University of Tartu
Faculty of Science and Technology
Institute of Chemistry
Chair of Physical Chemistry

Annabel Raudsepp
Characterisation of Platinum Catalysts Based on
Waste Tire Derived Carbons
Master's thesis (30 ECTS)

Material Science and Technology

Supervisors: Rutha Jager, PhD
Jaak Nerut, PhD

Tartu 2024



Abstract

Rehvipurust  sUnteesitud susinikul pbhinevate plaatina katalUsaatorite
karakteriseerimine

T606s uuriti hapniku redutseerumise reaktsiooni (ORR) aktiivsust vanarehvidest siinteesitud
stisnikalusmaterjalile sadestatud plaatinakatalusaatoritel. Kuna vanarehvidest saadud susinik
sisaldas erinevaid lisandeid, siis prooviti neid leelise- ja happetotlusega eemaldada. Plaatina
sadestamiseks kasutati kahte susinikku ja kahte slnteesimeetodit. Saadud susinikele ja
katallisaatormaterjalidele teostati flilisikaline ja elektrokeemiline karakteriseerimine. Podrleva
ketaselektroodi meetodiga uuriti materjalide ORR-i kineetikat 0,1 M HCIO4 lahuses.
Suinteesitud Pt katallisaatorite aktiivsust testiti prootonvahetus-membraaniga kituseelemendi
(PEMFC) tihikrakus. Suurim maksimaalne vimsustihedus (0,42 W cm) ja voolutihedus (0,35
A cm? 0,7 V juures) saavutati materjaliga, milles Pt nanoosakesed olid sadestatud
stisinikalusmaterjalile, mis sisaldas rohkem algsest rehvipurust tulenevaid jadke.

Marksdnad: ORR, rehvipurust siinteesitud stsinik, plaatina, komposiitkataltisaator, PEMFC
CERCS: T140 Energeetika, T152 Komposiitmaterjalid, P401 Elektrokeemia

Characterisation of Platinum Catalysts Based on Waste Tire Derived Carbons

The aim of this work is to investigate the activity of oxygen reduction reaction (ORR) on
platinum catalysts deposited on carbon support material synthesised from waste tires. Since the
carbon obtained from waste tires contains some impurities, it was tried to remove these
impurities with acid and alkaline treatment and to compare support carbons with and without
additives. Two support carbons and two synthesis methods were used to deposit platinum. The
obtained carbons and catalyst materials were subjected to physical and electrochemical
characterization. The ORR Kinetics of the materials in 0.1 M HCIO4 solution was investigated
by the rotating disc electrode method. The activity of the synthesized Pt catalysts was tested in
a proton-exchange membrane fuel cell (PEMFC) single cell. The highest maximum power
density (0.42 W cm™) and current density (0.35 A cm at 0.7 V) were obtained with the material
in which Pt nanoparticles were deposited on carbon containing more residues from the
granulated material of waste tires.

Keywords: ORR, waste tire derived carbon, platinum, composite catalyst, PEMFC
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Abbreviations

Ads/des — adsorption/ desorption

BET — Brunauer-Emmett-Teller

CV - cyclic voltammetry

ECA — electrochemically active surface area

EIS — electrochemical impedance spectroscopy

EDL — electrical double layer

FWHM — full width at half maximum

GDL - gas diffusion layer

H2PtCls x 6H.O — hexachloroplatinic acid (or Pt complex)
HR-SEM - high-resolution scanning electron microscopy analysis
IPA — isopropyl alcohol

MEA — membrane electrode assembly

OCV - open circuit voltage

ORR - oxygen reduction reaction

PEMFC — proton-exchange membrane fuel cell

RDE - rotating disc electrode

RHE — reversible hydrogen electrode

SEM - scanning electron microscopy

SEM-EDX - scanning electron microscopy with energy dispersive X-ray analysis

TGA — thermogravimetric analysis
XRD — X-ray diffraction analysis
2D-NLDFT-HS — Two-Dimensional Non-local Density Functional

Theory for Heterogeneous Surface



Introduction

We live in a world where the energy sector is responsible for about three-quarters of today’s
greenhouse gas emissions and is pivotal in addressing humanity’s paramount challenge: climate
change. A lot of pollutants such as carbon dioxide and other harmful emissions are released
into the air because of fossil fuel use, therefore we need to change the way how we produce,
transport, and consume energy [1,2]. One possible solution to the problem would be to increase
the share of renewable energy. Hydrogen's high energy density, ample availability on Earth,
and emission-free water as a byproduct of combustion make it a prime candidate for powering
transportation systems as a synthetic energy carrier [3]. Proton-exchange membrane fuel cell
(PEMFC) is used in electrical vehicles. During the working of this energy conversion device,
chemical energy is converted into electrical energy by using hydrogen as fuel and oxygen from
the air as oxidiser. PEMFC catalyst layers contain precious metals like Pt, which are supported
on a porous carbon [4]. However, since Pt is such a rare element on earth, development work
is underway to reduce its quantity and replace it with new active catalysts.

