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ABSTRACT

This researchwork describes the study d¢td-basedferro-electrocatalysts for application
towardsdirect ethanofuel cells DEFC9, direct ethylene glycol fuel cellDEGFC9, direct
glycerol fuel cells DGFC9 and oxygen reduction reactiogf®RR) operated ina basic
environment The initial part of theesearchwas toexplorethe Pdbased moometallicand
bimetallic (Pd/C and PdFe/@) utilising varied methodsuch ashe conventional sodium
borohydride (NaBHs) and microwaveassistedtechnique MW) towardsthe oxidation of
glycerol (gly), intending tochoose the best method viable for these cataly$tas study
revealed thaMW techniguegunedthe physicochemicaproperties of Pd/C and PdFe/C by
augmenting their crystallinity and defedtheseled to improved electrocatalytic activities

towardsglycerol oxidation reactionQOR) over NaBH technique

MW process as a powerful tool was further used in the entire stusiyntbesiseimetallic
andtrimetallic electrocatalystén ethanol (EtOH), ethylene glycol (EG) and glycefGly)
oxidation reaction iran alkalineenvironment Thesynthesise bimetallic catalystsstudiedin
this research workvere (PdFe/C, PdCo/@ndPdMn/C) at varied rateoof Pd:M (PcM/C
(2:1)and PAM/01:1)). Amongst them all, Pgre/Cand PdFe&Z were observed to be tineost
favourable catalysts towards all the alcohwlgh the excellenspecific activity ofabout for
EtOH(11.59 and 4.15 mA ci), EG (9.82 and 5.51 mA cfrandGly (8.94 and 4.73 mA cm

2), respectively.

The satisfactory performance exhibitedtbgPdFe/C electrocatalyptompedthe exploration

of the second 3d transition me{@&@dFeMn/C and PdFeCo/Cihtending to investigate the
synergisticbehaviourbetween thaon-noble metals and Pd@he XRD confirmedthat these
electrocatalysts arm a crystallire nature witha decreasén d spacing ffom 0.2247 nm,
PdFe/C to 0.226 nm (PdFeMn/C)gafter the insertion of Mn into PdFe/This was supported

by the TEM images obtained fthre PdFeMn/Ccatalyst with a particle size of sub at. The
comparison studstowardsEtOH, EG andGly wereinvestigatedor all the electroatalysts
and thee was a remarkable observation, whictlissimilarfrom the theoretical studs(DFT).
Density Functional TheoryDFT) revealed that PdFeCo performed better in terms of Gibbs

free energy, binding energgnd energy band gdpanPdFeMn; however, the experimental

vii



studies favoringthe performance of PdFeMn. The PdFeMn/C delivered the best
electrochemicahctivities including a superiorelectrochemical active surface afgCSA),
larger current densities and mass activity respoasel,lesssusceptibilityto poisoning and

high conductivityascompared to PdFe/C and PdFeCel€ctrocatalysts

Furthermore, the PdFeMn/C electrocatalyst exhibiedarkable electrochemical properties
during theORR (basic medium)Ultimately, the best twanodeelectrocatalyst (PdFeC &
PdFeMn/C) were explored and tested for the podafoncept in the twelectrode
configuration with the micr@D printed cell The PdFeMn/C delivered improvedethylene
glycol fuel cell,p-glycerol fuel cell, anqu-ethanol fuel celhctivitieswith respective to high
voltage andpower densityof 33.27 mW crif, 11.00 mW cnif and 45,80 mW crh
respectively,operated at 100nV / s These electrocatalystsave demonstrategromising

results in advancingDAFCs.
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CHAPTER 1

INTRODUCTION

This chapter provides insight information about the motivation and ratiaigéetivesand

the outline of the thesis.

1.1 Motivation and Rationale

The issue of energympacts ourhumanlife, economic developmensurroundings and

health. Global energy consumption is expected to triple by 2100 due to moderate economic
growth and population increase. Burning fossil fugatinueto play a dominant role in
fulfilling our energy needs. However, it comes aiggerprice which includes the rapid

rise in emitting greenhouse gases, lasting pollution, and climate change difHsters
Thereforegovernments worldwide regard renewable ene@gggominentechnologies for
transitioningto cleaner and sustainable enef@y3]. Theg o v e r nplaasand Gbgectives

are to develop sustainable renewable energy technologies with significant cost savings and

contribute to world energy needs [2].

Various renewable energy technologies currently beirglored includesolar, wind,
biomassand hydropower [4, 5]. These types of technology have priogéthy reliableand
affordable and produce energy repeatedly [4]. However, it is worth noting that the latter has
intractable issues and barriers thmtstbe overcomeWind and solaare especiallyeather
dependent Therefore, their intermittent nature can hinder the performance of these
technologies for future commercisdiion [6]. However, introducirg advanced energy
storage and conversion, particularly fuel cell technology, offers a promising solution.
Amongst several types of advanced energy storage and conversion, fuel cell technology
stands out as a potential drivertbé rise in energy needs and demansdadaiety [7, 8], as
demonstrate@Figure 1.).
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Figure 1.1 A schematic diagram describing the sustainable landscape [8]

Fuel cells are electrochemical devices that can convert the chemical energy of fuel into
electrical energyproducing low emissions ardgh efficiency [9].Compared to other fuel

cells, DAFCs have drawn attention as sustainadiiegrid power sipply for electronic
(portable)devices[10]. Using liquid/renewable polyhydric alcohol fuel&ly, EtOH, and

EG) over hydrogen has become more advantageous. They became one of the hotspots in the
research and development direction of DAFCs owing to their less toxicity, higher energy

density,accessiblestorage, and handlif@1].

Nevertheless, there are factasch as the use of electrocatalysts that are susceptible to
poisoning during the oxidation @ly, EtOH, and EG reaction in basic medium and end up
hinderingthe progressiorof these devices. These limiting factors have a massive impact in
such a way that they causéuggish kinetics in anodic reactions, which leadslow
efficiency, power lossandthe stability of the devicgll, 12]. The great selection of
electrocatalysts in DAFCs that runam alkalinemedium is more fwminent than in other
types of fuel cells]3]. In a basic environment, fee electrocatalysts with a wide range of
3d transition metals are permitted to decrease the cost of noble metals aoadnsy. The
electrocatalysts should be more stable and electrochemically actealigethe potential

of DAFCs in the future.



The potential of Pdbased electrocatalysts is promising. Their ability to allow intermediate
species to adhere to the surface catalysts, facilitating successful oxidation during the alcohol
oxidation reaction, is a significant step forwaithe alloying of Pd with one or two €0
metals, such as Fe, Co, and Mn, has modulated the electronic structure of the Pd lattice
through a bifunctional mechanism and synergistic effect between Pd aneltals. These
metals reduce the Pd content and contelio the benéfiation of abundant minerals in
South Africa, further enhancing the potential ofliaed electrocatalysts in the future of
DAFCs

Building on the promising factors mentioned above, this research succesghilgsisd
Pdbased electrocatalysts supported on carbon (PdM/C where M = Fe, Co, Mn) using the
NaBH:; and MW methods. These methods were instrumental in enhancing the
physicochemical properties of bimetallic catalysts at varied Pd: M ratios (1:1 and 2:1). The
results unequivocally demonstrated that the MW method can effectively tune the
physicochemical mperties of these catalysts, leading to superior crystallinity and the
geneation of defects, particularly Ovacancies, which significantly improved the

electrocatalytic activities towards the oxidation of Gly, Et@RQEG.

Trimetallic Pdbased electrocatalysts (PdFeM/C where M = Fe, Co, Mn) were further
synthesiséd via theMW method to investigate the effecttafo co-metak. MW method was
employed in thisresearch studyto provide an excellentacumenof physicochemical
properties and electrochemicadtivity of Pd-basedcatalysts. It wasbservedhat the use

of MW had tuned the structural properties and reduced the nanoparticles of the
electrocatalysts to sub 10 nm, which in turn led to the improvement of electrochemical
behaviourtowards AOR and ORR in ailkaline medium.



1.2 Study objectives.

Theresearclobjectiveswere stateds follows:

To synthesis Pdbased catalyst$¢/C an&#dFe/C) usingNaBHs method.

To synthesis bimetallic Pd based electrocatalysts (PdFe/C, PdMndCRdCo/C)
supported on carbon using a microwave synthetic mgtadi1/C and PdM/C)

To synthesis¢rimetallic Pdbased electrocatalysts (PdFeMm@i@IPdFeCo/C supported
on carbon using a microwave synthetic method

To investigate the physicochemical properties of ¢htalysts usingMW methods
through microscopic analysssich as TEM, SEM, BET, XRD, and XPS.

To determine thelectrocatalysts' performance and electrochemical evaluation (CV, CA,
linear sweep, EIS, etctpwards various alcohol€G, Gly, andEtOH) in an alkaline
medium.

To determine electrochemical evaluatitinear sweep and ORR polarisatiaf)Pd/C,
PdMn/C, PdFe/C and PdFeMn/C towardducingoxygen.

1.3 Thesis outline

Chapter 1 (Introduction ): This chaptemtroduces the thesis and elaborates more about the

motivation, rationale, and objectives of the study. It also presents the outline of the thesis

Chapter 2 (Literature Survey): This chapterprovides anoverview of DAFCs, the
operations mechanism, and the intensive research-bagadl electrocatalysts faOR and
ORR applications. The study also discusses the electrocherharalcterisatioemployed

in this work.

Chapter 3 (Experimental Method): This chapterdescribes the experimental procedure,
materials and reagents, and characterisation conditions in depth

Chapter 4 (Results andDiscussion: This chapter elucidates the two different methiods
preparing Pd/C and PdFe/C electrocatalysts. It thoroughly discusses their physicochemical
properties and the electrochemidahaviourof both electrocatalysts toward glycerol

electrooxidation in &éasicenvironment



Chapter 5 (Results andDiscussior): This chapter probes the electrochemlmathavior of
bimetallic electrocatalysts at varied ratios towa&tthanol oxidation reactien Various
electrochemicabhpproachesvere employed to obtain the electrocatalytic activity of the

bimetallicelectrocatalyst

Chapter 6 (Results andDiscussior): This chapter presents the electrocheméacaivity of
bimetallic electrocatalyst in varied ratiostoward the EG oxidation reaction in basic

environment

Chapter 7 (Results andDiscussior): This chapter discusses the electrochenbehlavior
of bimetallic electrocatalysts at various ratios towiduel glycerol oxidation reaction in an

alkaline environment

Chapter 8 is the Results andDiscussion This chapter elucidates the comparison study of
the trimetallic electrocatalystdor the oxidation of EtOH, Gly, and EG in an alkaline
medium.Various electrochemical approaches were employed to obtain the electrocatalytic
activity of the trimetallic electrocatalysts.

Chapter 9 (Results andDiscussior): This chapter reports the electrochemilmsthaviourof
palladiumbased ferromanganese as an excellent anode electrocatalyst for ethylene glycol
oxidation and oxygen reduction reactions

Chapter 10 (Conclusions and Recommendations):This chapter reports the overall

conclusions obtained from the study. Future work and recommendations are also included
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CHAPTER 2

LITERATURE REVIEW

The research and development of functional fuel cells (FCs) was first discovered in the early
1800s [1]. Sir W. R Groveoined the first FCs in 18391842. He accidentally found this
device by reversing water electrolysis intedtd Q to generate electrical power, known as

fuel cells, as demonstrated in Figure 2. Tlzerefore fuel cell technology was increasingly in
demand. Furthermore, in the 1930s, a British scientist, Francis Thomas Bacon, invented
alkaline electrolyte fuel cells, which differs from the acid electrolyte fuel cell discovered by
Grove (Fuel Cells NIGEL BRANDN Imperial College London, United KingdonB.a c o n 0 s
discovery was further followed by the first achievable fuel cells (Alkaline fuel cells) coined in
the 1950s in the search to produce the power for space flight by NASA Apollo space
programme [2]. A diagram representing the achievable alkalinedliglused on a space flight

is shown in Figure 2.1b. Since then, fuel cell development has become increasingly attractive

when it gained recognition as an energy power source [1].

H2 Pt
electrodes

H,0
(Electrolyte,
e.g. acid
solution)

power
source

o

Figure 2.1:a) Electrolysis setupb) An Alkaline fuel cells used orspace flight[103, 104]

2.1 Batteries, Heat engineand Fuel cell comparison

As demonstrated by Grove, fuel cells possess electrochemical similarities with bhattenigs

internal redox reactions to convatectrical energy fronchemicalenergy at the anode and



cathode reaction [3]. They are both squeezed with an electagt@n ionic conductor
between the two electrodes (anode and cathode). However, their diffdrentésatbatteries

are used for energy storage and conversadiowing them tostoreenergy for a whilebut
ultimately depleing when consuming chemical reactants. On the other hand, fuel cells are
energy conversignwhich continue t@mperaé as long as the reactants and oxidants are supplied

to the electrode [3], as shown in Figure 2.3.

Fuel and oxidizer pumped through fuel cell

Fuel and oxidizer I
packed in battery

(Zn inner case)

Cathode
(graphite rod)

Paste of MnO,,
NH Cl and carbon

Fuel cell

(B)

Figure 2.3: A schematic diagram displaying the A, Batteries and B Fuel cells. The picture
shows how the fuel cellare supplied with fuel. [105]

In comparison to internal combustiengineenergy conversion, fuel cell technologgquires

only one step to generate electrical power. In contmatgtnal combustion enginespply
numerous energgonversion steps to produce electrical power (From chemical to thermal to
mechanical to electrical, as shown in Figure 2.4 [1, 3]. The drawdfaitks type of energy
conversion is their unfriendliness to the environment, as they rei@asdul gases(COy,

SOy) that can cause harm to the globe. In contrast, fuel cells hesre a cleamnd more
efficient technology that releases water as the oghproductto produce electricity, thus

havingno negative impact on the environment [4].



a) b)

Figure 2.4:a) Typical gasoline car using apark-ignited internal combustion engine,

and b, Typical diagram showing a hydrogerpoweredfuel cell [106, 107].

2.2 Operating Principles of FCs

A fuel cell is an electrochemical device comprisanganode- the oxidation of fuel, and a
cathode- the reduction of oxidant [5]. Both electrodes are sandwiched with electrolytes in
between to permit the flow of positively charged ions (protons) across the electrodes. For an
active and functional performinéuel cell, electrocatalysts with extensive properties are
required on both electrodes' surfaces to carry them out at a reasonable rate [5]. A fuel cell
typically produces electrical energy from hydrogéHz), methanol, polyhydric alcohols
(EtOH, Gly, EG), and hydrocarbons. They are named based on the type of fuel used, such as
hydrogen fuel cells (HFCs), direct alcohol fuel cells (DAFCs) and direct formic fuel cells
(DFAFCs).

At the crux of the hydrogefuelled cell, the hydrogen is supplied on the anode side, where
electrocatalysts oxidise it into a proton (hydrogen ion) and electrons. The electrolyte only
permits the movement of protons, and it is sandwiched between thigg(sathode) and the
negative (anode) electrodes. Thus, the protons migrate through the electrolyte to the cathode
side (+ve). Meanwhile, electrons circulate through the collector plates and pass the external
circuit into the cathode side, forming anattecal current for any load connected to fuel cells

