction condition using the higher concentration metal
precursor salt and NaBHys solution, particles have the flower and budlike morphology,
covered over the NiINWA surface or walls as shown in Fig. 2 (a-b). The top of the NINWA is
fully covered with the PANF (see, Fig. 2 (a)), but along the full length of the NINWA
homogeneous PANPs formed first as revealed by the high magnified view in Fig. 2 (b), which
is followed by the further growth of randomly and 3D interconnected nanoflowers network
(see also, TEM images in Fig 3 (a-c)). For disclosing the underlying fact that controls the
formation of the PANF with well-defined shape, different control experiments were
performed by changing the amount of metal [Pd?*] ions in precursor solution while other
reaction parameters kept constant. We found that morphology of the Pd deposits on the
metallic NiNWA surface changes obviously when varying the amount of metal ions [Pd?*] in
the precursor solution. The increase in the amount of [Pd?*] ions in precursor solution by
applying either larger amount aliquots from a low molar concentration or smaller amount
aliquots from a higher molar concentration leads to the more branching morphology of the Pd
deposit. As for example, when an intermediate molar concentration of metal precursor (5
mM) salt was used at the similar reaction condition, a smaller budlike morphology of the Pd
was developed (see Fig. S-3 in the SM). However, there were nanoparticles and well-defined
flowerlike morphology at lower (2 mM) and higher (10 mM) metal precursor concentration,
respectively. Hence, the different concentrations of metal precursor salt leads to the different
kinds of shape and morphological changes in the final structure, and high precursor
concentration is favorable for the formation of a highly branched morphology [28, 38]. Fig.
S-4 in the SM shows the point-resolved EDS spectra of NINWA/PANF, in which Pd counts
are much higher by comparison with the Pd count in the case of mild reduction method

(which resulted in PANP coverage) (see, Fig. S-1 in the SM). The composition of these



electrocatalysts is extracted from the EDS elemental analysis, where Ni and Pd ratios are
approximately 0.7:1 (38.92 wt% Ni, 54.64 wt% Pd, 6.44 wt% C) for NINWA/PdANF and 9:1
(89.88 wt% Ni, 9.96 wt% Pd, 0.16 wt% C) for NINWA/PdANP, showing the presence of a
large quantity of Pd in the nanoflowers by comparison with the nanoparticles sample. Further
insight into the microstructure of the PANF formed at the surfaces of NiINWA is obtained by
TEM measurements. Fig. 3 shows the bright field (BF) TEM images and SAED taken from
the sample NINWA/PANF. Fig. 3 (a-b) shows the region of the extended Pd growth towards
flower at increasing magnification, and the thickness of the PANF is locally as high as ~400
nm. PdNPs are formed at the walls of Ni nanowire as can be seen from the cross-section BF
TEM image in Fig. 3 (c), which has a variable thickness of 50-100 nm. The diffraction
pattern shown in Fig. 3 (d) was obtained from a typical region of the PANF shown in Fig. 3(a-
b) and demonstrates the presence of face centered cubic (fcc) Pd for which the measured
(111), (200), (220) and (311) d-spacings are 0.223, 0.194, 0.137 and 0.117 nm, respectively.
The PANF was found to have a generally coarse grained microstructure and to contain twins.
The deposit is well adhered to the Ni surface and has a distribution of relatively fine grains
(~25-50 nm). The XRD patterns in Fig. 4 clearly indicate that the hybrid NiNWA/PdNP and
NiNWA/PdNF electrocatalysts have face-centered cubic (fcc) structures. Sharp and well
defined peaks are observed for Pd at 26 values of 40.07, 46.59, 68.08, and 82.10°
corresponding to planes of (11 1), (200), (22 0), and (3 1 1), respectively, according to
JCPDS No. 05-0681. The full-width at half maximum (FWHM) of the plane (1 1 1) is used to
calculate the average crystal size of the Pd nanoflowers and nanoparticles by Debye-Scherrer
equation (B2 = 0.94)/rcos6, where B2y is FWHM, A incident wavelength, r is the crystallite
diameter, and @ is the diffraction angle). The average crystallite sizes are 21.8 nm and 7.2 nm
for the nanoflowers and nanoparticles, respectively. The XRD pattern is consistent with

selected area electron diffraction (SAED) in Fig. 3 (d), which confirms the polycrystalline



nature of the Pd and the localized TEM analysis showed a distribution of relatively fine Pd

grains (~25-50 nm).