Another problem the world faces is waste management and recycling. As the demand for
transportation is increasing, more and more old tires are generated yearly [5]. Although
landfilling is the least preferable choice for environmental preservation due to its associated
public health hazards, and its pollution of water, air, and soil, as well as its contribution to global
warming, it remains the predominant method of waste management. And so, most waste tires
are also landfilled, but we should seek opportunities to create something new and valuable out
of them [6].

This master’s thesis aimed to investigate platinum catalysts based on waste tire derived
carbons and identify the best oxygen reduction reaction (ORR) catalyst in a three- and two-
electrode system using different carbon supports and two Pt deposition methods. The carbon
from waste tires contains different impurities. Therefore, the second goal of the thesis was to
carry out additional treatments of the carbon support material to remove impurities. It was
hypothesised that those impurities in carbon support may adversely affect the oxygen reduction
activity of the synthesised Pt catalyst. Therefore, carbon materials were also investigated. The
synthesised catalysts and carbons were physically characterised using scanning electron
microscopy (SEM), X-ray diffraction analysis (XRD), thermogravimetric analysis (TGA), and
N2 sorption analysis methods.



1. Literature Overview
1.1. Proton-Exchange Membrane Fuel Cell

A PEMFC is a device that uses air or oxygen for its work and hydrogen as fuel and uses them
to convert chemical energy into electrical energy. Apart from electricity, the products are also
heat and water, so there are no harmful emissions to the environment. PEMFC is a low-
temperature fuel cell, it works in the temperature range of 60-80 °C. The PEMFC employs a
polymer membrane as an electrolyte. While this membrane doesn’t conduct electricity, it’s
highly efficient at conducting hydrogen ions. The membrane (Nafion) is made from a
fluorocarbon polymer chain akin to Teflon, with attached sulfonic acid groups. These acidic
groups are covalently bonded to the polymer. However, the protons within these acidic groups
can freely move across the membrane. This membrane, together with the catalyst layer on both
sides (anode and cathode), forms the most crucial part of the PEMFC, known as membrane
electrode assembly (MEA). [7,8] MEA can also be 5-layered, which means that in addition to
the catalyst layers and the membrane, there are also gas diffusion layers (GDLs) on both sides,
which ensure an even distribution of gases. MEA catalyst layer preparation involves two major
techniques. One is the direct application of the catalyst suspension onto the electrolyte
membrane, and the other is coating the GDL. [9] The thickness of GDL is mostly in the range
of 150-400 um. Its thickness and structure affect the electrical and thermal conductivity of the
GDL and the mass transport within the GDL. GDLs can be made of carbon cloth or carbon
paper coated with a hydrophobic microporous layer containing carbon and Teflon. This
microporous layer ensures effective transport of the resulting water from the electrode into the
diffusion medium and avoids water condensation. [8]

PEMFC’s working principle is as follows (Figure 1). Hydrogen is fed to the anode, where
hydrogen is oxidised into protons and electrons are released.

Anode: 2H, > 4H" +4e (1)
Protons are transported to the cathode through the electrolyte membrane and electrons move to
the cathode along the circuit. At the cathode, the oxygen (from the air) is reduced to water,
while heat is released. [7]

Cathode: O2+4H"+4e — 2 H0. (2)
For both ORR at the cathode and the hydrogen oxidation reaction at the anode, catalyst
materials containing platinum, which is the most effective catalyst, are used. Since the reaction
of the cathode is considerably slower than that of the anode, a catalyst with a higher loading is
also needed. [10,11]
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Figure 1. Scheme of the working principle of a proton-exchange membrane fuel cell [12].

1.2. PEMFC Catalysts and Catalyst Supports

Currently, due to their superior activity compared to all other metals, the most widely used
catalysts in PEMFCs are platinum and its alloy-based catalyst materials (usually supported on
carbon particles) [13-15]. The biggest disadvantages of Pt are its very high cost and its scarcity
on Earth. These factors drive efforts to minimise its use and to seek alternative solutions.
Despite extensive research into platinum-free electrocatalysts, including non-noble transition
metals, metal nitrides, and nanocarbon-based metal-free electrocatalysts, their insufficient
performance and stability render them unfit for commercial use in transportation fuel cells for
the time being [16]. Pt, on the other hand, is very durable during hydrogen oxidation at the
anode and ORR at the cathode.

The performance of the catalyst is also related to its surface area. Platinum nanoparticles
provide a high surface area, which improves the performance of the fuel cell. [13,17] One of
the most widely used carbon support materials for PEMFC catalysts are carbon blacks (e.g.
Vulcan XC-72 and EC300 Ketjenblack) because of their low cost, great performance and high
conductivity. However, carbon blacks may require additional processing, for example
additional activation to increase their catalytic activity, for example doping with nitrogen or
Mn which results in more graphitic and corrosion-resistant carbon. [15,18,19]

