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1. General Introduction

This introductory section delineates a preview of the fuel cells (FCs), various
types and the reactions involved, focusing mainly on oxygen reduction reaction (ORR).
Recent trends in the development of Pt-free electrocatalysts over a period of time will
also be discussed in this chapter. A comprehensive explanation of numerous reports on
considerable attempts have concentrated on exploring Pd-based nanocatalysts with
advanced stability to utilize as substitutes for Pt will also be discussed in this chapter.
Especial emphasis has been given to the Pd electrocatalysts, including bimetallic and
trimetallic nanoparticles (NPs) for ORR. This chapter also includes the extensive

literature survey, scopes, objectives, and research plan for the present investigation.

1.1.  Overview

The most vital resource for a nation's development is energy, and the amount of
energy used per person is rising dramatically. Any nation's energy policy is driven by
three factors: economic growth, environmental protection, and energy security, or the
"three E's. The world of today is dependent particularly on fossil fuels. Fossil fuels are
mainly used to generate power and heat. Since 1950, the global population has been
growing, and rising living standards have resulted in a rapidly growing need for energy,
which will reach its maximum in 2035, as seen in Figure 1.1la [1-9]. Furthermore,
governments worldwide are considering energy security because fossil fuels like coal, oil,
and natural gas are non-renewable throughout human history. Fossil fuels will eventually
run out, though it might not happen in the next two decades because substantial supplies
of coal and natural gas are still accessible. However, existing reserves of coal and natural
gas should endure for about 200 years and 70 years, respectively, at the current pace of
usage; oil is predicted to run out much sooner [3-7]. When the remaining fossil fuels run
out, an alternative fuel will be required to meet the world's energy needs. This is
especially true for the transportation sector, which accounts for about 60% of global
energy use. The need to conserve energy and use alternative energy sources, especially
renewable energy, has grown due to concerns regarding greenhouse gas emissions (Figure
1.1b), environmental degradation, and serious health problems. Therefore, new energy
resources must be developed immediately to meet our energy needs more securely and
sustainably. Fuel cells (FCs) and Metal-air batteries (MABs) with high efficiency and

environmentally benign characteristics have attracted much attention owing to their
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ir}eplaceable roles in the construction of the future sustainable energy system [7-13].
These technologies help lower greenhouse gas emissions, decrease pollution, and

encourage sustainability for a carbon-neutral world.
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Figure 1.1: (a) World primary energy consumption (Reproduced from Reference [2]), (b)
Global greenhouse gas emissions in 2014, broken down by sector and by major countries
(Reproduced from Reference [3]).

1.2.  Fuel Cells

FCs are electrochemical conversion devices that convert chemical energy into
electrical energy without the combustion of fuels [5-9]. Instead several steps required by
combustion-based heat engines, FCs directly convert chemical energy to electrical energy
[11, 12]. Nevertheless, external reserves continually supply the reactants to the FC,
unlike batteries, which store their reactants inside a cell. FCs are considered one of the
most potential technologies that have significantly impacted renewable energy
advancement. The first FC was established over a century ago and is currently the subject
of further research as the world strives to become carbon-neutral. In addition to its great
energy efficiency and minimal emissions, FCs have several other benefits, including a
high energy density, compact design, and conspicuous performance. Since FCs only
produce water as a byproduct and don't require conventional fuels like petrol or oil, they
can reduce economic reliance on nations with unstable political systems. On the other
hand, the FCs fuels may be produced everywhere and at varying scalable volumes,
eventually resulting in a more decentralized and stable power system. When operating on
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cfean, renewable resources, FC systems can achieve nearly zero CO; emissions and are
the most efficient compared to traditional energy systems. FCs are primarily composed of
two porous electrodes, one of which is positively charged, known as the cathode and the
other negatively charged, known as the anode. Both are in contact with an electrolyte
layer. The catalysts on both electrodes accelerate the electrochemical reactions and an

electric current is generated by the electrochemical processes [9-17].
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Figure 1.2: Overview of the various types of FCs with their operation temperatures.

(Reproduced from Reference [13]).

