Chapter 2 I Experimental
2. Experimental .

Details on the chemicals used in the experiments have been included in this
chapter. The present chapter also provides an in-depth explanation of all the synthetic
procedures, experimental methods and physicochemical and electrochemical

characterization techniques used during the study.

2.1. Materials and Reagents
Table 2.1 provides an overview of the chemicals and reagents utilized in the
experiments. All the compounds were used exactly as received without further

purification. Millipore water was used to conduct the experiments.

Table 2.1: List of Chemicals

Chemicals Purchased from

Palladium chloride (PdCl;), copper(ll) chloride dihydrate
(CuClz+2H20), cobalt(Il) chloride hexahydrate (CoCl2+6H20),
iron(I1) chloride tetrahydrate (FeCl2*4H2.O >99%), ethanol
(CoHsOH, ACS, ISO, Reag., >99.5%), potassium hydroxide
(KOH, >84.0%), sodium hydroxide (NaOH, 99.0%), 2- | Merck
Propanol [(CH3).CHOH, >99.5 %], titron X-100, hydrazine
hydrate (NH2NH2°H20) 80%

Nafion, Graphene nanoplatelets, 20 wt% Pt/C, 20 wt% Pd/C | Alfa Aesar

Silver nitrate (AgNO3>99.9%) Rankem
Titron X-100 Himedia
Vulcan XC-72R carbon (VC) Cabot Corporation,

Navi Mumbai, as
gift

2.2.  Synthesis of hybrid nanoparticles (NPs)

The as-synthesized NPs were mainly synthesized via solvothermal methods.
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"2.2.1. Synthesis of carbon-supported PdMM?2 NPs (PdMM?%C, MYM? = Ag, Cu):
The carbon-supported trimetallic PAM*M? (PdMM?/C; MY/M? = Ag, Cu) along with their
bimetallic compositions were synthesized via typical solvothermal method [1]. Each NPs
system comprises of the same amount of metal atoms and the carbon support to metals is
in 80:20 ratios.
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Scheme 2.1: Schematic representation of the synthesis of PdzAgosCuo.s/C.

2.2.1.1. Synthesis of Pd3sAgosCuos/C: Pd3AgosCuos/C hybrid NPs were synthesized
using the solvothermal method reported previously. Typically, 0.1 g of graphene NPs and
0.1 ml of Triton X-100 were added to 50 mL of the solvent system prepared by mixing
distilled water and ethanol in a 1:1 ratio. The solution was stirred for 2-3 min and then
0.0328 g PdCl,, 0.0052 g AgNQ3, and 0.0053 g CuCl,.2H,0 were added to the solution.
After that, 0.05M NaOH (0.06 g in 30 mL H20) solution was added dropwise and stirred
for 20 minutes. Subsequently, 2 mL of 85% hydrazine hydrate was added and stirred for
another 25 min. The final mixture is then transferred to a 200 mL Teflon lined stainless
steel autoclave and sealed it. It is then kept in an oven and maintained at a temperature of
180°C for 6 h. After 6 h, it was allowed to cool to room temperature. After the required
time, the product is washed and centrifuged with distilled water and ethanol to remove
impurities. The final product is then collected and set to dry in a vacuum oven at 55°C.
The dried product is then collected and designated as PdsAgosCuos/C. The schematic

illustration of the synthesis of PdsAgosCuos/C is presented in Scheme 2.1.
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2.2.1.2. Synthesis of PdsAg/C and PdAgs/C: Pd3Ag/C and PdAgs/C nanomaterials were
synthesized via identical method as mentioned in section 2.2.1.1. All the experimental
conditions were kept the same, except the molar ratio of PdCIl> and AgNOs salt precursors
were different. To maintain the 3:1 and 1:3 atomic ratios of Pd and Ag in Pd3Ag/C and
PdAQs/C hybrid NPs, respectively, calculated amounts of PdCIl> and AgNO3 were taken.