The design and performance of Pt catalysts utilised in PEMFCs are significantly influenced
by the structure and form of the carbon. The unique porous structure of mesoporous carbons
enhances oxygen transportation, while graphitisation ensures higher stability. The combined
effect of Pt alloys and heteroatom doping of mesoporous carbons not only offers an excellent

anchoring surface for platinum nanoparticles but also enhances their activity. Additionally,
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incorporating Pt alloys into mesoporous carbon reduces the agglomeration of nanoparticles,
maximizes the surface area of nanoparticles, and establishes an efficient charge transfer
pathway, thereby minimising mass transport resistance. Nonetheless, the restricted durability
of carbon supports presents a substantial obstacle in achieving the extended lifespan required
for PEMFC catalysts. Carbon materials also have a disadvantage: carbon supports are prone to
corrosion in fuel cells, resulting in detachment, agglomeration, and dissolution of Pt
nanoparticles, leading to electrochemical surface area loss and decreased catalytic activity.
[15,18,19]

One possible carbon-based support materials are carbon nanotubes, which have a much
higher electronic conductivity than carbon black because, in the structure of nanotubes, carbon
is in a nearly 100% sp? hybridised state. The multi-walled carbon nanotubes, which have a
lower surface area but higher electronic conductivity, are most commonly used in PEMFCs.
Furthermore, carbon nanotubes have less impurities than carbon blacks. The disadvantage of
carbon nanotubes is that sp? hybridisation complicates Pt nanoparticle deposition due to the
limited availability of functional groups and surface defects for anchoring Pt nanoparticles.
Among mesoporous carbons, ordered mesoporous carbons, colloid-imprinted carbons, carbon
nanofibres and carbon nanocoils are also used as support materials. [20]

Waste tire derived carbons can be considered as a cost-effective and environmentally
sustainable choice for carbon support material [21-23]. Every year, one billion old tires are
thrown away. However, with a continuously expanding population and a increasing demand for
vehicles, the accumulation of used tires continues to rise [24]. Therefore, the old tires are a
source of carbon material that will not run out anytime soon. Currently, most used tires are
stored in landfills, and a significant portion is burned for energy [25]. The burning of tires emits
very harmful emissions into the environment, and thus more effective solutions for tire
recycling should be found. In addition, it is possible to shred tires and use the resulting material
to make rubber mats. However, to effectively recycle tires, it is necessary to expand the range
of products obtained from used tires. The recycling of old tires is complicated by their
composition, which typically consists of rubber (approx. 47 wt%), carbon black (approx.
21.5 wt%), steel (16.5 wt%), textiles such as polyester and nylon fibres (5,5 wt%) and organic
and inorganic additives such as plasticisers, anti-ageing agents, sulphur and zinc oxide (approx.
9.5 wt%) [6]. Intensive efforts are underway to find recycling solutions for the textile fibre and
rubber components. For example, the recycling of textiles as additives to sound absorbing
materials, bituminous conglomerates, concrete production, plastic materials, and soil

reinforcement has been studied [5]. One option is pyrolysis of old tires, which provides higher
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energy efficiency [5]. In addition, this method produces fewer gaseous pollutants compared to
burning tires, thus reducing the demand for combustion gas removal. Pyrolysis of tires involves
their thermal decomposition under non-oxidative conditions (inert atmosphere or vacuum). The
chemical products created during this process, such as tire derived carbon, can serve as starting
materials for other applications. Besides the possibility of using the carbon obtained from old
tires as a support material for PEMFC catalysts, the use of this carbon as the anode material in
lithium batteries has also been investigated [26]. Furthermore, the use of waste tire derived
carbon as a supercapacitor electrode material has been investigated [22].

In this study, carbon materials were synthesised from waste tire granules (from which fibre
and steel residues have been previously removed), and the obtained carbons were used as a

support material for the synthesis of Pt catalysts for PEMFC applications.

1.3. Physical Characterisation Methods
1.3.1. Scanning Electron Microscopy

SEM is a highly adaptable and extensively utilised method among surface analysis techniques.
It offers the unique ability to examine both the structure and composition of a wide range of
materials. SEM measurements are done in a vacuum environment to increase the mean free
path of electrons. SEM apparatus consists of the electron gun, anode, lenses, scanning coils,
three detectors and a sample chamber (Figure 2). The most used electron gun is the tungsten
filament. This filament is heated up to approximately to 2500 °C, causing it to emit electrons.
These electrons are then accelerated down the column with the help of an anode. Magnetic
lenses focus electrons into a narrow electron beam. These lenses also control the amount of
electrons that reach the sample. The purpose of the scanning coil is to move the electron beam
so that the sample is scanned row by row. The objective lens determines the focusing of the
electron beam. Each point of the sample surface that is bombarded with electrons is emitting
different signals, including secondary electrons, backscattered electrons, and characteristic
X-rays, which are then detected. By using these signals, we can create an image of the surface.
Secondary electrons are created when the primary electron beam interacts with the surface of
the sample, causing electrons to be ejected from the surface. Secondary electrons, having low
energy, originate from the near-surface region (0-5 nm depth). Secondary electrons are
collected by the secondary electron collector, providing information about sample’s
topography. Backscattered electrons are generated when the primary electron beam interacts

with the sample in a manner where they retain much of their energy. These electrons emerge in
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a direction similar to that of the primary electron beam, and backscattered electrons originate
deeper from the sample, typically at depths of 0-400 nm. Backscattered electrons are collected
with the backscattered electron detector, providing information about differences in atomic
number. When primary electron beam energy is sufficient then it will excite the atom of the
sample and during the relaxation process characteristic X-rays are generated (at depths of
0-2 um). These X-rays are collected with energy-dispersive X-ray detector and this signal
provides information about the chemical composition of the sample (elements, their distribution

and concentration). [27,28]
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Figure 2. Scheme of a scanning electron microscope [29].

