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ABSTRACT

Direct ethanol fuel cell (DEFC) is a device that generates an electric current
through electro-oxidation of ethanol as a fuel. The electro-oxidation reaction occurs at
the anode electrode of the cell and is facilitated by electrocatalyst of noble metal type-
platinum (Pt) or palladium (Pd). In this work, we synthesized composite material of
palladium concave nanocubes (PdCNs), nickel hydroxide nanoparticles (Ni(OH).) and
reduced graphene oxide (rGO), named as Pd-Ni(OH)2/rGO composite. The composite
was coated on glassy carbon electrode and employed as an anode in an electrochemical
cell. Electrocatalytic performances of the composites were determined by measuring
electro-oxidation of ethanol in alkaline solution in a cyclic voltammetry mode. The best
result, obtained from Pd-Ni(OH)./rGO with 10 %wt Pd loading on GO and 40 %wt Ni
loading on Pd/rGO, exhibited an electrochemical current of 1,460.15 mA/mg Pd.
Excellent performances of the Pd-Ni/rGO can be attributed to active ‘edge atoms’ of the
PdCNs and facilitating effects from Ni(OH)2 that yields outstanding electrocatalytic
activity to ethanol oxidation.
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CHAPTER |
INTRODUCTION

1.1 Motivation

Depletion of non-renewable fossil fuels, such as coal, oil and natural gas, is
currently of great concern to the general public. The concern comes from not only the
reduction in fossil fuel reserves but also the amount of carbon dioxide emission that
indulges great impact on human health and climate changes. Fossil fuel combustion
emits harmful pollutants and greenhouse gases, such as carbon monoxide, nitrogen
dioxide, nitric oxide and carbon dioxide. The last one is accounted for 65% of global
greenhouse gases emission, as presented in the 2014 report from the Intergovernmental
Panel on Climate Change (IPCC) [1]. There has been a great amount of effort paid in
incorporating uses of alternative energy sources, such as solar, wind, hydro, geothermal,
and biomass, to reduce fossil fuel consumption. However, the availability of natural
resources associated with each type of renewable energy varies from regions to regions,
and no alternative energy can prove feasible for every possible scenario. Fuel cell is an
electrochemical device that converts gas/liquid fuel into electricity via electrochemical
reactions. The fuel part can be hydrogen, methanol, ethanol, and flue gas (a mixture of
hydrogen and carbon monoxide). In particular, hydrogen-powered proton exchange
membrane fuel cell (PEMFC) is one popular fuel cell type, known for its high power
output, owing to the high energy density of hydrogen molecules. It currently is
considered as a candidate for the fuel cell electric vehicle (FCEV) but is limited by high
material cost and complication of cell fabrication, caused by its need of hydrogen-tight
vessel. [2].

Thailand is already a major producer of bio-ethanol with 1.4 billion liters
production in 2017, according to the 2016 Global Agricultural Information Network
(GAIN) report [3]. Thai bio-ethanol is heavily used as an alternative to gasoline in the
form of gasohol; a combination of ethanol and gasoline, and is mainly produced from

the fermentation of molasses, a by-product from the sugar industry. It could be a great
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advantage using Ethanol as fuel in a direct ethanol fuel cells (DEFC) that involves the
conversion of liquid fuel to electricity. The DEFC relies on charge exchanging
membrane, either anion exchange membrane (AEM), or proton exchange membrane
(PEM). Recent studies have shown the superiority of AEM-DEFC over PEM-DEFC
counterpart in term of output power that is produced during operation [4]. Furthermore,
DEFC is suitable for portable, household, and small-scale industrial application due to
the ease of storage and handling of ethanol.

An effective electrocatalyst is needed to enhance performances of the
DEFC. The noble metals, such as platinum (Pt) and palladium (Pd) appears to be the
most promising option for the electrocatalyst while Pd is considered the better option
due to its lower cost and more abundance, compared to Pt. However, Pd-based
electrocatalyst provides lower catalytic activity as compared to their Pt counterparts.
Thus various approaches have been used to improve the electrocatalytic activity of Pd-
based catalysts [5]. For example, one approach is to manipulate the morphology of the
Pd nanoparticles in order to enhance the catalytic activity. The team of Xie X. reported
significant improvement in electrocatalytic performance of Pd nanoparticles in the
concave cubical geometry (concave nanocubes) over spherical and flat cubical geometry
(nanocubes) [19]. Shen S.Y. et al. noted a substantial improvement to the ethanol
oxidation when Nickel (Ni) was added to the Pd nanoparticles [20], creating bimetallic
electrocatalyst. Moreover, the team of Tan J.L. demonstrated -electrocatalytic
enhancement when Pd and Ni nanoparticles were deposited on graphene sheet that
functioned as supporting material [8]. The use of supporting materials such as porous
carbon black, carbon nanotube, and graphene for metal oxide nanoparticles have various
benefits- increasing the surface area, reducing the average particle size of the metal
oxide, and improving particle dispersion on a substrate.

Graphene is a 2-Dimensional (2-D) carbon nanostructure with outstanding
chemical, electrical and mechanical properties. Several approaches are used for
graphene synthesis, including mechanical exfoliation, chemical vapor deposition, and
chemical exfoliation. The chemical exfoliation path relies on chemical oxidation of
graphite flakes with an oxidizing agent, such as potassium permanganate, yielding
graphene oxide (GO). The GO contains functional groups; carboxylic, carbonyl, and

hydroxyl, etc., that inflict negative charges on graphene structure. The graphene
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functional groups repulse with one another, separating and isolating graphene sheets,
and cause defects in graphene structure [9]. The defects act as “electron traps’, inhibiting
electron from transferring through the graphene sheet, making GO an electrical
insulator. The GO can further be reduced using a strong reducing agent, such as L-
ascorbic acid, becoming reduced graphene oxide (rGO) [10] that is a semiconductor.
Graphene can be used as a supporting material for electrocatalyst like palladium
nanoparticles [6-8], yielding good platform for particle dispersion and enhancing
electrocatalytic activity. The rGO can serve as substrate and support material, attracting
metal ions to accumulate and deposit on, becoming metal oxide-graphene composite.
In this work, concave shaped palladium nanocubes were synthesized and
paired with nickel hydroxide nanoparticles. Both particles of palladium and nickel were
then immobilized on reduced graphene oxide sheets, forming palladium-nickel
hydroxide/reduced graphene oxide composite (Pd-Ni(OH)2/rGO). This material is
intended for use as an electrocatalyst for the oxidation of ethanol in the anode side of
AEM-DEFC. The effect of palladium and nickel loading on electrocatalyst’s

performance and characteristic were investigated.

1.2 Objectives

1.2.1 To find a suitable synthesis condition for synthesizing Pd-
Ni(OH)./rGO composite, using the chemical method.

1.2.2 To study the electrocatalytic activity of the composite toward the
electro-oxidation of ethanol in alkaline solution.

1.2.3 To study the durability of the composite in electrocatalyzing ethanol
oxidation.

1.2.4 To study the effect of % wt Pd and Ni loading on electrocatalytic
performance and durability of Pd-Ni(OH)2/rGO composite.
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1.3Scopes

1.3.1 Graphene oxide (GO), Pd/rGO and Pd-Ni(OH)2/rGO composite were
synthesized via chemical methods.

1.3.2 Electrocatalytic performances of the composite in oxidizing ethanol

were tested in alkaline medium.

1.4 Expected Results

1.4.1 Palladium concave nanocubes and nickel hydroxide nanoparticles
are successfully synthesized and immobilized on reduced graphene oxide support.

1.4.2 Pd-Ni(OH)2/rGO composite exhibits great electrocatalytic
performances and durability against the oxidation of ethanol in alkaline medium.