FCs are classified mainly on the types of fuels and electrolytes employed. Based
on this, they are classified into the following types [15-23]: (1) phosphoric acid FCs
(PAFCs) with an acidic electrolyte solution (e.g. phosphoric acid), In PAFC, H3POs is
used as an electrolyte and carbon paper as an electrode. The H* ion acts as a charge
carrier in this type of FCs. Across the electrolyte, these ions move from the anode to the
cathode and the released electrons return to the cathode via the external circuit to provide
electricity. (2) Alkaline FCs (AFCs) with alkaline electrolyte solution (e.g. KOH). The
AFC produces electricity using KOH in an aqueous solution. Electrical energy can be

acquired and a circuit may be formed thanks to the OH™ moving across the electrolyte. (3)
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Molten carbonate FCs (MCFCs) with molten carbonate salt electrolyte. They are the high
temperatures FCs. They employ a molten salt mixture of carbonate immersed in a porous
ceramic matrix of solid beta-alumina electrolyte that is chemically inert. (4) Proton
exchange membrane FCs (PEMFCs), also known as polymer electrolyte membrane FCs
with proton exchange membrane. PEMFCs are lighter and more compact than other FCs
while providing a high power density. These FCs employ carbon supported platinum (Pt)
or Pt alloy catalyst as electrodes and a solid polymer as the electrolyte. (5) Direct
methanol FCs (DMFCs) with methanol as fuel. In DMFCs, methanol is employed as a
fuel. They do not have many fuel storage challenges common to various FC systems since
methanol has a greater energy density than hydrogen but a lower energy density than
other fuels (petrol or diesel). Due to its liquid nature, similar to gasoline, methanol
is more easily transported and supplied to the common people utilizing our current
infrastructure. (6) Solid oxide FCs (SOFCs) with ceramic ion conducting electrolyte in
solid oxide form. The SOFCs are also high-temperature FCs that run on solid electrolytes
(solid ceramic of metallic oxide). Moreover, a range of fuels, including hydrogen,
hydrocarbons, carbon monoxide, etc., can be used in SOFC. Figure 1.2 represents the
operation of different types of FCs. Applications for various types of FCs are frequently
very different from one another [15-23].

Among various FCs, PEMFCs gained increasing demand due to their high power
density, low temperature maintenance, good thermal/chemical stability, quick start-up,
simple structure, and high energy conversion efficiency. PEMFCs are excellent choices as
the primary power source for vehicles and buses. FC vehicles, or FCVs, have significant
benefits against electric vehicles (EVS) powered by batteries and are considered one of
the most excellent alternatives for the automobile sector [19-21]. The Toyota Mirali,
which means "future” in Japanese, is the first-ever mass-made FCV. It has been marketed
commercially in Japan since 2014 and is highly expensive (around $51,000 US dollars).
The substantial Pt content in Mirai's FC stacks significantly contributes to its expensive
market price. At the anodic part of PEMFC, hydrogen undergoes oxidation known as
hydrogen oxidation reaction (HOR) to produce protons (H*) and electrons (e7s) (H2 —
2H" + 2e7), which are transported to the cathode via the PEM and an external circuit,
respectively. At the cathodic part, the incoming H* and e reduced oxygen to produce
water (1/202+ 2H" + 2e- — H20) known as the oxygen reduction reaction (ORR).
Highly dispersed carbon supported Pt-based NPs are used to accelerate the rate of HOR
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and ORR. The HOR Kkinetics is more rapid than the cathodic kinetics of ORR. As a result,
a higher amount of Pt loading (~0.4 mg cm) is required in ORR than in the HOR (0.05
mg cm2) to obtain the desired FC performance. As seen in Figure 1.3, Pt is a precious
and less abundant metal. It would, therefore, be beneficial to lessen its loading or possibly
replace it entirely with a readily available, low-cost metal. Therefore, much research is

going on to design cost-effective catalysts for ORR [12, 19-28].
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Figure 1.3: Price of the elements (in $/kg) versus their annual production (in kg/yr)

(Reproduced from Reference [31]).

1.3. Oxygen Reduction Reaction

As mentioned earlier, it is the most significant reaction in chemical and biological
energy conversion systems. The electrochemical ORR process has gained popularity
because it typically occurs at the cathode region of different FCs, where oxygen is
reduced electrochemically. Oxygen electrochemical reduction is dependent on its
molecular structure. The bond order and energy of the O, molecule are 2 and —498.7 kJ
mol?, respectively. The breaking of the O=0O bond is fundamental for the
electrochemical reduction process. It is widely accepted that superoxide ion (O%)
formation is a critical step in ORR even though the bond energy of 0% is —350 kJ mol.