[6]. The oxidant on the cathode side interacts with the hydrogen ions and electrons to produce
water as its byroduct. The structure of the simple Polymer exchange membrane Fuel Cells
(PEMFCs) is demonsated in (Figure &):
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+ l 1,0,
Heat HaN ot o

~~~h.0
: H,0

Cathode
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Electrolyte

Figure 2.5: Operating principles of Polymer exchange membrane Fuel Cells (PEMFCs)
[20]

2.3 Types andClassificationsof Fuel Cells.

Fuel cells (FCs) are categorised into various kinds of technologies. They are classified
according to the choice of electrolytes, the type of catalyst needed, the operating temperature,
and othewaluablefactors. These varied factomsakethem unique to each other and easy to
identify. Solid oxide fuel cells (SOFC), Phosphoric acid fuel cells (PAFC), and Molten
carbonate fuel cells (MCFCsise different electrolyte membranes to yield a superior amount

of power. However, their high operating temperaturdeyds their use. Besides operating in

low temperatures, PEMFCs and alkaline feeisstill need compressed hydrogen as fuel and

are limiting their production. DAFCs are not facing all these challenges due to unquestionable
advantages. It does not require a fuel reformer becauwss dbtain hydrogen from liquid
alcohol[4]. Table 2.1 briefly describes the fugdll types and their specification,[8, 9].
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Table 2.1:Description and performanceof FCstype

Types of fuel | Operating Electrolytes | Type of Fuel | Advantages Challenges Application Efficiency
cells temperature
Polymer ~80°C Solid polymer | Hydrogen and | Quick start, Expensive Transportation, | Low
electrolyte electrolyte direct alcohol | low catalysts, and mobile efficiency
membrane (Teflon like temperature | Sensitive to applications (i.e | (~30-35%)
fuel cell membrane) impurities laptops and
(PEMFC) from fuel mobile phones)
Phosphoric 175-200°C | Liquid Hydrogen Tolerant to Expensive Transportation | ~Efficiency
acid fuel cell phosphoric impurities catalysts, and stationary | (35-40%)
(PAFC) acid from fuel structural industries
design
problem
Molten 600-700°C | Liquid molten | Hydrogen No catalysts | Intolerantto | Large High
carbonate carbonate and separate | sulfurand stationary efficiency
fuel cell reformer not | slowstartup | power (50— 60%)
(MCFC) needed generation
Solid oxide 1000 °C Dense Hydrocarbons | No need for Slow start up, | Stationary High
fuel cell yttrium separate very power and efficiency
(SOFC) stabilized reformer to expensive distribution (50— 60%)
zirconia extract H, and generation
intolerantto
sulfur
Alkaline fuel | 100 °C Potassium Hydrogen Rapid start, Sensitive to Space Efficiency
cell (AFC) hydroxide low cost CO, , require | exploration, (60 - 70%)
(KOH) separator fleet vehicles
systemto and boats
eliminate CO,
, utilizes
corrosive
electrolyte
2.4 An overview of DAFCs in alkaline environments

DAFCs are electrochemical devices that transfatectrical power fronchemical energy
stored in liquid9, 10]. Thesd=Cshave attractedonsiderablattention over gaseous fuel as a
power sipply for electronics (portableand stationary deviceld1]. They perform at low
temperatures quietly, with no noise wabration. In 1954, Palve conducted the fiFfCs
pumping alcohol asa fuel of choice His first discoverywas using methanol in aqueous
electrolytes to develoPpMFCs[12]. It has been reported that the delaycommercialising

these types of fuel cells is due to their drawbaeksch still need more rapid development.
These limitations have the propensity to produce the deficient performance of the device and

below are the disadvantadég]:

Alcohol crossoveoccurred betweeanodeand cathode electrodem the Nafion

(DuPont)electrolyte membrane.
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Reaction mechanism is complex.
CO poisoning of the anoddectrocatalysttampering the development of DAFCs.

To design and develop a stabtay-cost,highly active electrocatalys18].

Since then, primary alcohols such as EtOkpr@panol, gly, and EG emerged to be the most
considered fuels thus far inspired by their high volumetric energy density, less toxicity, facile
storage, handling, and transportation over methanol [12, 14]. Bhuthé use of ethanol in
DEFCs has received considerable attention. This cambatral fuel source is less toxic,
possesses higher energy density (theoretical energy density 8.0 kW h/kg) and can be
regenerated from biomass in enormous quantities thradghmentation process of sugar and
cellulosecontaining raw materials [15]. Since then, scientists have paid much attention to the
incubation of DEFCs.

DEGFCs have garnerathnificant interest among the known fuel celésthe most prospective
energy power source for mobile and stationary applications [16]. These phenomenal types of
FCs employ EG as a potential fuel. EG stands out among other fuels owing to its renewability
from biomass, low toxicity, low cost, amifyh theoreticakenergy densitpf approximatelys.2

kW h/kg[15, 17, 18]

In contrast, glycerol as polyhydric alcohol is produced massively aspaodact of the
biodiesel industry. It imitially obtained through methanolysis from vegetable asls natural
by-product. It has stimulated enormous attention in the past decades due to its low virulence;
it theoreticallypossessean energy ofabout5 kW h / kg and amore significanthumber of
exchanged electrons (14 electrons/glycerol molecideshesuccessfubxidationcompleton

from mesoxalate to carbond@0s?) [19, 20].

All the potential DAFCsuse an electrolyte membrane, which operates in two different
environmentsan alkaline and aacidic medium. It was discovered that this type of fuel cell
exhibits exceptional performance when operatingnralkaline medium, unlike in aacidic
medium. Inan alkaline mediumKamarudinand ceworkers 013) mentioned that DAFCs
exhibit goodpolarisationcharacteristics in methanokidationon the surface of thplatinum
electrodg21]. It endows the possibility of utding nonnoble metal$o decrease the challenges
faced with the cosbf noble metals catalysts, less susceptible of electrocatalysts towards

corrosion and rapid kinetics of both AOR and QRRich enhances the performance of the
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cell, alleviate the conduction of hydroxyl ions from cathode to anode [22]. From then forth,
alkalinetype DAFCs have attracted much interest over acidic, and enormous electrocatalysts

were designed specifically for these devices Wwigh cell performance.

2.5 Operating principles of DAFCs in alkaline medium

During operation suitable alcohol is oxidized on the anode side by the designed
electrocatalysts to yield carbon dioxided electronsThe electrongre transported aussthe
current collectdlexternal circuitinto the cathode side andteractwith the oxygen/airThe
reduction process (oxygen with electrons) occurs at the catgederating OH ions The
producedOH ions penetratback to the anode vthe electrolytanembrane (anionic exchange
membrane]12, 23]. Anionic exchange membran@KEM) asssts in preventing the cell from
being vulnerabl@o alcohol crossover. The reaction mechanism is presemtéduation 21

for DAFCstaken as an example:

Anode oxidation:

CH;0H + 60H" e +CO,+5H,0 E°=-0.18V

Cathode reduction:

3/20,+3H,0 + 6e" ——— 60H" E°=0.40V

Overall reaction

CH,OH +3/20, ——— C0,+2H,0  E°=1.21V 2

2.6 Electrocatalysts in DAFCs

The development of heterogeneous electrocatalysts has ragiciiyne a versatile class of
catalysts with a wide range of applications overphst decades. Electrocatalystsrasderials

that can acceleratthemical reactionswithout being used The exciting view about
electrocatalystan be appliedn various domains such &gl cells, water purification,
biodiesel production, medicine, and dye industries over a conventional cadydEdch
electrocatalyst fielthenefitsfrom converting crude oil, coal, and natural gas to fuels, producing
petrochemical and chemical products, and emission control of Carbon monoxide,

hydrocarbons, and nitrogen oxif@4]. Thus,the electroctalystsin DAFCs playthe role of
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breaking down/reducing the oxygen at the cathode and oxidizracohol at the anodgde

of the cell Furthermore, a good electrocatalyst choice eanancethe cell's performance
without compromising itslurability [25]. During the past decade, efforts have been devoted

to developing the electrocatalyst's performance to reach a successful corokarga3bns

that the electrocatalysts can be poisoned effortlessly, and kinetics tend to be sluggish during

oxidation

Ideally, nanesized catalysts with large surface area are needegtimisethe surface of the
electrode; when the surface is enhanced with the small number of atoms in nhanophsicles,
intrinsic catalytic performance changes beyond and extends the surfad@4ar2é] The

exciting prospecbf nanosizing the material is the ability to enhance the electrocatalytic
properties by eliminating the intermediate on the surface of the catalysts. For these reasons,
several catalysts have been studied for thedensuch as single, double, and multiple

components catalystg%, 27]

2.7 Pd catalysts forthe oxidation of alcoholin an alkaline environment.

2.7.1 Single components catalysts

Singlecomponent catalysts, sometimes called monometallic catatgsiisibute significantly

to fuel cell development. Catalysts such as platinum, gold, palladium,hetee shown
practical corollary in DAFCs systems even though commercialisasoronfined. A
tremendous study has been conducted on platinum as an essential catalyst, notably in an acidic
medium forDMFCs It also reveals an excellent performance in ethanol fuel cells when treated

in an acidic platform. Much research has shown that platinum is mostly stable when operating
in an acidic medium, unlike in aakaline environment, because it is an excellent oxidizing
promoter in low pH [25]. It can minimize the blockage on the electrode surface caused by salt

formation during the reaction of the reactant [25].

Due to the low pH, the selection of catalysts is limited in an acidic medium. Some catalysts,
such as palladium and gold, exhibit poor reactivity iova pH medium, albeit, in high pH,
their reactivity is the best. Due to that reason, extensive effort hasriseio reduce the

damage of the palladium and gold catalysts caused by the low pH while enhancing the cell
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performance. Even thieigh cost and vulnerability to intermediates of platinum are forcing

researchers to explore other metals and diversify their uEeadfols besides methanol.

Many researchers have paid attention to palladium, the analogy of platinum but more
electroactive irahigh pH medium/an alkaline medium. Palladium is 50 times more abundant
in nature,has alower price than platinum, and can oxidize extensive alcohols in an alkaline
environment[28, 29] Even thoughthey showexcellent activity and stability in alkaline
medium, their surfaces aggregate with time if not supported with a conductive material, causing
the surface area to decred28]. Conductive materigbossessesgaried structure, sizes, and

morphology.

Support materials such as a wide range of oxides {@a@® NiO) [11], the use of carbon
matrix like Vulcan XCG72, tungsten carbide nanocrystals, carbon microspheres, ultrahigh
surface hollow carbon spheres, carbonized >Ti@nosized tubes, multiwalled carbon
nanotubes, and activated carbon nanofibers were studied thoroughly to enhance the
conductivity and electroactivity of Pd/{30]. Xu and his caworkers 200&xaminedhe effect

of introducingremarkable oxidesuch asCeQ and NiQ to the Pt/C and Pd/€lectrodefor

ethanol oxidation in an alkalineledrolyte. They revealedthat the oxide-promoted
electrocatalysts have the highest catalytic activity towards ethanol oxidation thawithosg

the oxide [31]. The work performed by &nd colleague2012 used Pd/C to investigate alcohol
electrooxidation in an alkaline medium, and it showed that Pd supported on carbon has higher
oxidation activity inEtOH and isopropanol than in methanol [3RH/C was extensively
studiedandrealisal that alloying with cemetals wouldenhance the activity arsfrengthen the

bindingenergy between the guetals and Pd

2.7.2 Bimetallic and trimetallic electrocatalyst

Developinga highly recommended and activedectrocatalyst is significant challengdor
application in DAFCsRecently, it waproposed thaisingPd-based bimetallic and trimetallic
electrocatalysts hashat it takes to enhance the performance of this notorious devere
monometallic catalysts. However, the extensive performance was only shown in an alkaline
environmentather than an acid electrolyte, especially whersintdithe 3d transition elements

as cometals. The attractive benefit of an alkal medium involves expediting the reaction
kinetics of both anodic oxidation and cathodic redudiiin 27].
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The rationale for alloying is similar for platinum as they all contribute to strengthening the
electron configurationaltering the PdéPd or P{Pt bonding length, improving their lattice
compressive stress, modifying the electronic structure between the two metals, and changing
the surface conditiof13]. Theslight structural modification of the alloy has a massive impact

on the synergistic effetietween the metals and Pd caused btieesand ligand effei|33].

In addition, the bfunctional mechanism reported by Shegd colleague2014 assumed that
the integration of canetals to Pd/Pt can supply a surpluhgéroxidespecies athe anodic
side of theelectrode to facilitate the oxidative desorption ofi@ermediate produdB4, 35]
Zhangand ceworkers 2008 further reported the following three steps to describe the bi

functional mechanism of typical fu catalystsas indicated in Equation2[36]:

PtCQ, + AuUOH,,

CQ+H +Pt+Au+e

Au-CQ,+ AuOH,4 CQ+H+Au+e

2.2)

Based on these steps, it is evident that Au played a significant role in Pt reactivity due to the
upshift of the surface'sbland center, whichlignswith the prediction made bihe Hammer
Norskov model36, 37] According to the HammeXorskov model, the shift in thé-band
centerresults fromthe surface alloying or pseudomorphic overlayer formation to several
adsorbates3/]. Their study also demonstrated that when the metallic atomsngrand
integrated with giant atoms, their neighbors shift away and cause a srradled avidth than

at the surface of the elemental metals. Thins,dband position is upshiftetb control the
similar dband filling locally[37]. Adding Au to Pt/C has significantly enhanced the catalytic

activity and has stronger poison resistance than commerg¢&é]Pt

2.7.3 The role of electrocatalysts in ethanol electrooxidation reactions.

Thorough research on electrocatalysts towards ethanol oxidation has been excessively explored
for alkaline environmentssShen and cavorkers(2010) reported that Ni into Pd/C consistently
enhancesthanol electrooxidation's stability and activity over Pi@&}. Their studies revealed
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the satisfactory performance of PdNi/C withigher powedensity of 90 m\Wem? operated
at60 °C for ADEFCsusingAEM. Ni is an excellenbxygenspecies attractor that contributes
an abundancef the hydroxyl groups on thesurface ofPd tofurther mitigate the poisoning
during the adsorption/desorption phd38]. Due to the excellertbehaviourof Ni towards
Pd/C, various researchers performed extensive studrebthe pair showed outstanding

catalytic activity

Itis imperative to meticulously design experiments before use and determine the optimum ratio
of the catalysts that endow the highest AOR results. Various ratios of the catalysts performed
differently in the alcohol oxidation reaction. This study was confirmed by the research
conducted in 2022 by Climaco and-workers, who found that adding Fe and Ni to Pd at
different ratios (80:10:10, 70:15:15, and 60:20:20) enhanced the electrocatalytic activity in
ethanol electrooxidation [39]. Their research displalgigher activity and stability irthanol
oxidation at 70:15:1%atios[39].

2.7.4 The role of electrocatalysts in ethylene glycol electrooxidation reactions.

Limited researcladdresses the use of bétttbased bimetallic and trimetallic electrocatalysts
toward the oxidation of EG in alkaline electrolyt&ése work performed by Ramuliffend ce
workers 2013 has reported that the bimetallic mixture between PdNI/MWCNT and
PdSn/MWCNTdeliveredbetter electrocatalysis towartte oxidationEG over monometallic
S-MWCNT-Pd [40]. Other metals and oxides were exploredntprove the activity and
durability of Pd basean theelectrooxidation okthylene glycol. The reaech conducted by
Ren and colleaguas 2021 established the use of PA/RGO decorated with Mo@like for
ethylene glycol electrooxidation [41Adding MnO. to Pd/RGO boosted the electroactivity

andthe longterm stability relative to pure Pd towards ethylene glycol [41].

The research carried out by Li andworkers in 2016 was to design asyhthesise trimetallic
electrocatalysts (PdRuBi#Sraphene) for improvingthylene glycol electrooxidation. The
synergistidbehaviouformedbetween Ru and Bi promatéhe catalytic activity and durability

of Pd towardsthe oxidation of EG42]. Fashedemi and Ozoemena in 2014 reported the
comparativeelectrocatalyst properties of cesbell Pdbased trimetallic towards the oxidation
of three various alcohols (EtOH, EG, and Gly) oxidation irbic mediunj43]. By varying

the alcohols, the results revealed thebased ferroalloys exhibited a superior electrocatalytic
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response t&G oxidationthanEtOH and GI\{43]. Even though the research on electrocatalysts
towardsthe oxidation of EGs a paucity, the work reported from the past literato@sshown

thataddingco-metals into Pd enhances activity ahdability.

2.7.5 The role of electrocatalysts in glycerol electrooxidation reactions.

A few researchers have reportading Pdbased bimetallic and trimetallic electrocatalysts
toward Gly oxidation reactions in an alkaline mediugerov andheir colleaguesn 2013
described the use of tsupported Pdr at varied ratios towards the electrochemical oxidation
of CHs-OH, EtOH, EG,and Gly [44]. Their electrochemical evaluation has shown that the
electrocatalyst possesses supeBE@ and Gly activity The other study was conducted by
Geraldes and fellow workers in 2014wsingPd/C, Au/C and PdAu/C electrocatalysts towards
Gly electrooxidation in alkaline medium. It wasportedthat PdAu/C at 50:50, displayed a
higher electrochemical activity towar@y oxidationto Pd/C and Au/C electrocatalygté5].
Another researchtudy was conductday Cassani and colleagues in 2021 ugtegnodified

Pd supported with either Vulcan or RGO for ORR and Gly reactionatkatine mediunj46].
They have observed the synergistic effect of the bimetallic PdFe/RGO or PdFe/C
electrocatalystsincreasingelectrocatalyticactivity. These excellenfindings from previous
work make usingPdbased electrocatalysfer Gly oxidation more interesting to study and

explore.

2.7.6 Pd-based ferroalloy nanostructures

A low toxicity, low cost, environmentally benignand abundant anode and cathode
electrocatalysts have been proposed in this thesis for the oxidation of alcohol and ORR in a
basic medium. Research in alloying palladium with ferroalloys is one ofctistsaving
mechanisms this fuel caB longing for. The Pdbased electroddiluted with ferroalloys has
multiple advantages intending to decrease the costs of catalysts and augthent
electrocatalytibehaviour The usage of ferromagnestectrocatalystsuch as iron (Fe), cobalt
(Co),andmanganese (Mnyasexplored toward©RR activity in the acidic mediurfd7-50].
However these metals are eroded in the acidic medium, and theeease aggregation and

poor hydrothermal stability on the active surface @é&a52] Thus, motivated by the scarcity
mentioned abovein the report on ferroalloys towards alcohol oxidation in alkaline

environmentsit is desired to employ Fe, CandMn as alternative ferroalloys to nomble
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metals to close the gap. Fe, Co and Mn metals haveimesstigated as the second and third
metals for Pd ferroalloyelectrocatalysts due to their permanent magnetic moment when
leached out with Pd in the alkaline environment [53]. Their alloys were found tacbe

centered cubic in crystalline structure and a single phase belonetheg point [54].

Iron has been described as one of the fourth most excessive metals invitdit@epmposition

of 5%.1t is in group eight on the periodic table andlsssified as brittle and hard substances.
This element is also abundant in South Africa and found in various nsnels as iron ore
mines like the Sishen and Kolomela in the Northern Cape afdh#iEzimbi mine in Limpopo

[55]. It is the main ingredient in steel to manufacture cars, ships, and general machinery. In
PEMFC, Fe has attracted increasingeigst as a magnetic nasized transition metal for
CHsOH oxidationand ORR Fe itself could vividly influence the catalytic activity of noble
metalscompared tather metals.Adding F€** on Pt or Pdntensifiesthe catalytic activity in

the alkaline medium toward methanol oxidatiée metal can changene structure of Pt and

its surface state, promoting hydroxyl species' adsorption by inhibiting the active surface's
intermediate$54, 56]

Cobalti s a rare ferromagnetic metal found in th
first row of transition elements; henctheir magnetic properties agmilar to the one
stipulatedfor Fe [57]. It has been integrated with iron to create different alloy magnetic
materials in many application€o has beeuatilisedin variousindustriesandcommercial and
military applications. In fuel cells, thaddition of the nanostructureBd with Co hasbeen
exploredfor CHzOH electrmxidation andDRR. The effect oflloying Pd with cobalt isimilar

to that of Au, Ru and Fe. Vecchiand ceworkers 2018 investigated the electrochemical