1.4.3 Addition of graphene supporting material and Ni(OH). improve the

electrocatalytic performances and durability of the composite.
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CHAPTER Il
THEORY AND LITERATURE REVIEW

2.1 Metal-graphene composite

2.1.1 Graphene

Graphene is a 2-dimensional carbon nanostructure, consisting of layers of
carbon sheets, arranging in a hexagonal lattice/honeycomb-like structure (Figure 2.1).
Each carbon bonds to one another via SP? hybridization with three single bonds and one
double bond. It was found that pi electron from double bonds can move across carbon
sheet, allowing graphene to be such a good semiconductor with outstanding electron
transfer ability. Besides, graphene provides outstanding electrical, chemical, mechanical
and electrochemical abilities, which are attributed to its tremendous mechanical
strength, large surface area to volume ratio and high chemical resistance [11]. This
projects graphene as an ideal support for metal/metal oxide nanoparticles, in which
nanoparticles can be generated and anchored on the graphene sheet via simple
chemistry. The chemical method can involve chemical reduction, producing metal/metal
oxide nanoparticles on graphene support, i.e. composite material. So far, different types
of metal oxide nanoparticles-graphene composite have been synthesized and applied to
a wide spectrum of applications, such as sensitive elements in chemical sensors, photo-
catalyst for carbon dioxide conversion to liquid fuels, and electrocatalyst for fuel cells
[12].

Carbon atom
Covalent bond

Figure 2.1 Schematic diagram showing graphene structure [13]
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Several methods were proposed and demonstrated for graphene synthesis,
including mechanical exfoliation, chemical vapor deposition (CVD), and chemical
exfoliation. The mechanical exfoliation relies on applying glued tape on highly
crystalline graphite repeatedly to “exfoliate” layers of graphene islands to the tape.
However, low graphene production yield could be expected while the obtained graphene
is poor in quality. The CVD process, on the other hand, depends on catalytic
decomposition of methane gas on copper catalyst sheet, forming single-layer graphene
sheet on both sides of the substrate. This method provides high-quality graphene but
comes at a high cost and low yield. One simple, low cost, and effective method in
synthesizing large quantity of graphene is through chemical exfoliation, in which strong
oxidizing agents are introduced to graphite flakes, adding in negatively charge oxygen-
based functional groups such as carbonyl (-C=0), hydroxyl (-O-H), epoxy (C-O-C), and
carboxylic (-COOH) onto the surface of graphite. The negative charges repel each other,

separating the graphite layers to form Graphene Oxide (GO: Figure 2.2) [14].

COOH COOH

Figure 2.2 Diagram of Graphene oxide (GO) [15]

2.1.2 Palladium concave nanocubes

Palladium (Pd) is one noble metal that has heavily been used as catalyst and
electrocatalyst. It also was used as a substitute for platinum (Pt) in various applications
[16], as resulted from its more abundance, lower cost, and higher tolerance to catalyst
poisoning. The only issue concerns comparatively lower catalytic activity of Pd to Pt.
Thus, research studies have been conducted to enhance the catalytic activity of Pd. One
such approach is to change the morphology of the Pd nanoparticles to various shapes

and phases. Pd nanoparticles with various morphology from nanobar, nanorod, and Pd
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tetrahedral have been shown to exhibit enhanced catalytic activity toward the electro-
oxidation of hydrogen, methanol, and ethanol when compared to spherical shape Pd
nanoparticles [17, 18].

Recent studies on Pd nanocubes and concave nanocubes show its excellent
performance as an electrocatalyst for ethanol oxidation [6, 19]. In particular, a study on
utilization of Pd nanocubes/reduced graphene oxide (PdNCs/rGO) composite as a
potential anode in direct alcohol fuel cell (DAFC) was recently reported [6] The
PdANCs/rGO was synthesized via facile one-step reduction method using L-ascorbic acid
(L-AA) as reducing agent and potassium bromide (KBr) as capping agent. The KBr
acted as a capping agent and a soft template, shaping the Pd crystal into its nanocube

geometry (Figure 2.3).

Pd ions

~ Reduction ‘ , - : " .'. Growth ‘ ’a : B"a°
‘ s == : S e -'aa . =
~ - A e
I s j2ens e
o Br- . = ; o :",-'a g
Graphene oxide = '
« -COOH . -0 ¢°¢ - -
* B S Pd seeds Pd cubes

Figure 2.3 Schematic diagram, displaying PANCs/rGO synthesis [6]

The obtained Pd/graphene composite exhibited good Pd nanocubes
distribution on graphene sheets (Figure 2.4). The average size of the cube was 15 nm. It
was found that Pd had maintained nanocubes structure with or without graphene support

and that KBr was needed for a realization of nanocube structure (Figure 2.5).
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Figure 2.4 TEM images of PANCs/rGO at low (A), medium (B), and high (C)
magnification with light diffraction pattern of a single PANC crystal (Inset in C)

[6]

100 nm ® i

Figure 2.5 TEM images of PANCs & PdNPs/rGO at low (A) & (C) and high
magnification (B) & (D) [6]

Crystallography and oxidation states of the PANCs/rGO catalyst were
analyzed using XPS and XRD (Figure 2.6). The C-1 XPS spectra reveal the reduction
of carbonyl group (C=0) in PANCs/rGO due to the functional group's removal as side
reactions for a synthesis of the composite (Figure 2.6 A) while the Pd 3d spectrum
reveals the presence of crystalline Pd nanoparticles (Figure 2.6 B). The XRD spectra
displays face center cubic crystal structure (FCC) with clear existent of (111), (200),
(220), (311) and (222) planes as corresponded to diffraction peaks at 40.1°, 46.6°, 68.1°,
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82.1° and 86.6°, respectively (Figure 2.6 C). Presence of the (100) facets of Pd
nanocrystals marks a positive output as the plant is active as an electrocatalyst for the

electro-oxidation of alcohol.

>
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Figure 2.6 The C-1 XPS spectra of GO and PANCs/rGO (A), Pd 3d XPS spectrum
of PANCs/rGO (B), and XRD spectrum of PANCs/rGO (C) [6]

Electrocatalytic activity and durability of the catalysts were studied using
Cyclic Voltammetry (CV) and Chronoamperometric (CA) techniques, respectively. The
CV curves (Figure 2.7 A) reveal outstanding performances of PANCs/rGO in oxidizing
ethanol in alkaline medium, achieving the highest current density of 429.847 mA mg,
4.29 and 2.64 times higher than the PANPs/rGO and PdNCs, respectively. The CA
curves (Figure 2.7 B) exhibit excellent durability of the PANCs/rGO catalyst, as
compared to that of the PANCs and PANPs/rGO, owing to enhanced tolerance to catalyst
poisoning. The results display excellent catalytic performances and stability of PANCs,
owing to the active Pd {110} and {111} facets on the edges and corners of the
nanocubes, combined with the outstanding charge transfer ability and good particle

distribution on graphene support.
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Figure 2.7 Cyclic voltammograms (A) and chronoamperometric curves (B) of
PdNCs (black), PANPs/rGO (red), and PANCs/rGO (blue). [6]

Synthesis and activity of the novel palladium concave nanocubes (PdCNs)
catalyst have been studied by Xie and his colleagues [19]. PACNs catalyst was
synthesized via one-pot scalable liquid method using L-AA as reducing agent and
cetyltrimethyl-ammonium bromide (CTAB) as capping agent. The morphology of
PdCNs was revealed by SEM and TEM imaging (Figure 2.8) with an average crystal
size of 30 nm. The concavity of the Pd nanocrystal is a function of L-AA concentration
and reaction temperature. Increase in the concavity of Pd nanocubes is observed when
increasing L-AA concentration (Figure 2.9) and reducing the reaction temperature
(Figure 2.10) during the synthesis process. The catalytic activity of PACNs for the
electro-oxidation of methanol was tested and compare with that of the spherical shape
Pd nanoparticles supported on carbon black, which is a commercial catalyst, and the
synthesized Pd nanocubes catalyst (PANCs). PdCNs catalyst exhibits superior activity
and durability compare to both Pd/C and PANCs with 50 and 2.8 times the specific
activity of each catalyst, respectively (Figure 2.11 B and 2.11 C). PdCNs also have
greater durability than the other two catalysts as observed from the higher normalized
current after 1,500 reaction cycles (Figure 2.11 D) due to the enhanced stability of Pd
high index {730} facets.
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[100]

Figure 2.8 SEM (A) and TEM (B) images of PACNs, model of Pd high index {730}
facets (C), high resolution TEM images of a single PACN crystal (D1, D3), and the
selected area electron diffraction (SAED) pattern of a single PACN crystal (D4)
[19]

Figure 2.9 TEM images of PACNSs synthesized using different L-AA
concentration at 3 mM (A), 15 mM (B), and 60 mM (C) [19]