1.3.2. X- Ray Diffraction Analysis

XRD is a physical characterisation method of materials that allows the study of the phase
composition, size of crystallites, the orientation of crystallites, crystal lattice structure and
lattice parameters, close arrangement of atoms, internal stresses, and coefficient of thermal
expansion. XRD can be used for quantitative and qualitative analysis. X-ray diffractometers
consist of an X-ray tube, a sample holder, and a detector. During the analysis, the sample is
irradiated with a monochromatic X-ray beam, and the resulting diffracted beam is recorded.
Figure 3 explains the principle of X-ray diffraction. Monochromatic X-ray radiation is reflected
within the crystal only in specific directions, where the condition of constructive interference
is met. A parallel beam of X-rays strikes the atomic planes at an angle & and is reflected from
them at the same angle. The first beam is scattered from the O atom, and the second beam is
scattered from the G atom. The reflected rays must fulfil the condition of constructive
interference, meaning their phases must coincide. To achieve this, the difference in their optical
path lengths must be an integer multiple of the wavelength. OF and OH are drawn perpendicular

to the incident rays, creating an optical path length difference FG + GH between the rays
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reflecting from two neighbouring planes. Here, FG = GH = dsin6 from which Bragg's formula
follows:

nA = 2dsiné, (3)
where n is an integer, A is the wavelength of the incident X-ray beam, d is the distance between
the atomic planes, and 8 is the angle between the atomic plane and the incident radiation. [30—
32]

Figure 3. Schematic diagram explaining Bragg's law [33].

XRD can be used to determine the crystallite size, D, from the diffraction line width using
the Scherrer’s formula:
KxA

- B x cos@’

where K is the Scherrer constant and g is the full width at half maximum (FWHM). The

(4)

diffraction line broadens as the crystallite size decreases due to the insufficient number of
atomic planes in the crystallite. This leads to a scenario where complete destructive interference
doesn’t occur, even with a minor deviation from the Bragg angle. Consequently, the FWHM of
the reflection increases, observed on the diffractogram as a wider reflection with a reduced
intensity. In contrast, for larger crystallites, rays diffract on both sides of the Bragg angle,
resulting in non-constructive interference due to the summation of many diffracted rays from

atomic planes. [34]

1.3.3. Thermogravimetric Analysis

TGA measures the variation in mass (either an increase or decrease) and the speed of this
variation, based on factors such as duration, temperature and a gas environment (such as air,
N2, CO2, Ar, etc.). TGA is used to study the thermal and oxidative stability of materials, the

composition of multi-component systems, residual mass, decomposition kinetics of materials,
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volatiles, and moisture content of materials. The most commonly used type of TGA is dynamic
thermogravimetry, where a sample is heated in an environment with the temperature adjusted
in a pre-set way, typically at a linear rate. The second type is static or isothermal
thermogravimetry, where the weight of the sample is recorded over time while maintaining a
constant temperature. The third type is quasistatic thermogravimetry, where the sample is
heated to constant weight at each series of increasing temperatures. The TGA apparatus consists
of a highly sensitive scale to measure changes in the weight, sample holder or crucible (made
from Pt, Al, Al>Os, graphite, stainless steel etc.), thermocouple to control the temperature and
a programmable furnace to control the temperature of the sample environment. TGA results are
typically displayed by a plot of mass change in mass percent (y-axis) versus time or temperature
(x-axis) and are commonly referred as TGA curves. Several factors can influence the shape of
these curves, including instrumental factors such as furnace atmosphere and heating rate, as
well as sample characteristics such as sample particle size and weight, sample holder, heat of
reaction, and compactness of the sample. [35-37]

1.3.4. Nitrogen Sorption Analysis

Gas sorption analysis is a well-known method for determining the specific surface area of solid
porous/non-porous powders. The latter is typically determined by calcualting the quantity of an
adsorbed inert gas that forms an imaginary single-molecule layer at the interface between the
solid and vapour. The adsorption is a dynamic equilibrium process. An ideal adsorbate would
exhibit uniform adsorption strength across all types of surfaces present in the sample. The most
commonly used adsorbate is nitrogen (at liquid nitrogen temperature) due to its easy availability
and chemical inertness. However, a disadvantage of using nitrogen is its low temperature of the
normal boiling point, which results in slow mass transport processes, causing nitrogen
molecules to take a longer time to penetrate small pores. Other adsorbates such as argon, xenon,
and krypton are also used. [38-41]

The adsorption isotherm should be fitted using a suitable physical model that accounts for
both the adsorbent (solid) and the adsorbate (gas). The most commonly used adsorption model
is the Brunauer-Emmet-Teller (BET) equation. The BET theory allows for the prediction of
multilayer adsorption, heat of adsorption and specific monolayer adsorption capacity on
different adsorption layers. However, the main issue with this model arises from its three

underlying assumptions: first, that adsorption has reached equilibrium; second, that the surface
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iIs homogeneous; and third, that the surface of the adsorbent is flat. The specific surface area,
SeeT, of the material can be determined using the BET method.