The ORR process comprises a range of simultaneous continuous reactions integrated with
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a few basic steps. This reaction occurs in both alkaline and acidic electrolytes and the
electrolyte has a major influence on the reaction potential. Determining the reaction
mechanism is challenging due to the formation of different intermediate products. It can
be broadly classified into two categories [28-37]:
Alkaline medium: (1) Direct 4e- pathway: O> molecule is directly reduced to the OH",
The reaction pathway can be written as:
O2 + 2H20 + 4e— 40H" E'=+0.401 V vs. SHE

(2) Indirect two-electron reaction pathway: O> molecule is partially reduced, HO,™ as
intermediate and then to OH". The reaction pathway can be written as:

02 + H,0 +2e” —» HO2 + OH- E'=-0.076 V vs. SHE

HO;+ H20 + 2e"— 30H" E'=+0.878 V vs. SHE
or decomposition: 2HO2,™ — 20H+ O3

Acidic medium: (1) Direct four-electron reaction pathway: O, molecule is directly
reduced to the H>O. The reaction pathway can be written as:
O2 +4H" + 4 — 2H,0 E'=+1.229 V vs. SHE
(2) Indirect two-electron reaction pathway: oxygen molecule is partially reduced, HO2™ as
intermediate and then to OH™. The reaction pathway can be written as:
Oz + 2H" + 26— H.0» E’=+0.695 V vs. SHE
H,O2 + 2H* + 2e- — 2H,0 E'=+1.776 V vs. SHE

or decomposition: 2 H20, -2H20 + O2

The direct or full reduction pathway is more effective which follows the 4e”
pathway and required low overpotential (Figure 1.4a). The other process can occur via an
indirect or partial reduction pathway, using a 2e” route to produce adsorbed H2O; (Figure
1.4b). The former is the preferred approach when selecting a catalyst for the ORR due to
its increased efficiency and the unstable nature of H,O> compared to the stable nature of
H>O [26-38]. For the indirect pathway to occur, O> must first be adsorbed onto the
surface of the catalyst. Thereafter, two H* additions take place, generating an adsorbed
H20,. The resultant H,O2 molecule can then go through more reduction to provide two
H>0 molecules or dissociate, yielding a free H.O2. The direct reduction pathway is a
dissociative adsorption process that starts with the O, adsorption on the surface of the

catalyst. After the adsorption of O, the first e transfer occurs with the addition of H*,
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pvroducing *OOH. The second e~ transfer happens, this time in the form of another .

addition of hydrogen. The progress of the reaction depends on whether the second H*

addition occurs at the O. molecule adsorbed to the electrocatalyst or at the oxygen that

was previously attached to the H™.

Table 1.1: ORR mechanisms on the catalyst surface [33, 35]

Mechanism 1 Mechanism 2
O2— *O2 O2— *O2
*0,+e +H'— *OOH *0,+e +H'— *OOH
*OOH +e + H'*— *OH + *OH *OOH +e + H'— *O + H20
2*OH + 2 e + 2H'— 2H,0+* *O+e +H"— *OH
*OH+e +H'— H0 +*
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Figure 1.4: Proposed mechanism schematics of (a) full reduction and (b) partial

reduction of oxygen (Reproduced from Reference [38]).

The electrocatalyst will have two adsorbed OH groups in case the second H*
addition occurs at the adsorbed oxygen to the electrocatalyst (mechanism 1, Table 1.1).
At each *OH group, successive e~ transfers take place in the form of the addition of
hydrogen, producing two molecules of H2O molecules and O atoms that have been
adsorbed desorb in case the second H* addition occurs at the oxygen that was previously
attached to the first H* (mechanism 2, Table 1.1). An H,O water molecule desorbs after
two subsequent transfers of e~ in the form of H* addition to the *O. According to Density
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functional theory (DFT) simulations of the two paths, the more plausible approach is )y

mechanism 1, which is thermodynamically preferred [26-38].

e ———
Kinetic
 controlled
—_—
o
£
(&)
<
E
- Diffusion
controlled
Mixed Kkinetic-
J diffusion controlled
L E E .
onse!
1/2
] 1 '\‘I 1
E (V)

Figure 1.5: Typical ORR polarization curve (Reproduced from Reference [28]).