2.2.1.3. Synthesis of Pd3Cu/C and PdCus/C: Pd3Cu/C and PdCus/C nanomaterials were
synthesized by the identical procedure mentioned in section 2.2.1.1 by using appropriate
metal precursors and maintaining the desired atomic ratios of Pd and Cu in the resultant
nanomaterials. In this case, PdCl, and CuCl22H20 were calculated to maintain 3:1 and
1:3 atomic ratios of Pd and Cu in Pd3Cu/C and PdCus/C, respectively.

2.2.1.4. Synthesis of Pd/C: The Pd/C nanomaterials were also synthesized using the
similar solvothermal method as mentioned in section 2.2.1.1. In this case, an appropriate
amount of PdCl, was taken as the metal precursor while maintaining the same

experimental conditions.

2.2.2.  Synthesis of Carbon supported Pd2CuCo, PdCu and PdCo:

2.2.2.1.  Synthesis of Pd2CuCo/C: The 20 wt% of Cu and Co-doped Pd NPs were
synthesized by the solvothermal process. In a typical synthesis, Vulcan XC-72 R (0.1 g),
PdCI, (0.150 mmol, 0.0265 g), CuCl2-2H20 (0.075 mmol, 0.0127 g), and CoCl,-6H.0
(0.075 mmol, 0.01781 g) were dispersed in a 50 mL of an ethanol+water (1:1 ratio)
solution. A black-colored mixture was obtained, stirred on a magnetic stirring plate for 15
min and then ultrasonicated for another 5 min. To the solution, 30 mL of NaOH solution
(0.05 M) was added dropwise under constant stirring and stirred vigorously for another 20
min. After that, 2 mL of 80% NH2NH2-6H.O was added drop by drop with continuous
stirring for up to 25 min. The mixture was poured into a 150 mL Teflon vessel,
transferred to a stainless steel autoclave, and then treated at 180 °C for 6 h in a hot-air
oven. After the required time, the autoclave was cooled at room temperature. The final
product was centrifuged and rinsed multiple times with Millipore water and C2HsOH to

wash out the unreacted NaOH and CI~ and then dried in a vacuum oven at 55°C. The pH
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“of the solution is close to 7. The resultant material is denoted as Pd>CuCo/C. The overall

synthesis procedure of the Pd>CuCo/C is illustrated in Scheme 2.2.
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Scheme 2.2: Schematic representation of the synthesis of Pd>CuCo/C.

2.2.2.2. Synthesis of PdCu/C: PdCu/C hybrid NPs were synthesized by a similar
solvothermal method. For Cu doped Pd/C, Vulcan XC-72 R (0.1 g), PdClI2 (0.150 mmol,
0.0265 g), and CuCl,-2H,0 (0.150 mmol, 0.0254 g) were taken, and rest of the procedure

is similar to the as mentioned in the section 2.2.2.1.

2.2.2.3.

Synthesis of PdCo/C: In the case of Co-doped Pd/C, Vulcan XC-72R (0.1 g),

PdClI> (0.150 mmol, 0.0265 g), and CoCl,-2H.0O (0.150 mmol, 0.3562 g), were taken and
the identical solvothermal procedure is followed similar to the as mentioned in the section

2.2.2.1.
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'2.2.3.  Synthesis of Carbon supported PdFeCu, PdFe and PdCu hybrid NPs:

2.2.3.1. Synthesis of PdFeCu/C: The 20 wt% PdFeCu NPs were synthesized using the
standard solvothermal procedure. To synthesize the sample, 0.110 mmol PdCl, (0.0196
g), 0.110 mmol FeCl-4H20 (0.0220 g), 0.110 mmol CuCl-2H,0 (0.0188 g), and 0.1 g
Vulcan XC-72 R were added progressively with steady stirring to a mixed solution of
distilled water (25 mL) and C2HsOH (25 mL). Next, 30 mL of NaOH solution (0.05 M,
0.2 g) was added drop by drop at room temperature under continual stirring after the
mixed solution was ultrasonicated for 10 min. After about 20 minutes, 2 mL of
NH2NH.-H>O was dropped into that solution and stirred continuously for another 25 min.
The resulting solution was then transferred into a Teflon cup in a stainless-steel autoclave.
The autoclave was then sealed and placed in a hot air oven at 125 °C for 6 h before being
allowed to cool at room temperature. The final product was washed multiple times with
millipore water before being washed with 50 % C>HsOH to eliminate unreacted NaOH
and CI~ions and then dried in a vacuum oven at 55 °C for further studies. Scheme 2.3