behaviour such as the performance, the tolerance to permeated methanol, and the durability of
PdCo/C in haHcell and direct methanol fuel cek®mparedo Pd/C and commercial Pt. They

have reported that the small amount of cobalt in the crystalline structure of Pd resulted in better
durability and higher performance than Pt/C and Pd/C [58). and ceworkers carried out
further studes of Co on Pd nanostructured 2019 where they found that theimetallic
CoAuPd electrocatalysts have enhanced catalytic performance by surface reconstruction

towards methanol oxidation and oxygen reduction reaction than AuPd [59].

Manganese i s found 12thmdsthaleundara elembandite about Qul%t a s t

average concentration. In 1774, manganese was discerned and isolated as a separate chemical
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element by Carl Wilhelm Scheele and Johan Gottlieb Gahn. Potassium permanganate) (KMnO
was the first commercial use of manganese produced in 1659 by Johann G&@}ber
Therefore, since thenyin production has continuedio thrive nationwide. Commercial
ferromanganese productiomas first discovered in France in 1875, containing 65% of Mn
using bl ast furnace technol ogy. South Afric
resources. Over 90% of manganese are found in the Kalahari manganese field sithated in
Northern Cape. The important commercial uséVof ferroalloys is in steelmakinf50]. In
DAFCs application, the first report of alloying Pd nanostructured with Mn appeared in 2008
by Xuand ceworkers[61]. These authors demonstrated the useethl oxides such as (CgO
Cx:0s, Mn304, andNiO) onto PdC electrocatalysts towards alcohol oxidation, resulting in
much higher catalytic activity and better electrochemical stability than those of any Pd/C

electrocatalysts.

Cerium is a rare metal that is most abundant, with about 0.0046% of itsIttues. been
reported that cerium is attained through the ion exchange process from monazite sand (Ce, La,
Th, Nd, Y) PQ[62]. Pure cerium has the propensity to ignite if scratched with a sharp object;
however, alloying cerium with othenetalswas safely used. Its application is to make Carbon
arc lights used in the motion picture industry for studio lighting and projector light. As a
catalyst, refine petroleum and an alloyingeat to fabricate a unique meféi3]. In direct
alcohol fuel cell applicationsZe hasoften been reported as a metal oxide alloyed with Pd,
sometimes as a support material foralemhol oxidation reaction. Bambagiamd ceworkers

2012 reportedisingPd-CeQ/C to oxidizeethanol in alkaline media in hatklls and passive

and active direct ethanol fuel ce@omparedvith Pd/C, the cesupport ceria has significantly
decreased the onset potential towards ethanol oxid@WpnThe study also demonsted that

ceria promotespeciesabsorbed formation on Pd aRd-OH at low potential.

2.8 Reaction mechanism

Alcohol oxidation hasdemonstrated superior performanaesalkaline speciescompared to
acidic mediumWhile methanokequires six electrons for complete oxidation, EtOH, &l
Gly are more difficult to completely oxidize to GQue to their higher electrons exceediag
Therefore, identifying suitable and effective catalysis consideretb recover the maximum
energy of an alcohol molecule to lead toJ&!4]. Even though the mechanism using the-non
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noble metals remains uncle#re following steps may be proposed to fathom the mechanism
as shown irequation 23 of EtOH oxidation on Pd electrodes [65, 66]:

PCHCHOH Pd(CHCHOH)q 1

Pd(CHCHOH),4 + 30H

PdCHCQg+ 3HO + 38 2

OH OH, .+ € 3

PACHCQ + PAOH, - —9:S

Pd-CHCOOH Pd 4

fast
PdCHCOOH + OH

Pd+ CHCOO+ HO 5
(2.3

Expressly Equation1l andEquation 2represent the dissociative dehydrogenation/adsorption
of acetyl group (CBCOads) and COspecies on the catalysirface Equation 3 describes the
adsorption of OHspecies on the surface of the catalyst. Equation 4 is postulated asthe rate
determining step, which indicates that the adsorbed ethoxy intermedia€si{€DOH)were
stripped away by Otbn theactive siteo yield an acetate ion (GBOO) and augmented the
current density. The EOR cannot be further oxidized te. GStead it produces an atie acid
involving only two or four electronsThe first reported mechanisbehaviourtowards the
electrochemical oxidation of EG in a basic media was in 2005 [67 A88prding to the
perspectivethe oxidation oEG undergoes oxalategpresenting thaonpoisoning path, and
formate is the poisoning path. Their studies further discussed that the formation of oxalate is
very stable in alkalinsolutions No CO poisoning species are expected at this path since it
cannot be oxidized further while formaselsorbed CO poisoning species [67, 68]. The

proposed reaction pathways of ethylene glycol are represerfieieme 2.1:
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Scheme 2.1: Schematic diagram representing the ethylene glycol pathways indicating the

poisoning and nonrpoisoning paths [/2]

The electreoxidation ofGly has been investigatednd several products have beeported.
Glycerate was the first obtained product, leading to tartronate, whiclalso be produced
straight fromGly oxidation Ozoemena has reported that lingaking dowrthe GC bond,
tartronate species are replaced into glycolate and formate paths, forarimgnate. The
complete oxidation ofGly to carbonate requireurteen electrons[69]. The produced
glycolate was further oxidized to oxalate. The work reportedaspp&demand ceworkerson
Gly oxidation revealed that FeCo@Fe @PWCNT-COOH delivereda better amount of
carbonate to around 73% than PdA/MWCRDOH (47%). This work has speculated tRdt

based core shells can oxidize Gly completely withroved efficiency15].

2.9 Cathode material

2.9.1 ORRn alkaline environment

Research orthe ORR is significant for theprogressionof ADAFCs, wherebyoxygenis
employedas a gaseous fuel sourceDAFCs the ORR plays a vital role as a cathodic process

to permit oxygen flow. Despite the significant rakthis device the cathodic process has
severe challenges in finding efficient and affordable electrocatalysts to enhance the ORR
kinetics. The ORR's slow kinetics impede the commesai@in and development of the lew
temperature device [70]. The desired ORR catalysts should be ahlaitoize theoxygen

(O2) speciego producewater through a fouelectronprocess
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2.9.2 Operating principles of ORR in alkaline medium

During the reduction of ©molecules, two parallel mechanism pathways are generated when
operaing in alkaline conditions. The first stage involved fitgrecd four-electron paththat
occurred during the reduction o @ water (HO) and ismore favourableand stableThe
subsequent stage involves tliep a r ttwo-aléctiod transfer reaction where hydrogen
peroxide (HO) is formed as an intermediate spe@gd can be unstable aedsilyconverted

to HO [71, 77. Scheme 2.2 illustrates aaction pathwaygL03.

H*+e ? Further reduction

() prm—
@ or disproportional

—=p Associative 4¢ =P Associative 2e- = - Dissociative

Scheme 2.2:Schematic diagram of thetwo and four ORR pathways in neutral

environment [108].

2.9.3 Kinetics of ORR

The kinetics othe fourelectron pathwagan be described using the Tafel equationyhirch
the currentdensity is related to the overpotentidh generalthe rate of an electrochemical
reaction as a function of the overpotential when appligdle®RR conceptcan be discussed
usingthe ButlerVolmer equationwhichillustratesthe analog between thexchange current
density, reaction rate constant, and overpoteotialiringat the electrodeThis concephelps
us understand the kinetic reactions of the electron transfer involved in the dystecounts
for boththe oxidation and reductidmppening in th©RR.A kinetic model can bexpressed
using a correspondirgutler i Volmer Equatior2.4 [109].

23



0 a Aop— AoPpb— (2.4)

Where'Qs the current density@x is the exchangi currentdensity, is the charge transfer
coefficient,¢ is the no. of electrons involved in thatedetermining step ( & 4¢€), "Ois the
Far aday 0 s-— isctlenoserpatentialy is the universal gas constant aids the
Temperature

2.9.4 Electrocatalyst For ORR application

Platinum (Pt), platinurrbased catalysts have been extensively studied as catalysts for ORR.
They exhibit excellent catalytic responses, among other catalysts reported in the literature.
However,Pt-based electrocatalysts suffer from expediting the kinetics of fuel cells; therefore
without any doubt, the nedd find and develoma new catalyst is underway [73]. Palladium
based catalysts were selected as the viable alternatRtebtsed cathode since they enabled

the ORR kinetics in alkaline media and offeeetligher activity [74]Table 2.2 summarises
other work conductedn ORR using various Paased catalysts.

Table 2.2: Summary of electrocatalystdor ORR applications

Catalyst/SyntheticlEl ectrolTafel s|Referen
mV dec
Pd/ PANI /|CarbontroO:saturata=-59.5 [111
met hod M KOH. b -211. 7
Porous PBCyandegel viO:sat ur at 112
nano hydmet hod M KOH.
PdFe/ C a |toewmper §0. 1 MsHQ69 113

single stjsaturate
reductionloxygen

NanoporoEl ectroc-hf0. 1M KOH-58 114
Cu alloying
deposi-Qued
fil ms
Pd/ MnO Hydr ot her|{O:satur at84 115
met hod. KOH
PdZn Coreducti|Orsaturatb= 81.3|116
met hod M KOH
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Pd @Au/ RGRedugrealph|Ox»xsat ur af 117
cosbell oxide (RGM KOH
support b
t wot ep pr
TiPd Sonochemi|l M KOH |[36. 7 118
reductionjel ectrol
solution

PdCo/ r GgChemi cal 0.1 M Kda= 62 119
= 125

PdNi Pol yol teO. 1INaMOH |a= 60 120
solutionb= 120

with oxy

The Pdbased nanaatalyst discussed in this research study will be tested for ORR in alkaline
behaviour The reasons thatthe Pd-basederroalloys are reported in the literature as the best
catalysts for both anode and cathode. Moharaajli ceworkershave studied th&imetallic
alloys (PtFeCo and PdCoFe) for ORR using swvothermal method. The ORR studies
revealedthat both thdrimetallic alloys belong to the foeelectron transfer mechanism with
faster kinetics and higher efficiency. The performance was higher than thatloihBand

purePd catalysts [49].

2.10 Preparation and methodology of electrocatalysts

The syntheticmethod significantly influences the physicochemical properties of catalysts,
including their structure, size, and morphologyoosing a suitable method for developing
electrocatalysts is crucial in determining the electrochemical activity of DAFCs. Bens
research has been conducted on various techniques, reflecting the bfdhdtliield. The
reported methods for naratalysts in DAFCs include émpregnation reduction [75], micro
emulsion synthesis [76], electrochemical deposition [77], vapoursitepo[77], organic sol
[78], thermal decomposition [79], microwave synthetic method [&0d, chemical reduction

in aqueous solutiofi1].

2.10.1 Microwave assisted technique.

The synthesis method afarganic nanomaterialgilising microwaveassisted technigueas

recently attracted attentig81]. Generally, microwave irradiation has been saiito heat the
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materials rapidly at a short reaction tinaad low reaction temperatureompared to
conventional heatinglhis popular metho@rovides a metastable phase and polymorphs at a
low temperature. The metastable phase (convectional process) cannot form at high
temperature$82, 83] A metastable phase has the propensity to show thegohgsnical
modification of the catalystswith a typical valence stat¢84]. Microwave irradiation is
electromagnetic waves consisting of perpendicular electric and magnetic Viglds
frequencies ranging between 300 KIH300 GHz and correspondingavelengthof 1 mmi

1 m[81, 85] The electric fieldransfersenergy to heat substances, while the magnetic field is

inactive. On the electromagnetic spectrum, it falls between infrared and radio freq{&sicies

The microwaveassisted technique is a unique and facile technique that can be carried out using
standard organic solvents such as dimethyl sulfoxidenethyt2-pyrrolidone, 1, 2
dichlorobenzene and ethylene glycol under open or seasselconditions[87, 88] The
microwave provides fast, clean, and efficient processing of materials with a highgB9ield

It is, thus far, considered as green chemif@0}. It appeared as a crucial new tool for reducing
particle size distribution, dissolution enhanesnof the materials, and containing high purity
compared to conventional method approaches. During the microwave process, the material's
polar molecules interact with the microwaves, resulting in the formation of rotation and
vibrational motion of polar wlecules Therefore, heat igenerated within the material. The
process is believed to develop a unifomaterial heatingresulting insuitable structural
modification[86]. Figure 2.6 below represents the comparisfaiie heating process between
microwave and conventional heatinlylW heating is better than conventional heating because,
during conventional heating, tineaterial's surface is firgixposed to the hedbllowedby the

heat circulating inside thmaterial. In contrast with MW heatinthe heating begins from the

inside of the material and transfers to the surface of the material.
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Electrical heating Microwave heating

Figure 2.6: A schematic diagram representing microwave vs conventional heatingyl[(j

This research work used the MW method to prepare tHeaBelferro electrocatalysts. This
method was used to further probe the physicochemical properties of thaséul
electrocatalysts aftahe annealing process. Therefore, after the microwave subjection, the
resultant product had a small particle size of about 10afiimned by TEM analysis The
smaller the particle sizes of the electrocatalytsts more positive influence they possess on
the electrocatalytic activity towards alcohol oxidation reaction.

2.11 Electrochemical characterisation of Anodic and cathodc Catalysts

The electrochemicaharacterisation of the anodic and cathodic catalysts is a highly prominent
study investigating the electroactivity and performancé the catalysts. Once the
electrochemicabehaviouthas been studied, we must determine ifttepared electrocatalysts

suit DAFC applications. In this study, several electrochemical measurements such as cyclic
voltammetry (CV), linear sweep(LSV), chronoamperometrf{CA) and electrochemical
impedance spectroscop§elS) were investigated for all the mentioned-Baked ferro

electrocatalysts.

2.11.1 The study ofCyclic Voltammetry

Cyclic voltammetry (CV) is the mogiotentelectrochemical toolor studying electroactive
species and electrode surfadesmost cases, CV is thatial electrochemicgbarameter to be
conducted to provide qualitative information abthe nanecatalysts [91]. This technique

requireswo orthreeelectrode cells immersed in the unstirred solution to produce a triangular
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waveform, as shown in Figur@s7aand b[92]. The electrodes includediworking electrode,

where the reduction and oxidation processes occur. The counter electrode is usually used to
complete the circuit; it conducts electrons from the signal source through the solution to the
working electrode. Lastly, the reference eledé&iaa saturated calomel electrod8GE or

silver/silver chloride, is used to measure the constant potential exerted on the cell.

[Commllcd Potential Applicdl Cyc|e 1 ‘ Cyc|e 2 | CyC'e 3 |
Working a) o / \ b)
Electrode 2 Reverse scan/ \
(;ounlur Refe . - / \
Electrode { Eﬁfme g 4 \
o / \\
9 / \
o / \
£ \ [
/ \
/ \
/ \
/ \
E V
nital | Forward scan Eiva
Time (s)

Figure 2.7: a) Typicalthree-electrode system [91] and b) The excitation signal of CV via
a triangular potential waveform with switching potentials at (0.8,-0.2 V) vs
SCE [92]

The reduction and oxidation (forward and reverse scan) processas in the working
electrode The counter electrodgesuallycompletes the circuit; it conducts electrons from the
signal source through the solution to the working electrode. Lastly, the reference electrode, an
SCE or silver/silver chlorideneasureshe constant potential exerted on the cell

The potential of the electrode is linearly swegtweerthe working and theeferenceslectrode

until the preset limit is reached, at which point the scan direction is swept back in a reverse
direction. The resultare presented as a dushkaped plot, ayclic voltammogram. An example

is indicatedin Figure 2.8 with the scawoltageof -0.4 V. A cyclic voltammogram is a plot
acquired during a potential scan against the current at the working elesiteoddne highly
significant parameters on a cyclicltmmmogramthat reveal the reaction mechanism after
scanning the potential and current of the working electrode are anodic pgieakigt,s) and
cathodicpotentialpeak(Epc). Their two peak currents alabeled anodic (current) peak (Ipa)
and cathodic (current) peak (Ipc) [91, 923, demonstrated igure 28.
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Figure 2.8: A typical CV curve representing an electrochemicé of reversible oneand

electron redox process [93].

The electrochemical reaction occurring inside the electrochemical cell was further explored by
threereaction types: reversible, irreversible, and quesgersible, ashown below in Figure
29.

Reversible

Quasi-reversible

Irreversibl

| (OF

\ 4

& E

Figure 29 ComparesCV wave-shapes of three types of reactionghat occurred inside

electrochemical cells [€].
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2.11.2 Reversible reactions

A reversible process is a heterogeneous process wheteblyons transfer between the
electrode and the analyte at the surface of the electrode, as shBgumaiion2.5. Once the
electron is fast and the function of the concentration of the reacting species is in equilibrium,
this indicates that the reversible process obeys the Nemstion as demonstrated in

Equation 26.
0 €Q P Y (2.5)

Oxis the oxidation reaction; & the no.of electrongand Rqrepresents the reduction reaction

0O 0 —IlF 0O c&ncoyl lpQe— (2.6)

Where: O is the formal reduction potential, R is the gas constant, T is the temperatuie, n
the number of electrons tr an 9f,eand’Ye dretheF i s
oxidized and reduced species concentrasibthe surface electrode59 In CV, during the
potential scan, we experience a change in the concentration ofaetivx species at the
electrode's interface time and again by undergoing the Nerst equation, leading to a change in

the current responsegp

The peak current ratio for theeversible proessis equal to on@ndindependent of the scan
rate. Equation 27 representshe number of electrons involved in the redox reaction for a
reversible proced®r the difference of peak potentials of about 59 [8%]:

30 O 0o — — 2.7)

WhereYO is a change in peak potentif), and’O represent thanodic& cathodic peak

potentials,Yis a gas constantyis a temperature measured in K, n = number of electrons and

F i s Faradayods constant
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For an electrochemically reversible process, a redox couple is measunedf-i@action
between anodic and cathogieaksand is about &= E°. The formal reduction potentiaPE

for a reversible process is given as a mear@®@ oandO and is shown ithe Equation2.8:

o — (2.8)

TheRandles5ev | 2k equation gives the peak current

scanand it further determines the mass transpsréxpressed in Equatior®295]:

N cHwpMEDOOT TS (2.9)

Where,’Q = peak current, n = number of electrons present, A = area of the electrotjédin m
= diffusion coefficient in rd/ s, C = concentration in moL and f = scan rate in Vs

A planar diffusioncontrolledprocess is one in which the peakrent increases with the square
root and is directly proportional to the species concentration. It also indibateke analyte
is freely diffusing/adsorbed in solution.

2.11.3 Irreversible Process

The process is termed electrochemically irreversible becalasgon transfer, compared to

mass transport, is slow at the electrode surface. In the process, the reverse peak is not aligned
with the peak potential and thi@ward reaction's current due to the electron transfer's kinetic
limitations Similar to the reversible reaction, where therent peak is directly proportional to

the square root of the scan ratee difference ighe relationship between tipeak potential

and scan 1&a.

The peak potential for an irreversible react®expresseds follows in Equation 20 where

it displays theelationship between peak potential and scan rate:

(9]

yo ©

- sy i — — (2.10)



Where E is thestandard peak potentidll, representthestandard rate constant of the electron
transfer (cm' s), v is the scan rat® is the gas constant of 8.314 mol and K and T are the
gas constant and Temperature, respectively

For irreversiblgeactionstheRandlesG e v | 2 k oargbe wséditoaescritiee peak current

as shown in Equation 21196]
N capmi|E O0HOT T (2.11)

Whereip is the peak current,Q is the stadard rate constant is the electron transfer
coefficient A is the area of the electrodg, is theconcentration of the electroactive species,
Do is the diffusioncoefficientof the electroactive species and v is the scan rate.

2.11.4 Quastreversible process

Both mass transfer and the kinetics of the electrode control argwassible process. This
process has parameters that control the voltammetric characteristics and is ¢igeatam
2.12 [94]:

I Q— o0 mMihe — (2.12)

The dimensionless kinetic parameter (k) that amalgamates the diffusion coefficient (D)

signifies the mass transfefhe standardate constan{’®) controls the electrode reaction,
whereas the scan rate simplifibe available time for the electrode reaction.

2.11.5 Study of Linear SweepVoltammetry

Linear sweep voltammetry.§V) is the most widely used techniqueeasuring the potential
exerted at the working electrode, whiffers linearly with time. In LSV, the voltammogram
indicates that the first potential is scanned to the final potential. At the activation potential Ea
the current resumes to rise, indicating that the electrochemical reaction occurs at this onset