The ORR polarisation curves are typically used to evaluate the electrocatalyst data.
These curves normally show three regions throughout the potential range: the diffusion
limiting region, the kinetic control region, and the kinetic-diffusion mixed control region
(Figure 1.5) [25, 32]. The speed of ORR is sluggish in the kinetically controlled region
and the current density gradually rises as the potential drops. In the mixed Kinetic-
diffusion controlled region, the current density increases noticeably as the reaction speeds
up and the potential decreases. The current density in the diffusion-controlled zone rotates
at a specific rate to reach a plateau region, depending on the rate at which reactants
diffuse. Two metrics are typically used to qualitatively confirm the activities of catalysts:
onset potential (Eonset) and half-wave potential (E12). A higher potential value indicates
higher activity of the catalyst towards ORR. On the other hand, different publications
define the Eonset in various ways. According to some definitions, the Eonset can be defined
as a potential equal to 5% of the diffusion-limited current density (J.). The potential
where the reaction begins is known as Eonset and is often determined as the potential

where the slope of CV reaches beyond the threshold value of current density (0.1 mA
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an’z). An additional fundamental parameter, Eiz, is obtained from the middle point of
the LSV plot at 1600 rpm. This potential is equal to half of the limiting current density
(Ju). The current density that is limited by the rate at which ions diffuse to the electrode
surface is known as the j_ and it is controlled by mass transport. The applied voltage no
longer affects the current in this range [25, 32, 36-39].

The kinetic current density (jk), irrespective of the mass transfer limitations, can be

calculated using the following Koutecky—Levich (K-L) equation [28]

1/j = UjL + Ujk= 1/Bo™+ 1jk 1)
where, B = 0.629nFC,(D,)?3v "6
jk =nFkC,

where, j = current density, jx= kinetic current density, ji= diffusion limited current
density, B = slope of the K—L plot, o = rotating rate of the RDE (rad/s), n = number of e~
transfer per O, molecule, F = Faraday constant (96485 C mol™?), Do, = diffusion
coefficient of Oz (1.9 x 107 cm? s?), v = kinematic viscosity (0.01 cm?s™?) and Coz =
bulk concentration of O (1.1 x 10°°mol cm?®) in 0.1M KOH and k = electron transfer rate
constant.

A plot of j! vs. 2 should be linear and jk and n can be calculated from the

intercept and slope, respectively. A value of n = 2 and 4 decides the e~ pathway of ORR.

1.3.1. Need of electrocatalyst for ORR

It is well understood that the ORR plays a vital role in numerous energy
conversion devices. Still, the intrinsically sluggish nature due to the huge overpotential of
ORR limits the overall efficiency of energy-conversion devices. Therefore, an appropriate
electrocatalyst is required that can effectively influence the kinetics of reactions and
direct ORR toward more efficient pathways. As a result, developing novel cathode
electrocatalysts has recently become a key focus of industrial and academic research [36-
48]. As per the DFT calculations, ORR catalytic performance correlates with the binding
energy (BE) between oxygenated species and the surface of the catalyst. According to the
Sabatier principle, a reactant should bind to a catalyst both firmly enough to cause a
reaction to occur and weakly sufficient to cause the product to dissociate and prevent
either the reactant or any intermediates from poisoning the catalyst surface. Therefore, in

this instance, the oxygen intermediate should be firmly bound to the electrocatalyst
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eﬁough for the reaction to occur on the interface but not too strongly that oxygenated
species contaminate the electrocatalyst. It is possible to develop "volcano plots” like the
one shown in Figure 1.6, correlating catalytic activity to the BE of oxygen species using
experimental data and numerical simulations. To determine the ideal BE for ORR
electrocatalysts, these plots can then be analyzed. Pt catalysts hold the ideal position
among the catalysts considered in Figure 1.6; however, it is not at the volcano's highest
position [36, 47].
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Figure 1.6: Trends in oxygen reduction activity (defined in the text) plotted as a function

of the oxygen binding energy (Reproduced from Reference [48]).

As a result, the construction of an ORR electrocatalyst still has space for
development. One way to alter the adsorption energies of oxygen intermediates is to
modify the catalyst's conductive band or d-band center. The adsorption energies have
been demonstrated to correspond with the d-band, which represents the electronic
properties of the solid. It has been found that the d-band center correlates with adsorption
energies and serves as a descriptor of the solid's electronic characteristics [36, 47]. It has
been observed that in bimetallic electrocatalysts, tuning the morphology and predominant
facets can change the d-band center's position in relation to bulk metals.