Somchate Wasantwisut

.B

Theory and Literature Review / 12

Figure 2.10 TEM images of PACNs synthesized using different reaction
temperature at 35-40 °C (A), 55-60 °C (B), and 75-80 °C (C) [19]
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Figure 2.11 Cyclic voltammograms of Pd/C, PANCs, and PACNs catalysts in the
solution of 1.0 M KOH (A) and 1.0 M KOH+1.0 M CH3OH (B), specific and mass

activity (C), and normalized current after 1,500 reaction cycles (D) [19]

2.1.3 Palladium-Nickel/graphene composite

Another approach for an electrocatalytic enhancement of the Pd-based
catalyst is to alloy palladium with another metal, forming ‘bimetallic catalyst’. Several
metals including silver, tin, and ruthenium have been shown to enhance catalyst activity

when combined with palladium [5]. Nickel is known for its outstanding ability to adsorb
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hydroxyl ion, which is essential in the oxidative reaction of ethanol [20]. Nickel also
lower the adsorption energy, which improves catalyst durability and tolerance to
poisoning by intermediate substances. A study on the synthesis and electrocatalytic
activity of Palladium-nickel supported on carbon black catalyst (PdNi/C) for the electro-
oxidation of ethanol in alkaline direct ethanol fuel cell were reported by Shen and his
team [20]. The Pd:Ni atomic weight ratio was varied at 1:1, 2:3, 1:2, and 2:5 during
synthesis. Both Pd/C and PdNi/C exhibit good nanoparticles dispersion on carbon
support with 2-8 nm particle sizes (Figure 2.12).

Figure 2.12 TEM images of Pd/C (a) and Pd2Nis/C (b) [20]

XRD patterns show the crystallography of Pd/C and PdNi/C electrocatalysts
(Figure 2.13 c). A broad graphite peak is observed at 25° while the peaks at 40.05°,
47.05°, 67.95°, and 82.10° are corresponded with (111), (200), (220), and (311) facets
of Pd face center cubic crystal structure (FCC). Two small peaks at 33.5° and 59.2°
correspond with the (100) and (110) facets of the amorphous Ni(OH)2. No shift in the
position of Pd peaks is observed in PdNi/C catalyst, which indicates that Pd chemically
bound with Ni during synthesis. In addition, average crystal size can be determined from

the broadening of Pd (220) peak by the Scherrer’s equation as shown in Equation 2.1.



Somchate Wasantwisut Theory and Literature Review / 14

0.9

d= Equation 2.1

, Where A is the X-ray wavelength, Omax IS the maximum peak angle, and

B2o is the full width of the peak at half maximum.

XPS spectra reveal the oxidation states and compositions of the
electrocatalysts. The Pd 3d spectra display the high and low energy band of Pd 3ds;» and
Pd 3dsy,, indicating the presence of Pd in metallic state (Figure 2.13 a). The Ni 2p spectra
reveal four peaks which could be assigned to metallic Ni, NiO, Ni(OH), and NiOOH
with the area ratio of 11.34, 4.81, 53.83, and 30.02%, respectively (Figure 2.13 b). The
metallic Ni species mainly comprise Ni(OH)2 and NiOOH.
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Figure 2.13 XPS spectra of Pd/C and Pd2Nis/C catalyst (a) The Ni 2p spectra of
Pd2Nis/C (b) and XRD patterns of Pd/C and PdNIi/C catalysts (c) [20]

Electrocatalytic activity of Pd/C and PdNi/C catalysts were evaluated with
cyclic voltammetry technique (Figure 2.14 a). The results reveal that electro-oxidative
activity of ethanol increased with the addition of Ni, achieving the highest peak current
density of 217 mA/cm? for the Pd2Nis/C being the optimal Pd:Ni ratio. This can be
attributed to the oxophilic property of Ni, facilitating the adsorption of hydroxyl ions,
which enhance the oxidative reaction of ethanol as shown in Equation 2.2.

Ni(OH), + OH™ < NiOOH + H,0 + e~ Equation 2.2

!
90

100
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Chronoamperometric curves also reveal the improved stability of Pd2Niz/C
catalyst compare to Pd/C (Figure 2.14 b), which indicated that PdNi/C catalyst is more
resistance to poisoning effect caused by intermediate substances.

(@) 20l
——PdIC /
__ 200 ——PdNi/C ‘
& '
E oo Pd,Ni/C /
< ——Pd,Ni,/C :
€ Pd,Ni/C /
& ‘
< /
S 8o
£
2 4
=3
(8]
0 i
1 1 1 1 1 1 1
-1.0 -08 -06 04 -0.2 0.0 0.2

Potential (V) vs. MMO

04

~_~
O
SN

Potential (V) vs. MMO

015}

020

025}

-0.30

-0.35 ——Pd/IC

——Pd,Ni/C

-0.40

045}

050 ; L L
0 2 4 6 8 10 12

t(h)

Figure 2.14 Cyclic voltammograms (a) and Chronoamperometric curves at 20

mA/cm? (b) of Pd/C and PdNi/C catalysts in 1.0 M KOH + 1.0 M EtOH solution

[20]

The ethanol fuel cell polarization curves display the superior performance

of Pd2Nis/C catalyst over the Pd/C. The fuel cell achieved the maximum peak power
density 90 mW/cm? with the open circuit potential (OCP) of 0.89 V using Pd;Nis/C as

the anode catalyst under high concentration of alkaline base and ethanol (Figure 2.15

b).
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Figure 2.15 Polarization and power density curves of the alkaline direct ethanol
fuel cell (DEFC) with Pd/C and Pd2Nis/C as anode catalysts in 1.0 M KOH + 1.0
M EtOH (a) and in 3.0 M KOH + 5.0 M EtOH (b) aqueous solution [20]
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The facile synthesis and catalytic performance of palladium-nickel
supported on reduced graphene oxide (Pd-NixB/rGO) catalyst were demonstrated by
Krishna and his colleagues [7]. Pd-NixB/rGO composite was synthesized via two-step
synthesis, first by depositing Ni on graphene using sodium borohydride (NaBH4) as
reducing agent, then Pd was added in using methanol as reducing agent. The TEM image
shows a successful deposition of Pd-NixB/rGO on a thin transparent sheet of graphene
with nanoparticle size ranging from 8-12 nm (Figure 2.16 b). FTIR spectra show a
significant reduction in the intensity of the peaks at 3425 and 1630 cm™ corresponding
to hydroxyl (-O-H) and carbonyl (-C=0) functional groups of the Pd-NixB/rGO
composite, respectively, compare with that of the GO (Figure 2.17 a). The peak at 590
cm? in the Pd-NixB/rGO is associated with the presence of metallic Ni bond with
oxygen residue on rGO (Ni-O), confirming the inclusion of Ni on graphene. XRD
pattern of graphite shows a strong and narrow peak at 26.6°, which correspond with the
diffraction of the (002) plane. However, when graphite is chemically oxidized to form
GO, the peak at 26.6° is completely absent; instead, there is a sharp peak at 11.2° which
associated with the (001) basal plane. The XRD pattern of Pd-NixB/rGO composite
exhibits a broad peak at 22.8°, indicating the successful reduction of GO into rGO. The
peaks at 39.9°, 46.4°, and 67.8°, associated with the (111), (200), and (220) planes of

the face center cubic crystal structure of Pd, are also observed (Figure 2.17 b).