potential,as shown in Figure 2.11. At this stage, the current response continues to increase
until it reaches the peak potentialp Bnd drops again. At the peak potential, the
electrochemically reactive species are formed. In the AOR work, the LSV, wipossisnted

as a quassteady state LSV, was also utiligedattain the Tafel plot information to investigate

the kinetics of the electrod@7].
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Figure 2.11: Linear sweep voltammogram [9].

2.11.6 The Study of Chronoamperometry

Chronoamperometry (CA) is a wadktablished technique used to measure the flow of current

in the cell as a function of time. During the chronoamperometric experiment, the solution is

unstirred to limit the mass transport by diffusion. The catalytic gtabil the catalysts ithe

fuel cell shows that at the initial stage, the current of the catalysts decreases rapidly because of

the formation of the intermediates during alcohol oxidation. At a later stage, the current

response maintains its steady statd gradually increas@stime. When the current response
of the catalyst is higheit is attributed to the material being stable and tolerapbHoning
species. The flow of current is at any time after applied potential and the Ceduation is
obeyedn Equation 2.3 [98]:

QO — (2.13)

Thesequotients indicate the following: n = number of electrdhs; Faraday constant, A =

surface area, C concentration, D diffusemefficient, and (t)= current at theéime.
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2.11.7 The study of Electrochemical Impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a technique widely used in electrochemistry
to investigate the material's electrical properties and interfacial prd@@s€[S has been
studied before to examine electron transport in many fislash as dysensitized solar cells,
biosensorsand fuel cells. The electrochemical impedance measurements are obtained by
applying a small amplitude sinusoidal signal to the electrochemical cell and measuring the
response. The resultant response signal can be either current or voltage. If theseelties

linear, a small excitation signal is typically used to measure the electrochemical impedance
[100. The potential and current resps@s are sent over a wide range of frequencies but shifted

in phase with respect to perturbatidi®}. The excitation signal measured as a function of

time is given by the expressionkguation2.14

0O 0 OEdo (2.14)

WhereE: is expressed as potential at tifhdsmain,Eo= the amplitude of the signal asis

the radical frequency (radts The radical frequencies are stated as (radiansa®ezond) and

aredepicted inEquation2.15 to express the relationship with frequencies (hertz):
T¢Q (2.15)

In a linear systenthe excitation response has amplitude and is givémeiBquation2.16:
O O0E] 0 %o (2.16)

Wherel: is the response signahe response signahifted up in phase antd = various
amplitudes.
The impedanceneasurement is expresseca@®mplex number anthe expression is given in
Equation2.17:

O - 0 Qb ® @ (2.17)
The data are presented as a Bode plot or Nyquist plot during an EIS expefineeBbde plot
exhibits the relationship between the log magnitudes of impedance versus the log of frequency.
In contrast, the Nyquist plot shows the relationship between the imagimamyal impedance.
In Nyquist plot, a semtircle is attained. lindicatesthe charge or electron transfer limiting
process at the surface of the electrode. The value is obtained via the measurement of the semi

circle's diameter. When the seniicle diameter is amplified, the charge transfer resistance
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increasesr vice versa. The Nyquist plot can be fitted with several equivalent cjrasiggown
in Figure 2.12. For fuel cells, the Randles equivalent circuits. The Randles equivalent circuits
are composed of several factors such as electrolyte resistance (Rs), charge transfer resistance

(Rey), Warburg impedance (Zw) and constant phase element (CPE).

a) b)
Ret

WR,Cy=1
WA=
‘ Rg
(w=>0)

Diffusion Control

z”, /ﬂ

Ry(w=>oe) Ro+Ry

zZ/a

Figure 2.12: 9. The Randles equivalent circuit and h. Nyquist plot obtained from the
Randles circuit [10]]

The charge transfer resistanceital to redoxreactionkinetics at thectivesurfacearea When
the charge transfer resistance is lower in direct alcohol fuel eddishol electrooxidation's

electron transfer kinetics are fast&02)].
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CHAPTER 3

EXPERIMENTAL PROCEDURE

This chapter explains the experiment@athniquesandcharacterisatiogonditions used in this

study. The initial part of the chapter describes the materialscageénts employed during the

synthesis of the agrepared material3he methodology and characsationtechniquesused

were thoroughly discussed in tiparticularchapter. The final part of this chapieto explain

the electrochemical measurements usittyyeeelectrodesystem.

3.1 Materials and Reagents

Table 3.1: Summarises the materials and reagents used in this researchork. The

chemicals used for thistudy were not purified.

Chemicals and materials Specification Supplier

Carbon black Vulcan XG72 SampleChemiphos, chemical &
specialties

Iron (II) Chloride tetrahydrate Puriss=> 99% Sigma Aldrich

(FeCb.H.0)

Cobalt (Il) Chloride hexahydrate ACS reagent 98% Sigma Aldrich

(CoCkhL.6H:0)

Manganese (1) Chloride ACS reagent > 98% Sigma Aldrich

tetrahydrate (MnGI4H;0)

Cerium (Ill) Chloride 99.999%(trace metal basis Sigma Aldrich

Palladium (1) Chloride (PdG) 60% Pd basis Sigma Aldrich

Ethylene glycol (HOCHCH,OH)

Assay Min 99.5%

Associated Chemicals Enterprise
(ACE)

Glycerol (GHs(OH)s)

Assay Min 99.5%

Associated Chemicals Enterprise
(ACE)

Ethanol Absolute
C:HsO

Assay Min 99.8%

Associated Chemicals Enterprise
(ACE)

Nafion perfluorinated resin
solutionmixture
CoHF170sS

(5 wt/%) A mixture of
lower aliphatic alcohols and

watercontains 45% water.

Sigma Aldrich

42



Potassium hydroxide pellets Assay 85% Associated Chemicals Enterprise
(KOH) (ACE)

Potassium Chloride (KCI) Assay 99.5% Merck

3.1.1 Preparation procedure of Pd-based electrocatalysts.

3.1.1.1 Synthesis of bimetallic electrocatalyststili sng the NaBH4 method

The Pdbased electrocatalysts were prepautitising an established method, as reported
previously in the literature by Zhuand co-workers [110]. In brief, known amounts of
FeCb.4H,O (0.1034 g) and Pd€)0.0513 g) were dissolved EBG to give a Pd: Fe mole ratio

of (2:1). The mixture was ultrgonicated for 30 min and further stirred foh. After that a
mixture of NaBH and NaOH (1:10 M ratio) was added dropwise to adjust the pH to 12 under
vigorous stirring. Carbon black (80 mg) wiasroducedand ultrasonically dispersed in the
mixture for 2 h. The dlained catalyst was wash#wroughlyseveral times through a filtration
process with KO and acetone armibsequentigried in an oven at 12@. Theproducedinal
product is abbreviated dsllows PdFe/C The monometallidd/C wassynthesisé using a

similar method for comparisavaluation

3.1.1.2 Synthesis of bimetallic naneelectrocatalysts usinglW technique

The syntheticmethod of all the Réhased electrocatalystgasconductedusinga simple twe
stepmethod as reported previously [29)ith modificationsIn summary, FeGl4HO (00596
g) was dissolved in 50 mL denisedH>0 andvigorouslystirred for 30 min. Carbon black (80
mg Vulcan XG72) was addednd the mixture was ultrsonicated for about 30 mifgllowed
by stirring overnight at25 °C until theformation of aslurry. The slurry was ovedried at 60
°C for overnight. Then, he resultant powder wgge-annealedn a tube furnace at 300 °C
under theH2/Ar mixture flow for 2 h,thensinteredat 500 °C for 2 h, and cooled to room
temperature under &r environment

The fine powder of Fe/C alloy wasilised as a supportcompositeto producePdbased
catalysts. The agrepared Fe/C was thoroughly mixed with 20% BdQI0205 g) in 30 mL
EG (ensuring Pd:Fe mole ratio of 2:1) and subjected to Myidat 500 W, ~20 bars, and 198
°C for 20 min. The resultant produdal¢elled PcbFe/C MW) was repeatedly washed with
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deionizedH20 and acetone to remove EG traces and then dried at 60 °C. The P4via/®d
and PdCo/C were alsasynthesisé following theabovementioned procesthe metal loading
was recorded to be 0.210§.

3.1.1.3 Synthesis oftrimetallic electrocatalystsutilising MW method

The preparation methods of all the-Paked electrocatalysts wemenderedby adopting a
simple twastep techniqueas reported previously [29Yyith facile modifications. Briefly
explained: FeGl4HO and MnC}.4H0 (0.0726 g)were dissolved in 50 mL deiaaid H-O

and stirred for 30 min. Carbon blaakth a weight quantity of80 mg Vulcan XG72) wasput

on the mixture ultrasonicated for about 30im andsubsequentlgtirred overnight at room
temperature until the mixture became a slufr. proper drying,hie slurry was ovedried at

60 °Cfor overnight. The resultant powder warg-heated in a tube furnace at 300 °C under the
flow of Ho/Ar mixture for 2 hand then annealed at 500 °C for 2 h and alloteele cooled

down to25 °C underthe Ar atmosphere.

The fine powder of FeMn/C alloy wasnployedasa supportcompositeto producePd-based
catalysts. The agrepared FeMn/C was thoroughly mixedll with the additiorof 20%PdCb
(0.0205 g) in 30 mL EG (ensuring Pd:Fe:Mn arahtio of 1:1:1) and subjected to rapvtiVv

at 500 W, ~20 bars, and 198 °C &yout20 min. The resultant product (PdFeMn/C MW mole
ratio 1:1:1wt%) was washednultiple timeswith deionizedH20 and acetone teliminate the
unreactedG residuesand therfollowed bydrying at 60 °Cin a conventional overThe Pd/C,
PdCo/C, PdMn/C, PdFe/C, and PdFeC®@lEctrocatalyst were synthesisé following a

similar procedure.
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Scheme 3.2: Schematic diagram representing the preparation otrimetallic

electrocatalysts.
3.2 Physical daracterisation conditions

Physicachemicalcharacterisation of the gwepared materials was conducted in this research
work to investigate thephysicochemical properties. The techniques used in this study are X
ray diffractometer (XRD),Scanning Electron Microscopy (SEM), Transmission Electron
Microscopy (TEM), BrunaueEmmettTeller (BET), Raman spectroscopy andray
photoelectron spectroscopy (XPS). The measurements weeptalrecat room temperature.

3.21 XRD

XRD wasemployedin this researchto evaluatethe phases anstructural propertiesf the

crystalline materials. The diffraction patterns obtained during the analysis with this technique

can providenhelpful information includingthe lattice parameter-spacing& crystalline size.

A Rigaku Ultima (IV) XRD model equippeadvi t h Cu KU radi ation sour
was used 40 kV and 20 mA. The XRD diffractograms welectedin a scan range between

0 and 90°. The method used for obtaining the dgiproximately 0.5 of the samples were
transferred onto the glass plates and insentedthe stainlessteel sample holder. The holder

was placed inside the XRD chamlierdisplay the XRD diffractograms at varied diffraction

peaks
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3.2.2 SEM

SEM uses higtenergy electrons to produceddferent signalon solid objects. In this study,
this technique wastilised to probe the morphology and particle size of ¢chealysts SEM
images wer@btainedusing theLEO 1525modelField Emission SEM witt2.0V acceleration
voltage. The samples were preparedrsgrtingabout0.1 mgof the sample on a carbon tape

subsequentlgoated with conductive materialgingcarbon film) to pohibit charging.

3.23 TEM

TEM produceda highly magnified image of specimauntdlising a beam and a particle beam of
electrons. The techniqgue can determine particle size distribution and morphology with
nanosized samples smaller than 100 fihe obtained EM) micrographs wereollected from

the JEOL JEM 2100F TEMmodel operating at 200 kV. The samples were prepared by
dispersiig them in a methanol solution and later sonicating them for a few secéntisv

drops of the suspension were cast onto a cdilmrovered with eCu-grid for analysis.

3.24 BET

BET analysisgaveinsight into the specific surface area and porosity of the catalysts. The
analysis was carried out using Tristar I, manufactured by Micromeritics (USA). The materials
were degassed before the experiment at 100° C for 2 h. The BET surface area, pane size,

volume were measured using nitrogen at 77 K.

3.2.5 Raman Spectroscopy

Raman spectroscopya technique used to obtain the structural and quality of carbon materials,
particularly their degree of defect formation and ordered and disordered structure. The spectra
were obtained using the Bruker Senterra Raman spectrometer model with an excitation
wavelength of 514.5 nm, beam power of the sample of 0.4 mW, spectra resolution §f 3 cm

and scanningn a range 52501 2500cm™.
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3.26 XPS

In this research workXPS spectra were studied poonethe surface oxidation stasadthe

binding energies of the elememesenin the materialsThe measurements wed®neusing

a Thermo Fisher Scientific ESCALAB 250Xi with therXay s o f monocadir omat i
1486.7 eV radiation. The-Kay power wasecorded to b&00 W,along withan X-ray spot

size of 900 um, the pass energy (survey) of 100 eV, the pass atdagyed usingdi-res of

20 eV and the pressure of <& MBar.

3.2.7 Density Functional Theory (DFT) Simulation

DFT simulations were performed with teepercomputationdcilities at the Centre for High
Performance Computing (CHPC, Cape Town, South Africa). The DFT calculations were
performed using Adsorption locator tools and Diwbdules ofthe BIOVIA® Materials
Studio suiteThe adsorption locator toabsorbedslycerolonto Pd and Pd/Fe surfac&sior

to the modeling, the primitive atomic positions for Pd and PdFe were obtained from the
Materials Project database The surfaces wemmodelledinto periodic spercells as follows:

Pd a3x3irthe (1 1 1) plane whildhe Pd/Fe3x3 inthe (1 1 1) and (1 1 0) planes. The adsorbate
(glycerol) molecule was placed dop of the modelledsurfaces. The surface adsorption
distance for the selected atoms was set gsvhich was the maximum acceptaldeffware
dependentdistance for the simulation to run. The accuracy was set%kd#)/mol. Before

the adsorption of the glycerathylene glycol and ethantie systems wereptimised using

the DMol2 module, with a convergence threshold energy set 4e¥0 The PerdewWang
generalizeegradientapproximation (PW91) functionals were used for DMcdlculations,
which yieldedbandstructures and density of states (DOS). These functionals are known to

increase the accuracy of predicted energies of structures and minimize the computational time
16
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3.3 The dectrochemicalcharacterisation conditions.
3.3.1 Electrochemical charactersation of electrocatalysts

The electrochemical measurements wep®rdedat room temperature using a standard three
electrode cell system Pt rodwas used as the counter electrode, Ag/AgCl saturated (3 M KCI)
was employed as the reference electrode, and a modified 3 mm diameter glassy carbon
electrode (from BASI) was useds the working electrode. An AutoLab PGSTAT302
potentiostat/galvanostalstemwas employedo conduct the following measuremenGV,

LSV, CA, andEIS. All these measurements were carried od64cC.

3.3.2 Moadification of the AOR electrode

The preparation otatalyst inkwas thoroughly conducted as follows for proper dispersion:
0.002 g of catalyst powdevas sonicated i0.1 mL Nafionsolutionwith the addition 0f0.2

mL deionsedH20. The mixture was ultrasonicated for 30 min to makaiform ink.Cleaning

the glassy carbon electrode (GCE) includes the following steps: Fitstl(sCE was polished
with alumina (area= 0.07068 éntil the surface was mirrdike andsubsequeiy sonicaed

in ethanol/deionize#i>O mixture for 5 min. The2 uL of the prepared ink was quantitatively
pipetted onto the surface of the polished @GRvoid the formation of bubbles aatiowed

to dry forabout30 minin air. All experiments wereonductedn 0.5M KOH solution in 0.5

M alcohol (EG, EtOH, Gly)concentration at varied scan ratgervals The solution was
bubbled with nitrogen (B beforeevery electrochemicaheasurement

3.3.3 Moadification of the ORR electrode

Theelectrochemical measuremenfsORRwerecollectedusingthe same technigues AOR
(AutoLab PGSTAT302 potentiostat/galvanostat), compadetiree electrodsystemsA Pt

rod is the counter electrode, a working electroda gdassy carbon connected to the RDE
electrode, and a reference electrodeA@sAgCl saturated (3 M KCI). Neverthelesal the
electrodes employed were converted to reversible hydrogen electrodes (RHE). The RDE
experiments were performed in 0.1 M KOH electrolyte at varied rotapeeds with acan

rate of 10mV / s Thesolutions were bubbled with oxygenJ®eforethe experiment.
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CHAPTER 4
Microwave-induced defective PdFe/Giano-electrocatalyst for highly

efficient alkaline glycerol oxidation reactions

4.1 Introduction

Among varioud=C technologies, DAFCs are widely discerned as the most attractive device for
portable electronic devices and electric vehicle applicafibng]. This device converts the
chemical energy of various liquid fuels into electrical energy. Primary alcohols such as
methanol and ethana@ndeven polyhydric alcohols such as ethylene glycol and glycerol, are
widely employed as alternative fuels due to their numerous advantages: high energy density,
high boiling points, less volatilgccessiblestorage, and handlingB-5]. Gly as a fuel has
emerged to be an attractive alternative to conventional fuels due to its theoretical density of 5
kWhkg! and high theoretical number of exchanged electrons (14 electrons/glycerol molecules)
[6, 7]. Today, the use of direct glycerol fuel cells towatttls oxidation ofalcohol inbasic

media is more recognized than ever befasebiodiesetlerivedGly is attained at a low market
value compared to other alcohls 7]. Although their properties seem appealing, one of the
most critical challenges with this fuel cell is the intermediates species that arise during complex
oxidation reactions. The intermediates strongly bind to and block the active sites of the catalysts
and produceundesirable productdeading to the sluggish kinetics of the reactions and
incomplete total oxidation of glycer@8]. Thus, there has always been the need for a new
synthesignethod that can improve the ability of the naatectrocatalyst to tolerate poisoning
activities.

Among the Pfree catalyst, palladium electrocatalysts have exhibited high activity, better
resistance to poisoning arising from the alcohol oxidation such as the carbonaceous
intermediates (e.g., C@9, 10], and better steaestatebehaviourfor the alcohol fuel cells in
alkaline media. Alloying Pd lattice with 3d transition metals (Ni, Cu, Coekg has been
explored without affecting the activity of the catalydt$]. These studies show thetploring

the alloying effect, particularly with 3d tratisn metals, leads to a noticeable rise in the

electronic, synergistic effect, andfoinctional mechanism.
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1

The synthesis methods of dsed electrocatalysts play a vital role in the structure, particle
size, surface morphology, and particle distribution to aid in improving the electrochemical
activity of the electrocatalysf8]. This work employs two preparation technigtesynthesise

the bimetallic electrocatalystsnicrowaveassisted and sodium borohydriddsing two
techniques providebetter insight into the physicochemical properties and electrochemical
behaviour of bimetallic electrocatalysts on botlororentional and microwave methods.
Manthiram and colleagues have reported the benefit of using microwave techniques on
catalystg[12], as the method can enhance the activity towadidicingoxygen and alcohol
oxidation. The technique is further reported to be faster, simple, and cleaner than the
conventional metho 2]. On the other hand, theaditionalmethod isa welkknown technique
thatmany researchers have purstedynthesiselectrocatalysts.

Pdbased bimetallic electrocatalysts are known for their high performance toward alcohol
oxidation. Unlike other alcohqlsuch as methanol and ethanol, glycéas been explored the
least Also, the traditional method faynthesizing these bimetallic catalystsessodium
borohydride (NaBH) as the reducing agent. Cassind ceworkers[13] recently reported that
Fe-modified Pd had improved the electrocatalytic performance of glycerol electrooxidation in
an alkaline environment. The use of the microwassisted method as an alternativéhis

least explored. Microwavassisted synthesis ©ideen observed to promote electrocatalysis,

but little or nothing is reported as the possible reason(s) for such performance.

Motivated by the above reasons, this work studies simplpaBdd bimetallic catalysts
(PdFe/C) obtained via the conventional NaBiHd microwaveassisted solvothermal methods.
First, DFT simulation provides an insight into the influence of the second metal atom (Fe) on
Pd when glycerol is adsorbed onto the surface of the Pd (11py@vesthat incorporation of

Fe leads to an increased electron density (in terms of partial density of states, PDOS). Also,
DFT shows that it is easier for the glycerol torbkeased at the PdFe surface than at the Pd

alone. Second, microwave irradiation tunes ghgsicochemical properties of the bimetallic

1 Part of thischapterhas beempublished

Nonhlanhla Eugenia Mphahlel&dewale Kabir Ipadeola, Aderemi Bashiru HaruRatrick Vaati Mwonga,
Remegia Mmalewane Modibedi, Nithyadharseni Palaniyandy, Caren Billing, Kenneth Ikechukwu Ozoemena.,
Microwaveinduced defective PdFe/C naetectrocatalyst for highly efficient alkaline glycerol oxidation
reactions, Electrochimica Az#09 (2022) 139977
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catalysts by increasing theirystallinity and creating defects (notably, oxygen vacancies)