Typical cyclic voltammograms of NINWA, NiINWA/PANP, and 3D flowerlike
NiNWA/PdNF electrocatalysts in 0.5 M KOH are shown in Fig. 5. The characteristic features
of hydrogen adsorption/desorption, double layer charging and oxide formation/reduction are
evident from the voltammetric profile of the Pd-based electrocatalysts. However, no
electrocatalytic activity is noticeable for the bare NiINWA apart from the hydrogen evolution
at potentials more negative than -0.9 V with a limited capacitance response (6.5 mF cm)
before the oxygen evolution reaction (0.1 to 0.4 V) [39]. The real electrochemically active
surface area (EASA) of the electrocatalysts can be obtained from the cyclic voltammograms

using the following equation [5, 9, 40].

EASA=_H_ (1)

where Qu is the charge due to the monolayer adsorption of hydrogen (mC cm for Pd) onto
the electrode and Qn is charge (mC) due to hydrogen absorption determined experimentally.
The peak in the potential region of -0.4 V to -0.9 V in the cathodic scan is due to a monolayer
adsorption of hydrogen onto the Pd surface followed by the emergence of the hydrogen
evolution reaction beyond -0.9. In alkaline solution, the concentration of hydrogen ions [H']
is negligible and therefore, the hydrogen evolution reaction proceeds through the discharge of
a water molecule (Eqg. 2) to yield adsorbed atomic hydrogen on the metal (Pd) surface and the
removal of this adsorbed atomic hydrogen from the surface could proceed by Tafel

recombination (Eq. 3) [41].
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H,O0+Pd+e «<>Pd—H_ +OH" (2)

Pd-H +Pd-H_ «H_ +2Pd 3)

The peaks in the potential region of -0.9 V to -0.4 V in the anodic scan corresponds to the
electrochemical desorption of chemisorbed monolayer hydrogen, which is also known as the

electrooxidation of hydrogen as expressed by the following equation [42-44].

Pd-H_ +OH™ «<>Pd+H O+e (@)

The charge associated with the formation of a hydrogen monolayer for Pt is considered to be
0.21 mC cm after double-layer correction [40]. For Pd-based electrocatalysts, the measured
EASA value using this method (Eq. 1) can be less precise due to excess hydrogen absorption
by comparison with Pt (Pd is good H» storage material). Therefore, the real EASA value was
also calculated from the Columbic charge associated with the reduction of palladium oxide
(PdO) determined from the peak centered at -0.2 V (cathodic), which has been formed on the
Pd surface during the anodic scan [45]. The formation of the palladium oxide (PdO) layer in
the anodic scan involves the chemisorptions of OH™ on the Pd surface started above -0.2 V,
which are then transformed into higher valence oxides at higher potentials as defined by the

following equations [42, 44, 46].

Pd +OH’<—>Pd—OHadS+e’ (5)
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Pd —OH_ +OH™ <>Pd —O+H_O-+e (6)

Pd-OH_ +Pd-OH_ «<>Pd -O+H O @

The consequent reduction process of the associated PdO during the cathodic scan (centered at

-0.2 V) can be described by equation (8) [42-44, 46].

Pd —O+H_ O+2e <>Pd +20H" (8)

The charge required for the reduction of PdO monolayer is assumed to be 0.405 mC cm™ as
reported previously [47]. Therefore, the EASA of the Pd-based nanoelectrode catalysts has

been measured by the following equation [48].

Q%

MR

EASA=

©)

where Qr is the columbic charge required for the PdO reduction (mC), Qwmr is charge for the
reduction of PdO monolayer (0.405 mC cm for Pd). The values of the EASA calculated
using both the Eqg. 1 and 9, are summarized in Table 1. It can be seen from the Table 1 that
the oxide method leads to slightly lower values of EASA than determined from the
monolayer hydrogen adsorption/desorption method described above. Using the values
determined from the oxide reduction, the EASA of Pd nanoflowers is much higher than that
of the nanoparticles catalysts. The EASA of NINWA/PANF (45 m? g*(Pd)) is ~2 times higher
than that of NINWA/PANP (21.5 m? g*}(Pd)), which suggests higher utilization efficiency of
Pd in the nanoflowers structure. This is most likely due to the abundant grain boundaries and

12



the three-dimensional open nanostructure of the Pd nanoflowers, which enhances the

accessibility of ethanol to the active surface for electrooxidation.

