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The synthesis of Pd-NiO nanoparticles decorated multiwalled carbon nanotubes (MWCNTSs) on reduced
graphene oxide (rGO) for ethanol electrooxidation is reported. NiO nanoparticles (NPs) were deposited
on functionalized MWCNTs by wet impregnation method. Pd nanoparticles were formed on NiO-
MWCNTs by the addition of PdCl, and its reduction using NaBH4. The Pd-NiO/MWCNTs nanocomposite
then deposited on rGO support using ultrasound irradiation which led to the formation of the Pd-NiO/
MW(CNTs/rGO electrocatalyst. The prepared electrocatalysts were characterized by XRD, SEM, HR-TEM
and XPS analysis. Electrochemical measurements demonstrate that as synthesized Pd-NiO/MWCNTs/
rGO electrocatalyst exhibit higher catalytic activity (90.89 mA/cm?) than either Pd/MWCNTSs/rGO
(43.05 mA/cm?) or Pd/C (28.0 mA/cm?) commercial catalyst. Chronoamperometry study of Pd-NiO/
MW(CNTs/rGO electrocatalyst showed long-term electrochemical stability. The enhanced catalytic activ-
ity of Pd-NiO/MWCNTSs/rGO electrocatalyst for electrooxidation of ethanol can be attributed to the syn-
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ergistic effect between Pd & NiO active sites.
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1. Introduction

Liquid hydrocarbons are a promising energy source for a variety
of portable and stationary applications [1,2]. Ethanol is a potential
liquid fuel used in the operation of direct ethanol fuel cells (DEFC),
a clean alternative energy conversion device. Currently, there has
been increased interest on fuel ethanol as the same could be pro-
duced from ligno-cellulosic biomass, an abundant source of carbo-
hydrate on earth’s surface [3-5]. Ethanol is a nontoxic substance
with ease of handling and transportation [6]. Moreover, ethanol
driven fuel cells operate with high thermodynamic efficiency and
high volumetric energy density (8.0 kW h/kg) when compared
with methanol based fuel cells (6.1 kW h/kg) [7]. In the develop-
ment of DEFCs, complete oxidation of ethanol molecule is essential
for effective and stable anode electro catalyst performance.

Traditionally, Pt-based noble metals are used as anode catalysts
for promoting ethanol electrooxidation in DEFCs [8-11]. However,
factors such as limited noble metal resources, especially high cost
of Pt, poor carbon monoxide (CO) tolerance, slow electron transfer
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kinetics, and instability of Pt based electro catalyst prompted the
research for alternate electrode materials. Even though, noble met-
als could not be completely dispensed off as electrode materials,
their utilization can be minimized. Pd based [12-15] anode cata-
lysts are a possible alternative to Pt-based electro catalysts for
DEFCs application. Pd has similar catalytic properties to that of Pt
(both elements belong to the same group of the periodic table, with
face-centered cubic (fcc) crystal structure and similar atomic size.
Apart from this, factors such as low cost, superior electro catalytic
activity and better resistance to the formation of intermediate spe-
cies has been attracted to use Pd based catalyst ethanol oxidation
reaction. Addition of non-noble metals in palladium catalyst to
promote the catalytic activity and minimization of the use of noble
metals [16,17]. Secondary elements such as Au [18-20], NiO [21],
CeO, [22] and Ag [23] are added to noble metal electrode catalysts
to improve the efficiency in DEFCs resulting from the bimetallic
synergistic effect. Nickel oxide (NiO) plays the role of promoter
along with the Pd nanoparticles during the ethanol oxidation reac-
tion (EOR) in alkaline media. Nickel, in the form of Ni(OH), and NiO
are mostly used in a number of energy areas including Bio fuel,
alcohol fuel cells, supercapacitors and electrochemical sensor
applications because of their ability to catalyze reactions as well
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as their higher natural abundance and low-cost [24-26]. Moreover,
NiO has been used as co-catalyst to enhance the activity of Pd par-
ticles for electrooxidation of ethanol.Catalyst support materials
should possess high electrical conductivity for the flow of elec-
trons. Further, the material should have accessible surface area
and chemical stability for improved performance of the supported
catalyst. Carbon-based support materials like carbon black [27,28],
carbon nanotubes (CNTs) [29-31] and rGO [32-34] have also been
widely investigated. Among different electro catalyst supports,
CNT based materials have unique identity due to their considerable
electronic properties, high specific surface area and chemical sta-
bility. These unique properties make MWCNTSs very useful as sup-
port material for metal nanoparticles (NPs). Analogous to CNTs,
rGO is another allotrope of carbon (hexagonal lattice structure)
with a few layer of carbon atoms is considered as one of the most
useful materials in the current century because of its unique prop-
erties such as superior electrical conductivity, large surface area,
excellent mechanical flexibility and high thermal/chemical stabil-
ity [35,36]. Recently, hybrid materials such as MWCNTs/rGO [37],
NiO/MWCNTs-rGO [38], PtRu/graphene-carbonnanotube [39] Gra-
phene/MWCNTs/Fe304 [40] and Pd-Au(Cu)/rGO-CNTs [41] have
also been employed as potential electrode materials for energy
related applications.