which, in turn, lead to improved electrocatalytic activities toward glycerol oxidation.

4.2 Results andDiscussion

4.2.1 Computational Studies

First, DFT calculations were performed to observe the effect of glycerol adsorption on both the
Pd and its bimetallic counterpart (PdFe). As indicated in the theoretical sectisumamérised

in Figure 4.1, the Pd (111) was chosen as the model catalyst sudasielering thathe (111)

plane gives the highest alcohol oxidation activity amongst theridex surfacesAt the same

time, Fe (110) is usually the most prominent plane for Fe species. The adsorption energy of the
PdFebased electrode sightly stronger(A.E.=-48.89kcal/mol)) than the Pbased electrode

(A.E. = -48.60 kcal/mol), which means that it islightly difficult for the glycerol to be
regenerated at the PdFe surface than at tteuace In this work,binding energy (BE) can

be defined as the strength of the bond between the alcohol and the chtadgsitrastthe
adsorption energy (AE) is the attraction between the alcohol and the catalyst dendace.
Table 4.1 below, the BEis weaker {45.094 eV than that of the Hek (85.081 eV, which

means thatit is easier for the bond between glycerol and Pd to be broken than that of the
glycerol and PHe. Interestimgly, it is observed that the free energy is reduced from 2.707
kcal/mol (Pd) to 2.415kcal/mol (Pd/Fe), indicating that the presence of Fe on Pd easily
accelerates the potential limiting step, thereby lowering the free effdrgyand gap energy

was null for all the electrocatalysts.

Table 4.1 Computational studies of Pd and PdFe electrocatalysts in glycerol.

Electrocatalysts Free Adsorption Energy, Binding energy, Band gap
Glycerol energy (G) A.E (kcal/mol) (eV) energy,
(kcal/mol) Eg (eV)
Pd 2.707 -48.606 -45.094 None
PdFe 2.415 -48.898 -85.081 None
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Figure 4.1: Glycerol molecule adsorption sites for Pdand Pd/Febased electrodes. The

dark blue dots (shades) show the possible site where glycerol is adsorbed.

To understand the electronic properties of glycerol on the active Pd and PdFe electrocatalysts
before and after the adsorption process, calculations on the electronic band structures and the
projected density of states (PDOS) were performed. As showrgure=4.2ad, before the
adsorption of glycerol on the active surfaces of the electrocatalysts, there are few available
states in the Pd (shown by the band structure, Figure 4.2a) compared to the PdFe (Figure 4.2c),
which means that more electrons are add on the PdFe than on the Pd alone. This is further
supported by the PDOS where PdFe is about twice (95.4 electrons/eV, Figure 4.2d) that of the
Pd alone (51.4 electrons/eV, Figure 4.2b).
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However, after the adsorption of the glycerol (G) on the electrocatalysts shown in4Rguire

h, the PDOS data clearly show that PdFe is more than twice (131 electrons/eV) that of the Pd
alone (49 electrons/eV). This result suggests that the Lewi$basdalinteraction of the glycerol

with the Pd activesurface sitenvolves electron transfer from glycerol to the electrocatalyst
(i.e., Pd cation, Pd). Babaei and cavorkers have observed the same phenom§gtrfor

glycerol and TiQ. Indeed, the intrinsi activity of the Pebased electrocatalyst is intricately
linked with its electronic structure. As already observed, upon the interaction of the glycerol
molecule with the catalysts, there is a mismatch in Fermi levglsh@ leads to the charge
transfer process. Electrons flow from the glycerol to Pd active surface, thereby modifying the
electronic states of the Pd or Pd/Fe atoms and increasing the Fermi energy levels. This charge
transfer process leads to a redistridutof partial charge, which iskiely to enhance the
reactivity of the PdFe over its Pd counterpart (as will be observed in the electrocatalytic

section).

4.2.2 Physicochemical Charactersation
4.2.2.1 TEM analysis

Figure 4.3 presents the TEM images of all thebBsglecelectrocatalystsThe samples from the
conventional method (Figure 4.3a, c) are smaller (23182 nm) compared to the microwave
assisted samples (Figure 3b,d; 5i30.40 nm), indicating that microwave irradiation caused
some agglomeration of the electrocatalysts, asrobd previously [15, 16]. All the Polased

catalysts generally shouniform dispersion on the carbon support.
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Figure 4.3: TEM images of Pdbased catalysts obtained from the conventional NaBH
method: a) Pd/C and c) PdFe/C; and microwawassisted method: b) Pd/C
and d) PdFe/C.

4.2.2.2 XRD Analysis

Figure 4.4 compares the XRD patterns of thebBsked nanelectrocatalysts supported on
carbon (Pd/C and PdFe/C) prepared by the conventional Nakdthod (Figure 4a) and
microwaveassisted method (Figure 4b). All the naglectrocatalysts displayed the diffraction
peaks lltanddalueq. The diffractiopeak values are consistent with the (111), (200),
(220), (311),and (222) planes consistent with the Pd feeetered cubic (fcc) crystalline
structur e. A common peak dthe eaneelecttocamlystsu n d
corresponds to the (002) carbon plane of the Vulcar7X@arbons as suppoithe XRD
reveals an interaction between Pd and Fe to form an &lagenced by similar diffraction
indices of the same fcc of Pd in the PdFe/C, asllbg contains mixed phasebhe peaks of

the samples from the microwaassisted method (Figure 4.4b) are shatple those from the

conventional method (Figure 4.4a) are broad. The result indicates that the catalysts obtained
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from the microwaveassisted method exhibited higher crystallinity than those obtained from

the conventional method.

——Pd/C
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Figure 4.4: Comparison of the XRD patterns of the various Pdased nane
electrocatalysts supported on carborsynthesise using a) the NaBH and

b) the microwaveassisted methods.
4.2.2.3 Nitrogen DesorptionrAdsorption (Surface Area) Analysis

BrunauerEmmettTeller (BET) analysis was used to get information on the specific surface
area and porosity of the samples. Huenmarisedlata are listed in Table2l.The results
revealed that the specific surface area, pore sizes, and pore volumes of the PdFe/C nano
electrocatalysts are relatively smaller compared to the Pd/C obtained by both HadBH
microwave irradiation methods. This might be because some available porous space inside
carbon support is clotted and scattered with metal contents miadigeactions [17]. These
results corroborate with the TEM images whereby a little aggregation of the nano
electrocatalysts was observed, thus leading to a small specific surface area. Interestingly, the
isotherms of all the narelectrocatalysts displag a type IV with an H1 hysteresis loop, which
indicates a typical mesoporous material (according to pore classificatiori® 2m) [18, 19]

as shown in Figure 4.5. Furthermore, it was noticed that the isotherms of the bimetallic
electrocatalystsbsorbe less than 200 chi g of the gas compared to the monometallic Pd
(absorbed more than 200 thy).
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Figure 45: N2 adsorption and desorption isotherms of Pebased catalysts obtained from
the conventional NaBH method: a) Pd/C and b) PdFe/C; and microwave
assisted method: c¢) Pd/C and d) PdFe/C.

Table 42: Physisorption data obtained from BrunauerEmmett-Teller (BET) for as

prepared nano-electrocatalysts.

Electrocatalysts Pore size Pore volume SBET

(nm) (cm® g*) (m? g?)
Pd/C (NaBH) 5.49 0.194 123.95
Pd/C (MW) 5.88 0.182 132.00
PdFe/C (NaBh) 7.19 0. 095 52.20
PdFe/C (MW) 6.92 0.136 65.32
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4.2.2.4 Raman Spectroscopic Analysis

Raman spectroscopy was used to measure the structure and quality of carbon materials,
particularlytheir degree of defect formation antdered and disordered structure. Fighi&
shows the Raman spectra and deconvoluted peaks of all-4heesPd electrocatalysts.
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Figure 4.6: Raman spectra of NaBH a) Pd/C, and b) PdFe/C and MW c) Pd/C, and d)
PdFe/C.

The Raman spectra exhibit bands' positions around 1350 and 160@hioh are related to

the D and G bandsegspectively. The D band is attributed to the structural defects and disorder
induced features of the Sparbon domainin contrastthe G band is associated with thg E
vibration mode of a single crystal graphite structure33 Also, all the spectra have weak
(amorphous carbon) and medium (disordered graphitic lattice) bands at around 1200 and 1500

cm'l, respectively [21].
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Table 4.3: Raman data of Pebased electrocatalysts showing peak positions and intensity

ratios.
Electrocatalysts D band (cn?) G band (cnt?) Ip/lc
Pd/C (NaBH) 1350 1605 2.16
Pd/C (MW) 1358 1598 2.24
PdFe/C (NaBh) 1358 1605 2.11
PdFe/C (MW) 1350 1601 2.33

The D and G bands and the ratio of the peak intensities of the D and G b#Aaj)is4lues are
summarisedn Table 43. The values of thevllc aremore significanthan unity, meaning that

both synthesis methods introduced defects onto the carbon support. However, defects are more
pronounced in the microwave samples than in the conventional synthesis method. Interestingly,
microwave irradiation increased thg/lk ratios by 3.7 and 10.4% for the Pd/C and PdFe/C,
respectively. Defects are known to be widely present in nanostructured materaly g7

are wellrecognized as the active sites that positively influence the electrochemical properties
of electrode matials, both catalysts and energy storage materials alike. Thus, the samples
from the microwavassisted synthesis are expected to enhance the electrocatalytic properties

of the Pdbased electrocatalysts.

4.2.2.5 XPS Analysis

XPS spectra are studied to investigate the surface oxidation state and binding energies of the
elements in the Rbased catalysts, shown in Figure 4.7. Figures 4.7a,b show the wide surveys
of the PdFe/C (NaBK and PdFe/C (MW) with both samples having the following elemental
composition: Pd, Fe, C and O. The deconvoluted Pd 3d (Figures 4.7c,d) shows quartet spin
orbital splitting of Pd 3¢k, Pd 3d2, PdO 3d2 and PdO 3¢l at the binding energies of 335.2

eV, 340.6 eV, 336.7 eV and 342.4 eV, respectivelr both electrocatalysts with no significant
shifts. These spectra are ascribed to Pd ang @dOy < 2) indicatingthat the electrocatalysts

have a mixture of metallic palladium and its oxides.

This observation is similar to a previous repamtPd-based catalysts [138]. Figurds/ e,f
show the deconvolution of Fe 2p to six distinct spectra at binding energies of 709.3, 711.5,
715.2,718.6, 724.7 and 731.8 eV for PdFe/C (NgBaitributed to Fe 2p, FeO 2p,2, FeOOH
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2pzi2, Fe 2p/2, FeO 2pp, and FeOOH 24, respectively. The PdFe/C (MW) has corresponding

Fe 2p deconvolution at binding energies of 706.7 eV, 710.2 eV, 713.3 eV, 718.3 eV, 722.8 eV,
and 729.5 eV. HoweveFe oxides formed ledsut more metallic Fe because the composite
support (Fe/C) was heatedarreducing (H/Ar) environment.The slight shifts of the Fe 2p
deconvoluted spectra to lower binding energies in the PdFe/C (MW) compared to the PdFe/C
(NaBH,) are traced to increased electron density (which corroborate the DFT data), increased

oxygen vacancies and defect in the Fe lattice caused by micromediation. These
intriguing properties in the Fe lattice of the PdFe/C (MW) are beneficial for stgorgggistic

properties with the Pd catalyst for enhanced electrocatalysis [32, 33].
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Figure 4.7: a,b)Wide survey, deconvoluted elementals scans c,d) Pd 3d, e,f) Fe 2p, g,h) C
1s, i,j) O 1s and k,I) Pd 4d and Fe 3d valences of PdFe/C (NaBrand
PdFe/C (MW) electrocatalysts

The C 1s deconvoluted spectra of PdFe/C and PdFe/C (MW) catalysts (Figures 4.7g,h) show
the C=C (sp), C-C (sp’), C-OR and GC=0 in PdFe/C at the binding energies of 284.4, 285.3,
286.7, and 288.8 eV, respectivelp contrast, thenicrowaved Pebased materials show the
same at 284.1 eV (C=C,3p284.9 eV (GC, sp), 285.5 eV (GOR) and 287.1 eV (). The
absence of the @=0 but the presence of-@ andthe occurrence of the remaining C 1s
deconvoluted spectra at slightly lower binding energies of the PdFe/C (MW) are equally due
to defect and deficiency of oxygen, induced by microwianagliation in the carbon latti¢a4].
Figures 7,j show O 1s deconvolution into three distinct spectra of metal oxideS,(529.8

eV), oxygen vacancies (£632.1 eV) and hydroxide coverage on metal@M, 533.9 eV) for

the PdFe/Cbut PdFe/C (MW) has the following O 1s deconvoluted spectra-6f (429.4

eV), O, (532.1 eV) and MOH (533.8 eV) [35]. Both electrocatalysts have oxygen vacancies
in their O 1s spectréstill, theabsorbed oxygen and hydroxides on the metals in the PdFe/C
(MW) were suppressed by microwave irradiation, which suggests that a large amount of

oxygen species have been removed (i.e., increased oxygen vacancies).

Finally, the Pd 4d and Fe 3d valences of the catalysts are shown in Figukels Bor the

PdFe/C, these appear at the binding energies of 2.6 and 6.1 eV, respectively, whereas for the
PdFe/C (MW), these appear at 1.3 and 3.8 eV, respectively. The shifts of the valences of the
metals in the PdFe/C (MW) are confirmation of increaskedtron densities of the metals,
oxygen vacanciesand defects created due to the microwassisted synthetic approach
relative to the use of the conventional NaBeductiveapproach.
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4.2.3 Electrochemical and Electrocatalytic Properties

4.2.3.1 Cyclic voltammetry in 0.5 M KOH in the absence and presence of glycerol

Figure 4.8 compares the cyclic voltammograms (CV) of the foubd2ed catalysts in 0.5 M

KOH solution purged with nitrogen (Figurds 8a, b) at 50nV / s All the electrocatalysts
display the signature responses of typical Pd electrocatalysts: (i) hydrogen
adsorption/desorption redox processes areQrlV to-0.9 V, and (ii) reduction of palladium

(I1) oxide (PdO) to P8around-0.35 V to-0.3 V window. The processes exhibit wea#fined
voltammetric curves for the Pd/QMW) and PdFe/C(MW) catalysts cmpared to their
counterparts obtained from the conventional NaBidthod. Unlike the Pd/C and Pd@W),

the peaks of the PdFe/C and PdF&MWV) shifted slightly to the negative voltage, indicating
some alteration of the electronic structure of the Pd/C upon the incorporation of the Fe atoms.
This result agrees with the DFT calculation that showed increased electron density for the PdFe

compaed to the Pd alone.
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Figure 4.8: Cyclic voltammograms of Pdbased naneelectrocatalysts from conventional
NaBH4 method: a) Pd/C and PdFe/C, and microwawvassisted synthesis b)

62



Pd/C(MW) and PdFe/C(MW) in 0.5 M KOH solution under N2 atmosphere

at a sweep rate of 50nV / s.

Cyclic voltammograms of Rdasednhancelectrocatalysts from conventional NaBiethod:
c) Pd/C and PdFe/C, and microwaassisted synthesis d) Pd{(W) and PdFe/GMW) in
0.5 M KOH + 0.5 M glycerol solution underldtmosphere at a sweep rate oidd / s.

The electrochemical active surface area (ECSA) for esatirocatalystvas estimated from
the PdO peak using equation 1 in accordance with the literature [34, 35].

_°
ECSA= & (4.2)

where Q denotes the integrated Coulombic charge for the reduction of PdO (in mC), S is a

proportionality constant (0.424 mC c¢fj assuming the formation of the monolayer on the

surface of Pd during the cathodic scan, Bddl is the amount of Pd loading measured in pg
(13 pg).

As summarisedn Table 44, the ECSA follows the trend®dFe/C(MW) (38.99 ntg?l) >
PdFe/C (30.15 Ag?) > Pd/C (19.18 ig?) > Pd/C(MW) (2.7 n?gh). The high ESCA of the
bimetallic catalysts confirms the netedntroducethe second metal (Iowost transition metal)

to the expensive Pd (also corroborated by the DFT simulation). In addition, the highest ESCA
value recorded for the PdFe/C (MW) confirms the positive effect of microwave irradiation on
the bimetallic catalyst.

Table 44: Comparison of electrochemical parameters of Pdhased naneelectrocatalysts.

Electrocatalysts EASA / m?g?t Eonset(V) JilJb
Pd/C (NaBH) 19.18 -0.40 1.30
Pd/C (MW) 2.7 -0.33 2.17
PdFe/C (NaBh) 30.15 -0.42 1.70
PdFe/C (MW) 38.99 -0.39 1.56

Figure 4.8c, d compares the cyclic voltammetric performances of the Hdimased
electrocatalysts toward the oxidation of glycerol in KOH solution (i.e., 0.5 M KOH with 0.5 M
Gly, in N2 gas blanket) at 5V / s. All the CV curves displayed the two characterized peaks
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of the glycerol oxidation GOR) in alkaline media [2].The forward peak current (Jis
associated with the oxidation thfe Pd surface, while the return or backward peak currght (J
represents the reduction of PdO. In every case, the ®&Q and PdFe/GMW) gave the
bestdefined CV curves compared to their counterparts from the borohydride method. In
addition, both Pd/GMW) and PdFe/GMW) showed the highest ratio of the forward and
backward peak current densities/%), which signifies higher resistance to poisoning by
carbonaceous species during ghpteoxidation compared to the Pd/C and PdFe/C from the
conventional NaBklmethod Our previous work [1] shows thtte ultimate glycerol oxidation
product is the carbonate (which requires OH* species to occur in alkaline media: ZOBH

= COs* + H20). Thus, it is highly possible that one of the contributory factors for the high
electrocatalytic performance of the PdFe/C(MW) toward glycerol elestidation could be

the ability of this electrocatalyst to adsorb and retain hydroxyl species (OH#¢ dtdsurface.

4.2.3.2 Chronoamperometry and Electrochemical Impedance Spectroscopy

Figure 4.9 compares the results of the chronoamperometric (CA) tests (Figures 4.9a, b)
conducted togain some insights into the lotgrm stability and tolerance ability @he
carbonaceous species. The CA experiments werlmrmedin 0.5 M KOH / 0.5 M Gly
solutions at a constant potential €i.2 V (vs Ag/AgCl, saturated KCI). Eactatalyst
experienced noticeable decay in the current response in the first few mindiestingthe
accumulation of the poisonous carbonaceous intermediates from thebtyadation. At the

end of the 1800 seconds, the current responses follow the same trend as observed for the ECSA:
PdFe/C(MW) (1.10 mA cn¥) > PdFe/C (0.93 mA crf) > Pd/C(0.35 mA cn¥) > Pd/C(MW)

(0.20 mA cn?). The higher current response by the PAR&M@/) indicatesits higher ability

to mitigate the poisoning from the carbonaceous intermediaries arising from the incomplete

oxidation of the glycerol.
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Figure 4.9: Chronoamperometric measurements of the Pdbased naneelectrocatalysts
from conventional NaBHs method: a) Pd/C and PdFe/C, and microwave
assisted synthesis b) Pd/@VW) and PdFe/C (MW) in 0.5 M KOH/0.5 M
glycerol solution under N atmosphere at-0.2 V and their corresponding
Nyquist plots curves of the Pebased naneelectrocatalysts obtained from the
c) NaBHs method and d) microwaveassisted method, respectively. All data
were obtained at a fixed potential 0f0.2 V in glycerol electrooxidation.The
electrical equivalent circuit (EEC) was used to fit €) monometallic while f)

bimetallic.

Electrochemical impedance spectroscopy (Ep®)bedthe catalyselectrolyte interfacial

properties. As shown in the Nyquist plots (Figures 4.9c, d), the EIS data (Table 4.5) were
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satisfactorily fitted using a simple RC electrical equivalent circuit (EEC) wRere the

electrolyte resistanceéR:: is the charge transfer resistance &iéE is the constant phase

element. The mostitical parameterRct values decrease as follows: PdAFe/®IW) ( 0. 55 kY
<< PdFe/ O qRICOMWkK Y(3.68 kYY) < Pd/ C (M®). 25 kY
giving the best heterogeneous electron charge transfer kinetics. The presence of the CPE is
indicative of the pseudocapacitive nature (Faradaic proads#)e catalysts as well the
roughness of the electrode surfaces, also confirmed by the corresponding exponent (n) values

of 0.8 which are less than the ideal value of unity for pure ddapéx capacitance ).

Table 45: EIS data for the Pd-based naneelectrocatalysts in a solution 0f0.5 M KOH +

O5MGlyat-0. 2 V (vs Ag| AgCl, satodéd KCI)
EIS Parameter Pd/C PdFe/C Pd/C (MW) PdFe/C (MW)
Rs [/ q 34.90:3.20 38.03:19.32 49.03: 0.44 38.34+2.453
CPE / mF.§™D 1.183:0.308 3.54t0.21 0.313:0.15 267.140.31
Ny 0.36 0.25 0.97 0.48
Reri/  q 66.30:15.60 76.73#202.106 803.26:31.10  31.58:7.07
CPE/F.4"™D 438.5%11.51 29.53t2.68 345.330.76 127.73:1.87
n 0.98 0.88 0.78 0.90
Rer2/  k q 1.65+0.96 2.91+2.77 1.13t0.22 0.48:0.06
CPE/F.4"™D 107.7%0.03 378.910.28
Rets/ Kk q 3.50:0.044 1.70t0.25
N 0.93 0.98

4.3 Conclusions

This worksynthesisd Pdbased mono and bimetallic naatectrocatalysts (Pd/C and PdFe/C)

with the conventional NaBioute and that of the microwaassisted reduction process. To
understand the importance of bimetallic natectrocatalysts for glycerol oxidation reaction
(GOR), DFT was used to study the adsorption of glycerol on Pd and PdFe. The bimetallic
catalysts showed an increased electron density compared to the Pd alone, proving the need for
a bimetallic naneelectrocatalyst itGOR The adsorption energy of glycerdsorbed on the
surface of PdFe is weaker than on the Pd alone, which confirms the ease with which glycerol
can be regenerated at the PdFe surface than at the Pd alone.-Bhgsicmaicharacterisation

(XRD, TEM, XPS, BET, Raman) sh@ihat microwave irradiation confers on the nano

electrocatalysts unique properties that enhance electrocatalysis: high crystallinitgjzeaho
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particulate (< 8 nm), crystal defects, and high surface area. Subsequently, the microwave
samples showed the best electrocatalytic performanc&@R (i.e., high electrochemical
active surface area, high current density response, high resistance to poisoning by the