Pt stands out as the ideal catalyst among present pure metals because it possesses
all the necessary properties for an effective ORR. The slow ORR Kkinetics, however,
require a more significant loading of the Pt catalyst. Since Pt is a noble metal in and of

L 4

1-10



Chapter 1 I Introduction

L 4

it:self, the limited supply of Pt, CO poisoning, durability concerns, poor tolerance to
methanol in DMFCs and its high price emerge as further obstacles. Overall, the
limitations above prevent the widespread practical use of FCs, even though alkaline FCs
using Pt as an ORR catalyst have been successfully constructed for the Gemini and
Apollo spacecraft flown by NASA in the 1960s. Although efforts to lower the Pt catalyst
content have been made recently, it has been observed that Pt can readily migrate and
agglomerate over the carbon support when employed as a cathodic candidate.
Furthermore, smaller Pt NPs dissolve in solution and produce Pt cations that can
subsequently deposit upon other Pt NPs and induce them to accumulate and deactivate.
This process results in the usage of a significant amount of Pt. Thus, efforts have also
been focused on developing substitutes, including alternative noble metals with
comparatively inexpensive materials, non-noble metals, and metal-free catalysts [36, 45,
48].

1.3.2. Pd-based electrocatalysts

Pd-based materials have garnered significant interest as substitute electrocatalysts
due to their similar characteristics and marginally lower price than Pt. In the past decade,
from 2010 to 2020, the average costs of Pd and Pt per troy oz are $910.62 and $1230.96,
respectively [43]. In particular, Pd and Pt have comparable chemical properties because
they belong to the same group of Pt and are positioned next to each other in the periodic
table. Pd and Pt have many similar physical and chemical characteristics. It was reported
that Pd-based catalysts were more resistant to CO poisoning, highly stable in acidic
environments, and more tolerant to methanol than Pt-based catalysts [43, 44]. In contrast
to Pt/C, Pd-based electrocatalysts do not exhibit a methanol oxidation peak over 0.7 V on
Pt/C, leading to a negative shift in the net cathode current and a notable rise in
overpotential. Therefore, in methanol, Pd-based electrocatalysts show superior selectivity
towards ORR compared to Pt-based catalysts. Because of its inherent characteristics, a
pure Pd catalyst finds it challenging to obtain Pt-like stability and activity towards ORR.
The strong affinity of Pd for oxygen prevents oxygen from being reduced. So, the ORR
performance of Pd-based catalysts can be significantly increased and the price of the
electrocatalysts further decreased by combining with other elements, particularly
transition metals [43, 49-53].
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1.3.2.1. Pd-based bimetallic electrocatalysts

Pd-based electrocatalysts have received a lot of interest owing to their analogous
physical structures, including the fcc crystal structure and a similar atomic radius,
comparable performance and lower price than Pt. Extensive research has shown that pure
Pd and Pd-based electrocatalysts have higher catalytic activity and stability than Pt-based
ones. Furthermore, it was demonstrated that Pd-based electrocatalysts had significantly
greater methanol tolerance and resistance to CO compared to Pt-based electrocatalysts
[43, 44, 47]. Therefore, it is highly desirable and necessary to create high-efficiency and
cost-effective Pd-based catalysts to significantly improve ORR performance. While ORR
catalysts are projected to have the qualities of low cost, high activity, and high stability
synchronously, they still do not meet all the requirements for implementing FCs. To
achieve this, several techniques have been developed for further enhancing the ORR
performance of Pd-based electrocatalysts with fine control over the shape, composition,
crystal plane, and surface strain while observably reducing the Pd usage and modifying
the electronic structure [43, 44, 48-53].

Numerous Pd-based alloy NPs with different compositions have been explored
in recent years. As a result, increased ORR performances of these alloy systems have
been observed. We synthesized the PdNi alloy system and studied its ORR performance.
As-prepared PdsNi/C NPs are superior to the commercial Pt/C and Pd/C electrocatalysts.
The increased performance of PdsNi/C is primarily due to the downward shift of d-band
center of Pd, larger ECSA, and uniform distribution of the PdNi NPs on the carbon
matrix. The computational analyses also demonstrated the downward shift of d-band
center of Pd for PdsNi/C, which makes it superior to all other electrocatalysts [50].
Jaramillo and co-workers reported the electron-beam PVD synthesis method to synthesize
Ag1xPdx thin films with 0 < x < 1. The designed nanomaterials and nanofilms remained
constant after electrochemical measurements, inferred from XRD and XPS analysis.
Based on experimental findings and DFT simulations, the observed ORR activity
improvements are mainly ascribed to electronically increased Pd active sites by
introducing Ag atoms within the lattice via ligand or strain factors that result in enhanced
oxygen BE [51]. In another study, Zhang et al. found that PdCo encapsulated in N-doped
porous carbon (PdCo@NPNC) synthesis and studied their catalytic behaviour toward
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Figure 1.7: (a) TEM and (b) HAADF-STEM images of the as-obtained Pd—Pt great
icosahedra, (c) atomic-resolution STEM image taken from the corner region of a great
icosahedron, as marked by the box in panel (b), the twin boundaries are labelled with red
dashed lines, (d) TEM and (¢) HAADF-STEM images of the carbon-supported Pd—Pt
great icosahedra after 10000 cycles of ADT, Benchmarking of the Pd—Pt great icosahedra
against the commercial Pt/C catalyst (f) CV and (g) oxygen reduction polarization curves