(a)

100 nm

Figure 2.16 TEM images of Graphene oxide sheet (a) and Pd-NixB/rGO (b) [7]
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Figure 2.17 FTIR spectra (a) and XRD patterns (b) of graphite, GO, and Pd-
NixB/rGO composite [7]

Cyclic Voltammetry curve of Pd-NixB/rGO (Figure 2.18 a) displays a slight
increase of anodic peak current density from 16.9 t019.7 mA/cm? after 50 reaction
cycles while the CV curve of Pd-NixB nanoparticles without any supporting material
(Figure 2.18 b) shows a different result; a significant decrease in anodic peak current
density from 5.9 to 3.3 mA/cm? after 50 reaction cycles. These results reveal the benefit
of using graphene as a supporting material in enhancing the oxidative reaction of ethanol
and improving the stability of the catalyst. CV curve of Pd-NixB/rGO in the solution
containing 1.0 M KOH and 1.0 M potassium acetate (CHsCOOK) exhibits no oxidation
peak, which can be attributed to the complete coverage of catalyst surface by CHzCOO
species and the passivation of Pd active sites (Figure 2.18 c). Chronoamperometric
curves of Pd-NixB/rGO and Pd-NixB NPs (Figure 2.18 d) show a rapid decline in current
density during the first 400 seconds of operation with Pd-NixB/rGO exhibiting a greater
decline rate, but with a higher initial current density than Pd-NixB NPs. The decline in
current can be attributed to the poisoning effect of intermediates on both the Pd active
sites and rGO surface. However, Pd-NixB/rGO is capable of maintaining a slightly
higher steady state current after 400 seconds than Pd-NixB NPs. Therefore, the
incorporation of graphene supporting material has a positive effect on the

electrochemical activity and durability of the catalyst.
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Figure 2.18 Cyclic voltammograms of Pd-NixB/rGO (a), Pd-NixB NPs (b) in 1.0 M
KOH + 1.0 M EtOH solution using a scan rate of 50 mV/s, CV curves of Pd-
NixB/rGO with 1.0 M CH3CH20H and 1.0 M CH3COOK (c) and the
Chronoamperometric curves of Pd-NixB/rGO and Pd-NixB NPs (d) [7]

2.2 Anion exchange membrane direct ethanol fuel cell (AEM-DEFC)

2.2.1 Fuel cell
Fuel cell is an electrochemical device which facilitate the conversion of

chemically stored energy in fuels into electricity via electrochemical reactions. Fuel cell

is normally characterized by the type of its electrolyte; proton exchange membrane,

alkaline, phosphoric acid, molten carbonate and solid oxide (Figure 2.19). Fuels

typically used in fuel cell include hydrogen, methanol, ethanol, and flue gas (a mixture

of hydrogen and carbon monoxide). The oxidation of fuel occurs at the anode side while

reduction of the oxidant, usually oxygen or air, occurs at the cathode side, which

generates a flow of electric current. [21]
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Figure 2.19 Types of fuel cells [22]

2.2.2 Basic principle of AEM-DEFC

Unlike the proton exchange membrane direct ethanol fuel cell (PEM-
DEFC), which relies on the movement of cation or proton (H") across the proton
conducting membrane from anode to cathode (Figure 2.20), the anion exchange
membrane direct ethanol fuel cell (AEM-DEFC) relies on the mobility of anion
(Hydroxyl: OH") from cathode to anode (Figure 2.21). Several studies have shown that
PEMFC favors acidic condition with high proton concentration, while AEMFC favors
alkaline condition with a high concentration of hydroxyl ions [5]. The reactions which
occurred at the anode and cathode side are shown in Equation 2.3 and 2.4 for the PEMFC
and Equation 2.5 and 2.6 for the AEMFC. Both fuel cells yield the same overall reaction
as shown in Equation 2.7 [4].

C,HsOH + 3H,0 — 2C0, + 12H* + 12e"” Equation 2.3
30, + 12H* + 12e~ - 6H,0 Equation 2.4
C;H;0H + 120H™ - 2C0; + 9H,0 + 12e~ Equation 2.5
30, + 6H,0 + 12e~ - 120H"™ Equation 2.6

C,H;0H + 30, - 2C0, + 3H,0 Equation 2.7
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Figure 2.21 Schematic diagram of the AEM-DEFC

2.2.3 Ethanol oxidation mechanism

Ethanol can be oxidized in two different pathway; the C-1 pathway or the
complete combustion of ethanol into carbon dioxide and water (Equation 2.7), and the
C-2 pathway in which ethanol is oxidized into acetate ion, acetic acid and other by-
products (Equation 2.8-2.12). The C-1 pathway accounted for only 5% of the oxidative
conversion of ethanol while the C-2 pathway accounted for the rest. This is due to the
high strength bonding between the two carbon atoms (C-C) in ethanol. The adsorption

of hydroxyl on Pd active site is crucial in oxidizing ethanol molecule, therefore the
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reaction would favor high alkaline concentration. The rate determining step is the
oxidation of acetaldehyde intermediates (CH3CO) into acetic acid (Equation 2.11),

which will desorb from Pd surface in the form of acetate ion [23].

Pd+ OH™ & Pd — (OH),4s + €~ Equation 2.8
Pd + CH3CH,0H < Pd — (CH3CH,0H) 44 Equation 2.9
Pd — (CH3CH,O0H),4s + 30H™ - Pd — (CH3C0),4s + 3H,0 + 3¢~ Equation 2.10
Pd — (CH3CO0),4s + Pd — (OH) 45 = Pd — (CH;COOH) 45 + Pd Equation 2.11
Pd — (CH3COOH),4s + OH™ — Pd + CH3CO00~ + H,0 Equation 2.12

2.3 Techniques for evaluating electrocatalyst performance

2.3.1 Cyclic Voltammetry technique (CV)

Cyclic voltammetry is an analytical technique used to examine the
electrochemical characteristic of a substance. The technique utilizes a scanning
potential, applied to the working electrode of an electrochemical cell. The applied
potential is linearly scanned from the initial value to the switching potential and scanned
back to the initial value (Figure 2.22-a). The plot of the electrochemical current read
during potential scan vs scanning potential was known as an |-V curve or cyclic
voltammogram (Figure 2.22-b). Forward scan toward the positive potential produces an
anodic peak current (Ipa) at anodic peak potential (Epa) corresponding to the oxidation
of a substance in the cell. On the other hand, when the potential scan reverses toward
the negative potential, cathodic peak current (Ipc) appears at cathodic peak potential
(Epc) corresponding to the reduction reaction. The technique is used to study the

electrocatalytic performance of various composite materials [24].



Somchate Wasantwisut Theory and Literature Review / 22

(b) more (+)

current

time

switching £
initial E

maore (=)
more (-) mare (+)

moare (+) more (=)

potential potential

Figure 2.22 Potential waveform (a) and the obtained Cyclic Voltammogram (b)
[25]

The electrochemical cell consists of three electrodes; working, counter, and
reference electrode connected to an electrochemical work station (Figure 2.23). The
scanning potential was applied to the working electrode (WE) operated as related to the
reference electrode (RE). While oxidation reaction is occurring at the WE, the reduction
is occurring at the counter electrode (CE) and vice versa in order to complete both half-

cell reactions.
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Figure 2.23 Schematic diagram of a three-electrode electrochemical cell
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2.3.2 Chrono-amperometric analysis (CA)

Chrono-amperometry is an electrochemical analysis technique, in which a
fixed potential is applied to the WE and held constant over a period of time. The
responding current was measured and plotted Vs time as I-t curve. The technique is used
to study the durability of various catalysts to extended reaction period (Figure 2.24)
[27].
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Figure 2.24 Diagram of potential and current of chrono-amperometric analysis
[27]
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CHAPTER 11
MATERIALS AND METHODS

3.1 Chemicals and reagents

All chemicals and reagents, used in the preparation of graphene oxide (GO),
include graphite flake (-10 mesh reagent grade, 99.9% Alfa Aesar), sodium nitrate
(NaNOs: reagent grade, 99% Fluka chemika), potassium permanganate (KMnOsa,
reagent grade, 99% Ajax Finechem), hydrogen peroxide (H20>, analytical (AR) grade,
30% Merck chemicals), hydrochloric acid (HCI, AR grade, 37% V.S.Chem house), and
sulfuric acid (H2SO4, AR grade, 98% V.S.Chem house).

All chemicals and reagents, used in the synthesis of Pd-Ni(OH)2/rGO
composite, include palladium chloride (PdCl,, AR grade, 99.9% Sigma Aldrich),
potassium bromide (KBr, AR grade, 99% Fluka Chemika), nickel(ll)nitrate hexahydrate
(Ni(NO3)2 6H20, AR grade, 99.9% BDH Laboratory Supplies), L-ascorbic acid (L-AA,
AR grade 99% Ajax Finechem), and sodium borohydride (NaBH4, AR grade, 99%
Sigma Aldrich).

All chemicals and reagents, used in the cyclic voltammetry and chrono-
amperometric experiments, include sodium hydroxide (NaOH, AR grade, 97% Sigma
Aldrich) and absolute ethanol (EtOH, AR grade, 99.9% Merck chemicals). Deionized

(DI) water (18.2 MQ) was used as diluents in chemicals and reagents.