illustrates the schematic synthesis procedure of PdFeCu/C.
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Scheme 2.3: Schematic representation of the solvothermal synthesis of PdFeCu/C.

2.2.3.2. Synthesis of PdFe/C: A similar procedure, covered in section 2.2.3.1, was also
used to synthesize PdFe/C, employing PdCl. and FeCl,-4H20 as the precursor salt while

maintaining the same experimental conditions.
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2 2.3.3. Synthesis of PACu/C: A similar procedure, covered in section 2.2.3.1, was aIso
used to synthesize PdCu/C, employing PdCl, and CuCl,-2H>0 as the precursor salt while

maintaining the identical experimental conditions.

2.2.4.  Synthesis of PACuOx/C, CuOx/C, PdCuOx and CuOx:

2.2.4.1. Synthesis of PACuOx/C: To synthesize, PdCuOx/C hybrid NPs 2 M (2.5069) of
CuCl2:2H.0 and 0.002 M (0.026g) of PdCl. was dispersed in 50 mL of Millipore water
and EtOH (1:1 ratio) solution. Under vigorous stirring in this mixture, 30 mL of 1 M
NaOH solution was added dropwise using a burette. After that, 0.025 M of ascorbic acid
was added and stirred for 15 min. The resulting solution was then shifted to a Teflon-
lined stainless-steel autoclave and maintained in a hot air oven at 120 °C for 6 h. After
cooling to room temperature, the obtained precursors were washed with Millipore water
and absolute ethanol by centrifugation and dried at 60 °C. Graphene nanoplatelets were
added to the PdCuOx in a 20% weight ratio and ground for 1h in an agate mortar. After
60 minutes of grinding, the mixture was ultrasonicated with ethanol acting as a solvent,
and the mixture was dried at 50 °C to obtain PdCuOx/C. The schematic synthesis

procedure of PACuOx/C is illustrated in Scheme 2.4.
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Scheme 2.4: Schematic representation of the solvothermal synthesis of PdCuOx/C hybrid
NPs.
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'2.2.4.2. Synthesis of CuOx/C: CuOx/C was synthesized following the identical
procedure as described in 2.2.4.1 without modifying the experimental setup and using

CuCl2-2H0 as salt precursor.

2.2.4.3. Synthesis of PACuOx: PdCuOx NPs were synthesized following the identical
method described in 2.2.4.1. PdCI; and CuCl2-2H20 were taken as salt precursors while
maintaining all other experimental setups unaltered except avoiding the addition of

graphene support.

2.2.4.4. Synthesis of CuOx: CuOx NPs were synthesized following the identical
method as described in 2.2.4.1. CuCl»-2H20O was taken as a salt precursor while
maintaining all other experimental setups unaltered except avoiding the addition of

graphene support.

2.3.  Characterization Techniques
Several analytical approaches were used to characterize the as-synthesized NPs to
explore their physical and chemical properties, which are briefly discussed in the

following subsections.

2.3.1. Scattering-Based Techniques for Material Characterization
2.3.1.1. Powder X-Ray Diffraction (p-XRD)

X-ray diffraction (XRD) is a highly sophisticated, non-destructive technique that
gives valuable information on the amorphous and crystalline phase of the unit cell as well
as provides structural details such as cell parameters, crystallite size, etc. [1, 2] The
material that will be analysed must be finely ground and homogenous. Furthermore, this
technique sheds light on the interplanar distance, determined by applying Bragg's
equation,

nA = 2dsin® 1)
where, A= wavelength of incident radiation, 6 = the angle of incidence of the X-ray, d=
the interplanar distance between atomic layers and n = an integer indicates that indicates
the order of reflection.