recorded from the Pd—Pt great icosahedra before and after 5000 and 10000 cycles of
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A:DT, (h) mass activities (MA) and (i) specific activities (SA) of the catalysts at 0.9 V vs )y
RHE before and after ADT (Reproduced from Reference [55]).

ORR. The carbon shell prevents the NPs from coagulation, detachment and dissolution
while the FC operates. The optimized PACo@NPNCs outperform the benchmark Pt/C
and Pd/C catalysts in electrocatalytic performance and enhanced durability for ORR,
owing to their unique structures and chemical compositions [52]. Significant
advancements have been made in recent years in preparation techniques for various
morphology-controlled NPs. These size and shape-controlled NPs replicate the catalytic
activity of bulk metal, while they exhibit more catalytic activity because there are more
active sites. To this end, Wang et al., Pd nanobelts (NB) catalysts with expanded lattice
were designed by a simple solvothermal method. It was found that as-synthesized Pd-
nanobelts possess extended lattices that shift the d-band center positively. The interaction
of oxygen 2p states with the metal d states may be enhanced by an upshifting in the d-
band center. The additional adsorbate onto the Pd-surface is also altered by a change in
the d-center, which improves the catalytic activity and durability [53]. Similarly, Li and
coworkers synthesized the highly wrinkled Pd nanosheets (HW-PdNs). Compared to
standard Pd nanosheets (PdNs), benchmark Pd/C, and Pt/C, the HW-PdNs showed
significantly increased catalytic performance. The high catalytic performance of the
electrocatalysts is primarily attributed to the compressive strain created from the wrinkle
structure that reduces the binding strength of adsorbed oxygen-intermediate and results in
rapid Kinetics toward ORR [54].

It was reported that Pt nucleation and growth were confined to the vertex of Pd
icosahedral seeds, resulting in Pd—Pt icosahedra with multiple twinned Pt dots. Twin
defects can also boost the ORR performance of Pt NCs by utilizing the surface strains
generated by the defects. Figure 1.7 (a-c) represents the TEM and HAADF-STEM images
of the Pd—Pt icosahedra. The ORR activity and durability of the Pt dots are much higher
than the commercial Pt/C because of their highly twinned shape and robust anchoring to
the Pd surface. An ADT was also used to investigate and compare the stability of the Pd—
Pt icosahedra to that of Pt/C. CV and LSV plots were plotted after 5000 and 10000 ADT
cycles. TEM and HAADF-STEM characterization of the Pd—Pt icosahedra was done after
the ADT operation to understand the durability improvement (Figures 1.7d and e). A
minimal change in peak potential and Jkx was observed, as presented in Figure 1.7f and g,
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réspectively. After 10,000 redox cycles, a rise in the MA (Figure 1.7h) and SA (Figure
1.7i) of the Pd-Pt icosahedra was observed compared to the commercial Pt/C. On the
carbon support, the catalytic NPs were still evenly distributed and barely agglomerated or
detached. The improved stability of as-synthesized catalysts was facilitated by their high
specific surface area and concave structure, which allowed for additional anchoring sites

on the carbon support [55].