The rGO supported Pd and Pd-based catalysts have also been
developed as electro-catalysts for ethanol oxidation reaction. How-
ever, there are some problems with the use of rGO as a catalyst
support. During the formation of rGO nanosheet, it tends to aggre-
gate in solution due to m-m interactions between individual rGO
sheets. This leads to lowering of surface area and conductivity
[42]. This problem was surmounted in different ways, like surface
modification of graphene, incorporation of metals and other carbon
supports. The dispersion of nanoparticles (e.g., Pd, Pd-NiO) on
MW(CNTs may, to some extent, prevent the restacking of rGO dur-
ing the catalyst preparation process. Carbon nanotubes decorated
with metal nanoparticles incorporation between graphene sheets
helps to prevent agglomeration [43,44] and also increases the
specific surface area of graphene materials leading to enhancement
of electronic conductivity. Hence, Pd-NiO/MWCNTSs on rGO serves
as novel catalyst support materials which enhances the catalytic
activity of the nanoparticles as well as the electronic conductivity
of graphene nanosheets. Also, the use of multiwalled carbon nan-
otubes ensures the utilization of high electrochemical surface area
of rGO layers. Further it provides nano-channels of three-
dimensional MWCNTs-rGO hybrid materials for enhanced and
uniform distribution of active catalytic sites via surface
functionalization.

In this present work, we report the facile synthesis of Pd and
NiO nanoparticles anchored MWCNTs supported on rGO layers.
The novel design has prevented the agglomeration of rGO,
enhanced the electro catalytic activity and conductivity due to
the availability of more active sites on MWCNT and rGO support.
As synthesized Pd-NiO/MWCNTs/rGO electrocatalyst exhibits
higher electrochemical ethanol oxidation activity when compared
with PA/MWCNTs/rGO and Pd/C catalysts due to the presence of
NiO promoter along with Pd nanoparticle. In addition, high surface
area provided by the rGO, facilitates the availability of more active
sites and ensures their participation in the reaction.

2. Experimental
2.1. Materials
Natural Graphite Powder microcrystal grade (APS2-15 um

micron; purity: 99.9995%) and Nickel nitrate hexahydrate [Ni
(NO3),-6H,0], Palladium chloride (PdCl;), Sodium borohydride

(NaBH,4) and Nafion resin (5 wt.% solution in aliphatic alcohols
and water) were purchased from Sigma-Aldrich, India. Sulfuric
acid (H,S04, 97-98 wt.%), Hydrochloric acid (HCI, 37 wt.%), Ethanol
(CHs0H, 99.8 wt.%), Phosphoric acid (H3PO4 98 wt.%), Hydrogen
peroxide (H,0,, 29-31wt.%) and Potassium permanganate
(KMnO,, purity: 99.5) were purchased from Fischer chemicals,
India.