The electrocatalytic activity of NINWA/PANF for the electrooxidation reaction of ethanol has
been studied using cyclic voltammetry. Fig. 6 (a) shows the quasi-steady-state cyclic
voltammograms of NiNWA/PdNP and NiNWA/PdNF electrocatalysts in 0.5 M KOH
solution containing 1 M ethanol. Ethanol electrooxidation is characterized by two well
defined anodic current peaks. One is in the forward scan (i.e., under anodic condition) at
0.075 V vs. Hg/HgO and the other one on the reverse scan (i.e., under cathodic condition) at -
0.17 V. This is typical of ethanol electrooxidation on Pd based electrocatalysts, which
exhibits a double electrooxidation peak [15, 25, 28, 35]. The oxidation current peak in the
forward scan is due to the electrooxidation of the freshly chemisorbed ethanol species onto
the Pd catalyst, and the peak in the backward scan is primarily caused by the oxidation of
intermediates of alcohol dissociative adsorption [49]. The hydrogen adsorption/desorption
region (-0.4 V to -0.9 V) is significantly suppressed in the ethanol contained solution (see,
Fig. 6 (b)). The suppression of the peak in the hydrogen region can be accredited to the
dissociative adsorption of ethanol at the low potential region (-0.4 V to -0.9 V) as described

by the equations (10) and (11) [44].

Pd +CH_CH_OH «>Pd —(CH CH OH) (10)

Pd —(CH_CH,OH) _+30H™ «>Pd —(CH CO)_  +3H O+3e" (11)

It can be seen from the above equations (10 and 11) that the adsorbed acyl group

((CH3CO)ads), onto the active sites of the Pd electrocatalyst inhibits the adsorption/desorption
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of hydrogen, thereby suppressing the hydrogen peaks. The onset anodic potential (Eop) for
the ethanol electrooxidation on the NiINWA/PdANF is -0.6 V, well above the starting potential
for the adsorption of the hydroxyl (OH") ions (Eq. 5), which is 100 mV more negative than
that of the NINWA/PANP (Eqp = -0.5 V) (See, inset Fig 6(a)). The ethanol electrooxidation
kinetics in the onset anodic potential shows a significant enhancement on the NiINWA
supported PANF compare to that of the PANP electrode. This fact implies that the Pd
nanoflower enhances the stripping reaction of the adsorbed intermediates, which are formed
during the dissociative adsorption of ethanol, by the adsorbed hydroxyl species (Pd-OHads)
(Eqg. 12). This stripping reaction is supposed to be the rate determining step for the
electrooxidation of ethanol on Pd electrocatalyst in alkaline solution, as discussed later. The
first three subsequent cyclic voltammograms for the electrooxidation of ethanol on freshly
prepared NINWA/PANF are shown in Fig S-5 in the SM section. It can be seen that the onset
anodic potential for the three cycles is similar at -0.6 V but a little anodic peak potential shift
(25 mV) towards the negative direction is observed in the following cycle. The peak potential
shift towards a more negative value suggests that the electrode shows some resistance in the
first cycle, which is probably caused by the electrode contaminants incorporated during the
fabrication process. The electrochemically active sites are activated evenly on the repeated

cycling and voltammograms became quasi-steady-state.

The anodic peak current density (specific activity) of the PANF, 1.7 mA cm at the peak
position of 0.075 V, is much higher than that of the PANP (0.15 mA c¢m at peak position -
0.09 V), which indicates that the PANF has excellent electrocatalytic activity for ethanol
electrooxidation. The Pd loading in the electrocatalysts shown in Fig. 6 (a) are 0.06 mg cm™,
and 0.14 mg cm2 for NiINWA/PANP and NiNWA/PdANF electrodes, respectively. The Pd