3.2 Graphene oxide (GO) preparation

Graphene oxide (GO) was synthesized via a modified chemical exfoliation
technique (Hummers’ method) [28]. The process began by mixing 2 grams of natural
graphite flake with 1 gram of sodium nitrate in 50 milliliters of concentrated sulfuric
acid. The mixture was contained in a 250 milliliters flask and cooled down to 0°C using
salted-ice bath under vigorous stirring of 2 hours. During the time, 7.3 grams of

potassium permanganate was slowly added in to mix with the graphite flake. Then, the
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flask was removed from the ice bath and left stirring at room conditions for another 2
hours, allowing graphite to be oxidized. Next, 90 millimeters of DI water was slowly
poured to the mixture, followed by an addition of 10 milliliters of 30% hydrogen
peroxide (H202) and 55 milliliters of DI water to terminate the reaction. Graphene oxide
(GO) powder is of yellow-brown color and can be observed suspending in the mixture.
It was filtrated and washed with 3% v/v hydrochloric acid solution using a vacuum
filtration apparatus and Whatman glass microfiber filter. The brownish powder GO was
dried at 105°C for 12 hours. The GO powder was further rinsed by resuspending the
powder in DI water and centrifuged at 4,900 rpm for 5 minutes. The supernatant was
removed, yielding an addition of fresh DI water. This rinsing cycle was done until pH
of 5-6 was reached. The GO power was dried at 105 °C and kept in the desiccator for

future uses.

3.3 Composite material synthesis

The palladium/reduced graphene oxide (Pd/rGO) composite was
synthesized via chemical approach using soft template chemical reduction (one pot)
[19]. Initially, GO was grinded and resuspended in DI water, containing in a 250
milliliters flask. The mixture was sonicated in an ultrasonic bath for 1 hour. Desired
amounts of PdCI, and KBr were dispersed in DI water with a fixed Pd:Br molar ratio of
1:4 and undergone sonication for 30 minutes. The Pd/rGO composites were generated
with different % wt of Pd loading on GO by mixing GO, PdCl», and KBr solutions with
250 milligrams of L-ascorbic acid (L-AA). The mixture was left stirring at room
temperature for 3 hours. The composite was triply rinsed with DI water to remove
unreacted components by centrifuging the mixture at 4,900 rpm for 5 minutes, removing
the supernatant and adding in DI water. The solid composite was obtained and dried at
50 °C and kept in the desiccator for future uses.

The palladium-nickel hydroxide/reduced graphene oxide (Pd-
Ni(OH)2/rGO) composite was synthesized via chemical approach using two pots-nickel
first method [6] as visualized in Figure 3.1. The GO suspension was prepared in DI
water and was sonicated in an ultrasonic bath for 1 hour. To load Ni(OH)2 on graphene,

various amounts of Ni(NOsz)> 6H>0 were mixed in DI water and sonicated for 30
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minutes. The NaBH4 of 250 milligrams was dissolved in 20 milliliters of DI water.
Solution pH was adjusted to 12 using 1.0 M NaOH solution. The GO and Ni(NO3).
6H-0 solutions were combined and stirred at room conditions for 3 hours as the NaBH4
solution was slowly dropped in. The composite was triply rinsed with DI water to
remove unreacted components by centrifuging the mixture at 4,900 rpm for 5 minutes,
removing the supernatant and adding in DI water. A similar process to the synthesis of
Pd/rGO was then repeated with PdCl> and KBr solutions being combined with
Ni(OH).2/rGO and 250 milligrams of L-AA being added in. The mixture was again
stirred at room temperature for 3 hours. The composite was triply rinsed with DI water
and centrifuged to separate the solid composite. The composite was then dried at 50 °C

and kept in the desiccator for future uses.

PdCl, precursor +

Ni(NO;), 6H,0 precursor
L-AA + KBr (2n9)

+ NaBH, (15t round)

React at Wash, Centrifuge

Grind GO in | | Sonicate | | .. temp | | & Dry to separate
DI Water for 1 hr. for 3 hr. solid composite

Figure 3.1 Diagram of Pd-Ni(OH)2/rGO synthesis process

3.4 Physical and chemical characterizations

Physical characteristics of the composites were investigated using Field
Emission Scanning Electron Microscope with Energy Dispersive X-ray Spectrometer
(FESEM-EDS, JSM-7610F & Hitachi SU-8010). Surface morphology of the graphene-
based samples was studied with FESEM, operated at 15 kV electron accelerating
voltage, and magnification power ranging from 30,000 to 250,000. Presence and
dispersion of Pd and Ni(OH)2 nanoparticles on rGO support were indicated using EDS
mapping. Chemical characteristics of the composites were investigated by Fourier
Transform Infrared Spectroscopy (FTIR, Jasco FT-IR 6800). The crystallography of the
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nanoparticles was determined using X-ray Diffraction Spectroscopy (XRD, D8-

Discover).

3.5 Evaluation of electrocatalyst performances

Electrocatalytic properties of the composites in oxidizing ethanol were
determined in Cyclic Voltammetry modes (CV) using an alkaline solution of 1.0 M
NaOH solution as background medium. First, the electrocatalyst ink was made by
dispersing 5.0 milligrams of the composite in 1.0 milliliter of DI water, where 50
microliters of 5 wt% Nafion solution was added in as a binding agent. Then, the
electrocatalyst ink was drop-coated using the catalyst loading of 50 and 100 micrograms
on glassy carbon electrode (GCE: 3 millimeters in diameter), yielding the GCE loading
of 0.7 and 1.4 mg/cm?, respectively. The GCE was employed as working electrode (WE)
in a 3-electrode electrochemical cell (Figure 2.23), along with Pt wire as counter
electrode (CE), and Ag/AgCl as reference electrode (RE). All electrochemistry
measurements were performed on CHI 1206 Electrochemical work station. The applied
potential of the WE was scanned in cycles starting from -0.9 to 0.4 V with a scan rate
of 50 mV/s. in a 1.0 M EtOH solution of 1.0 M NaOH. After the resulting I-V curves
(Cyclic Voltammograms) of each composite were obtained, the anodic peak current
(Ipa) was determined.

The durability of the electrocatalysts against the electro-oxidation of ethanol
was examined using Chrono-amperometry mode (CA). The experimental set-up was
done similar to the CV analysis. A constant potential, which was determined from the
anodic peak potential (Epa) of the I-V curve, was applied to the WE. After 50 seconds
of time has passed since the initiation of the scan, 0.5 milliliters of absolute ethanol was
added in. Then the scan was continued for another 950 seconds or approximately 15
minutes. The resulting I-t curves after 1,000 seconds of run time of each composite were

obtained and compared.
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CHAPTER IV
RESULTS AND DISCUSSION

4.1 Sample characterizations

4.1.1 FTIR spectra

FTIR spectra of GO, Pd, and Ni(OH).-graphene composites (Figure 4.1)
reveal peaks corresponded to various chemical functional groups [29]. The GO
spectrum displays a broad peak at around 3420 cm™ corresponding to the stretching
vibration of the hydroxyl group (O-H) and the small peak at 1580 cm™ that can be
assigned to the bending of C-H bond. This indicates the successful introduction of the
negatively-charged oxygen-based functional groups on the surface of GO.