2.2. Chemical vapor deposition method

Fig. 1 shows the chemical vapor deposition (CVD) method for
the synthesis of MWCNTs using a bimetallic catalyst, acetylene,
nitrogen and hydrogen gas. In a typical synthesis [45], 200 mg of
Fe-Co/KIT-6 catalyst was placed in quartz boat inside the tubular
furnace. The catalyst was purified with argon (Ar) gas at a flow rate
of 110 mL min~! for 30 min to remove water, and the metal parti-
cles were reduced by hydrogen (H,) gas at a flow rate of 110 mL
min~! for 30 min. The carbon source, acetylene (C,H,) was sent
in at a flow rate of 100 mL min~! for 30 min through the furnace
containing the catalyst at 800 °C. The tubular furnace was cooled
to room temperature in Ar atmosphere. After completion of the
MW(CNTs growth process, the final product was obtained as black
colored material. The impurities (silica, amorphous carbon) pre-
sent in the synthesized material were removed by air oxidation
process conducted at 450 °C for 2 h in a muffle furnace. Hydroflu-
oric acid (HF) treatment was carried out with 40% HF with stirring
for 24 h at room temperature followed by filtering and washing
with excess double distilled water. The obtained samples were fur-
ther treated with nitric acid (10 wt.%) to remove the metal parti-
cles and washed with double distilled water. Finally, the material
was dried at 100 °C for 5h in an air atmosphere. The MWCNTs
were functionalized with acid groups via treatment with a solution
of nitric and sulfuric acids (1:3). 100 mg of MWCNTSs were added to
a 200 mL solution of sulfuric and nitric acids followed by ultra-
sound irradiation (ultrasonic processor PR-250) at 90 °C for 6 h at
500 rpm. The material was then filtered, washed thoroughly until
the pH of the solution becomes neutral.

2.3. Graphene oxide synthesis

Graphene oxide (GO) was prepared from graphite powder using
an improved Hummers’ method [46] Solutions of concentrated
H,S04/H5P0O,4 (360:40 mL, 9:1 v/v), KMnO, (18.0 g, 6 wt equiv.)
and 3.0 g of graphite flakes (1 wt equiv), were added gradually
and heated to 60 °C for 12 h with continuous stirring. After cooling
to room temperature, the mixture was poured into the cold water
(400 mL) with 30% H,0; (3 mL). Finally, the solid material washed
with 200 mL of water, 200 mL of 10% HCI, and 200 mL of ethanol.
For each wash, the mixture was filtered and centrifuged (6000
rpm for 4 h). The supernatant layer was separated by decantation.
The solid obtained was dried under vacuum overnight at 65 °C to
get Graphene oxide (GO).

2.4. Graphene oxide reduction

GO (100 mg) was dispersed in 100 mL of water followed by the
addition of hydrazine hydrate (10 pL). The reaction mixture was
refluxed at 80 °C for 1 h. The addition of hydrazine hydrate reduces
the oxygen functional groups other than carboxyl groups present
on the surface of GO. This selective process of removal of oxygen
functionalities has been used to control the reduction of GO and
their properties. Subsequently, NaBH,4 (1 mg) was added to reduce
the carboxyl groups and other oxygen functional groups, if any,
present on the GO surface. The resulting mixture was then refluxed
for 36 h at 110 °C.
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Fig. 1. Apparatus employed for the Chemical Vapour Deposition method (CVD).
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Fig. 2. Schematic representation of the method of synthesis of Pd-NiO/MWCNTSs/rGO electrocatalyst.

2.5. Synthesis of Pd-NiO/MWCNTSs/rGO electro catalyst

In a typical synthesis, appropriate amount of functionalized
MW(CNTs were dispersed in 50 mL de-ionized water using ultra-
sonication for 30 min. Then calculated amount of Ni(NOs3),.6H,0
was added with constant stirring for 4 h at room temperature.