loading in the 3D flowerlike NINWA/PANF is about ~2 times higher than in the

14



NiNWA/PdNP electroctatalyst but the specific electrocatalytic activity has been increased by
~10 times, which implied that precious Pd catalyst have higher utilization efficiency in the
nanoflowers than in the nanoparticles structure. The high electrocatalytic performance of
NiNWA/PdNF electrocatalyst is mainly due to the inherent nature of the abundant grain
boundaries and the three-dimensional open nanostructure of the flowers that inhibiting the
undesirable agglomeration of the active sites [38, 50]. It is interesting to note that the specific
electrocatalytic activity of the NINWA/PANF (1.7 mA cm, normalized to EASA)
electrocatalyst is much higher than the corresponding activity reported for the commercial
Pd/C (0.17 mA cm™?, normalized to EASA) [51]. The Pd mass activity of the NINWA/PANF
electrocatalyst is calculated to be 14 mA mg™(Pd), which is ~5 times higher than the
NiNWA/PANP (2.5 mA mg(Pd)). A comparison cyclic voltammerty study for the
electrooxidation of ethanol on Pd electrocatalyst with different morphology is shown in the
SM section (Fig. S-6 and Table S-1). It clearly shows that mass activity of the electrocatalysts
increases as the morphology changes from nanoparticles to a more budlike/flowerlike
branched nanostructure. This high mass activity can be attributed to the interconnected Pd
nanoflowers with the large EASA that have been supported on a highly conductive and robust
Ni metallic core. Additionally, the core support NiINWA has a very large surface area and the
open interspaces ensure easy alcohol access even to remote active sites for fast ion

adsorption/desorption.

The ratio of the forward anodic peak current density (If) to the backward anodic peak current
density (Ib) is commonly used to characterize the tolerance to CO-like carbonaceous
oxidative intermediates accumulation on the electrocatalyst surface. A high I¢/l, ratio implies
effective oxidation of ethanol to the CO end product during the anodic scan, and low

accumulation and/or effective removal of the poisoning species on/from the electrocatalyst

15



surface [49]. For, NINWA/PdNF, the I{/ly value is 1.2 (It = 1.7 mA, I = 1.4 mA), which is ~5
times higher than for NINWA/PANP (~0.25, It = 0.15 mA, I, = 0.56 mA). Since the
commercial Pt/C NPs electrocatalysts have an I/l value of 0.76 [52], the value (1.2) obtained
in NINWA/PANF is ascribed to the nanoflowers morphology of Pd electrocatalyst. This result
implies that more carbonaceous intermediates are being oxidized effectively to CO. on the
nanoflowers surface during the forward scan, which is an indication of the nanoflowers’

greater poisoning tolerance to CO-like oxidative intermediates.

To understand the nature of the mass transport behavior of the Pd nanoflowers
electrocatalyst, a series of cyclic voltammograms have been recorded at different scan rates.
The CVs of the NINWA/PdANF at different scan rates in Fig. 7 (a) indicate that the
electrooxidation peak current (anodic) density increases with the scan rates. The anodic peak
current densities in the forward scan (at different scan rates) illustrate a linear relationship
with the corresponding electrooxidation peak potential (see, Fig. 7 (b)), indicating that
electrocatalytic process for the ethanol electrooxidation is controlled by mass transport or the
concentration polarization [28]. Fig. S-7 in the SM shows the relationship between the anodic
peak current density and square root of the scan rate for NiINWA/PANP and NiNWA/PANF
electrodes. Both electrodes show a linear relationship with the scan rates, which further
supported the mass transport controlled electrooxidation reactions of ethanol. These results
suggest that 3D flowerlike NiNWA/PdANF can be a useful electrocatalyst in ADEFCs.
However, the integrated charge of the forward anodic peak for the ethanol electrooxidation
decreases with increasing scan rate, as shown in Fig. S-8 (see, in the SM). Therefore, the
mass transport process both for the nanoparticles and flowerlike Pd electrocatalysts is

hindered at higher scan rate in the electrooxidation reactions of ethanol. The electrochemical
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hindrance in mass transport at higher scan rate is due to the difficulty in achieving full

utilization of the electrode surface for these very high surface area electrocatalysts [2, 35].