carbonaceous intermediates arising from @@R, and high conductivity or low interfacial
resistance) compared to the samples obtained from the traditionalseibd. This work
proves that microwave irradiation can beemsentiatool for manipulating bimetallicnance

electrocatalystt develophigh-performance direct alkaline glycerol fuel cells.
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CHAPTER 5

Interrogating the effect of microwave irradiation on bimetallic

electrocatalyststoward ethanol oxidation reaction

51 Introduction

In previous years, DEFClsasgarnered much attentialue to their nontoxicity, higher energy
density, greater availability, and higher theoretical mass energy (8 kW [tiJgoompared to
DMFCs In addition,ethanol can bgeneratedn enormous quantitiess biofuel from biomass
fermentation [2]; hencet is chosen as one of the best fuélswever thecommercialisaton
of DEFCs has also beaonstrainedecausgduring the EtOH oxidation, # and CQ are
expected to be produced as agmgduct; forinstance, there are some difficulties in cleaving
the C-C bord. Secondlythere is a issuewith the formation of CO intermediatesvhich
subsequently poisotiseanodecatalystg3]. These drawbacks yield a low efficiency of ethanol
oxidation withsluggish kinetics, which in many cases are caused by thetyagalysts that
havebeen chosen.

Therefore, it is imperative to fathom the detailed reaction pathway and search for novel anode
catalysts 4] to oxidize ethanol completelylatinum (Pt) based naroatalysts have been
widely used as an alternative anode catalyst for DEFCeaveshown satisfactory results in

acidic medium. Unfortunately, fiased catalysts have the propensity to be easily poisoned by
intermediates on the surface, which decreases their efficiency. Moreover, their problems have

not been resolvegyimarily when operatingn analkaline medium%].

Another alternative catalyst that is more viable than Pt was suggested to overcome this
challeng: a Pdbasedelectrocatalyst The use ofPdbasedelectracatalystsas a suitable
candidate halseen intensively studied due to their excellent properties, such as being abundant
in nature It caneliminate poisoning species on the surfaoajnly when operating in an
alkaline mediumVarious observations have been made in an alkaline medium, inchagidg

kinetic and improved fuel efficiency towar@shanol electrooxidatiof6]. Extensive studies

have been conducted further enhance the electrocatalybehaviourof Pd-based catalysts
These were carried out by allog Pd with nomoble metals such as Fe, Ni, Au, Co, sicce
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bimetallic Pdbased catalysts havaore significantcatalytical activity thanpure Pd [7].
Recently Mkhohlakali and his cavorkersreported thepreparationof Pd monometallicand

PdIr bimetallicusingthe E-ALD method.In hiswork, they demonstrated that the presence of
iridium unto Pd has shown a remarkable influence on improving the activity and durability of
Pd inthe oxidation of EtOH8]. Ipadeola and hisolleagueslloyed Pd with Sn&dMOFs using

MW methods resulting inPd/SnQ/MOFs becoming thepromising catalyst for EOR with

improved electrecatalytical activity [9].

Specifically, noanoble metals such as iron (Fe), manganese (@agobalt (Co) alloyed with

Pd have been investigated to provide-Q@ftbups needed to enhance ethanol oxidation [10,
11]. Nevertheless,irhited research has beeonducted orutilising Fe, Mn, and Co as €o
metalstowards alcohol oxidatiorin addition the work performed by Xu and -weorkers has
shown how these metals ithe form of oxides enhancedPd/C catalysts towardghe
electrooxidatiorof alcoholsin alkalinespacd12]. Motivated by his article, herein we report
the synthesis of PdFe/C, PdMn&hdPdCo/C using microwave synthetieethodsat various
ratios(PM/C & PdM/C) towards ethanol electrooxidationanalkaline medium.

The electrochemicddehaviourof these electrocatalysts hatsownsignificantimprovement in
activity and stability. The various ratios were explored to examine the effect of molar ratios on
the structure ofelectrocatalysts As reportedbefore the physiochemical properties of
electrocatalysts depend on the ratiosnetal precursorsviotivated by the work conducted in
Chapter 4this research focuses on examinatlger nornoble metals in Pd/C to compare their
performance with PdFe/€lectrocatalystThe performance of the lattewas conducted in
glycerol therefore, in this chapter, the electrocatalysts are explored towards ethanol in an
alkaline medium It was depicted th&dF€C from bothratios delivered moractivity towards

the EORthanother bimetallic
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5.2 Results andDiscussion

5.2.1 Computational work on the development of bimetallics.

DFT calculations werérst performed on PdFe, PdCand PdMrto identify therole of EtOH
adsorptionAs indicated irChapter 3, summarised in Table 5.1, and further elaborated upon in
Chapterd.

Table 5.1 Computationalsimulation of various bimetallics in ethanol.

Electrocatalysts g A.E Binding energy Band gap
Ethanol (kcal/mol) (kcal/mol)  (eV) energy, Eg (eV)
PdFe -1.427 -9.931 -79.728 0.406

PdCo -1.449 -9.953 -78.967 0.425

PdMn -1.445 -9.949 -79.765 0.375

In this work, it was noticeable thdlhe PdFebased electrodexhibits aslightly weaker
(Adsorption energyA.E.=-9.931kcal/mol) in comparison tmtherbimetallic catalystgA.E.
=-9.953,-9.949kcal/mol PdCoand PdMn, respectivelyindicatingtha EtOH can easily be
reproducedat the PdFe surface théda counterpartdntriguingly, theGibbsfree energy{ogp G
was observed to be decreasing as follam -1.449 and1.445kcal/mol(PdCo and PdMn,
respectively) ta1.427kcal/mol (PdFe), indicating that the presence of Fe omddexpedite
thelimiting potentialstep, therebyninimizing the free energyPdvin exhibits a smaller band
gapof 0.375eV acrossPdFe (0.40&V) and PdCd0.425 eV) indicating excellent electron
transfer and can promote the adsorption/desorption towards ethanol oxidiagqgorediction
from this study is more aligned with the electrochemistry of that#ysts even though there
is adiscrepancy with the satler band attained for PdMn.

5.2.1 Physicochemical Characterisation

5.2.1.1 X-Ray Diffraction Measurements

The XRD measurements were conducted to investigate the crystallinity and structural
characteristics of the ggepared Pdbasecdelectrocatalysts at different atomic ratiad_cbM/C

andb) PdM/C atomic ratios)as shown in Figure 5.1.
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Figure 5.1: XRDs patterns ofbimetallic electrocatalysts(at varied Pd2M/C and PdM/C).

Table 52: XRD data of Pd-basedelectrocatalysts at different atomic ratios

Electrocatalysts  Pd (111) d(111) Lattice Crystalline
2)d (nm) Parameter size (nm)
(nm)
Pd/C 40.05 0.2249 0.3896 36.54
PdFe/C 40.08 0.2247 0.3891 5.81
PdFe/C 40.00 0.2251 0.3900 3.69
PdCo/C 40.03 0.2242 0.3895 8.59
Pa&Co/C 40.12 0.2250 0.3889 7.53
PdMn/C 40.13 0.2247 0.3892 6.56
PdMn/C 40.02 0.2252 0.3905 9.82

The broad C (002) peaks appear in both patterns at about 25° for alethecatalysts
signifyingamorphous Vulcan XC 72 carbon matefid]. The diffraction peaks located at 40°,
48°, 69°, 82° and 88° for all thied-basecklectrocatalystare attributediollowing this sequence
(111), (200), (220), (311) an@222) as thefcc crystalline Pd, respectiveljl4, 151 We
observed no shift of the Pd (111) diffraction peaks for all Rddased electrocatalysts,
signifying that the insertion of emetalsdoes not affecthe Pd crystallinelattice [16]. There

was no evidence of oxides or-otetals diffraction peaks, probably because their phases are
amorphous and cannot be detedigdXRD [17]. The Scherrer equation was used to calculate

the interplanar distance, lattice parametand crystallite sizesnd thedataare presented in
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Table 52. It is imperativeto point out that the estimated crystallite size of alllimeetallic
electrocatalystss smaller than that of the Pd alone. The sag®ewith the TEM images

histogram.

5.2.1.2 TEM analysis

TEM micrographswvere employedto discernthe morphology and particle sizes Pd-based
catalysts,as noted in Figure 5.2. The micrograplus the catalystsexhibited several
agglomerations on the carbon support withekatively dispersedparticle size distribution
between 2 nnand10 nm. However, it was also reported that whenellketrocatalysthiave

smaller particle size$el adsorptiorcanoccur by increasing EtOH activiti¢3].
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Figure 5.2: TEM micrographs representinga) Pd2M/C) and b) PAM/C electrocatalysts
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5.2.2 Electrochemicalcharacterisation

CV was used to study the electrochemisahaviourof Pd, PdFe/C, PdMn/Gind PdCo/C
nanoecatalystsat varied atomic molar ratios (PcbM/C and PdM/Q in KOH (0.5 M) bubbled
with N> gasat 50mV / ssweep rate, shown Figure 53. Figure 53arepresents the CV profile

of Pdbased electrocatalysts at-2MdC, while Figure 5.3b exhibitthe CV profile at PdNVC.
Significant potentials emerged betwegf.8 V t0-0.9 V) vs. Ag/AgCI on both the anodic and
cathodic sweep, attributed to the hydrogen desorption/desorption peak currentsRzh the
surface [7, 19]. Anodic sweeps display a weak peak potential shoulder at addinivs
Ag/AgCl) corresponding to the formation thie PdO layer at different oxidation states Pd (0),
Pd (1), Pd (Il),and Pd (1V) [18, 20].

j/ mA cm?
j/mAcm

= Pd/C

= Pd/C

” ——Pd,Fe/C -2 = PdFe/C

———Pd,Co/C = PdCo/C

3 —pdmnc| ——PdMn/C

40 08 -06 -04 02 00 02 40 08 06 04 02 00 02
E /V (vs Ag/AgCl, sat'd KCI) E/V (vs Ag/AgCl, sat'd KCI)

Figure 5.3: Cyclic voltammetry of Pd, PdFe/C, PdMn/C, and PdCo/C(atomic ratio of
Pd2M/C and PdM/C in (0.5M) KOH solution, N2 gas- sweep rate=50mV / s.

Duringthe cathodic sweegp strong potential peak displayed-at1 V)indicaesthe reduction

of PdQ The peaks werastrumentain predictingthe ECSAacross thelectrocatalystsThe
estimated ECSA values are reported in TabB Bhe PdFeC and PdFe/Clectrocatalysts
display higher values of ECSA thémeir counterparts, indicating that the surface area is more
significant for theelectrooxidation of ethandDouk and ceworkers have previously reported
that themore excellenECSA value could correspond to the synergistic efiefetrring to the

bifunctional mechanism and electronic effect occurfifjdetween Fe and Pd in PdFe/C.
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Table 53: Comparison study of electrochemical parameters oklectrocatalyststowards

EOR in an alkaline environment.

Electrocatalysts ECSA/ Eonset JilJb Specific Mass
m? gt (V) Activity Activity
(mAcm?  (mAmg?l)

Pd/C 2.7 -0.50 1.07 1.65 550

PdFe/C 30.17 -0.53 0.91 4.15 1380
PaFe/C 38.99 -0.55 0.80 11.59 3690
PdCo/C 16.89 -0.51 0.67 3.36 1010
Pa&Co/C 16.07 -0.53 0.82 9.11 3060
PdMn/C 16.89 -0.52 0.86 3.82 1250
PaMn/C 16.72 -0.53 0.79 7.40 2320

Figure 54: exhibit theCV of Pd, PdFe/C, PdMn/C, and PdCo/C (atomic ratio eM?@ and
PdM/C) in 0.5M KOH solution +EtOH (0.5 M) in the presence ®.gas using theweep rate

of 50mV / s Two distinct current density peaks weredat the anodic sweep (forward scan)
and the cathodic sweep (reverse scan). The anodic sweep can be ascribed as the oxidation of
freshly chemisorbed species obtained during ethanol adsorption. On the othetheand,
cathodic sweep observed on all thelRrdedelectrocatalystgorresponds to the removal of
carbonaceous specid#isat arenot completely oxidized during ethanol adsorpt[@d, 21}
Table 53 shows the electrochemicabnditionsof all theelectrocathysts. It is noticeable that
PdFe/Cexhibitsa highly negative value of onset potential of abeut5V (P&FeC) and-
0.53V (Pd€/C) compared to all thelectrocatalystdndicatingthat theinsertionof Fe into Pd
improved the kinetics dEORin abasic environment
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Figure 54: CV of Pd, PdFe/C, PdMn/C,and PdCo/C nolar ratio: Pd2M/C and PdM/C)
in (0.5M KOH solution + 0.5 M) EtOH, N2atmosphereusing sweep rate of 50
mV/s.

Significantly, thePadFe/C and PdFe/Celectrocatalyst®vinced ahigher current densitpf
about 11.59 RdbFe/Q and 4.15 PdFe/G mA cm?, which is about 2 times higher than
respective counterparts indicatingemhancement in ethanol electrooxidation, as displayed in
Figure 55. In addition, the mass activities obtained fosFRdC andPdFe/Cexhibit a superior
value of 3690 and 1380 mA mdhan that of the counterpaisd the data is summarised in
Table 5.3

- 10 — 10
- ivi 11 Il Mass Activity 4,15
12 =!:::if?::::‘2tti§ity = qf" 44 I Specific Activity —
o 104 -8 § o 8 &E,
=3 =
T s a) E b) £
- A =] - -6 =
= > f 2>
£ € s £ s
2 43 £ b4 B
k= o TR <
Q < <
P e 2
% £ B 14 =
© g = 2
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Pd/C PdFe/lC PdCo/C PdMn/C
Catalysts (Ethanol) Catalysts (Ethanol)

PdFe(2:1)iC PdCo(2:1)/C PdMn(2:1)iC

Figure 55: Comparison of mass and specific activities of Pd, PdFe/@dMn/C, and
PdCo/C (Pd2M/C and PdM/C) in KOH + EtOH both in (0.5M), N2 gasat a

scan rate=50mV /s.
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5.2.2.1 Chronoamperometric analysis

The electrochemical stabilityascarried out using chronoamperometric analysis. Figue 5.
displaysthe chronoamperomeatranalysisof all thePd-based electrocatalysts prepared in (0.5

M) KOH + ethanol solution under amldtmosphere at the potential -2 V. At the initial

stage, the current density dropped off continuously with time, and thereafter the current
densities became pseudo steady state. Tharrent density decay corresponds to surface
poisoning and unstable catalystBhe higher current densities wengainly observed on
PaFe/Cand PdFe/lectrocatalystdenotingbetter electrocatalytidurability towardsEOR

in alkalineelectrolyteq19, 20].

10 6
—PdC ——Pd/C b
——Pd,Fe/C a) 5] —PdFe/C )
8 e ———PdCo/C
TN ——PdMn/C
¢J\ —Pd.CoiC v M

j/mAcm’

0
0 200 400 600 800 100012001400 1600 1800 2000 0 200 400 600 800 10001200 140016001800 2000
E /V (vs Ag/AgCl, sat'd KCI) Time (s)

Figure 56: Chronoamperometry curves for of Pd, PdFe/C, PdMn/C, and PdCo/Ca)
Pd2M/C and b) PAM/C) in (0.5 M - KOH solution, ethanol) bubbled with N2
atmosphere at-0.2 V.

5.2.2.2 The of EIS on various bimetallics.

The EIS technique is weklnown for probingthe electrochemical process at the solution
electrode interface. Thyquist plots at different atomiatios (PckM/C and PdM/GQ were
measured ithe mixture 0f0.5M KOH - EtOH at the fixed potential 0f0.2V vs. Ag/AgCl,

KCI saturatedas shown in Figure B.a & b. Figure 57 ¢ exhibits the equivalent circuit
components, such as Rs is the electrolyte resistance, Rct is the charge transfer resistance,
CPE is the constant phase element. Tableilfudtratesthe electrochemical impedance
parameters and shows that the diameter of the semicircles resonates with therahsigye t

resistance (K. The PdFe/C and PdFe/Celectrocatalyst®offered a feeble charge transfer
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resistance thamonometalli¢ possibly becausethanol has fast electaxidation kineticsn
analkaline medium. The faster eleciogidation kinetics could be attributed to tbecellent

electron transfer ability of Fe on the surface of the electrode to remove carbonaceous species.

== PdIC a ] —==rarc b
20009 ——pq Ferc ) 2000 —e—PdFe/C )
1500+ 15004
£ £
S S
2 1000- 2 10004
E E
N N
5004 500
0 L] L] v L] L) L] L} 0 L] L) 1 ) L) L] L) L]
0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500 4000
Z_/ohm z_iohm
CPE c)
0
RS
Rer
4.0 3.5
——Pd/C d) —a—Pd/C e)
—-—szFe.’C =—e=—PdFe/C
3.54
3.0
—_— 3.0' o
3 &
N N 2.5-
2 2.54 S
o 2.0
1'5 | ] L] L] L] L] L] 1.5 T T T T T
-1 0 1 2 3 4 S -1 0 1 2 3 4 5
log (f/ HZ) log (f/ HZ)
80 D 704 = Pd/C g)
70+ —a—PdiC | =e—PdFe/C|
——Pd FelC 60+
604 g
o 504
o 504 e
L 2 404
< 404 :
3 n 304
& 304 g
& o 2
20
10 10
0 ) T T T T 0 | LJ L] ] L}
-1 0 1 2 3 4 5 -1 0 1 2 3 4 5
log (f/ Hz)

log (f/ HZ)

80



Figure 5.7: Nyquist curves eletrocatalysts at the potential 0of-0.2 V in electrooxidation of
EtOH, a-b) the electrical equivalent fitted circuit (EEC). c¢-f) bode plots
corresponding to Pdbased electrocatalysts.

Table 54: Electrochemical Impedimetric data of catalyst containing a(0.5 M) KOH &
0.5 M ethanol at-0.2 V.

EIS conditions

Rs( q) Re( Kk q) n CPE (F.s") x 1¢?
Pd/C (MW) 41.8%0.43 1.74:0.001 0.80 0.27:1.28
PchFe/C 34.85:0.55 0.17:0.001 0.87 0.78:0.57
PdFe/C 44.25:0.37 0.79:0.001 0.85 0.28:0.33

Thus, the PgFe/C exhibitsa higherCPE value thaRdFe/Candits monometallic counterparts,

revealing its ability to store more charges during the ethanol oxidation, and the ideality values

(n < 1.0) for all the electrocatalysts correlate directly to the pseapacitivebehaviour Figure

5.7 d-g exhibits the bode plots corresponding to Pd2Fe/C, PdieRd/Celectrocatalysts
respectively. The total impedance log Z obPeICd i spl ays a superior val
than its counterparts at lefrequency regionsTheexceptionalvalue of total impedance log Z

aligns with the highest current densibpservedrom the CV and theninimal value of Rct.
ThePaFe/C and PdFe/€lectrocatalystexhibitthe highest phase angle, predominately owing

to the most excellent conductivity compared to the Pd/C electrocatdj/sts

53 Conclusions

Electrooxidation of ethanol on Pd/C, PdFe/BdCd/C, and PdMn/C electrocatalysts was
successfully conducted at different atomic ratios?@ and PdM/C) in alkaline electrolytes
PdFe (ethanol) adsorption energgs slightlymore feeble than their counterparts, confirming
the ease at which EtOH can be produced at the PdFe active sitgrathat the Pd alone and

its counterparts. The Bee/C electrocatalystelectrodehasbeen identified to possess high
electrocatalytic activityegardingCV, stability, and electrochemical impedance measurements
(EIS). According to the CV, CAand EIS, it was observed that Fe on Pd/C has the highest
current density, mass activitgndan increas in stability as well asalow value of Rt (0.17

and 0.79k qg.)Amongst all studied bnetallics, PeFe/C and PdFe/Celectrocatalysthave
shownbetter electrocatalytic activity towards ethanol elecixmation inanalkaline medium.
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In summary, both theory and experiments hdeenonstratedhat Fe-based Pdimetallic

(PadFeor PdFe) gives the best electrocatalytic properties towethasiol oxidation
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CHAPTER 6

Electrochemical activities of Palladiumbased bimetallic nano-

electrocatalysts towardsethylene glycoloxidation in alkaline medium

6.1 Introduction

Ethylene glycohasemergedisan upandcomingfuel candidatdor electronicgportable)and
stationary applicationgl-3]. Compared to methanol, this device has remarkable advantages
such adow toxicity, inexpensive anthrgervolumetric energy density of abo&i9 kwhL*

[1, 4]. Despite all the remarkable superiorities, itwsll-reportedthat their performance
predominantlydependsmainly on choosingthe appropriateelectrocatalysf5]. Thus far,Pt

based electrocatalysts have been extensively used as effective catébysever,Pt has
difficulties splitting the GC bond, leadingp poor activity and stability during electrooxidation

[6].

Efforts have been made to address this issustibging Pd electrocatalystewing to their
tremendous catalytical activity towards ethylene glycol electrooxidation operating in an
alkaline mediumT, 8]. Besides, the electrocatalytic activities of monometallic Pd still need to
be addressed based ontgflesof promotion mechanisni8]. However, several factors have
been introduced to enhance the catalytical activity and durability of Pd by alloying with second
metalg[10]. Alloying Pd with second metatsich as Sn, Ru, Co, Fe, l[dhd Mn modulates the
structural and electronic properties and strain effect due to different lattice coorditiation
enhanceshe electrochemical activity of Pd towards EGOR inkihsic environmeritl1, 12]

The insertion of canetalsalso reduces the metal utilization efficiency of Pd, which Isatsst
commercialisatomn the future. Nonethelesa/henintegrated with carbon support as electron
carriers, bimetallic electrocatalysts are expected to limit the aggregation, provide high
conductivity, and createlagh superficial area for dispersion of the electrocatalysts for EGOR
[13].

This work prepared bimetallics such as PdFe/C, PdMn/C, and PdCo/C electrocatahsts
microwaved synthetic methodariedatomic ratios. The physicochemical properties of these
electrocatalysts were exploredilising XRD, SEM and TEManalysis This work is the
continuationof Chapter 4, where we want to find out how these catalysts behave toward the
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oxidation of EG in alkaline electrolytesTo observe the performance, vstudied the
electrochemicabehaviourand electrocatalytic activity of the electrocatalysts using various
techniques suchs CV to observe the ECSA, SA and MA, together with 84é anticipated,
thebimetallicelectrocatalysts displayed a superior electrocatalytic activity than monometallic
Pd. Despite this, Pdre/C and PdFe/C electrocatalysts delivered the most remarkable
performance compared to Pd/C, PdCatg PdMn/C.

6.2 Results andDiscussion

6.2.1 Computational work

The initial part of the research project was to con@¥€T calculationdor PdFe, PdCo and
PdMnto observe the effect &G adsorption. As indicated @hapter 3, summarised in Table

6.1 and further elaborated upon in Chagter

Table 6.1 Computational studiesof catalysts adsorbed on EG

Electrocatalysts pGkcal/maol) A.E B.E Band gap energy,
EG (kcal/mol) (eV) Eg (eV)

PdFe 17.628 -133.108 -146.731 0.334

PdCo 17.587 -133.148 -123.953 0.401

PdMn 17.702 -133.033 -131.235 None

Note that the more positiie Gibbs free energy and AE value® the more unstable or
weaker theadsorbate and the catalyst interdietterms ofAE (Table 6.1), the ease at which
EGOR will occur at these bimetallic catalysts follows this sequence: PdMn > PdFe > PdCo,
meaning that theanost favorable bimetallic electrocatalyst is the Rth. This theoretical
prediction will be true if every othdactor(i.e.,same synthesis method, same electrochemical