The pH of the entire solution was adjusted to 10 by adding
NaOH. The formed slurry was centrifuged, and thoroughly
washed with deionized water and dried at 80°C for 24 h in a
vacuum oven. The material was calcined in air at 450 °C for
4h in a tubular furnace and cooled to room temperature to
obtain NiO/MWCNTs. According to the synthesis procedure
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Fig. 3. (a) XRD patterns of Pd/C, (b) Pd/MWCNTSs/rGO, (c) NIO/MWCNTs/rGO and (d)
Pd-NiO/MWCNTs/rGO catalyst.

[47], calculated amount of PdCl, solution was added dropwise
to NiO/MWCNTs nanocomposite under ultrasonication for
20 min. The resulting suspension was continuously stirred at
130°C for 6 h. A freshly prepared solution of NaBH; (120 mg

NaBH4 dissolved in 10 mL water) reagent was added dropwise
into the nanocomposite (PdCl,-NiO/MWCNTs). The suspension
was cooled to room temperature, centrifuged, and washed thor-
oughly with deionized water and dried at 80 °C for 12 h. Then,
appropriate amount of rGO and as synthesized Pd-NiO/MWCNTs
composites were dispersed in 100 mL of distilled water by
ultrasonication (ultrasonic processor PR-250) for 2 h resulting
in the formation of electrocatalyst, Pd-NiO-MWCNTSs/rGO.
Finally, the solid was filtered and washed several times with
distilled water and ethanol, dried at 60 °C for 12 h in a vacuum
oven. The same procedure was followed for the preparation of
Pd-MWCNTs/rGO and NiO-MWCNTs/ rGO electrocatalysts. An
equivalent proportion of rGO and MWCNTs (1:1) and 20 wt%
of Pd were used for the synthesis of electrocatalyst. A schematic
representation for the preparation of Pd-NiO/MWCNTs/rGO
electrocatalyst is shown in Fig. 2.

2.6. Materials characterization

Powder X-ray diffraction (XRD) patterns of the materials were
recorded within the 26 angle range 10-90° at a scan rate of 0.5°
min~! using Rigaku Miniflex II diffractometer with CuKo as the
radiation source at a wavelength of 0.154 nm. Scanning electron
microscopy (SEM) and Energy Dispersive X-ray spectroscopy
(EDX) (S-3400) were employed to carry out the surface morphol-
ogy and metal loading ratio of the as-prepared electro catalysts,
respectively. The HR-TEM images of the synthesized materials
were recorded after dispersing the analytes in ethanol and placing

Fig. 4. (a) SEM images of MWCNTs, (b) rGO, (c) Pd-NiO/MWCNTs and (d) Pd-NiO/MWCNTs/rGO catalyst.
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the same on a copper grid. The images were obtained by using JEOL
JEM-2100 model, operating at an accelerating voltage of 100 kV.
The surface composition of the materials was analyzed using X-
ray photoelectron spectroscopy (XPS) using a Theta Probe Instru-
ment (Omicron Nanotechnology spectrometer with hemispherical
analyzer). The monochromatized Mg KaX-source (E =1253.6 eV)
was operated at 15 kV and 20 mA.

2.7. Electrochemical measurement

The working electrode coated with nanocatalyst was prepared
by the following procedure [48]. Glassy Carbon Electrode (GCE)
(3 mm) was carefully polished with 0.05 um alumina powder prior
to each experiment. For the electrode preparation, 2.5 mg of elec-
trocatalyst was ultrasonically mixed with 200 pL of ethanol, fol-
lowed by ultrasonication of the suspension for 30 min to acquire
a homogeneous mixture. Calculated quantity of prepared catalyst
ink was dropped onto the top of the GCE surface using micropip-
ette followed by drying at room temperature. Finally, the catalyst
was covered with Nafion solution (5 wt.%) to ensure that the cata-
lyst was tightly attached to the electrode surface. The Pd-NiO/
MW(CNTs/rGO electro catalyst deposited on the GC surface was
used as the working electrode for the electro oxidation of ethanol.

The electrochemical properties of materials were carried out in
a conventional three-electrode cell connected to an electrochemi-
cal analyzer (Biologic SB-150). The electrochemical system consists
of three electrode setups which are glassy carbon used as working
electrode, the silver chloride (Ag/AgCl) employed as a reference
electrode and the platinum electrode was used as counter elec-

trode. The electrochemical experiments were carried out at room
temperature in 1M KOH and 1M C,HsOH used as supporting
electrolyte.