BET equation in the linear form is expressed as [40]:

na x (p°-p) nd xC  nd XCF’

p 1 (C_l) p (5)

where n? is the amount of adsorbed substance at the relative partial pressure %, ng,is the

monolayer capacity, and C is the BET constant. Using the capacitance of a single layer, the

Sget value can be calculated [40]:

né, XNp Xam

SBET = - (6)
where Nz is is Avogadro's number, am is the molecular cross-sectional area, and m is the mass
of the adsorbent.

The other important parameters are the micropore volume, Vmicro, Which represents the
pores with a diameter smaller than 2 nm, and the total pore volume, Viot. Viot IS typically
determined at the point where the relative pressure of nitrogen is 0.95. [38-41] Additionally,
the specific surface area, Sprr, and total pore volume, Vprr, can be determined using the Two-
Dimensional Non-local Density Functional theory for Heterogeneous Surface (2D-NLDFT-
HS) model which takes into account that the adsorbing surface is energetically and structurally

heterogeneous. [38]

1.4. Electrochemical Research Methods

1.4.1. Cyclic Voltammetry and Electrochemically Active Surface Area of Platinum

Nanoparticles

Cyclic voltammetry (CV), widely employed in electrochemistry for investigating redox
reactions and capacitive processes, utilises a three-electrode system comprising a working
electrode (which can function as both an anode and a cathode), an auxiliary electrode (such as
a platinum mesh), and a reference electrode (like a reversible hydrogen electrode (RHE)). The
cyclic voltammogram is a dependence of current density (mA cm2) on electrode potential at
specific electrode potential scan rates (mV s™*) [42—44]. The voltammogram of the redox pair
has current density peaks that describe the electrochemical reactions taking place at the
electrode surface. Initially, the voltammogram shows an increase in current density |j| resulting
from the reaction being accelerated by applying a higher over-potential. Due to the change in
potential, there comes a point where the reactant diffusion rate to the electrode decreases as it

reacts there. Near the electrode, the diffusion layer becomes depleted of reagent, resulting in a
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decrease of the concentration gradient. Therefore, we observe a decrease in the current density
|j| on the voltammogram [42]. The height and width of the peaks depend on the reversibility of
the reaction, the concentration and diffusion coefficient of the reagent, electrolyte, the material
of the electrode and the electrode potential scan rate [45,46].

The cyclic voltammogram of the Pt catalyst is used to calculate the electrochemically active
surface area (ECA) of platinum nanoparticles. There is an area of hydrogen adsorption and
desorption (ads/des) at the electrode potentials less positive than 0.45 V vs RHE and an oxygen
ads/des area at electrode potentials more positive than 0.60 V vs RHE [45,47-49]. The area
between these two regions is the so-called electric double layer area (EDL).

The formula used to calculate ECA is:

ECA = —2pt=H (7)

QPt—H,polymPt’
where gpt-H,poly IS the charge required to form an adsorbed monomolecular layer of hydrogen on
an ideally smooth Pt surface (210 pC cm ?) [49], met is the mass of Pt on the electrode surface,

get-H IS the hydrogen ads/des charge and can be found from the formula:

qpt-H = f:zz CepLdE — CepL(E2 — Ey), 8
where E; is the potential in the middle of the Pt EDL region, E> is the potential at the end of the
hydrogen ads/des area and CepL is the average EDL capacitance, which is assumed to be
constant and independent of the electrode potential. To find the capacitance, C, the current

density, j, is divided by the electrode scan rate, v. [45,47-49]

1.4.2. Rotating Disc Electrode Method

The mechanisms and kinetics of electrochemical reactions can be investigated using the rotating
disc electrode (RDE) method. The main component of RDE is a cylindrical working electrode
made of for example glassy carbon, which is surrounded by an inert insulating material,
typically Teflon. The electrode is submerged in the electrolyte solution and set into motion
through rotation facilitated by a rotator. This rotation causes the electrolyte solution move
towards the electrode due to the rotation of the electrode. To study the catalysts, the electrode
is coated with the material under investigation. [50]

If the flow of the electrolyte solution is laminar and the reaction rate is determined by mass
transport, then the diffusion current density, jo, can be found from Levich's formula. In the case
of ORR, it is expressed as follows [45,51,52]:

jo=-0.62nF D2 y¥6 ¢ = —B 0'?, 9)
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where n is the number of electrons transferred per O, molecule, F is the Faraday number
(96485 C mol ™), D is the diffusion coefficient of O2(1.9 x 10° cm? st in 0.1 M HCIO4), w is
the angular velocity of the electrode rotation, v is the kinematic viscosity of the solution
(0.01 cm? st in 0.1 M HCIOq solution at 22 °C [53-55]), ¢ is the concentration of Oz in the
solution (1.26 mol m™2in 0.1 M HCIO4 solution at 22 °C [53-55]) and B = 0.62nFD #3y™5¢ is
known as Levich's constant.