The XRD working principle relies on constructive interference formed during the

interaction of the incident rays with the materials and complies with Bragg's law. The

o
v
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“diffracted X-rays have been processed and counted after they were detected at various
angles. The intensity, position and width of the peak give essential information about the
materials [2, 4]. The position and intensity of the peaks are compared for confirmation
using the reference diffraction patterns available from the International Centre for
Diffraction Data (ICDD, earlier recognized by the Joint Committee on Powder
Diffraction Standards (JCPDS) [2,4]. The average crystallite size (D) of the materials can
be determined using the following Scherrer equation:
D = KA/B2ocosb 2

where, A is the wavelength of the X-ray source, 0 is the angle of diffraction, B2o IS
the integral breadth of the most intense peak, also known as FWHM, and K is the
function of the shape of crystallite.

The p-XRD patterns of all the synthesized materials in the current investigation
were recorded on a Bruker AXS Model D8 focus instrument using a nickel-filtered CuK,
radiation source with A = 0.15418 nm within the 20 range of 20° to 80°. The
corresponding scan rate was 0.05° s

2.3.1.2. Raman Scattering

Raman spectroscopy is a widely used nondestructive technique to determine the
functional groups, phase transitions and defects present in the materials [5-7]. The Raman
effect is generated by incoming photons exchanging energy with the molecule's
vibrational energy levels [5-7]. When laser light is focused onto a sample, it scatters in an
inelastic manner known as Raman scattering. This occurs when energy is transferred from
the excitation light to the material. Raman scattering happens when a molecule's
polarizability changes due to its molecular motion. One of Raman spectroscopy's most
significant benefits is the ability to deliver important information rapidly and easily with
the least amount of sample handling problems. This analytical technique can also
distinguish ordered and disordered carbon in carbon-supported nanoparticles. Typically,
two peaks, the D- and G-bands, are observed in all carbon-containing materials at roughly
1350 and 1580 cm!, respectively. The disordered sp3-hybridized graphitic carbon
(denoted by D band) and the vibration indexed to sp2-hybridized graphitic carbon
(denoted by G band), respectively [8, 9]. A characteristic strong peak around 2700 cm™ is
observed in the second order D (G*)-band, the signature nature of graphitic sp?> materials,

produced by a second order resonance process [8, 9]. In this investigation, a 514 nm laser
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“(Ar* ion) with 5 mW laser intensity was used as the excitation source to record the Raman
spectra of the materials.

2.3.2. Electron Microscopy Based Techniques for Material Characterization
The primary technique of electron microscopy that will be discussed is
Transmission Electron Microscopy (TEM). These methods use an accelerated beam of

high energy electrons to generate a high-resolution image (HRTEM).

2.3.2.1. Transmission Electron Microscopy (TEM) and High-resolution TEM
(HRTEM)

TEM is the most widely used characterization technique to determine the
morphology, size, structure, uniformity and distribution of NPs. TEM operates on the
same fundamental principles as a light microscope, except it uses electrons rather than
light. In TEM, an electron beam with a high energy of 60—120 keV passes through a thin
layer of the sample on a copper grid, interacting with the sample's atoms. In contrast to
TEM, HR-TEM employs a distinct methodology that produces a higher resolution and
can structurally characterize materials at the atomic level [10, 11]. Typically, structures of
this size are quite challenging to describe and visualize. The SAED pattern from the TEM
image helps to acquire information on crystallinity as well as the presence of defects and
interfaces of the materials. TEM (HRTEM) images were acquired on a JEM-2100 and
JEM-100 CX Il instrument with an accelerating voltage of 200 kV in 50 kV steps and 100
KV in 20 KV steps, respectively. Before imaging, the specimens were ultrasonicated in
ethanol and the resulting suspension was dropcasted onto the carbon coated Cu grid and

dried at room temperature [12].