3. Results and discussion
3.1. Structure of electrocatalysts and catalyst supports — XRD analysis

The structural information for Pd/C, Pd/MWCNT/rGO, NiO-
MWCNT/rGO and Pd-NiO/MWCNT/rGO catalysts were determined
by XRD, and the diffractograms are shown in Fig. 3. From the XRD
pattern of different catalysts, specialty peaks were noticed at 20 =
25.95, 37, 40, 43.15, 46.8, 62, 68, 67, 75.40, 79.20 and 82°.

Fig. 3a shows the initial peak at a 20 value of 26°and is referred
to carbon (0 0 2) plane. The first isolated peaks in Fig. 3(b, c and d)
corresponding to graphitic structure of MWCNTs and rGO due to
hexagonal arrangement of carbon atoms [49a]. The XRD profiles
(Fig. 3(a, b and d)) show typical diffraction peaks at 40, 46.8, 68,
and 82° attributable to the characteristic (111), (200), (220)
and (31 1) [48] planes of palladium corresponds to face-centered
cubic structure (fcc). The presence of NiO was confirmed from
the observation of X-ray diffraction peaks at 37, 43.15, 62.5,
75.40 and 79.20° corresponding to (111),(200), (220),(113)
and (2 02) [16,50] crystal planes Fig. 3c-d. The XRD pattern of
Ni® was not observed which was due to the instability of Ni® which
readily converts to NiO. The Pd-NiO/MWCNTs/rGO electrocatalyst
Fig. 3d indicates that the diffraction peak at 20 = 26° is relatively
low, which perhaps indicates that the significant face-to-face

Fig. 5. (a) TEM images of MWCNTs, (b) GO, (c) rGO, (d) Pd-NiO/MWCNTs catalyst.
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stacking is absent due to the introduction of Pd-NiO/MWCNTs
composite on the surface of rGO nanosheets [10,49b]. Average par-
ticle sizes of Pd in Pd-NiO/MWCNT/rGO and Pd/C electro catalysts
were calculated using Debey-Scherrer formula which were found
to be 4.2 and 3.5 nm respectively.

d = 0.92/Byg €OS Opmax (1)

Typical XRD patterns of graphite, GO [51], rGO and MWCNTs Fig. S1
were provided in the electronic supplementary information (ESI).

3.2. Morphology of electro catalysts and catalyst supports

The surface morphologies of MWCNTSs, rGO, Pd-NiO/MWCNTs,
and Pd-NiO/MWCNTs/rGO are depicted in Fig. 4. The formation
of MWCNTSs without any major contamination Fig. 4a reveals the
purity of carbon nanotubes. Randomly aggregated thin, crumpled
sheets of rGO are shown in Fig. 4b [52,53]. Uniform dispersion of
Pd-NiO nanoparticle on the surface of MWCNT in Pd-NiO/
MWCNT electrocatalyst was observed from SEM image Fig. 4c.
SEM micrograph of the Pd-NiO/MWCNTs/rGO electrocatalyst pro-
vides the evidence for the presence of well dispersed Pd and NiO
nanoparticles on MWCNTs which were decorated on rGO Fig. 4d.
The presence of Pd-NiO/MWCNTs nanocomposite on the surface
of rGO prevents aggregation of rGO nanosheets.