The Pd/rGO, Ni(OH)2/rGO, and Pd-Ni(OH)./rGO spectra exhibit the same
broad peak of O-H at around 3420 cm™. However, the peak at 1580 cm, corresponding
to the bending of C-H bond, becomes sharper for all composites. Furthermore, the peaks
at the wave number of 1210, 1420 and 1720 cm™, which correspond to the stretching of
C-0O, the bending of O-H, and the stretching of C=0 bonds, respectively, can be
observed in most of the composites but were surprisingly absent from the GO spectrum.
This contradict with the findings by Krishna and his team [7] whereas peaks related to
the hydroxyl, carbonyl, carboxylic and epoxy groups have been reduced or removed
from the Pd-NixB/rGO composite’s spectrum when compared to GO, which indicate the
successful removal of the oxygen-based functional groups as a result of the reduction of

metal ions on the negatively-charged sites on the GO surface.
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Figure 4.1 FTIR spectra of GO, Pd/rGO, Ni(OH)2/rGO, and Pd-Ni(OH)2/rGO

4.1.2 XRD spectra

XRD spectra of the Pd and Ni(OH).-graphene composites (Figure 4.2)
reveal various peaks which correspond to crystallography of the graphene support, Pd
and Ni(OH)2 nanoparticles. All composites exhibit strong peaks at 26°, which can be
assigned to the graphite (002) phase of rGO. Pd/rGO and Pd-Ni(OH)2/rGO exhibit sharp
peaks at 40°, 47°, 68°, 82°, and 87° corresponding to the Pd (111), (200), (220), (311),
and (222) facets respectively, which can be attributed to the face center cubic (FCC)
crystal structure of Pd nanoparticles. This indicates that Pd precursor has been
successfully reduced to metallic Pd. Ni(OH)2/rGO exhibits very small peaks at 34° and
60° corresponding to the (100) and (110) facets of amorphous Ni(OH). species
respectively [8]. The peaks corresponding to Ni(OH)2 of Pd-Ni(OH)2/rGO were
dampened significantly by the presence of Pd nanoparticles. The average Pd
nanoparticles size of Pd/rGO and Pd-Ni(OH)./rGO composites were determined at
50.81 and 52.78 nm, respectively, from the broadening of Pd (220) peaks using the

Scherrer’s equation (Equation 2.1).
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Figure 4.2 XRD spectra of Pd/rGO, Ni(OH)2/rGO, and Pd-Ni(OH)2/rGO

4.1.3 SEM imaging and EDS analysis

SEM images of the Pd/rGO with 20 % wt Pd loading on rGO (Figure 4.3
(A-B)) reveal the presence of the Pd nanoparticles mostly in the cubical geometry
(nanocubes) of various sizes, deposited on the graphene sheet. Pd concave nanocubes
are observed although some are not in perfect shapes, which suggest that the synthesis
parameters need to be fine-tuned. The high % wt Pd loading on rGO led to
agglomeration and over deposition of Pd on graphene.

SEM images of Ni(OH)2/rGO with 20 % wt Ni(OH)2 loading on GO (Figure
4.3 (C)) reveal Ni(OH). nanoparticles deposited on graphene sheet in form of large
aggregates due to the high % wt Ni(OH). loading on GO. The SEM image with higher
magnification (Figure 4.3(D)), however, reveal small clumps of Ni(OH)2 nanoparticles
well-distributed on graphene sheet. The EDS mapping of Ni(OH)2/rGO (Figure 4.3 (E-
F)) confirms the assumption that Ni(OH). nanoparticles were deposited on graphene
support in large pockets spread throughout the sheet.
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SEM images of Pd-Ni(OH)2/rGO with 10 % wt Pd loading on GO and 20
% wt Ni(OH)2 loading on Pd/rGO (Figure 4.3 (G-1)) reveal the presence of Pd
nanoparticles in irregular geometry of various sizes well-dispersed on graphene support.
The absence of Pd nanocubes despite the addition of KBr which act as a ‘soft template’
for the formation of PACNSs during the synthesis process One possible explanation is
that some residue NaBHa, a strong reducing agent used in the synthesis of Ni(OH)2/rGO,
could have interfered with the formation of Pd nanocubes that require a weaker reducing
agent such as L-AA [19]. The presence of Pd and Ni(OH). is confirmed by the elemental
analysis using EDS spectra of Pd-Ni(OH)./rGO (Figure 4.3(J)). High concentration of
Pd on graphene can be observed from the EDS mapping (Figure 4.3 (K)) while the
Ni(OH). concentration is significantly lower. This could be attributed to the deposition
of Pd on top of Ni(OH). nanoparticles and the higher conductivity of Pd compare to
Ni(OH)2, which could have obscured the energy signature of Ni(OH)2 during EDS
mapping process.

The average Pd particle sizes calculated from the Scherrer’s equation are in
good agreement with the Pd nanoparticles and nanocubes observed from SEM images

due to the presence of large Pd crystals with a wide size range of around 30-80 nm.
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Figure 4.3 SEM images of 20 % wt Pd/rGO (A-B), 20 % wt Ni(OH)2/rGO (C-E),
and 10 % wt Pd-20 % wt Ni(OH)2/rGO (G-1). EDS mapping of 20 % wt
Ni(OH)2/rGO (F) and 10 % wt Pd-20 % wt Ni(OH)2/rGO (K). EDS spectrum of
10 % wt Pd-20 % wt Ni(OH)2/rGO (J)



Fac. of Grad. Studies, Mahidol Univ. M.Eng. (Chemical Engineering) / 33

2500

2000

)
Il

Counts

Figure 4.3 SEM images of 20 % wt Pd/rGO (A-B), 20 % wt Ni(OH)2/rGO (C-E),
and 10 % wt Pd-20 % wt Ni(OH)2/rGO (G-1). EDS mapping of 20 % wt
Ni(OH)2/rGO (F) and 10 % wt Pd-20 % wt Ni(OH)2/rGO (K). EDS spectrum of
10 % wt Pd-20 % wt Ni(OH)2/rGO (J) (cont.)
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4.2 Electrocatalysts performance of the composites

4.2.1 Effect of Pd loading on GO

The electrocatalytic performances of the Pd/rGO in oxidizing ethanol with
% wt Pd loading, varying from 5 to 60% and pure Pd concave nanocubes without
graphene support (PACNs) were examined using the CV technique. It was found that
the current density (mA/cm?) increased with % wt Pd loading increase while the pure
PACNSs yielded the highest average current density of 180.6 mA/cm? (Figure 4.4 (A)).
However, this might not represent an accurate comparison of electrocatalytic
performance as the amount of Pd attached on the WE depends strongly on % wt of Pd
in the composite. Thus, the current should instead be compared in term of specific
current (mA/mg of Pd), shown in Figure 4.4 (B). The specific current is observed to be
steady around 140 to 190 mA/mg Pd with % wt Pd loading of 5 to 40%. This reveals
that increasing the % wt loading of Pd in the composite does not always promote the
electrocatalytic performance of the composite with the only exception being the 60 %
wt Pd on Pd/rGO, which produced the highest average specific current of 329.45 mA/mg
Pd. Although, it is worth mentioning that while the % wt Pd loading increases from 5 to
60% by a factor of 12, the specific current increases only by a factor of 2.

It can be seen now that the pure Pd concave nanocubes exhibit lower
catalytic activity, compared to all Pd/rGO composites with graphene support due to the
ability of graphene to facilitate charges transfer, reduce particle agglomeration and
maintain good electrocatalytic activity of PACNs. Another benefit is the capping effect
of functional groups on GO, creating nucleation sites for Pd precursors to be deposited
on graphene sheet, thus reducing particle agglomeration and increasing the active

surface area of the electrocatalyst [8].
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4.2.2 Effect of Ni(OH)2 loading on Pd/rGO

The Pd/rGO composites with % wt Pd loading of 10 and 60% were chosen
to examine the effect of Ni(OH). addition to the electrocatalytic performance. The 10
% wt Ni(OH). loading on Pd/rGO was selected as a basis. The specific current of
Pd/rGO and Pd-Ni(OH)2/rGO composites were shown in Figure 4.5. The results reveal
a considerable enhancement in electrocatalytic activity after the addition of Ni(OH)2 in
the 10 % wt Pd-10 wt % Ni(OH)2/rGO composite that yielded the highest average
specific current of 643.82 mA/mg Pd, which is a 4.5 times increase when compare with
10 % wt Pd/rGO. This is due to the Ni(OH). ability to facilitate the adsorption of
hydroxyl ions (OH"), which enhance the ethanol oxidation of the electrocatalyst [20].
On the other hand, 60 % wt Pd-10 % wt Ni(OH)2/rGO does not show any improvement
in catalytic activity when compared with 60 % wt Pd/rGO. This could be caused by the
over deposition of Pd on Ni(OH)2/rGO, which block the hydroxyl ions from reaching
the Ni(OH). surface, thus reducing the effectiveness of Ni(OH)2 in enhancing ethanol