If reaction kinetics are controlled by both slow charge transfer and mass transfer steps then

the total current density, j, can be described by the Koutecky -Levich equation [53-55]:
1 1 1 1 1

—=—t=—=—+—75 (10)

i Jjx Jo Jjx —Bwl/?

where jk is the kinetic current density.
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2. Experimental
2.1. Synthesis

2.1.1. Carbon Synthesised from Waste Tires

To prepare Pt/C catalysts, two different carbon materials were used as supports. Instructions
found in the literature were used for carbon synthesis [56,57]. First, carbon material was
synthesised from waste tire granules (Imdex A/S, Denmark) with a size of 0.8-3.0 mm, from
which the textile and steel components had previously been removed. Waste tire granules were
placed on a quartz crucible in a tube furnace (Carbolite). The furnace temperature was increased
at a rate of 2 °C min™* up to 1000 °C. Pyrolysis occurred at 1000 °C in an argon environment
(99,999%, As Linde Gas, flow rate 145 cm® min™?) for 3 h, yielding 37% carbon. The resulting
carbon was ground in a ball mill (Fritsch, Pulverisette 6) at a rotation speed of 400 rpm for
30 min using YSZ balls (5 pcs., 20 mm). [58,59] The resulting carbon material is referred to as
C1 in the thesis. Joel Indrek Martin Laanemée synthesised the carbon C1.

Due to the presence of multiple residues in the C1 material (chapter 3.1.), enhancements
were made to the carbon synthesis method (Figure 4). First the waste tire granules were washed
in distilled water in an ultrasonic bath (EIma Schmidbauer GmbH Elmasonic P 30 H/ Pmax
320 W, 37 kHz, temperature 21 °C) in a beaker. Subsequently, the beaker containing distilled
water and granules was placed on the stove and heated until the granules floated to the surface,
causing the water to turn yellow. Next, the tire granules were rinsed with Milli-Q* water
(18.2 MQ cm). Then, the previous steps were repeated twice more, followed by drying
(BINDER FD 53 E2, 60 °C for 2 h and 100 °C for 15 h and at room temperature for 24 h). The
product was pyrolysed in a tube furnace (450 °C 3h, flow rate 200 cm® min™) in an argon
environment. The resulting carbon material is named C2 in the thesis.

The carbon material that underwent the first pyrolysis (C2) was treated with an alkaline
solution for 1 h, using 150 cm® 1 M KOH (prepared from solid KOH, purity 89.7%, Lachner).
This step was incorporated into the carbon synthesis process to activate the material and
eliminate impurities (SiO2) from the waste tire granules. [60] For that, C2 was placed in a
Teflon container, which was filled with KOH solution and placed on a stove (heated up to
60 °C). After 1 h, the stove was turned off and the mixture was left to stir with a magnetic stirrer
for about 24 h. By this time, the carbon had formed a uniform suspension. The suspension was
vacuum filtered with 1200 cm? Milli-Q* water (to get rid of KOH) and then dried in a vacuum

drying cabinet (110 °C and 50 bar). The resulting carbon material is named as C3.
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Since the synthesised carbon C1 had a low specific surface area, it was decided to use pore
formers in carbon synthesis. [57,58]. Therefore, the resulting carbon C3 was ball milled with
ZnCl> (Sigma-Aldrich, >97%), hydroxyapatite (Sigma-Aldrich, >96%) and isopropyl alcohol
(IPA) (LashNer, 99.99%) using 250 pcs YSZ 5 mm balls (2x15 min grinding cycles, 350 rpm,).
IPA was then added to the suspension obtained from the ball mill, mixed with HIGH-SHEAR
mixer (IKA S25N-10G, 60 min), and in an ultrasonic bath (30 min), and dried (80 °C overnight).
Next synthesis step involved pyrolysis at 700 °C for 1 h with an argon flow rate 200 cm® min™2.
To eliminate impurities from material, acid washing was conducted [57]. The acid treatment,
lasting 24 h, was conducted using 900 cm? of 1 M HNOg3 (prepared from 67-70% HNOs3, Fisher
Chemical) solution by heating the reaction mixture in an oil bath with an vertical condenser and
stirring with a magnetic stirrer. The suspension was vacuum filtered and washed with Milli-Q*

water and dried in a vacuum (100 °C, 50 mbar). The resulting carbon material is named as C4.
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Figure 4. Schematic illustrating the improved carbon synthesis method.

2.1.2. First Synthesis of Catalyst Materials

60 wt% Pt catalyst materials were synthesised by two different methods. The main differences
between these synthesis methods are as follows. The first synthesis involved the deposition of
Pt nanoparticles on carbon from a reaction mixture i.e. the synthesised Pt nanoparticles and
carbon were in the same reaction mixture from the beginning. The temperature of the solution

was raised smoothly up to the synthesis temperature of 110 °C. In the second synthesis,
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Pt nanoparticles were synthesised separately and then deposited on carbon. The reaction
mixture was placed in an already preheated oil bath at a temperature of 160 °C.