The structure, composition and the distribution of the metallic
and metal oxide nanoparticles in the Pd-NiO/MWCNTs/rGO elec-
trocatalyst were further examined by HR-TEM and EDX analysis
and the results are provided in Figs. 5 and 6 respectively. For com-
parison, the TEM images of MWCNTs, GO, rGO and Pd-NiO/
MWCNT are shown in Fig. 5a-d respectively. Nanotubular struc-
tures with interlace twisted tubes were observed Fig. 5a [43]. In
comparison with rGO, GO appeared to accumulate more layers
[52] as shown in Fig. 5b and c. Uniform dispersion of Pd and NiO
nanoparticles functionalized MWCNTs were observed in the
Fig. 5d. HR-TEM image of Pd-NiO/MWCNTSs/rGO depicted the crys-
talline nature of the nanoparticles of Pd and NiO as shown in
Fig. 6a. Presence of polycrystalline particles of NiO and Pd in Pd-
NiO/MWCNTs/rGO electrocatalyst were confirmed from HRTEM
analysis wherein the particles with an interlayer spacing of 0.238
and 0.317 nm for NiO and Pd respectively, were observed Fig. 6b.
It demonstrates that the Pd-NiO nanoparticles strongly interact
and spread widely on the MWCNTSs. Perhaps, the strong interaction
between rGO surface with the Pd-NiO/MWCNTs composites, pre-
vent the aggregation and growth of the nanoparticles to form
ample particles. Elemental analysis of the Pd-NiO/MWCNTs/rGO
electrocatalyst was carried out by EDX and the corresponding
spectrum is given in Fig. 6¢. The Pd-NiO/MWCNTs/rGO electrocat-
alyst are composed of C, O, Ni, and Pd. Cu signal arises from the
stub on which the analyte was loaded for EDX analysis.

Fig. 6. (a) HR-TEM images of Pd-NiO/MWCNTs/rGO, (b) Fringes of Pd and NiO in Pd-NiO/MWCNTSs/rGO catalyst, (¢) EDX spectrum of Pd-NiO/MWCNTs/rGO catalyst.
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3.3. XPS analysis

X-ray photoelectron spectroscopy (XPS) study revealed the
chemical properties of Pd-NiO/MWCNTs/rGO electrocatalyst.
Fig. 7a shows the XPS survey of Pd-NiO catalyst on MWCNTs and
rGO supports. The elemental survey scan contained the atomic
peaks of (C 1s) carbon, (O 1s) oxygen, (Pd 3d) palladium and (Ni
2p) Nickel Oxide. Three de-convoluted peaks around 284.7, 288.7
and 286.1 eV corresponding to C—C, O—C=0 and C—O [54] of
C1s spectra of MWCNTs/rGO were observed Fig. 7b. XPS spectra
of Pd 34 and Ni », were also recorded Fig. 7c to illustrate the valence
state of the elements. Pds4 region of the XPS spectrum of the
Pd-NiO/MWCNTSs/rGO electrocatalyst is displayed in Fig. 7c. A dou-
blet containing a high-energy band at 340.12 eV and a low-energy
band at 335.25 eV correspond to Pd3ds; and Pd3ds;, [55] were
observed. The spin-orbit coupling in nickel-based mixture is

793

responsible for the peak in the region of 870-885 eV typical of Ni
2Py),. The peak appeared to develop at 850 to 869 eV [56,57] was
due to the additional intense Ni 2P3, signal Fig. 7d.

3.4. Electrochemical catalytic activity

The electrochemical behavior of Pd-NiO/MWCNTs/rGO, Pd/
MW(CNTs/rGO and Pd/C electrocatalysts were studied using cyclic
voltammetry (CV). The electrochemical performance of Pd-NiO/
MWCNTs/rGO, Pd/MWCNTs/rGO and Pd/C modified electrodes
was evaluated in 1M KOH in the potential window of —1 to
0.20V, and the corresponding cyclic voltammograms are displayed
in Fig. 8a. The CV pattern was attributed to hydroxide (OH™)
adsorption/desorption on the surface of Pd. The anodic potential
sweep entails in two ways which are the adsorption of hydrogen
and oxidation of Pd to PdO [58]. The hydrogen adsorption takes
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Fig. 7. XPS spectra of Pd-NiO/MWCNTs/rGO catalyst showing (a) elemental scan survey, (b) C 1s, (c) Pd 3d and (d) Ni 2p regions.
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Fig. 8. (a) Cyclic voltammograms of Pd/MWCNTs/rGO, Pd-NiO/MWCNTs/rGO and
Pd/C electrodes in 1.0 M KOH solution and (b) cyclic voltammograms of ethanol
oxidation on Pd/MWCNTs/rGO, Pd-NiO/MWCNTs/rGO and Pd/C electrodes.1.0 M
KOH + 1.0 M Ethanol. scan rate: 20 mV s~ .