1.3.2.2. Pd-based trimetallic electrocatalysts

Numerous investigations have demonstrated that adding a second element to Pd
can change its electronic arrangement, increasing electrocatalytic activity. Furthermore,
introducing a third component into a binary system increases active sites and interactions
among the three metals, increases electron density at the active sites, and reduce Pd
loading [56-58]. For instance, Wang et al. reported the synthesis of nanothorn PdCuAu
electrocatalysts displayed enhanced ORR activity, stability, and excellent tolerance to
methanol [59]. In another work, PdPtCo ternary nanorings were developed via a facile
template-directed process. With the maximum edge to surface ratio and ternary structure,
the PdssPt13Co27 exhibits enhanced ORR electrocatalytic activity, delivering a lower Tafel
slope and the largest electrochemically active surface area (ECSA) [60]. In the same way,
PtPdCu [61] was fabricated by a one-step synthetic approach. The PtPdCu displays
improved ORR activity with more positive E12 and Eonset 0f 0.94 and 1.0V vs. RHE higher
than the most reported electrocatalyst. Kong et al. reported the synthesis of Pt—Pd—Ni
octahedral nanocages. The synthesized nanomaterial exhibited the highest MA (1.17
A/mgey) and SA (3.8 mA/cm?). The remarkable activity and stability of the Pt—Pd—Ni
octahedral nanocages are explained by the high vacancy formation and compressive strain
effect [62]. Du and coworkers reported the synthesis of Pdo.75Pto2sFe/C by varying the
elemental proportion of Pd and Pt. Pdo.7sPto2sFe/C displays the highest intrinsic activity
thanks to the ligand and lattice strain effect. The adsorption energy of the oxygen
intermediate is substantially decreased by the strain effect, facilitating the Pdo.7sPto.2sFe/C
to improve the ORR activity [63]. In 2020, Wang and coworkers designed staggered
PdAuRu nanothorns using KBr and DM-970 as structure-directing agents and surfactants,
respectively, via a wet-chemical reduction process [64]. The nanothorns were with an
average length of around 200 nm. The PdAuRu show a high SA (2.99 mAcm™2) and MA
of (1.376 mApgPd '), respectively, better than the commercial Pt/C and Pd black for
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ORR in 0.1M KOH, Additionally, an ADT shows that PAAuRu NSAs are more durable
than Pt/C. The nanothorn structure and trimetallic composition, which result in more
active sites and a lower Pd-O band energy, are attributable to better activity and
stability Pt/C. In another report, Moo.2PdsNi/NC exhibited E1/> of 0.90 V and MA of 0.78
Amgpq !, double the Pt/C (0.38 Amge: ') toward ORR. Moo 2PdsNi/NC has excellent
stability, losing only 15% of the initial current density after 36,000 seconds. DFT and
micro-structured analyses demonstrated that the d-band center of Pd was downshifted by
the synergistic effect between Ni and Mo. This, in turn, decreased the intermediates'
binding energy with Pd, decreasing the threshold energy towards ORR [65]. Sheng and
coworkers have observed that C0o.2Sno.2Pdo.2/rGO shows superior ORR performances and
stability among Co002SnxPdy/rGO (x + y = 0.4) catalysts. These catalysts were
successfully prepared using reduced graphene through an ultrasonic irradiation process.
The C00.2SN02Pdo2/rGO displays the Ei. of 0.91 V and the Tafel slope of 57 mVvdec™'.
XPS results show the BE of metallic Pd shifts to a higher BE in the reported catalysts,
suggesting that Pd electronic centre shifts while alloying with Co and Sn. The
C00.2Sno.2Pdo 2/rGO was continuously stable for 36,000 seconds while retaining 85.31%
of the initial current density demonstrating its excellent stability even at a very low Pd
content [66]. Li et al. constructed PdCuCo nanoalloys with varying compositions. Among
these compositions, the PdseCusCo11 contains abundant defects and exhibits superior
durability for the PdsgCuszoCo11 ORR. The catalyst also exhibits a better tolerance to
methanol/ethanol than the state-of-the-art Pt/C catalyst. The superior activity of the
dendritic PdseCuszoCo11 nanoalloys is ascribed to a combination of effects such as defects,
synergistic interaction, change in the Pd d-band center, and surface strain [67]. Gao and
coworkers adopted a facile chemical reduction approach to synthesize nitrogen-doped
graphene-supported PANiM (M = Cu or Sn) alloys. The PdNiM (M = Cu or Sn)
nanocatalysts were investigated for ORR in an alkaline medium and characterized using
various physicochemical techniques. The characterization results show well-dispersed
PdNiM (M = Cu or Sn) NPs over graphene support and are highly alloyed. PANiM (M =
Cu or Sn) shows excellent ORR performance and electrostability, outperforming
benchmark Pt/C and Pd-black. These findings suggest that including Sn or Cu as a third
element in a PdNi-based catalyst significantly increases its catalytic efficiency while

lowering the Pd content [68].
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1.3.2.3. Pd-MOx electrocatalysts