In order to understand the electrooxidation products of ethanol on NiINWA/PdANF, cyclic
voltammograms have been recorded in 1 M KOH solution containing three fuels - ethanol,
acetaldehyde and sodium acetate. The CVs of the NINWA/PANF in three different fuels in
Fig. 8 showed that the electrocatalytic activity for the electrooxidation of acetaldehyde (1.5
mA cm) is slightly lower than that of the ethanol (1.7 mA cm2), while no electrooxidation
current of the acetate is obtained. This finding implies that acetaldehyde is a major active
intermediate that being converted to the acetate as the final product during the
electrooxidation of ethanol on Pd electrocatalyst, which is also consistent with recent
investigations [15, 44]. The chemoselectivity for the electrooxidation of ethanol on Pd
electrocatalyst has been recently investigated using in situ FTIR spectroscopy at different pH
values [53]. It has been suggested that the acetate is the main product in the moderate
concentrations of alkaline solution (> 0.5 M, pH = 14), while the formation of CO> due to the
oxidative cleavage of C-C bond is obtained for pH value equal to or lower than 13.
Therefore, due to the almost similar electrocatalytic activity of ethanol and acetaldehyde in
this study, potassium acetate is the main byproduct for the electrooxidation of ethanol on
NiNWA/Pd in 0.5 M alkaline solution (pH = 14). It has also been suggested that rate-

determining step is the stripping of the adsorbed acyl intermediate by the adsorbed hydroxyl

(Eq. 12).
Pd —(CH CO) +Pd-OH_  «**—>Pd-CH COOH +Pd (12)
Pd —CH COOH +OH~ «—*—Pd +CH_COO™ +H O (13)
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Tafel plots of the electrooxidation of ethanol on NINWA/PANP and NiNWA/PANF
electrodes, derived from the cyclic voltammograms in 0.5 M KOH and 1 M EtOH solution at
a scan rate of 2 mV s (quasi-seady-state), are shown in Fig. 9 (a). The similarity in the Tafel
slopes suggest similar reaction mechanism for both electrocatalysts, and the lowest value
obtained for NINWA/PANF (101 mV dec™) indicates a high rate of ethanol electrooxidation
by comparison with the Ni NWA/Pt electrocatalyst (115 mV dec™). Tafel slopes on both
electrocatalysts are good agreement with the Temkin-type adsorption both for hydroxyl (OH"
ags) and acyl (CH3COags) at low potential (charge transfer control region), suggesting that the
stripping reaction (Eq. 12) is the rate determining step [54]. With moving to a higher
potential region, the Tafel slope for NiINWA/PANF increase up to 265 mV dec (see, Fig. 9
(b)), indicating that the kinetics for the electrooxidation of ethanol is not only controlled by
the adsorption of the hydroxyl but it also affected by other surface reactions. It should be
noted that the Pd flower is highly branched nanostructure with three-dimensional open
interspaces. Hence, the charge transfer control region is apparently very narrow on such
electrocatalyst and mass transport interferences could be reflected in the electrocatalytic
parameters. In recent study, higher Tafel slope has been interpreted by the electrocatalyst
type and for porously nanostructured, Tafel slope was influenced by the mass transport, even

in the charge transfer control region [44, 54, 55].

The electrochemical stability of NINWA/PANF for the electrooxidation of ethanol have been
further investigated by chronoamperometry experiments at a fixed potential -0.2 V (vs.
Hg/HgO), and the obtained result is compared with that of NINWA/PANP as shown in Fig.
10. The high current observed in the initial stage is due to the double layer charging and this

is more pronounced in the nanoflowers compare to nanoparticles electrode. The polarization
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current decayed sharply for the NINWA/PANP, but is more gradual for the NINWA/PANF
electrocatalyst. The decrease in the polarization current with the increase in polarization time
is due to the combination of electrocatalyst poisoning by the chemisorbed CO-like
carbonaceous oxidative intermediates and the concentration polarization with time. The
limited mass transport can have significant effects in the decay of electrooxidation current
with increasing reaction time. Fig. S-9 in the SM shows the effect of depleting electroactive
species near the surface of the electrocatalysts with increase in electrooxidation time, in
which nanoflowers exhibit a linear relationship between electrooxidation current and the
inverse square root of time by comparison with nanoparticles electrode. Therefore, the decay
of the polarization current (Fig. 10) of NINWA/PANF electrocatalyst is mostly associated
with the diffusion controlled transport of ethanol species to the higher active surface area of
nanoflowers. At the end of total 8 hour test, the electrooxidation current density on the
NiNWA/PANF (0.09 mA cm) is ~4 times higher than that on the NINWA/PdNP (0.02 mA
cm2) electrocatalyst. The results show that NiNWA supported three-dimensional flowerlike
Pd nanoflowers is more stable, efficient and poisoning tolerant electrocatalyst for the

electrooxidation reaction in alkaline media.