oxidation activity.
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Figure 4.5 Average specific current comparison from the electro-oxidation of
ethanol of Pd/rGO and Pd-Ni(OH)2/rGO at 10 and 60% wt Pd loading on GO
with 10 % wt Ni(OH)2 loading on Pd/rGO
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The 10 % wt Pd loading on rGO was chosen for a study effect of Ni(OH)>
loading on electrocatalyst performance with the % wt Ni(OH)2 loading on Pd/rGO
varied from 10 to 20 and 40 % wt. The electrocatalyst loading on GCE was reduced
from 1.4 to 0.7 mg/cm? due to lower GCE loading yielding higher specific current from
the thinner layer of catalyst, which improve the diffusion of ethanol and charge transfer
on the WE surface. The average specific current of Pd-Ni(OH)./rGO increases as % wt
Ni(OH)2 loading increases with the highest average specific current of 1,325.22 mA/mg
Pd from 10 % wt Pd-40 wt % Ni(OH)./rGO as shown in Figure 4.6 (The CV test for
each composite was repeated three times with error bars indicating the upper and lower
values of the ethanol oxidative current). This could be attributed to the outstanding
ability of Ni(OH)2 when paired with the suitable amount of Pd to improve the electro-
oxidation of ethanol in alkaline solution [20].
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Figure 4.6 Average specific current comparison from the oxidation of ethanol of
Pd-Ni(OH)2/rGO at 10 % wt Pd loading on GO with varied % wt Ni(OH)2
loading on Pd/rGO at 10%, 20% and 40% using a GCE catalyst loading of 0.7

mg/cm?
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The electrocatalyst durability of the Pd/fGO and Pd-Ni(OH)2/rGO
composites with 10 % wt Pd loading and varied %wt Ni(OH)2 loading at 10, 20 and 40
% were examined using CA technique. The resulting decline rate in the amperometric
current of each composite was plotted and compared as shown in Figure 4.7, revealing
that the addition of Ni(OH)2 improves the durability of the composite as a result of the
Ni(OH). ability in enhancing poisonous tolerance of the electrocatalyst by reducing
binding energy between ethanol and the composite which led to the improvement in
electrocatalytic activity [20]. The 10 %wt Pd-20 % wt Ni(OH)2/rGO composite (Blue
line) is observed to have the lowest decline rate with 84.92% retention of 600 seconds
after reaching the anodic peak, owing to the suitable ratio between Pd and Ni(OH).

loading on graphene support.

Percent of peak current

0 100 200 300 400 500 600
Time since peak current (s)

——10 % wt Pd/rGO ——10 % wt Pd-10 % wt Ni(OH),/rGO
——10 % wt Pd-20 % wt Ni(OH),/rGO —s—10 % wt Pd-40 % wt Ni(OH),/rGO
Figure 4.7 Specific current decline rate from amperometric analysis of 10 % wt
Pd/rGO (Red) and Pd-Ni(OH)2/rGO at 10 % wt Pd loading on GO with varied %
wt Ni(OH)2 loading on Pd/rGO at 10% (Green), 20% (Blue) and 40% (Orange)
using a GCE catalyst loading of 0.7 mg/cm?
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CHAPTER V
CONCLUSION

5.1 Conclusions

Palladium and nickel hydroxide nanoparticles were successfully
synthesized and immobilized on graphene support using chemical approaches, forming
Pd-Ni(OH)./rGO composite. The composite exhibits excellent electrocatalytic activity
and durability toward electro-oxidation of ethanol in alkaline solution. The
electrocatalytic performance of the composite was enhanced by the addition of both
Ni(OH). and graphene support. The best result was obtained from the Pd-Ni(OH)2/rGO
composite with 10 % wt Pd loading on GO and 40 % wt Ni(OH)2 loading on Pd/rGO ,
which exhibits the highest anodic specific current of 1,460.15 mA/mg Pd while the 10
% wt Pd-20 % wt Ni(OH)2/rGO is observed to have the best durability.

5.2 Recommendations

1. Synthesis parameters of Pd-Ni(OH)2/rGO composite should be adjusted
and fine-tuned in order to facilitate the formation of more Pd concave nanocubes.

2. Electrocatalytic surface area (ECSA) of the Pd-Ni(OH)./rGO composites
with varying %weight Pd and Ni(OH)2 loading should be determined and compared.

3. Electrocatalytic performance and durability of Pd-Ni(OH)2/rGO
composites in oxidizing methanol should also be tested and compared with ethanol.

4. Direct ethanol fuel cell (DEFC) is usually operated at high temperature
due to the higher efficiency of oxidizing ethanol compare to at room temperature, so the
Pd-Ni(OH)./rGO composites should also be tested in those conditions.
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APPENDIX A

Determination of Average Pd particle size

The average size of Pd nanoparticles can be determined using the
broadening of the Pd (220) peak at 68° obtained from the XRD patterns of Pd/rGO and
Pd-Ni(OH)./rGO and calculated using the Scherrer’s equation (Equation 2.1) as shown
here:

0.9 .
d= — Equation 2.1
B2g€0S011x

Where A is the X-ray wavelength used in XRD analysis (Cu K-a) = 1.5406 Angstrom
B2g is half the width of the Pd (220) peak measured at the base in radian (rad)
Bmax 1S the highest 26 peak angle of the Pd (220) peak
d is the estimated average particle size of Pd nanoparticle in nanometer (nm)
The parameters and calculated average Pd particle size of Pd/rGO and Pd-
Ni(OH)2/rGO with 20% wt Pd loading on GO and Pd:Ni molar ratio of 1:2, respectively,

are shown in Table A.1

Table A.1 Parameters and calculated average Pd particle size of 20% wt Pd/rGO
and Pd-Ni(OH)2/rGO (Pd:Ni =1:2)

Parameters/Samples Pd/rGO Pd-Ni(OH)2/rGO
Bmax 68.09793 68.07505
B2 (rad) 0.005189737 0.005189737
d (nm) 50.80934597 52.77630421
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Calculation of Anodic Peak Current from Ethanol Oxidation

Electrocatalytic performance of the composite in oxidizing ethanol in

alkaline solution was determined and compared using cyclic voltammetry technique in

a three-electrode electrochemical cell system (Figure 2.23). The baseline curve is

obtained before the addition of ethanol into the alkaline solution, which would then

yielded the I-V curve resulting from the redox reaction of ethanol. The highest measured

current (Im) at the anodic peak potential (Epa) is subtracted from the baseline current (Ip)

at the same potential to obtain the anodic peak current (lpa) as shown in Equation B.1

and illustrated in Figure B.1.

20

Equation B.1

15

Current density (mAfcmz}

Baseline 1.0 ]\f aOH Test-01
|—— 1.0 M EtOH Tas{-01
1

(Epa)

—
-0.2
Potential (V)

——
-0.4

T T II T

0.0

— T
0.2 0.4

Figure B.1 Example of anodic peak current determination from the I-V curve
using 10%wt Pd/rGO in 1.0 M NaOH and 1.0 M EtOH solution
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Cyclic Voltammetry experimental data for Pd/rGO and Pd-Ni(OH)2/rGO
with varied % wt Pd loading on GO and % wt Ni(OH)2 loading on Pd/rGO are compiled

in Table C.1-C.4 while the cyclic voltammogram (I-V) and amperometric (I-t) curves

of the composites are shown in Figure C.1-C.2:

Table C.1 Baseline, measured, oxidative peak current density and potential of
Pd/rGO with varied %wt Pd loading on GO (5-60%) and pure Pd with no
graphene support (100% PdCNs) using a GCE catalyst loading of 1.4 mg/cm?

Samples Ir (MA/cm?) Im (MA/cm?) Ipa (MA/cmM?) Epa (V)
5% Pd/rGO (01) 4.859 10.325 5.466 -0.105
5% Pd/rGO (02) 4.636 12.532 7.896 -0.100
10% Pd/rGO (01) 4.808 17.992 13.184 0.050
10% Pd/rGO (02) 4.208 13.716 9.508 0.025
20% Pd/rGO (01) 4512 53.692 49.180 -0.060
20% Pd/rGO (02) 3.772 42.376 38.604 -0.080
30% Pd/rGO (01) 4.552 49.632 45.080 -0.075
30% Pd/rGO (02) 5.740 84.752 79.012 -0.030
40% Pd/rGO (01) 4.365 77.242 72.877 0.060
40% Pd/rGO (02) 5.506 85.516 80.010 0.055
60% Pd/rGO (01) 6.306 181.188 174.882 0.085
60% Pd/rGO (02) 5.587 180.198 174.611 0.090
100% PdCNs (01) 4.239 140.297 136.058 0.025
100% PdCNs (02) 5.776 230.976 225.200 0.075
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Table C.2 Baseline, measured, oxidative peak specific current and potential of
Pd/rGO with varied % wt Pd loading on GO (5-60%) and pure Pd with no
graphene support (100% PdCNs) using a GCE catalyst loading of 1.4 mg/cm?