2.3.3. X-Ray Based Techniques for Material Characterization
The X-ray based techniques that will be covered are X-Ray Photoelectron

Spectroscopy (XPS) and Energy Dispersive X-Ray Spectroscopy (EDS or EDX).

2.3.3.1. X-Ray Photoelectron Spectroscopy (XPS)
XPS is a widely used technology that provides information on the elements and
the composition and chemical oxidation state of materials within the 10 nm range. It also

has a detection sensitivity that ranges from 0.1-1 atomic percentage for all the elements
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‘excluding He and H. It operates in extremely high vacuum and is based on the
photoelectric effect. Additionally, the depth sensitivity through XPS can be achieved
by angle-resolved photoemission or by adjusting the photon energy with synchrotron
radiation. The chemical and valence states of the core-ionized atoms are reflected in the
binding energies (BEs) of XPS and XPS satellite peaks. When properly evaluated, BE
shifts deliver insights about a material, which is needed to comprehend the catalytic
properties of materials [13-15]. In this study, a Shimadzu ESCA-3400 system equipped
with an Mg-anode X-ray cannon (10 kV, 20 mA) and Thermo Scientific ESCALAB Xi*
spectrometer (UK) equipped with a monochromator Al Ka X-ray source (1486.6 eV) at a
pressure <10~ Torr and an electron take-off angle of 90° was used to conduct XPS. All
the samples were Ar-etched for 60 seconds prior to the measurements. All samples' BEs
were calibrated against the adventitious carbon peak at 284.6 eV throughout the data
processing. After baseline correction, all of the high resolution spectra were fitted into its
components using Gaussian peaks. During baseline correction, a Shirley—type
background was subtracted from the signals. The Savitzky—Golay method was used to
smooth the XP spectra by employing a window of 10 points. A survey scan was carried
out using pass energy of 200 eV to identify possible impurities and 50 eV for high
resolution XPS spectrum of each element.

2.3.3.2. Energy Dispersive X-Ray Spectroscopy (EDS or EDX)

Energy-dispersive X-ray spectroscopy (EDS) is widely used to investigate the
composition of elements and distribution (mapping) in nanomaterials. Measurements are
performed at high energy and the EDS detector is integrated into TEM and SEM systems.
High-energy electron beams are bombarded toward the surface of the material, where one
electron is ejected out of the inner shell, leaving a hole in its place. An X-ray photon is
emitted when the energy from a higher state is shifted to the lower state, and the EDS
detector detects it. The emitted X-rays can be identified by each component found in the
material and shown as spectra or mapping [16, 17]. In this study, the EDX pattern and
the elemental mapping were acquired using the "JEOL, JSM Model 6390 LV," an

instrument attached to the scanning electron microscope.
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'2.3.4. Other Techniques .
2.3.4.1. Thermogravimetric Analysis (TGA)

Thermogravimetry is the area of thermal analysis that studies how the weight
of material varies at a giventemperature or time. The fundamental idea behind
thermogravimetric analysis (TGA) is the ability to examine the weight of a sample
change under controlled conditions. As a result, TGA is primarily used to understand
specific thermal phenomena, including sublimation, reduction, oxidation, vaporization,
adsorption, and desorption [18]. The weight change pattern is recorded when the
specimen is carefully exposed to a heating or cooling atmosphere. The phrase isothermal
mode and scanning mode refers to a weight change of a sample that is obtained with
respect to time and temperature, respectively [18]. The Shimadzu Model TGA-50
Thermal Analyser was used to collect the TGA data for this experiment. Carbon
supported Pd-based NPs were heated to 600 or 700°C in air atmosphere and the heating

rate was maintained at 10 °C min~! for all the samples.