4. Conclusions

We have demonstrated a facile and cost effective method to fabricate Ni nanowire array
supported three-dimensional flowerlike Pd nano-electrocatalyst and investigated their
electrocatalytic performance towards electrooxidation reaction in alkaline media. It has been
shown that 1D metallic Ni nanowire array can be used as a noble metal catalyst supports as

an alternative to CNTs. The novel hybrid Ni nanowire array/Pd nanoflowers electrocatalyst
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exhibits large electrochemically active surface area (EASA), excellent electrocatalytic
activity, high level of stability and poisoning tolerance than Pd nanoparticles for the
electrooxidation reactions in alkaline media. This high electrocatalytic activity can be
attributed to the inherent nature of the abundant grain boundaries and the three-dimensional
open nanostructure of the Pd nanoflowers. The open interspaces of the highly conductive and
robust Ni metallic core ensure significant alcohol access even to remote active sites of the
electrocatalyst for fast ion adsorption/desorption. The three-dimensional flowerlike
nanostructures of Pd with the highly branched shape and interspaces have been significant in
achieving the outstanding electrocatalytic performance and pave the way to be used as an

efficient electrocatalyst for Pt-free ADEFCs.
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Table and Figure captions

Table 1 Results of the voltammetric analysis of the NINWA supported Pd thin film,

nanoparticles and nanoflowers electrocatalysts.
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Fig. 1. SEM images (a) NINWA top view, and (b) NiNWA supported Pd nanoparticles cross-
sectional view. Insets are the corresponding high magnified top views, inset of (b) showing

that PANP have been coated around the circumference of NiNWA.

Fig.2
Fig. 2. SEM images of NiNWA supported PANF show (a) top view, (b) high magnified cross-

sectional view. The highly magnified cross-sectional view show that the walls of the NINWA

are coated with PANP, which followed by the further growth towards PdNF.
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Fig. 3. Figure 3 BF TEM images of transverse cross section showing (a) PANF at the surface
of a Ni nanowire, (b) high magnification region of (a), and (c) a full coverage of Pd that
varies in thickness from ~50 to 100 nm. (d) A diffraction pattern confirming the presence of

Ni and Pd, and the lattice parameter of the fcc Pd is found to be approximately 0.3944 nm.
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Fig. 4. XRD patterns of the as electrodeposited NINWA, NiINWA/PANP, and NiNWA/PdNF.

The peaks marked by asterisks correspond to the metallic Ni phases.
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Fig. 5. Cyclic voltammograms of NiNWA, NiINWA/PdANP, NINWA/PANF in 0.5 M KOH
solution. Conditioning/initial potential: -0.5 V, 20 s; scan rate: 50 mV s*. Here, voltammetric

currents are expressed in terms of the geometrical surface area of the electrode.
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Fig. 6. (a) Cyclic voltammograms of NiINWA/PdNP and NiNWA/PdNF for the
electrooxidation of ethanol in 0.5 M KOH + 1 M EtOH solution. Conditioning/initial
potential: -0.55 V, 20 s; scan rate: 20 mV s, (b) Cyclic voltammograms of NiNWA/PdNF
in 0.5 KOH solution, and in 0.5 M KOH + 1 M EtOH solution in the hydrogen
adsorption/desorption region (scan rate: 50 mV s). Inset shows the magnified view of onset

potential region of cyclic voltammograms.
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Fig. 7. (a) Cyclic voltammograms of NiNWA/PdNF for the electrooxidation of ethanol at
different scan rates in 0.5 M KOH + 1 M EtOH solution, (b) Plot of forward anodic peak

current density and the corresponding peak potential at different scan rates.
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Fig. 8. Cyclic voltammograms of NiNWA/PdANF for the electrooxidation of ethanol in 0.5 M
KOH solution containing three fuels: ethanol, acetaldehyde and potassium acetate.

Conditioning/initial potential: -0.55 V, 20 s; scan rate: 20 mV s,
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Fig. 9. (a) Tafel plots for the electrooxidation of ethanol on NINWA/PdNP and
NiNWA/PdANF electrocatalyst in 0.5 M KOH + 1 M EtOH solution at lower potential region,
and (b) Tafel plot for the ethanol electrooxidation on NINWA/PANF at higher potential

region.
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Fig. 10. Chronoamperograms for the electrooxidation of ethanol on NiINWA/PdNP and

NiNWA/PdANF at -0.2 V (vs. Hg/HgO) in 0.5 M KOH + 1 M EtOH solution.
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