surface areanass and specific activitiestc.) remains constant for all the electrocatalysts.

is intriguing toobseve that the free energyf PdCois the lowest, possibly suggesting that this
bimetallicelectraatalyst is the best for expediting {hatential limiting steplt was noticeable

that PdFe revealelsmaller band gap energy of about 0.334 eV compared to @M eV)
indicating excellent electron transfevhich can expedite the adsorption/desorption towards

ethylene glycqglas proven by experimental data.

86



6.2.2  Physicachemical Characterisation
6.2.3 X-Ray Diffraction Measurements

XRD examined the crystallinity and structubahaviourof the catalysts (varied atomic ratio
Pa&M/C and PdM/C)and the peaks ashown in Figure 6.1.
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Figure 6.1: XRD diffractograms of electrocatalysts.

Table 62: XRD data of Pd-based electrocatalysts at different atomic ratios

Electrocatalysts  Pd (111) d(111) Lattice constant. Crystalline/particle

2 d (nm) (nm) size (nm)
Pd/C 40.05 0.2249 0.3896 36.54
PdFe/C 40.08 0.2247 0.3891 5.81
PdFe/C 40.00 0.2251 0.3900 3.69
PdCo/C 40.03 0.2242 0.3895 8.59
Pa&Co/C 40.12 0.2250 0.3889 7.53
PdMn/C 40.13 0.2247 0.3892 6.56
Pa&Mn/C 40.02 0.2252 0.3905 9.82

The broad C (002) peaks appear in both patterns at about 25° for elethecatalysts
signifying the presence of amorphous Vulcan XC 72 carbon maf{édl The diffraction
peaks located at 40°, 48°, 69°, 82fd 88° signify the fccrystalline Pd at (111), (200), (220),
(311), and (222)respectively[15, 16] No shift was observed for all the {dsed

87



electrocatalysts at Pd (111) diffraction peaks, expressing that incorporaingtais exhibits

aneffectfreeon thelattice crystallinty of palladium[17].

There was no evidence of oxides ormetals diffraction peakprobably because their phases
are amorphous or cannot be detected by XEp The Scherrer equation was used to calculate
the interplanar distance, lattice paramedeid crystallite sizegnd the results are presented in
Table 62. It is essentialto point out that the estimated crystallite size of all Whvaetallic
electrocatalysts is smaller than that of the Pd alone. The Fe on Pd/C shifts the lattice constraint
to promote the synergisteffect. For instance, these 3d transition metals lower the binding
energy to prevent the impact of reactwith intermediates on the Pd&Drface this is in good
accord with thédFT results. Under the compressive strain (lattice contraction), when the Pd/C
is incorporated with smaller atoms, ttidand energies weaken the connection occuiring

the middle ofthe substrate and the adsorbates reported byBoseand ceworkers 2014
Therefore,introducing Fe to Pd/Cpositively impactsthe catalytic pedrmancedue tothe

plethoraof hydroxide species on the surface of the catalysts.

6.2.3.1 TEM analysis

TEM micrographswere employed particularly texaminethe morphologal structureand
particle sizes of th€dbased electrocatalystand the images are representad-igure 6.2.

The electrocatalystnicrographs exhibit the number of agglomerations on the cartainx

with a uniform patrticle size distribution betweearfi10 nm. The agglomeration on the carbon
matrix has been reported to decrease the specific surfaceaeapeiaed forEG adsorption.
However, it was also reported that when the electrocatalysts have smaller particle sizes, it
permits the fuel adsorption to take placermyeasim the electrocatalytidactivity of EG[19].
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Figure 6.2: TEM micrographs of a) Pd2M/C and b) PdM/C electrocatalysts.
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6.2.4 Electrochemicalcharacterisation
6.2.4.1 Cyclic Voltammetry of bimetallics.

CV was used to study the electrochemisahaviourof Pd, PdFe/C, PdMn/C, and PdCo/C
nanoecatalysts at varied atomic molar rai@) PbM/C andb) PdM/C) in KOH (0.5 M)
bubbled with Ngas at 50nV / sscan rate, shown Figure 6.3. Figure 6.3&presents the CV

profile of Pdbased electrocatalysts atoRUC, while Figure 6.3b exhibitthe CV profile at

PdM/C. The significant potentials emergeth the middle of(-0.8 V t0-0.9 V) on both the

anodic and cathodic sweep, attributed to the hydrogen desorption/desorption peak currents on
the Pd surface [20, 21]. Anodic sweeps display a weak peak potential shoulder at-@r@und

V vs. Ag/AgCI corresponding to the formationthie PdO layer at different oxidation states Pd

(0), Pd (1), Pd (Il),and Pd (IV) [19, 22]Meanwhile a strong-0.1 V potential peak was
observed during the cathodic sweepdicating a PdO reduction peak The peaks were
instrumentain estimatingthe ECSA across thelectrocatalystsThe estimated ECSwalues
arerecordedin Table 6.2. The PdFe/C from both atomic ratios display higher values of ECSA
than its counterparts, indicating that the surface areamisre significantfor ethanol
electrooxidationDouk and ceworkers have previously reportdtht themore excellenECSA
valueplays a massive role in enhancing the synergistic effect between Fe and Pd in PdFe/C in

relation to the electronic effect, geometry effactd bifunctional mechanism [20]

3
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Figure 6.3: CV profiles of catalysts (presented at variedatomic ratio of PdbM/C and
PdM/C) in KOH solution (0.5 M), bubbles withN2atmosphere at ascan rate
=50mV/s.

90



Theinvestigaion of electrochemicadctivities toward€£G oxidation atlifferent atomic ratios
a) PeM/C andb) PdM/C) was conducted using CV analysis, prepaneal combinatiorof 0.5

M KOH/EG at 50mV / sscan rate, as shown in Figure &4 TheCV profiles representing

the electrocatalysts are characterized by two wefined current peaks at the forwaadd

reverse scand he forward scan obtained at abe V corresponds to the oxidation of the

chemisorbed ethylene glycol species, and the reverse scan attained at approxin3&ealy

signifies the oxidation of CO intermediates that were not fully oxidthethg the forward

scan.

Table 63: Comparison effect between bimetallic electrocatalysts at varied atomi@tios

towards EGOR in alkaline electrolyte.

Electrocatalysts ECSA/ n?  Eonset JilJb Specific Mass
g? (V) Activity Activity
(mAcm?) (mAmg?)

Pd/C 2.7 -0.36 1.53 1.35 250

PdFe/C 30.17 -0.46 1.3 551 1300
PaFe/C 38.99 -0.46 1.32 9.82 4220
PdCo/C 16.89 -0.46 123 5.01 740

PaCo/C 16.07 -0.38 1.30 6.84 2710
PdMn/C 16.89 -0.38 1.31 4.18 1180
PaMn/C 16.72 -0.37 1.27 5.43 1290
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Figure 6.4: The CV curves ofelectrocatalyst at differentatomic ratio of a) Pd2M/C and
b) PdM/C) immersed in0.5M KOH /EG solution under Nz gasat a scanrate
=50mV/s.

It was noticeable that PdFeflectrocatalystf'om both atomic ratios evinced a higher current
density of about 9.82 (PEe/C) and 5.51 (PdFe/C) mAchwhich is about 1.5 times higher
than theircounterparts indicating aanhancement in ethylene glycol electrooxidation, as
displayed in Figure 6.3, In addition, the mass activities obtained &mPdFe/C andb)
PdFe/C exhibit a higher value of 4220 and 1300 mA mespectivelythan their counterparts,

as described in Figure 6a&h Its enormous improvement could be due to the insertion of Fe
to enhance Pdtilisation and accelerate EGOR irbasic environmentThe electrocatalytic
performancessud as the onset potential and the ratio of the current peak density, are
summarised in Table 6.8prresponding to thEGORIn alkalinespace The Ensetof PbFe/C

and PdFe/lectrocatalysts are(.46 V,-0. 46 V), respectivelyand are more negative than
their counterpartandicating there is a remarkable enhancement in the EGOR kinetics. The
ratio peak currentlensityas denoted afls/ Ip) of electrocatalystsvas relatively small in
comparison to that of monometallic Pd electrocatalystgifying thatthe monometallic Pd

has high tolerance towards carbonaceous species, as shown in Table 6.3.
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Figure 6.5: Comparison of mass and specific activities of Pd, PdFe/C, PdMn/C and
PdCo/C (atomic ratio ofa) Pd2M/C and b) PdM/C) in 0.5M KOH solution +
0.5 M EG Nz atmosphere at a sweep rate of 50V / s.

6.2.4.2 Chronoamperometry study

The stability test of all the electrocatalystghe mixture 00.5 M KOHEG at the potential of

0.2V wasfurther evaluated by chronoamperometric analysistedsdn Figure 6.6a,b The

first stage observed a gradual decline indhent densitiesf the catalystsindicating that

the poisoned species were strongly adsorbeth@alectrodesurfaceduring the E@R [24].

Lastly, in the final stage, we noticed that PdFe/C from both atomic ratios have the largest
current densiticompared tots counterparts, which undoubtedly became the-egorming

electrocatalyst
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Figure 6.6: The CA curves ofelectrocatalysts(at varied atomic ratios of a) Pd2M/C and
b) PAM/C) in 0.5M KOH / EG solution underthe influence ofN2 gasat 0.2 V.

6.3 Conclusions

Bimetallic electrocatalysts were successfudlynthesisé using theMW method at different
ratios PM/C and PdM/Q. Adding 3d transition metals into Pd has shown a significant
electrocatalytic behaviour towards EGOR in an alkaline environment, indicating the
synergistic effect played by auetal alongsidé>d. The PabFe/C electrocatalygirovided a
remarkable current density and improved EG oxidation reaction stalbhigyeforein general,
PaFe/C exhibits the best electrocatalytic activitypaking it a promising alternative
electrocatalyst in DEGFQ@pplications. This contrastswith the DFT simulation which
predicted that PdMn would bie best electrocatalyst for EG should be noted thahe
performance ofhe electrocatalysts depends on several factors (such as particle size, ECSA,
mA, SA morphology, porosity, etcand DFT calculations in this work did nodnsider any

of these factorsThus, his discrepancy may krelatedto the poor ECSA of the PdMA 17

m? g!) compared to the PdRe 30m? g?).
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CHAPTER 7

Electrochemical activities of Palladiumbased bimetallic nano-

electrocatalysts towardshe oxidation of Glyin an alkaline environment

7.1 Introduction

DAFCs are one of thhighly promising alternative renewable and clean ensigpliesfor
electronic devices [1]. These fuel cells can adapt to different fuels in an anode to yield several
electrons and energize fuel cells. Glycerol has become one of the hotspoR&Dthdeection

of DAFCS due toits excellent properties comparedn@thanol [2]. In contrast, glycerol as
polyhydric alcohol is produced massively as apooduct of the biodiesel industry. It is
predominantly attained as an environmentally friendly product obtained as vegetable oils from
methanolysig3, 4]. It has stimuleed enormous attention in the past decades due to i&s low
virulence with atheoretical energy density ofW h kg and a high number of exchanged
electrons fourteenelectrons/glycerol molecules) for teaccessfutompldion of mesoxalate

to COs2 oxidation[5,6,7].

Neverthelessthe crucialissue facedby these types of FCs is the incomplete electrooxidation
kinetics of glycerol in generating GOwhich hinders future commercialisatioimstead, it
causes the formation of poisoning intermediateamanodeactive siteat low overpotential.
During the electrooxidation of glycerol, there is an occurrence of parallel reactions to produce
COz such as glycerate, tartronatgdroxy pyruvatend mesoxalate ions) that plays a huge role

in decreasing the energy efficiencydB Their electrooxidation steps are very complicated;
moreover, it is difficult for the anodic catalysts to promotedieavageof the GC and CH
bonds[10]. To resolve the latter, research efforts have been devoted to finding and developing
desirable anode catalysts witiptimisal kinetics for anodic electrooxidation and excellent
resistance to CO poisoningearching for electroactive catalysts with proper stability towards
GOR in alkaline electrolytes is of considerable significarideus far, the et of bimetallic
electrocatalysts has extensively investigated for electrooxidation of glyceanl aikaline
medium. Several nenoble metalssuch as Ru, Sn, Au, Ni, and Pb, have been thoroughly
explored as catalysts for the GOR inadikalineenvironmentin comparisonmonometallic Pd

nanacatalysts inevitably decay catalytic activity more than bimetallic electrocatalysts, which
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are believed to enhance the strongly bound adsorbed intermediates and proghgeedd of
CQOe. This is because the-hinctional impact thoroughly conferred the promoting effect of
non-noble metals into Pd due to the weakendobdd center by electronic force [10, 11].
Fathirid and ceworkersstudied different compositions of fdio /Vulcan-XC-72R towards
the reaction ofCHsOH, EtOH, EG and Gly electrooxidation in alkalin@lectrolyte Thus,
Pa&Mo/VC showed excellent catalytical activity, high stabiliyd durability towards all the
alcohols [12]. Gera and colleagueprepared therimetallic PAAuSn/C electrocatalysts for
GORin the basic medium using an electiosam irradiation method, and bettatalytical

activity was observethanPd/Calone[10].

Surprisingly, the 3d transition metaich as Fe, Co, and Mn, remhiungely unexplored/ not
studiedon Pd/Cfor glycerol oxidationin basicmedium. Based on the scarcity report of 3d
transition metals on Pd/C towartlee oxidation ofglycerol this study aims to evaluate the
electrocatalysts (denoted as PdFe/C, PdCo/C, PdNmCPd/C) in different rats(PcbM/C
and PdM/Q for electrooxidation ofylycerolin basic mediumThis studywas published in
Chapter 4 with only two catalysts (Pd/C and PdFe/@vélver we saw thgotentialneed to
introduce more conetals to Pd/C and observe the performariée results showhat the
bimetallic PdFe/C delivered excellent performancé&i@R via MW. The results have also
demonstrated that PdFe/@ectrocatalystdor both ratios have highly enhanced catalytic
activity and stability towards all the glycerol electrooxidatioarnalkaline medium.
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7.2 Results andDiscussion

7.2.1 Computational evaluation

DFT calculations confirmed the first part of the research work, which was to observe the effect
of glycerol adsorption on bimetallic electrocatalysts (such as PdFe, RdG@dRdMn). As

indicated inChapter 3, summarised in Table 7.1, and further elaborated upon in Ghapter

Table 7.1 Computationalresearchin glycerol adsorption on bimetallic catalyst

Electrocatalysts G A.E (kcal/mol) B.E Band gap
Glycerol (kcal/mol) (eV) energy
Eg (eV)
PdFe 2.415 -48.898 -85.081 None
PdCo 2.280 -49.033 -354.815 None
PdMn 2.332 -48.981 -376.535 0.209

From Table 7.1,He adsorption energy of timetallic catalysts toward GlyOR as follows:
PdCo > PdMn > PdFe, indicating that thereramd generation aflycerol at thd>dFesurface
than its counterpart3his is in supporof the smaller binding energy of PdF8%.081 eV)as
compared to PdCae354.815 eV) and PdMni376.535 eV)signifying that it isfacile for the
bond betweersly and PdFe to be cleavéd acceleratéhe kinetics of GOR. The band gap
energies for PdFe and PdCo were not obsémeordedirom the systemit is intriguing to
realisethat the Gibbs free energy is decreasing from PdFe (XkddlBmol) to PdMn (2.332
EV) and PdCo (2.28&cal/mo)), indicating the presence &fo on Pd easily accelerates the
potential limiting step, thereby lowering the free energiese predictions should be true if
every factor (including synthesis method, phystbemical parameter such as the BET surface

area, ECSA, etaemains the same

7.2.2 Physicochemical Characterisation

7.2.2.1 XRD analysis

XRD measurementaere collectedto pronethe crystallinity and structurddehaviourof the

electrocatalystat different atomic rat®(a) PbkM/C andb) PdM/C), as shown in Figure 7.1
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a,h The broad C (002) peaks appear in both patterns at about 25° for elkt¢trecatalysts
signifying the presence of amorphous Vulcan XC 72 carbon material [13]. The diffraction
peaks located at 40°, 48°, 69°, 8ahd 88° for all the Rbased electrocatalysts are attributed
to fcc crystalline Pd (111), (200), (220), (314nd(222), respectively [14, 15]. We observed
no shift of the Pd (111) diffraction peaks for all hébased electrocatalysts expressing the
fact that the insertion of emetalsdoes not contribute tthe crystalline lattice of palladium
[16]. Therewas no evidence of oxides or-otetals diffraction peaks, probably because their

phases are amorphous and cannot be detbgt¥&RD [17].

——PdIC = — Pd/C
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Figure 7.1.XRD diffractograms of (a) Pd-M/C and (b) PdM/C) electrocatalysts.

The Scherrer equation was used to calculate the interplanar distance, lattice parameter and
crystallite sizes and the results are presented in Table 7.2d¢éntiato point out that the
estimated crystallite size of all themetallic electrocatalystss smaller than that of the Pd

alone.

100



Table 7.2: XRD data ofPd-based electrocatalysts at different atomic ratios

Nano- Pd (111) d-spacing Lattice constant, Crystalline
catalysts (1112) (nm) Iparticle size
(nm) (nm)
Pd/C 40.05 0.2249 0.3896 36.54
PdFe/C 40.08 0.2247 0.3891 5.81
Pa&Fe/C 40.00 0.2251 0.3900 3.69
PdCo/C 40.03 0.2242 0.3895 8.59
P&Co/C  40.12 0.2250 0.3889 7.53
PdMn/C  40.13 0.2247 0.3892 6.56
PaeMn/C  40.02 0.2252 0.3905 9.82

TEM micrographs were employed particularly to examine the morphological structure and

particle sizes of th€dbased electrocatalystand the images are represented in Figure 6.2.

The electrocatalyst micrographs exhibit the number of agglomerations on the carbon matrix

with a uniform particle size distribution betweear110 nm. The agglomeration on the carbon

matrix has been reported to decrease the specific surface area required for Gly adsorption.

However, it was also reported that when the electabysts have smaller particle sizésel

adsorption is permittetb take place by increasing thkectrocatalytiactivity of Gly[9].
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Figure 7.2: TEM micrographs of a) Pd2M/C and b) PdM/C ratios ofelectrocatalyst
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7.2.3 Electrochemicalcharacterisation

7.2.3.1 Cyclic Voltammetry of bimetallic.

CV was employedto study the electrochemicpkerformanceof Pd, PdFe/C, PdMn/Cand
PdCo/C electrocatalysts at varied atomic ratiresM/C and PdM/Q in the solution 0{0.5M)
KOH under N gas conditiorat a sweep rate of 58V / sas shown in Figure 7.3. Figure 7.3a
represents the CV profile of Rrhsed electrocatalysts atoRUC, while Figure 7.3b exhibits
the CV profile at PM/C. The potentials emergad the middle of-0.8 V t0-0.9 V (vs
Ag/AgCl) on both the anodic and cathodic sweep, attributed to the hydrogen
desorption/desorption peak currents onRdesurface [17, 18]. Anodic sweeps display a weak
peak potential shoulder at arouwd2 V vs Ag/AgCl) corresponding to the formationtbé
PdO layer at different oxidation states Pd (0), Pd (1), Pd&higl Pd (IV) [18,19]A strong-

0.1 V potential peak was observed during the cathodic swedipating thePdQ The peaks
were instrumentah prediding the ECSA across the BésecelectrocatalystsThe estimated
ECSA valuesare reported in Tablé.3 alongside other parameteiithe PdFe/Cand PdFe/C
display higher values of ECSA thdreircounterpartandicating that the surface area is greater
for GORto occur.Douk and ceworkers have previously reportdtat the greatee CSA value
correspondgo the synergistic effedbetweenFe and Pd in PdFe/C to enharalectronic

geometry effect and bifunctional mechanigropertie§20]
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Figure 7.3. Cyclic voltammetry ofelectrocatalyssin 0.5M KOH solution under N2gasat

a canrate of 50mV / s.

To investigate the activitiesf the electrocatalysttowards the oxidation of Gly cyclic
voltammetry was performed smixtureof 0.5M KOH/Gly at 50mV / sscan rate, as shown

in Figure 7.4a,bh The cyclic voltammograms of all the electrocatalysts are characterized by
two well-defined current peaks at the forwanmh reverse scanghe forward scan obtained at
about-0.2V corresponds to the oxidation of the chemisorbed glycerol species, and the reverse
scan obtained at approximatey/35 V signifies the oxidation of carbonaceous intermediates

that were not fully oxidizeduring theforward scan.

Table 7.3: Comparison of electrochemicalconditions of Pd-based electrocatalysts

towards GOR in abasic environment

ECSA Eonset  Jt/Jb SA MA
Electrocatalysts m?g? V) (mA/cm?)  (mA/mg)
Pd/C 2.7 -0.33  2.17 2.8 240
PdFe/C 30.17 -0.45 2.23 4.73 990
PaFe/C 38.99 -0.39 1.56 8.94 2510
PdCo/C 16.89 -0.43 2.01 4.46 730
P&Co/C 16.07 -0.38 1.45 7.94 2050
PdMn/C 16.89 -0.43 1.23 3.38 570
PaMn/C 16.72 -0.34 154 7.74 1570
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Figure 7.4: CV curves of Pd/C, PdFe/C, PdMn/C an&#dCo/C (@) Pd2M/C and b) PdM/C)
in 0.5M KOH /0.5 M Gly mixture under Nz gasat ascanrate =50mV / s.

Figure 7.5showsthe peak current densitigSA) and mass activitiegMA) of all the
electrocatalystsat different weight ratios (BM/C and PdM/C). Pgre/C and PdFe/C
electrocatalystsexhibit the highest peak current densities of 8.94 and #m®4cm 2,
respectively, compared to their counterpassshown in Table 7.3. Its enormous improvement
can be attributed to the successful insertion ehetal boosting Pdtilisation and accelerating

glycerol oxidation reaction in aalkalineenvironment

The electrocatalytic performancesrresponding to the electoxidation of glycerol in an
alkaline medium such as the onset potential and the ratio of the current peak density,
summarised in Table 7.3he Ensetof PbFe/C and PdFe/C electrocatalysts afe30 V,-0.

45 V), respectively, showinghore negative values than their counterpartdicating the
remarkable enhancement in the glycerol oxidation reaction kinetics. The peak current density
ratio (I+/ 1) of the PdFe/C electrocatalyst contained a higher value of 2.23, sigigfies the

high tolerance towards carbonaceous species.mostcontribuing factor to the outstanding