Samples Ib (MA/mgPd) | Im (MA/MgPd) | 1,2 (MA/mgPd) Epa (V)
5% Pd/rGO (01) 72.135 153.30 81.165 -0.105
5% Pd/rGO (02) 68.838 186.06 117.222 -0.100
10% Pd/rGO (01) 37.389 139.92 102.531 0.050
10% Pd/rGO (02) 32.725 106.67 73.945 0.025
20% Pd/rGO (01) 19.140 227.76 208.620 -0.060
20% Pd/rGO (02) 16.002 179.76 163.758 -0.080
30% Pd/rGO (01) 13.945 152.057 138.112 -0.075
30% Pd/rGO (02) 17.585 259.653 242.068 -0.030
40% Pd/rGO (01) 10.801 191.135 180.334 0.060
40% Pd/rGO (02) 13.626 211.61 197.984 0.055
60% Pd/rGO (01) 11.888 341.60 329.712 0.085
60% Pd/rGO (02) 10.533 339.73 329.197 0.090
100% PdCNs (01) 2.997 99.19 96.193 0.025
100% PdCNs (02) 4.084 163.3 159.216 0.075
(A) 240] —5%PdirGO (B) e 5% PdIrGO
——10% PdIrGO 10% PdIrGO
P —— 20% PdIrGO 20% PdIrGO
NE 200 ] 30% PAIrGO € ] 30% PdIrGO
T 100] oo parco 3 —eow parco
£ ——100% PdCNs E 12 ——100% PdCNs
%‘ 120 ] %‘
3 3 " L k
0
0.0 )&
0

Potential (V)

T T
-1.0 -0.8 -0.6 -0.4 -0.2 0.0

T
0.4

T T T T
200 400 600 800 1000
Time (s)

Figure C.1 Cyclic Voltammograms (A) and Chrono-Amperometric curves (B) of
Pd/rGO at various % wt Pd loading on GO (5-60%) and pure Pd concave

nanocubes with no graphene support (100% PdCNSs) using a GCE catalyst

loading of 1.4 mg/cm?
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Table C.3 Baseline, measured, oxidative peak specific current and potential of Pd-
Ni(OH)2/rGO with varied %wt Ni(OH)2 loading on Pd/rGO at 10, 20 and 40% and
% wt Pd loading on rGO of 10 % wt and 60 % wt using a GCE catalyst loading of

0.7 mg/cm?
Samples Ib (MA/mgPd) | Im (MA/MgPd) | lpa (MA/MgPd) | Epa (V)
10 % wt Pd/rGO (03) 29.304 162.162 132.858 -0.080
10 % wt Pd/rGO (04) 29.326 105.072 75.746 -0.085
10 % wt Pd/rGO (05) 31.108 70.994 39.886 -0.055
10 % wt Pd- 38.319 897.89 859.571 -0.090
10%Ni(OH)./rGO (01)
10 % wt Pd- 40.059 1178.33 1138.271 -0.055
10%Ni(OH)./rGO (03)
10 % wt Pd- 45.354 1218.22 1172.866 -0.045
10%Ni(OH)./rGO (04)
10 % wt Pd- 46.127 1099.253 963.126 -0.110
20%Ni(OH)./rGO (01)
10 % wt Pd- 48.765 1204.484 1155.719 -0.085
20%Ni(OH)2/rGO (02)
10 % wt Pd-20 % wt 42.066 1161.494 1119.428 -0.030
Ni(OH)2/rGO (03)
10 % wt Pd-40 % wt 52.123 1160.615 1108.492 -0.095
Ni(OH)./rGO (01)
10 % wt Pd-40 % wt 60.985 1468.0 1407.015 0.040
Ni(OH)2/rGO (02)
10 % wt Pd-40 % wt 53.077 1513.231 1460.154 -0.050
Ni(OH)2/rGO (03)
60 % wt Pd-10 % wt 7.087 430.789 423.702 -0.030
Ni(OH)2/rGO (01)
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Table C.4 Baseline, measured, oxidative peak specific current and potential of Pd-
Ni(OH)2/rGO with varied % wt Pd loading on GO at 10 % wt and 60 % wt and
constant % wt Ni(OH)2 loading on Pd/rGO of 10 % wt using a GCE catalyst

loading of 1.4 mg/cm?

Samples

I, (MA/mgPd)

Im (MA/mgPd)

Ipa (MA/mgPd)

Epa (V)

10 % wt Pd-10 % wt
Ni(OH)./rGO
(Pd 1%t synthesis-01)

19.014

73.30

54.286

-0.085

10 % wt Pd-10 % wt
Ni(OH)2/rGO
(Pd 1%t synthesis-02)

18.543

126.923

108.380

-0.045

60 % wt Pd-10 % wt
Ni(OH)2/rGO
(Pd 1* synthesis-01)

3.300

55.235

51.935

-0.085

60 % wt Pd-10 % wt
Ni(OH)./rGO
(Pd 1*t synthesis-02)

3.054

56.525

53.471

-0.100

10 % wt Pd-10 wt %
Ni(OH)2/rGO
(Ni(OH); 1% synthesis-02)

42.658

686.473

643.815

0.040

60 % wt Pd-10 % wt
Ni(OH)2/rGO
(Ni(OH); 1% synthesis-02)

9.290

314.747

305.457

0.010
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Figure C.2 Cyclic Voltammograms of 10 % wt Pd/rGO (A), 10 % wt Pd-10 % wt
Ni(OH)2/rGO (B), 10 % wt Pd-20 % wt Ni(OH)2/rGO (C), and 10 % wt Pd-40 %
wt Ni(OH)2/rGO (D) along with the corresponding amperometric curves (E)

using a GCE catalyst loading of 0.7 mg/cm?
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Chemicals used in composite synthesis

All chemicals used in the synthesis of Pd/rGO and Pd-Ni(OH)./rGO with
varied % wt Pd and Ni(OH)2 loading on GO and Pd/rGO are listed in Table D.1-D.2.

Table D.1 Chemicals used in the synthesis of Pd/rGO with varied % wt Pd loading

on GO and PdCNs with no graphene support

Chemicals | 5% wt | 10 % wt | 20 % wt | 30 %owt | 40 %o wt | 60 %o wt | PACNs
Pd/rGO | Pd/rGO | Pd/rGO | Pd/rGO | Pd/rGO | Pd/rGO
GO 100mg | 100mg | 100mg | 100mg | 100mg | 100 mg -
PdCl, 8.34 mg 16.68 33.36 50.04 66.72 99.98 110 mg
mg mg mg mg mg
KBr 224mg | 448 mg | 89.6 mg 134.4 179.2 268.4 295.2
mg mg mg mg

L-AA 250mg | 250mg | 250mg | 400mg | 400mg | 400mg | 160 mg

Table D.2 Chemicals used in the synthesis of Pd-Ni(OH)2/rGO with varied % wt
Pd loading on GO of 10 and 60% and varied % wt Ni(OH)2 loading on Pd/rGO at

10, 20 and 40%

Chemicals 60 % wt Pd- 10 % wt Pd- 10 % wt Pd- 10 % wt Pd-
10% wt 10% wt 20% wt 40% wt

Ni(OH)2/rGO | Ni(OH)2/rGO | Ni(OH)./rGO | Ni(OH)./rGO
GO 31.25 mg 45.45 mg 45.45 mg 45.45 mg
PdCl, 31.24 mg 7.58 mg 7.58 mg 7.58 mg
KBr 83.87 mg 20.35 mg 20.35mg 20.35 mg
L-AA 250 mg 250 mg 250 mg 250 mg
Ni(NOs); 6H,0 24.77 mg 24.77 mg 49.54 mg 99.09 mg
NaBH,4 250 mg 250 mg 250 mg 250 mg
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