In the first synthesis (Figure 5) [61-63], an aqueous solution of NaOH (0.618 g; 99,99%
metal basis, Na,COs < 1%, Sigma-Aldrich)) was prepared in a mass ratio of 1 : 1 and 100.5 cm?®
of ethylene glycol (>99,5%, Sigma-Aldrich) was added. 0.200 g of either carbon material C1
or C4 was then added to the resulting mixture, followed by mixing in an ultrasonic bath for
15 min. After that, the synthesis mixture was stirred and saturated with argon. Meanwhile,
0.800 g of the platinum complex (H2PtClex6 H20, crystalline, 99.9%, Alfa Aesar) was
dissolved in 5cm?® Milli-Q* water and the resulting solution was added dropwise (using a
syringe pump) to the reaction mixture over about 20 min. The mixture, which was in a round
bottom flask equipped with a vertical condenser, was stirred by heating in an oil bath at 110 °C
under an argon atmosphere for 2 h. Afterwards, the reaction mixture was cooled, and then a
solution comprising 30 cm?® of Milli-Q* water and 1.02 cm® of concentrated HC1 (>37%, Sigma-
Aldrich) was added. The reaction mixture was stirred for another 20 min before vacuum
filtration. Demineralised water (700 cm®) was added to speed up the filtration. After the
filtration, the product was dried in a vacuum drying cabinet (100 °C, 50 mbar) for 24 h. The dry
catalyst material was weighed, and the yield percentage was 95%. Depending on the carbon
support used (C1 or C4), the catalyst material S1 or S2 was obtained, respectively.

H,PtCl, x 6H,0 NaOH + H,0
+H,0 +100,5 ml EG
HCI+H,0
NaOH
J[ +C1/

Ultrasomc bath 1) Ar 15-20 min
5 min 2)2h110-C

Figure 5. Schematic illustrating the first catalysts synthesis method.

2.1.3. Second Synthesis of a Catalyst Material

A scheme illustrating the second synthesis method [64] is provided in Figure 6. In one flask,
0.414 g of the platinum complex was dissolved in the 40.0 cm? of ethylene glycol and in another
flask, 0.320 g of NaOH was dissolved in the same volume of ethylene glycol. The solutions of
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the Pt complex and NaOH solution were then combined in a round reaction flask and stirred in
a preheated oil bath for 90 min at 160 °C. After heating, the mixture was allowed to cool down.
The suspension was divided between the required amount of centrifuge tubes (45 ml), and 1 M
HCI (prepared from > 37% HCI) was added to fill up the tubes. The mixture was centrifuged
for 5 min at 5000 rpm (Domel Centric 250) and the solution over the Pt nanoparticles was
discarded. The washing of Pt nanoparticles with 1 M HCI was repeated three times, to yield
purified Pt nanoparticles. Next, 0.191 g of carbon C4 and acetone (purity min. 99.5%, OKKO
Products) were mixed in a rotatory evaporator flask and sonicated (37 kHz, temperature 21 °C).
The nanoparticles were then added to the flask using small amount of acetone. The mixture of
nanoparticles and material C4 was manually stirred in the flask and then dried in the rotary
evaporator (Blchi R-100). Subsequently, the flask was placed in a vacuum-drying cabinet
overnight. The material was mixed with water next day and the suspension was vacuum filtered
and then dried again in a vacuum drying oven (for 5 h). Finally, the product was weighed
(0.249 g, 99%), and the catalyst material was then crushed into a fine powder in a glass vial

with a metal spatula. The resulting catalyst material is named S3 in the thesis.

Filtration + drying

-y

Centrifuge Ultrasonic bath  Rotatory evaporator

Figure 6. Schematic illustrating the second method of catalyst material synthesis.

H,PtCl; x 6H,0 C4 + acetone

NaOH

All three synthesised materials were compared with the commercial material 60% Pt HSA
Ketjenblack (FuelCellStore), which will be denoted by the letter K in the thesis.

2.2. Physical Characterisation of the Synthesised Materials

A high-resolution scanning electron microscope (Zeiss Merlin) equipped with an energy
dispersive X-ray (EDX) microanalyser (Bruker EDX-Xflash®) was used for high-resolution
scanning electron microscopy analysis (HR-SEM). For analysis, suspensions of carbon
powders were prepared, and these samples were transferred to carbon tape. To prevent charging
of the surface of the samples, to provide a homogeneous surface for analysis and imaging, and

to promote the emission of secondary electrons for even conduction, the samples were coated
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with a 0.5 nm Au/Pd layer before the measurement [27,29]. Operating voltages of 8 keV and
3 keV were used for HR-SEM and SEM-EDX, respectively. HR-SEM and SEM-EDX
measurements were carried out by PhD Olga Volobujeva at TalTech.