2.3.4.2. Fourier Transform Infrared (FTIR) Spectroscopy

FTIR analysis was done to investigate the functional groups and metal-oxygen
bonds present in the NPs. It involves determining how infrared radiation interacts with a
sample, whether solid, liquid, or gas. Both the frequencies and the intensities of the
sample's absorptions are determined. Since chemical functional groups absorb different
radiation frequencies, the frequencies can be used to determine the chemical composition
[19, 20]. The absorption intensity can be used to assess the component's concentration.
The present study obtained IR spectra of the NPs using a Nicolet Impact 1-410 FTIR

spectrophotometer by forming the sample's pellets using potassium bromide (KBr).

2.4. Electrochemical Characterization

In this thesis, a three-electrode system was used to perform the electrochemical
experiments at room temperature with an Autolab potentiostat (PGSTAT204 workstation)
to investigate the electrocatalytic activities of the synthesized NPs. The electrochemical
measurement of the synthesized NPs were obtained via cyclic voltammetry (CV), linear
sweep voltammetry (LSV) and chronoamperometry (CA), using a rotating disk electrode
(RDE). The electrochemical tests were conducted at room temperature (25°C) in a three-

electrode cell where Ag/AgCl (3 M KCI) was the reference electrode and Pt wire was a
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“counter electrode. To fabricate the working electrode, the catalyst ink was prepared with
an ultrasonic mixture of catalyst, water, 2-propanol, and Nafion solutions for 30 min. The

geometrical surface area of GCE is 0.0705 cm?.

2.4.1. Cyclic Voltammetry (CV)

CV is a widely employed electroanalytical technique that helps to investigate the
quantitative and qualitative information of redox reactions of molecular species, including
reaction mechanisms, electrochemical kinetics, electrocatalytic processes and reversibility
of the reaction. The potential of a stationary WE could be applied linearly at a steady rate
of potential scanning throughout the CV measurement. A CV also known as the current-
potential graph is produced by measuring the current that results from the transfer
of electrons at an active reaction site with an applied voltage. An electrochemical cell that
contains three electrodes and a reference electrolyte is used to perform CV. A standard
three electrode system is presented in Figure 2.1 and the role of each electrode is
described briefly as follows [21-24]:

Reference Electrode (RE):

The most important component of a three-electrode system is RE. The voltage
window of the electrode and the pH of the electrolyte determine which REs are best for
an electrochemical experiment. It is used to determine the potential of the working
electrode. An ideal RE should have a steady potential, obey the Nernst equation,
be reversible after electrochemical measurement (back to its standard potential), be non-
polarizable and have the inner solid electrode component sparingly dissolve in the
solution of electrolytes. Some typically used REs for electrochemical measurement are
silver-silver chloride electrode (Ag/AgCl), mercury-mercury oxide electrode (Hg/HgO,
MMO), and saturated calomel electrode (SCE).
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Figure 2.1: (a) Schematic representation of an electrochemical cell for CV experiments
(Reproduced from Reference [21]), (b) schematic diagram of typical rotating-disk
electrode (RDE) testing setup in three-electrode configuration. Catalysts are loaded on an
embedded glassy carbon disc of RDE. CE and RE are acronyms of counter electrode and

reference electrode, respectively (Reproduced from Reference [22]).

Working Electrode (WE):

It provides a surface at which an electrochemical reaction occurs. In a Working
Electrode, the potential is controlled, and the current is recorded in response. The RDE,
which serves as the WE primarily, is composed of particularly conducting carbon
materials, for instance, glassy carbon (GC), pyrolytic carbon, and graphite) and noble

metals (gold, platinum, etc.). In this study, we used GC electrode as the WE.

Counter electrode (CE):

The vital component of completing a three-electrode electrochemical system is
counter electrodes (CE) or auxiliary electrodes (AE). The primary function of the CE is to
determine the amounts of current generated when the analyte is being reduced or oxidized
when the potential is being applied to WE. The geometrical surface area of the CE needs
to be greater than the surface area of the WE to verify that the kinetics of the reaction
occurring at the CE do not hinder those occurring at the WE. Pt wire or Pt mesh is
commonly used as the CE. Carbon-based CEs such as graphite CEs are also widely

employed these days.
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'2.4.2. Rotating Disk Electrode (RDE) .