place at about —0.9 to —0.5V, while it is still uncertain with the
potential —0.35 V region of PdO to Pd in alkaline conditions. How-
ever, it has been suggested that PdO formation occurs at more pos-
itive potentials. The regeneration of Pd surface by the reduction of
PdO to Pd occurs in the range of —0.2 to —0.45 V [14]. The electro
catalytic activity depends on electrochemical active surface area
(EASA). The EASA [59-61] has been measured by reduction of
PdO in the as synthesized catalyst from the equation: EASA = Q/
SI, where Q is the coulombic charge in mC, S is the proportionality
constant and I is the loading of electrocatalyst (g) on GC electrode.
Pd-NiO/MWCNTs/rGO exhibited the highest active surface area
(42.65 m?[g), compared to Pd/MWCNTs/rGO (21.62 m?/g) and Pd/
C (15.69 m?/g) as showed in Fig. 8a. The mass activity (MA) of
Pd-NiO/MWCNTSs/rGO, Pd-MWCNTs/rGO and Pd/C catalysts are
101.6 mA/mg, 48.38 mA/mg and 33.88 mA/mg respectively and
their corresponding specific activity (SA) are 0.23 mA cm™2, 0.22
mAcm 2 and 0. 21 mA cm 2.

The catalytic behavior of the Pd-NiO/MWCNTSs/rGO electrocat-
alyst for ethanol oxidation reaction with 1M ethanol in 1M
KOH was evaluated using two protruding curves in the cyclic
voltammetery. The ethanol oxidation curves on the Pd/C,
Pd/MWCNTs/rGO, and Pd-NiO/MWCNTs/rGO electrocatalysts are
presented in Fig. 8b. Two characteristic peaks were found in the
cyclic voltammograms: (i) anodic sweep potential range of —0.2
to 0.0V and (ii) cathodic sweep potential range of —0.2 to —0.4
V. The EOR on Pd in alkaline media was proposed with the
following reaction mechanism [8,15].

Pd -+ CH3CH,0H — Pd — CH3CO,qs + 3H,0 + 3e~ 2)
Pd + OH — Pd — OH,¢se" (3)
Pd — CH3CO,q; + Pd — OH,q; — Pd — CH;COOH + Pd (4)
Pd — CH3COOH + OH™ — Pd + CH;CO0™ + H,0 (5)

The CH3CO or other carbonaceous reactive intermediates will
strongly get adsorbed on the surface of Pd and block the active sites
(Eq. (2)). In the region starting from —0.7 V, Pd begins to adsorb
OH~. With the adsorption of OH~ species on Pd, the strongly
adsorbed carbonaceous species will be quickly stripped away,
resulting in an increased current density (Eq. (3) and (4)) [62] as
shown in the Fig. 8b. It can be seen that the electrocatalytic activity
in the oxidation of acetaldehyde is the highest, while no oxidation
current is drawn from the acetate solution. This suggests that acet-
ate is the final product and acetaldehyde is an active intermediate
in EOR on Pd electrode. The amount of Pd loading of the electrode
and the observed current density were used to determine the
elctrocatalytic activity of the electrodes used for electrooxidation
of ethanol. In this case, the Pd-NiO/MWCNTs/rGO electrocatalyst
shows the highest electro catalytic activity among the three cata-
lysts examined in the present study. The observed electrocatalytic
activity of the Pd-NiO/MWCNTs/rGO electrocatalyst is (90.89 mA/
cm?), which is two times higher than Pd/MWCNTSs/rGO (43.50
mA/cm?) and three times higher than Pd/C (28.0 mA/cm?) commer-
cial catalyst. The results showed that the rGO support is effective
since it facilitate for easy electron charge transfer access to prevent
agglomeration of rGO sheets and metal-metal oxide nanoparticles
as illustrated in TEM analysis Fig. 6a. This can be due to the pres-
ence of oxygen-rich functional groups on MWCNTs, which act as
nucleation sites for metal particles during the synthesis. Indeed,
there could be a better dispersion of the metal particles, greater
active surface area and better interaction between both metal spe-
cies [63,64]. The electrochemical activity of Pd-NiO/MWCNTs/rGO
electrocatalyst was compared with other catalysts and the corre-
sponding results are presented in (ESI) Table 1.