Transition metal oxides have garnered significant interest as very efficient ORR
electrocatalysts. TMOs are able to combine with other materials, durability against
alkaline corrosion, availability, affordability, and changing oxidation state all contribute
to improved ORR performance. Additionally, the aggregation of the metal NPs is
inhibited by the crystalline structure of transition MOs. Prior to being used as
electrocatalysts; TMOs must first enhance their conductivities because the majority of
them are semiconductors. Although several methods have been employed, noble metal-
based TMO catalysts are thought to be effective in improving the performance of noble
metal catalysts and TMO’s interparticle conductivity [69-71]. When noble metals and
TMO catalysts are combined, they have a more significant synergistic effect on ORR than
when used alone [70]. Through the redox process of TMOs, they function as an oxygen
reservoir. This oxygen reservoir increased ORR activity by promoting oxygen diffusion
to noble metal catalysts (Pd/Pt). In addition, oxygen supply to the catalytically active sites
of noble metals has also boosted the electronic interaction between the metal and metal
oxide, resulting in increased activity [72-74]. Woo and coworkers reported that Pd—
Mnz04 was developed by polyol reduction and thermal decomposition methods. MnzO4
facilitates the transport of oxygen to Pd's active sites, improving activity towards ORR.
The ADT reveals Pd-Mn3O4 catalyst displays the highest durability, 149% in MA and
142% in SA, than the Pd/C. The strong interaction between metal (Pd)-metal oxide
(Mn30s) enables the redox of Mn3O4 to facilitate transport of oxygen to the active sites of
Pd, is attributed to the higher performance [73]. Zhang et al. reported the synthesis of Pd—
WO3/C and explored the activity towards ORR. They observed a slight shift of BE in the
XPS spectrum of Pd—WO3/C than the Pd, which was ascribed to the electron modification
due to WOz. This electron modification also results from the interaction between Pd and
WOs3, and as a result, it improves the ORR activity [74]. In another work, Sahoo and
coworkers have developed a Pd-Fe,O3/NGO-CNT nanohybrid. Pd/Fe2Oz NPs are
uniformly distributed over the NRGO-CNT proved via different characterization
techniques. The UV-Vis and FT-IR spectra indicate abundant defects and oxygenated
functional groups on the surfaces of GO and NRGO. These factors contributed to the Pd-
Fe203/NRGO-CNT nanohybrid's superior electrochemical performance compared to the
Pd/NRGO, Pd/NRGO, and benchmark Pt/C catalysts [75].
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1.3.3. Role of carbon support

Carbon-support nanomaterials include carbon black (CB) (e.g. Vulcan, Ketjen),
carbon nanotubes (CNTSs), graphene and carbon nanofibers (CNFs) are the most widely
used support materials for catalysts’ NPs towards ORR [76-82]. The unique electrical,
mechanical, and huge specific surface area features of carbon have drawn much interest
in it as a promising catalyst support. These support materials improve the mass transfer
effect of the reactant to the catalysts and enhance the catalysts surface area for the transfer
of electrons. The interactions within the metal NPs and carbon support results in strong
metal-support interactions, which increases ORR activity. These materials also increase
the stability of metal NPs by preventing them from Ostwald ripening, sintering, or
agglomeration and dissolution. Due to their abundant accessibility, excellent conductivity,
and affordable cost, carbon blacks, particularly Vulcan XC-72R, are the most often
utilized carbon materials for noble metal based catalysts. Moreover, graphene is a planar
sheet of two-dimensional sp?-carbon atoms arranged hexagonally [76-79].
Its remarkable physical and chemical characteristics, such as fast charge
transfer, incredible electrical and thermal conductivities, superb mechanical flexibility,
amazing elasticity, and large surface area, have gained significant attention. As a result,
researchers are now investigating graphene and graphene-based materials as potential
catalyst supports for PEMFCs [80-82].

1.4.  Objectives of the Present Work
Motivated by the groundbreaking discoveries of the reported works in the
literature described in the preceding sections, we have formulated the subsequent goals,

which are briefly stated below:

1. To synthesize carbon supported trimetallic and bimetallic NPs of type PdM*M?
(MY/M? = Cu, Fe, Ag, Co) in various compositions via the typical solvothermal
method.

2. To synthesize ultralow Pd content on CuOx/C via the typical solvothermal
method.

3. To study the physicochemical properties of the synthesized NPs using various

analytical techniques.
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4.

To evaluate and study the ORR activity of the synthesized NPs in alkaline media ’
for long-term stability and durability.

To elucidate the role of non-noble transition metals in Pd/C in forming active,
highly durable and stable electrocatalysts for ORR in alkaline media.
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