performance of PdFe/C electrocatalysts towards the oxidation of Gly is the ability to adhere

and retain OHspecies on thBd active site.
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Figure 7.5: Comparison of mass and specific activities o&) Pd-M/C and b) PdM/C) in
0.5M KOH solution / Gly, N2 gasat a sweep rate of 5GnV / s.

7.2.3.2 Chronoamperometry study

Thecatalyststability towards glycerol (KOH3ly, 0.5 M) electrooxidatiorwas investigated by
conducting chronoamperometric measurements operated for the 18D@s\atFigure 7.&,b
shows that bimetallielectracatalysts have excellent stability and activity towards GOR. It was
notedthat the current densities of ff/@/Cand PdFe/@lectrocatalystsurpassed those of their
counterpartsThis can battributeal to the synergistibehaviourenforcedoy Feon Pd These

findingsarealignedwith theobservatiorobtainedirom the CV[9].
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Figure 7.6: The CA curves @) Pd2M/C and (b) PdM/C) in KOH/ Gly (0.5 M) solution

under N2 atmosphere at 0.2 V.
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7.3 Conclusions

Bimetallic electrocatalysts were successfulynthesisé using themicrowaved synthetic
method at different ratio$?(bM/C and PdM/Q. Theaddition of cemetals into Pd has shown
a significant improvement in theelectrocatalytic effect towards GOR in an alkaline
environmentbecause ofthe synergybetween the metal and Pd. Overall, theHedC
electrocatalystshowedthe most remarkable current densitgnd higher stability towards
glycerol oxidation reaction. Therefore, PdFefCboth ratioexhibits the best electrocatalytic
activity, leading to the promising alternative electrocatalyst in D&gjflicationsThis finding

is consistent with théheoretical prediction from the DFT simulatiormly the discrepancy

was observed ithe binding energy
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CHAPTER 8

Electrochemical activities ofPalladium-basedtri -metallic nano-

electrocatalysts towardshe oxidation of alcoholsin basicmedium.

8.1 Introduction

Fuel cells arewell-known aselectrochemical devices that convetectrical energy from
chemicalenergy with the advantages of environmentally benign and supreme efficigncy [
DAFCshave been investigated using methanah el for electroniqportable)devices and
electriccarapplicationg 2, 3]. The restricted usage of this device comes from the toxicity of
methanol B, 4]. Hencean alternative is required for future use recent years, high molecular
weight alcoholsuch a€£G, EtOHandGly areexplored as the most viable fugindidates over
methanol5]. Thesesignificantpotential fuel sourcesffer exceptional advantageiscluding
low toxicity, flammability, renewable production from biomass, low cast] high energy
density p-7]. Moreover the relatively sluggish kineticsalcohol crossoverand reaction
intermediates cause the reduction in efficiency logskafg alcohol electrooxidatiof8].
These reasons reer the researcheusgently searchinpr efficient catalysts that appear to be

potentially attractive for a complete alcohol eleatsadationreaction

Long-term catalytical durability is also significaimt actively reducing and strongly oxidizing
environmentgluring alcohol electr@xidation. There is no neddr high-performing catalysts

that last for a few hours and depreciate; the nominated catalysts should withstand thousands of
cycles before replacement, whichill make them more realistic focommercialisaton
purposes. As such, effort has bemade to find and develop highly active and durable
electrocatalysts to overcome the above difficulties in the elesidation of EG, ethanol, and

Gly in thebasicenvironmentT].

The nonplatinum (Pt) electrocatalysts such as palladium -fRded have attracted
considerable attention in an alkaline medium thabd3ed electrocatalysts due to high activity
and more abundan®]. Thus the use of Pdbased electrocatalysts is of more interest to.date
Moreover, alloying them with nenoble metals halseen widely reported in the literature to

enhance the alcohol electoaidation in basic electrolytg40]. The alloying with nomoble
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increases the electrochemical activity and can break down the bGrali€ng alcohol electro
oxidation due to the synergy effect betwaeidingco-metalsto expeditethe reaction kinetics
[7]. Among Pdbasedbimetallic electrocatalysts, ferro palladium (Pdfesed catalystsave
been reported predominantly for enhancing the elesttivity of ORR and MOR 11, 12]
However, therés little or no research on using trimetallic involving Pdiased catalysts with
other nonnoble (M) metal cecatalysts for EOR, EORandGOR This research attempts to
close this knowledge gap.

In this work, PdFe/C is alloyed with smalized co-catalystmetals such as Cand Mn to
amplify the structural, electronic, and catalytical activity for the elextidation of EtOH,
EG,andGly. Forexample Jacobsnd ceworkersreported the dependence on the potential of
the effects of Ce in P3nCe catalysts on the EOR activity and reaction mecharii&in On

the other hand, the Co and Mn metals are also expected to modify -the Behd length
through lattice contractionyltimately decreasing theatbonaceous species adsorbed on the
active site andacceleratingthe AOR. The MW techniquesynthesisd carborsupported
PdFeCo/C, PdFeMn/@ndelectrocatalystsThephysicochemical properties of the trimetallic
electrocatalysts were thoroughly probed, and their electrochebebalviourwas tested for
the AOR in an alkaline medium and compared with bimetallic and monometallic arBhegs
investigation reveals th&imetallicelectrocatalystever PdFe/C and Pd/C are more stable and
electroactive towards all the alcohols

8.2 Results and Discussion

8.2.1 Computational Description Work

The initial part of the researahasto conduct the DFT simulation/modelling égamine the

role ofalcoholsduring the adsorption period of the PdFeMn and PdFeCo cat#igsislicated

in Chapter 3, summarised in Taldd and further elaborated upon in ChapteThis study
revealed weakeadsorption energy dhe PdFe®-based electrod@.E =-9.975kcal/mol) as
compared to that ofA.E. =-10.031kcal/mol PdFeMn),indicating the facile movement of
ethanol at the PdF@Gurface than its counterpawe further obsernaka dedine in theenergy
bandgapfrom 0.169 eV PdFeMn to 0.075 éRFeCg signifying that the surface of PdFeCo

is more conductive than that of PdFeMn. The binding energy of PdFeCo was reduced from
106.130 eV t6105.546 eV, amplifying that there is a strong interaction between PdFeCo and
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the intermediates. However, the experimental resshew that PdFeMn delivered a
satisfactory electrochemical performance when it comes to (ECSA, Eonset, MA, SArdth/Jf,
stability), signifying a strong adsorptiomterlinkage between thePdFeMn and existing

intermediates. This can be elaboratedher by the high value of Jb/Jf, indicating that this
electrocatalyst can tolerate poisonous speciE®ere is a lot of discrepancy between

computational data and experimental dataich requiresfurtherinvestigaton in the future.

We examined these catalysts (PdFeMn and PdFeCo) for ethylene Y#gcobservethat he
A.E of the PdFeMrbased electrode is slightly lower (A.E.-£33.082kcal/mol) than the
PdFeCo with arA.E value 0f133.146 kcal/mol indicating a rapid movement of E& the
PdFeMn surface than at thitdFeCoThis is inaccordwith the experimentanalysis whereby
the Bnsetof PAFeMndelivereda more negative valyeneaning that there is a rapid kinetics for
theelectrochemical oxidation of ethylene glyc8urprisingly, the otheessentiafactors such

as Gibbs free energy and binding energy, inditetePdFeCo is more conductive atibngly
interacts withthe catalyst and the intermediates. These findingggree with the experimental
data;howeverthe condition of preparing these materials shoulddmesidered

The effect of Gly adsoption on tle PdFeCo and PdFeMalectrodeswas observed and
delivered the adsorption energy of PdFeNm feeble (A.E. =-49.039kcal/mo) than its
counterparts(A.E. = -49.052 kcal/mol PdFeCo),indicating the ease at which Gly can
regenerateat the PdFEIn surface tharat the PdFeColt is quite intriguing that PdFeMn
exhibited a slightly stronger Gibbs free energy, binding energy, and band gap of about G
=2.274kcal/mol B.E =-111.479 eVand Eg =0.171eV as compared to PdFeCo with a G =
2.262kcal/mol, B.E =-110.972eV and= 0.010 eV.The anticipation was to obtain the weaker
Gibbs free energy, binding energy, and band gap energy for Pdkdfi¢h will lead tomore

vital interaction between the adsorbate and the catalysts and accelerate the potential limiting
step to furtheragree with the experimental resultslowever,PdFeCo for instancegave
weaker Gibbs free energy, bindiagergy,and band gap energy.
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Table 8.1: Comparison of computational studies fotrimetallic electrocatalyss at different alcohols.

Electrocatalysts g G(kcal/mol) A.E (kcal/mol) Band gapenergy  Binding energy
Ethanol Eg (eV) (eV)

PdFeMn -1.527 -10.031 0.169 -106130
PdFeCo -1.470 -9.975 0.075 -105.546
Electrocatalysts g G(kcal/mol) A.E (kcal/mol) Energy band gap Binding energy
Ethylene glycol Eg (eV) (eV)

PdFeMn 17653 -133.082 0.171 -108.317
PdFeCo 17590 -133146 None -107.728
Electrocatalysts oo G(kcal/mol) A.E (kcal/mol) Energy band gap Binding energy
Glycerol Eg (eV) (eV)

PdFeMn 2.274 -49.9 0171 -111.479
PdFeCo 2262 -49.052 0.010 -110.912
Electrocatalysts g G(kcal/mol) A.E (kcal/mol) Energy band gap Binding energy
OH species Eg (eV) (eV)

PdFeMn -0.606 -8.635 0.171 -102.681
PdFeCo -0.789 -8.818 0.165 -494.527
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8.2.2 Physicochemicalcharacterisation
8.2.2.1 XRD of trimetallic electrocatalysts

Figure. 8.1illustrate the XRD diffractogramof Pd/C, PdFe/C, PdFeMn/C, and PdFeCo/C
electrocatalystsThe diffraction peaks of all thelectrocatalyste&e t t he 2 d val ue
24.7°are noticeable anattributed to the (002) plane of the hexagonal structure of carbon black.

The typical diffraction peakthatemerged e a r=4@, 46, 68°, 81°and86° arereflections

of Pd fcc crystalline structures with miller indices of (111), (200), (220), (311) and (222)
respectively inReferencedo JCPDS card no: 833335[15, 16]. It is noted that all the
diffraction patterns possess no critical oxideewever, their presence cannot be discarded
mainly because themmorphous phases particle sizes are tagmall to be detected in the

XRD, as previously reported4, 15]

The trimetallic Pd-based electrocatalysts (PdFeMn/C) on the (111) planes displayed a slight
shift to the higher 2 d domain obviously the
owing tothe insertion of smakized metals (mixture FeMn) in the Pd lat{it6]. For example,

the lattice parameters (a) of PdFeM/C (where M = Co, \8891 and 0.3872, respectivily

are smaller than those of Pd/C (0.39005 ,nmjicaing a high degree of alloying. These
observations agree withpreviously reportedsdy that alloying RCo (0.3825 nm compared

to 0.3915 nm for Pt/CNT and 0.3543 nm for Co/CNT) nanoparticle decrdasdattice
parameters caused by the insertion of Co metal in the fcc structur¢ld.Rtu and his co
workers reported the same on PdNiCtri@etallic catalysts where CuNi sncapsulatethto

the Pd lattice to form RPM alloys in accordance with the lattg8], observed a similar
phenomenon in the study. More interestingly, the attained crystalline sizesuid. 8562 nm)

of PdFeMn/Cand PdFeCo/C electrocatalystespectively,are smaller than that of Pd/C

implying that the3d transition metals can slightly reduce the particle sizes of Pd/C.

The interplanar distance (d) of all tekectrocatalystand lattice parametea) are estimated
according to the enlargement of the diffraction peaks of Pd (111) by following the equations

of Scherrer formula (equation 1) and Vergard

KA

D= pcost (7.1)
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Where D is the average diameter in nfrsignifies the wavelength of-¥ay (0.1542 nm)!? is

the corresponding full width at half maximum (FWHM) of the diffraction p&ak, the angle
of the (111) peak position.
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Figure 8.1: XRD patterns of electrocatalysts

8.2.2.2 X-ray Photoelectron Spectroscopyharacterisation (XPS)

XPS spectra were conducted in twerk to demonstrateéhe oxidation state and binding
energies of Pd, Fe, MrCo, C and Osurfacesfrom PdFeC PdFeMn/Cand PdFeCo/C
electrocatalysts and as illustrated in Fig&®2.(a, e, i wide survey scan)jwo oxidation states

were observed in the Pd 3d regions for all the electrocatadgsssiown in Figure. 822f and

2. The Pd 3d signgdeconvolutedPd exist both ashto Pd and Pd(0 <y < 2) of PdFe/C
PdFeMn/Cand PdFeCo/@re situated at around 335.2 eV (Ped3840.6 eV (Pd 3gb), 335.2

eV (Pd 3dr), 3408 eV (Pd 3d2) and335.2 eV (Pd 3¢b), 340.8 eV (Pd 3gb) respectively no
significant shift was observed for all the electrocataly&te binding energy values of Pdsad

and Pd 3gl> are similar for all the electrocatalysts presented in this chapter and are assigned to

115



metallic Pd (O)34, 35]. These spectra are ascribed to Pd and,R@® y < 2) indicatingthat

the electrocatalysts have a mixture of metallic palladium and its oxides.

Figure. 8.2d, 8.2h and 8.2l showthe Cl1s deconvoluted in three varied spectra of PdFeC
PdFeMn/Cand PdFEo/C with binding energy values of 284V (C- C sg), 285.0 eV (Q

C sp) and 288 eV (Ci 0), 2841 eV (Ci C sp), 285.0 eV (O C sp) and 285.8 eV (G
O)and2842eV (C- C spf), 284.6 eV (Ci C sp) and 283 eV (Ci 0), respectively C 1S
indicateggraphiticcarbon binding on the surface of the electrocatatpstmhance thelectron
conductivityof the electrocatalyg@2]. Furthermore, € peakswill enhancehe interaction
with the metal active sites or improwdectrocatalyst stabilitypy removing intermediates

during electrooxidation

Figure.8.2c, 8.2g and X showthe O1l1s deconvoluted with two different peaks of PdFe/C
PdFeMn/Cand PdFeCo/lectrocatalysts with binding energy values of 529.6 eV (metal
oxide) and 531.7 eV (C O), 529.5 eV (metal oxide) and 531.7 eVi(®) and 5294 eV
(metal oxide) and 580 eV (Ci O), respectively. The presence of Ols in all the stated
electrocatalysts could be beneficialproducing the best electrolytic activities of EG, EOH,
and Gly oxidation reaction asdanenhance the synergistic effect on the Pd active Eite.
presence of these species can contribute to the removal of carbonaceousvpetiesndto

poisonthe active site.
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Figure 8.2 XPS spectra of(a, e, ) with the wide survey spectra, deconvoluted elementals
scansb, f, j) Pd 3d,c, g, K O 1sandd, h, I) C 1s)of PdFeC, PdeMn/C and
PdFeCo/C electrocatalysts.

8.2.2.3 SEM images

SEM analysis was employetb investigate the morphology and structure of PdFe/C,
PdFeMn/C, and PdFeCo/€lectrocatalystand the images are shown in Figure3. SEM
images display a small particle size to-ditlhnm for all theslectrocatalystsThis isconciseness
with the crystalline sizes from XRDs arlde crystalline structure. There is no significant
difference in surface morphology among all &hectrocatalystand the distribution is uniform

on their surface.
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Figure 8.3: SEM images of PdFe/C, PdFeMn/C and PdFeCo/€lectrocatalysts

8.2.2.4 TEM images

Figure. 84 illustrates the HRTEM of PdFe/C and PdFeMn/Glectrocatalysts All

electrocatalystexhibit remarkable homogeneous distribution and high dispersion of metals on

the carbonmatrix with particle sizes of suthO nm. The decrease particle sizes after
microwave treatment affirmed the work reported by Fashedemi ansid@rs [19], stating
that using microwave oamaltsized metals can tune the physicochemical properti¢iseof

electrocatalystfrom micron to suklO nm.

Thus, the patrticle sizes obtained fioe PdFeMn/C electrocatalyst almost follthve crystalline
size obtained from the XRD. Figure48.and 84d exhibit a distinct lattice fringe alongside
the interplanar distances (d) decreasing as folloM&28 nmfor PdFe/C td.226nm belongs
to PdFeMnC catalysts indicating the(111) diffraction planes of the fcc Pdructure The
lattice fringesof PdFe/Cwere compressed from 0.228 nm to 0.226 nm upennsertion of
Mn metal,which confirmedthe latticestressthat occurred during thadloying procesg20].
The SAED exhibits about 4rings which are analogs to those of XRD miller indices,

emphasizing thdevelopment of polycrystalline featurelsthe electrocatalystf21].
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Frequency (%)

Figure 84: Comparative HRTEM images of (a) PdFeC, (b) PdFeMn/C; Particle size
histogram distribution insert b, PdFeC and d, PdFeMn/C. Insert in (c) and
(d) the SAED pattern of PdFeC and PdFeMnC electrocatalysts

Specific surface (SBET) @flectrocatalyste/ere investigated using BET analysasd the data

are summarised in Table 8.2. The trimetallic electrocatalysts display increased pore size,
perhaps due taore prolongedexposure to microwave irradiation [22]. However, the pore
volume remains the same while the surface area reduces compared to the bimetallic and

monometallicelectrocatalysts
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Table 82: Physicachemical characterisationdata obtained from BET analysis.

Electrocatalysts Pore-size Pore-volume Seet@ (M?g?)
@ (nm) @ (cm*g?)
PdC 6.32 0.153 96.69
Fe/C 5.78 0.153 105.59
FeMn/C 5.54 0.210 156.83
PdFe/C 7.52 0.147 78.10
PdFeMn/C 6.90 0.153 69.44
PdFeCo/C 6.88 0.155 87.60

8.2.3 Electrochemicalcharacterisation

8.2.3.1 CV Test

Figure8.5illustrates the CV of all the different catalysts in the solution of (0.5 M) KOH at the
scan rate of 560V / s The cathodic peaks observed aroe®@ V for all the electrocatalysts

are attributed to the PdO reduction peak. The results show that after Pd/C has been modulated
with nonnoble metals, the position and size of the PdO reduction peak are altered@né be

well-defined

The reductiolPdOpeak wagemployedo estimate the ECSA with the @ombic charge value

of 0.424 mCcm?. Thevalues belonging t& CSAfor all the electrocatalystre estimated and
summarisedn Table 83. The trend in the ECSA values @s follows Pd/C < PdFé&l <
PdFe&Ca/C < PdF&MN/C. Obviously, from the displayed results, the modifiettrocatalysts
(PdFe/C, PdFeMn/Cand PdFeCo/C) have larger ECSA values in comparison to the
monometallicPd/CelectrocatalystHoweverthe PdFeMn/C electrocatalyst displays a highly
prominent value than its counterparts; an indication of more available sites of the-electro

reduction of PdO can be attributed to fti®ng synergy among the constituent metals.
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Figure 85: Cyclic voltammograms of electrocatalystscontaining a solution of (0.5M)

KOH at a sweeprate =50mV /s.

Table 83: Summary of ECSA results for nano-catalysts

Nano-catalysts ECSA
@mig
Pd/C 2.7
PdFe/C 30.17
PdFeMn/C 62.60
PdFeCo/C 56.27

8.2.3.2 CV of monometallic, bimetallic and tri -metallic electrocatalystsfor EGOR

The electrecatalytical performance of PdC, PdFeC, PdFeMaf@ PdFeCo/C towards EGOR

in an alkaline solutionontainingd.5 Mamount oKOH / EG were illustrated with Crofiles,

shown in Figure. & Twowell-distinctpeaks were depictede., the forward and the backward
scans In a comparison study amongst monometallic (Pd/C) and bimetallic (PdFeC), the
trimetallic electrocatalysts evincguominent catalytic activities towards the EGORbasic
media. In detail, asummarisedn Table 84, the PdFBIn/C and PdFeCo/C display superior
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specific activity of 7.26 and 6.75 mA cinrespectively, which are 5.6 times more than the
Pd/C and 1.24 times PdFet&ctrocatalystThe current densitiegecrease following this trend
PdFeMn/C > PdFeCo/C > PdFe/C > Pél€ctrocatalystsThe PdFeMn/C (1430 nifg) and
PdFe®@/C (1420mA/mg) demonstrated the highddA values, which are 5.8 times and 1.24
times that of Pd/C and PdFe/C, respectively, as shown in RBguamdsummarisedn Table
8.4. This advocated thatimetallic electrocatalystsre promising catalysts for EGOR due to
theelectronic structurenodificationafter the insertion dfe, Mn, and Co to Pd/CQgsulting in

thealteration of the surface adsorption of oxygenated spgt3gs

Table 8.4:Comparisorof electrocatalystperformance for the EGOR.

Electrocatalysts Eonset Ep Ji/ Jb SA MA

V) (mA/cm?) (mA/mg)
Pd/C -0.36 -0.1 1.26 1.35 250
PdFe/C -0.46 -0.1 1.30 551 1300
PdFeMn/C -0.47 -0.1 1.35 7.26 1430
PdFeCo/C -0.47 -0.1 1.30 6.75 1420

The onset potentiaEgnse) of the PdFeMn/C electrocatalyst is 110 mV lower than that of Pd/C
and 10mV lower than that of the PdFe/C electrocatalysts, which is the most negative among
the tested electrocatalysts. This indicates the importanceragtals in lowering the required
energy and thereby beneficially affecting the performance of Pd/C tow&Q&RE

The peak current density ratio (Jf / Jb) was alsamined to investigate tloatalysts that are

less susceptible® poisoning on the active sites by intermediates generated dEEOR The
higher J / Jo value represents that the catalysts are more toléoapbisoning andthat
intermediates are successfully remowadhe active siteNotably, PdFeMn/C and PdFeCo/C
electrocatalysts display superior Jf / Jb values of 1.35 and 1.30, respectively, approximately
1.1 timesgreater than Pd/C (1.26) he praninent catalytic performance can be attributed to

the bifunctional mechanism where F&o, and Mn, to Pd/Cproduce additional hydroxide
species for fast intermediates’ oxidation. However, the explanatitre electronic and bi
functional mechanism of Fe, Co, and Mn, as wellPa#C towards the electrochemical

oxidation scheme remains the subjectiebate.
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Figure 8.6: The CV of Pd/C, PdFeC, PdFeMn/C, and PdFeCo/C for EGOR was reached
at 50mV / sin a KOH/Gly solution containing 0.5 M.

Figure 8.7: Comparison betweenmassé& specific activities of Pd, PdFeC, PdFeMn/C and
PdFeCo/Cin KOH/EG containing 0.5 M solution under Nz gas, 50mV / s.
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