In a three-electrode system, an RDE is a hydrodynamic working electrode and that
rotates to induce an analyte flow towards the electrode while doing analysis. Analyte flow
can be varied by varying the electrode’s rotation rate. It is the conventional hydrodynamic
electroanalytical method for limiting the thickness of the diffusion layer and is applied to
most electrochemical analyses to investigate the kinetics of the reactions as well as the
mass transfer effects [23]. In ORR measurement, the rate at which O2 and electrolyte
diffuse towards the electrode surface is determined by RDE. In contrast to the CV, the
LSV plots are recorded at a fixed sweep rate in a single potential sweep direction, either
forward or backward using RDE [23, 25-27].

2.4.3. Chronoamperometry (CA)

Chronoamperometry is an electrochemical technique in which current is recorded
as a function of time by constantly applying wave potential on the working electrode. The
measured current fluctuates as the diffusion layers of the analyte change from the bulk
solution to the electrode surface [28, 29]. Herein, a CA test was performed to check the
electrostability of the catalysts towards the ORR in the identical electrochemical
workstation as the CV and LSV analyses were performed. The CA analysis was carried
out in 0.1 M KOH solution for 6 h at a constant potential of 0.53 V or 0.66V vs. RHE.

2.4.4. Supporting Electrolyte

The electrochemical measurement can be conducted in a solution phase during the
electrochemical investigations and this solution is known as a supporting electrolyte. The
acidic aqueous or alkaline aqueous electrolytes are used as supportive electrolytes under
the N2 or Oz-atmosphere and provide mobile ionic species that enable electrical
interaction. The electrochemical reactions' kinetics were estimated by considering the
supporting electrolyte’s pH value, kinematic viscosity and diffusion coefficient [23].

Herein, we used 0.1 M KOH as the supporting electrolyte for electrochemical reactions.

2.4.5. Electrode Fabrication and Electrochemical Activity towards ORR
To fabricate the working electrode, the catalyst ink was prepared with an
ultrasonic mixture of 5 mg catalyst, 0.2 mL Millipore water, 0.3 mL propanol, and 10 pL

5wt% of Nafion solutions for 30 min. Before each dropcasting, the GCE was polished
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“with 0.3-um Al,O3 powder many times to get a shiny and smooth surface. In total, 3.0 pL
homogeneous “ink” was slowly dropped on the GCE surface uniformly and then allowed
to dry at a temperature 35 °C for 6 h in a vacuum oven (Figure 2.2). All electrochemical
measurements were conducted in an N2 and O.-saturated atmosphere, to obtain an inert
and oxygen-rich environment, respectively.

CV analyses were performed in N2- and O.-saturated environments with a scan
rate of 50 mVs? in the potential range of 0.2—(—0.8) (vs. Ag/AgCl) in 0.1 M KOH
solution. Before each electrochemical analysis, the WE was cycled several times till a
reproducible CV was achieved to remove unwanted surface contamination. After that

surface, the final CV curves were obtained in the respective atmosphere.

..
Y ()
Insulated area %0
Active electrode area i <

Drying under N Completed GCE
Bare electrode Drop cast of EC r:(mgosg)here & fagrication

Figure 2.2: Diagrammatic representation of the fabrication of electrocatalyst over GCE

(Reproduced from Reference [30]).