Further, a study of ethanol oxidation reaction (EOR) was carried
out for catalysts in basic media by linear sweep voltammograms
(LSVs) at a scan rate of 20mVs~! in 1.0 M C,HsOH and 1.0 M
KOH in the potential window of —0.7 to 0.20 V using the same cat-
alysts. The linear relationship indicates the diffusion controlled
behavior of all prepared electrocatalysts and the slow scan rate
minimizes the mass transfer issues. The quasi-steady state curve
for the ethanol electro-oxidation reaction (EOR) is shown in
Fig. 9. The figure shows that the Pd-NiO/MWCNTs/rGO electro-
catalysts are found to increase the current density and the poten-
tial values show a shift to negative values. The surface modification
also affects the onset potential. The onset potential of Pd-NiO/
MWCNTs/rGO electrocatalyst, is remarkably lower than that of
Pd/MWCNTSs/rGO and Pd/C.

Chronoamperometry (CA) was used to study the effect of the
support on the activity of catalysts and stability of ethanol oxidation
reaction Fig. 10. A constant potential of —0.1 V was applied to the
working electrode for 3500 s. The working electrode was immersed
in a solution containing 1.0 M C;HsOH in 1.0 M KOH. Due to initial
oxidation of ethanol, all curves began with the decreasing current
density at the start up. The Pd-NiO/MWCNTs/rGO electrocatalyst
showed good stability and excellent electro catalytic activity which
is higher than Pd/MWCNTs/rGO and Pd/C. The supports, MWCNTs
and rGO, not only facilitated the effective distribution of Pd and
NiO nanoparticles but also directed the appropriate geometric dis-
tribution of the electrocatalytic active species that were easily
accessible for the adsorption of ethanol molecules and their subse-
quent electrooxidation. Thus, Pd-NiO/MWCNTs/rGO electrocatalyst
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Fig. 10. Chronoamperometric curves of Pd/MWCNTs/rGO, Pd-NiO/MWCNTs/rGO
and Pd/C at —0.1V in 1.0 M KOH + 1.0 M Ethanol.

exhibited the highest electrode stability. The enhanced stability is
due to the carboxylic functional groups attached on MWCNTs
surface which enabled the interaction between metals and
MW(CNTSs support. Also, the high crystallinity of the rGO provided
a good electrical connection at molecular level.

4. Conclusions

In summary, Pd-NiO/MWCNTs/rGO electrocatalyst was success-
fully synthesized by two-step strategy and the catalytic properties
were investigated for electrooxidation of ethanol in an alkaline
medium. As synthesized electrocatalyst were characterized using
XRD, HR-TEM, EDX and XPS analysis methods. HR-TEM results
indicate that fine dispersion of Pd-NiO nanoparticles on the surface
of MWCNTs and rGO supports. Electrochemical analysis results
shows, Pd-NiO/MWCNTs/rGO exhibit higher tolerance, high
electrochemical stability and activity than Pd/MWCNTs/rGO and
Pd/C catalysts for electrooxidation of ethanol. The synergistic effect
derived from the bimetal combination of Pd-NiO NPs which resides
on MWCNT and rGO, is also known to resist the poisoning of
reaction sites during the electrooxidation process and thereby

leading to improved stability as shown by CA study. In addition,
MWCNTSs act as a good promoter and pore producer in rGO support
to increase the mass transport of ethanol. This phenomenal
enhancement of the electro catalytic performance contributes to
a new perception into the MWCNTs and rGO supported metallic
systems for electrooxidation of ethanol in alkaline medium.
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