The same dropcasted WEs were then employed for the LSV measurement
attached to the identical electrochemical system. LSV curves were achieved in the same
potential window of CV. These measurements were made at different rotating rates
ranging from 400-3600 rpm in an O-saturated 0.1 M KOH solution at a sweep rate of 10
mVs~!. Prior to LSV measurement, oxygen was purged through the electrolyte for
roughly 30 minutes, and the electrolyte was continually bubbled with oxygen during the
experiment to keep the O> saturation constant. The resulting currents were normalized for
each sample to the GCE's geometric surface area. To check the changes in ORR
performance due to the use of Pt as CE which is believed to do electrodissolution of Pt in
solution and the potential shift due to the use of Ag/AgClI, we repeated the analysis using
Hg/HgO (filled with 0.1M KOH) and graphite electrode as the RE and CE, respectively.
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"No change in current density and potential were observed for all the electrocatalysts. All
the potentials were converted with respect to a reversible hydrogen electrode (RHE) using
the Nernst equation: Erne = Eagiagel + E%agiager + 0.059 pH and Erre = EHg/Hgo + E° HgHgo
+0.059 pH [1, 31] where, Eagiagel is Ag/AgCI electrode potential and E°ag/agel is standard
Ag/AgCI electrode potential at 25 °C and its value is 0.1976 V while Engngo is calomel
electrode potential and E°HgHgo is standard mercury electrode potential at 25 °C and its
value is 0.163 V at a pH of 13 (0.1 M KOH) [32].

These LSV curves at various rotation rates are used to calculate the Koutecky-
Levich (K-L) plot using the following equation and equation 3 is used to determine the

overall electron transfer number during the ORR process [1, 31, 33, 34].

1/j = Uj + Ujx = 1/Bo'?+ Lj 3)
where, B = 0.629nFC,(D,) ¥3v -1/6
jk =nFkC,

where, j = current density, jk= 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 Oz molecule, F = Faraday constant (96485 C mol?), Doz = diffusion
coefficient of O, (1.9 x 1075 cm? s?), v = kinematic viscosity (0.01 cm™?s?) and Coz =
bulk concentration of O (1.1 x 107 mol cm?) in 0.1M KOH and k = electron transfer rate
constant.

The long-term stability of materials was estimated through CA measurement. CA
analyses were carried out in Oz-saturated KOH solution (0.1 M) at a rotation rate of 1600
rpm for 6 h at -0.40 V vs. Ag/AgCI. The accelerated durability test (ADT) was conducted
by cycling the potential between —0.15-(—0.45 V) vs. Ag/AgCl at a scan rate of 500
mVs~! for 10000 cycles in an O,-saturated 0.1M KOH solution. The LSV was measured
at 1600 rpm both before and after 10,000 redox CV cycles in this experiment. The
methanol tolerance was evaluated by adding methanol to the electrolyte during CA
measurement for 3600s.

The ECSA reflects the surface area associated with the electronic interaction
between the catalyst's and the electrolyte's surfaces during the non-faradaic reaction. The
ECSA for Pd-based catalysts was calculated using the area of the PdO reduction peak on

the CV curve in the N2 atmosphere. The CVs were measured in the potential range of 0.2-

L 2

o
a4

2-16



Chapter 2 I Experimental

'(—0.8) (vs. Ag/AgCl) sweep rate of 50 mVs?. The following equation (3) is used to
calculate ECSA [1, 35, 36]:

ECSA (m?g!) = Q/SL (3)

where, L is the loading of Pd, Q is the charge estimated from PdO stripping, and S is a
constant equal to 424pCcm ™2 considering the surface is covered with a PdO monolayer.

The ECSAs of the metal oxide based catalysts were calculated using the double-
layer capacitance (CpL). To obtain Cpi, the CV curve in an N2-saturated atmosphere must
be used to identify a non-Faradaic range where redox reactions don’t occur. The value of
CoL is obtained by plotting half of the anodic current—cathodic current (ja—jc/2) against
the scan rate [37, 38]. The double-layer charging current is the current obtained in this
non-Faradaic range. Then CV in the non-faradaic region was acquired at different scan
rates of 10, 20, 30, 40, 50 and 60 mV/s. The following formula (equation 4) is used to
determine ECSA [31, 37, 38]:

ECSA = % 4

N

where, Cs is specific capacitance and its value is 40 pFcm ™ for a flat surface.
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