XRD measurements were performed with a Bruker D8 Advance diffractometer using
nickel-filtered CuKa radiation (0.6 mm wide parallel beam, two 2.5° Soller slits, LynxEye strip
detector, 2 = 0.154186 nm). The operating voltage of the X-ray tube was 40 kV and the current
was 40 mA [65]. The measurement time for one step was 492 s. The scanning step 26 was 0.01°
(260 from 10° to 90°). To determine the Pt lattice parameters and the size of the Pt crystallites,
the catalyst diffractograms were modelled using the Topaz program. The XRD measurements
were carried out by Mr Jaan Aruvali.

Thermogravimetric analysis was performed on the synthesised catalyst materials and the
commercial catalyst to determine the platinum content. TGA was also performed on the carbon
support materials of the catalyst materials to determine the amount of non-burning residue, or
ash. Before and after measuring the samples, baselines were measured with an empty crucible.
An aluminum oxide crucible was used for measurement. Since the temperature ramp rate and
the gas flow rate affect the recorded TGA signal, the baselines must be measured. As the density
of the gases decreases, the weight of the crucible increases at high temperatures. The agreement
between the measured baselines was very good, with a maximum difference of 20 pg
(significantly below the set criterion of 40 ug). After measuring the baselines, the sample was
measured. TGA was performed using a NETZSCH STA 449 F3 Jupiter device. The mass of
the measured sample was about 10 mg. The measurements were conducted in the temperature
range from 25 °C to 1000 °C. The temperature was increased at a rate of 10 K min™t. The
following gas flow rates were used for the measurements: nitrogen (99.999%, AS Linde Gas)
at 45 cm® min™* and oxygen (99.999%, AS Linde Gas) at 5 cm® min™2.

The low temperature nitrogen sorption measurements were performed with the 3Flex
instrument (USA, Micromeritics). To remove moisture and gases from the pores of the samples,
the samples were degassed (24 h, 100 °C, 0.05 mbar) before measurement. First, the samples
were vacuumed and after that filled with nitrogen. While attached to the instrument, the samples
were degassed again. During the measurement, the samples were in a container filled with liquid
nitrogen (77 K). The analysis of the measurement results was performed using the SAIEUS
software and the 2D-NLDFT-HS model. The assumption of the theory is that the adsorbing surface
is heterogeneous energetically and in terms of pore structure. In addition, the specific surface area
(Seet) was calculated according to the BETtheory. The assumption of BET theory is that the

adsorbing surface is energetically homogeneous and the adsorption energy is the same between
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different adsorbing layers. The total pore volume (Vi) was calculated at a pressure close to the

saturation pressure (ppo* = 0.95).

2.3. Electrochemical Measurements
2.3.1. Preparation of Suspensions of Carbons and Catalysts

Measurements in the Three-Electrode System. A suspension of carbon or catalyst material for
RDE measurements was prepared from the carbon or catalyst under investigation (5 mg), IPA
(0.004 cm?3), Milli-Q* water (3 cm®), and 1 M KOH aqueous solution (0.4 cm?®).[66] The
required amount of starting materials was weighed and then the suspension was mixed for
15 min in an ultrasonic bath (37 kHz, 0 °C).

Measurements in the Two-Electrode System. To assemble and measure a PEMFC single
cell, it is first necessary to prepare a suspension of the catalyst material [8]. For this purpose,
the catalyst material under study was weighed in the glass vial (95,3 mg). Milli-Q" water
(2.06 cm®), IPA (4.64 cm®) and Nafion solution (Nafion™ PFSA, lon Power GmbH, ~5%)
(0.83 cm?®) were added to the catalyst. The suspension was mixed for 15 min in an ultrasonic
bath (37 kHz, 0 °C) and then mixed for 4 h at room temperature using a HIGH-SHEAR mixer
(IKA ULTRA-TURRAX®; 14 600 rpm mint). After that, the suspension was left to stir with
a magnetic stirrer overnight. Before applying the catalyst material to the GDL or membrane,
the suspension was mixed again in an ultrasonic bath (15 min, 37 kHz, 0 °C) and with a HIGH-
SHEAR mixer (14,600 rpm min?, 1 h).

In parentheses are given sample quantities for both recipes.

2.3.2. Rotating Disc Electrode Measurements

Prior to conducting the RDE measurement, the necessary glassware was subjected to acid
washing using heated (80°C) H>SOs (ACS Reagent, 95,0-98,0%, Sigma-Aldrich) with small
addition of H.O, (EMSURE, ISO, 30%) followed by thorough rinsing with demineralised water
and Milli-Q* water.

The ORR activity of the catalysts was measured using the RDE method in 0.1 M HCIO4
(Suprapur, Sigma-Aldrich, 70%) aqueous solution. The solution was titrated to determine the
exact concentration.

Before the suspension of the carbon material or catalyst under study was applied to the
glassy carbon disc electrode (PINE Instrument Company, S =0.196 cm?), the electrodes were

first polished with a paste containing alumina powder (BUEHLER Micro Polish) with a larger
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grain (0.3 um) and then with a paste with a smaller grain (0.05 um). The electrodes were then
thoroughly rinsed by pouring Milli-Q* water over them and treated in Milli-Q" water in an
ultrasonic bath (frequency 37 kHz, room temperature) for 15 seconds. The electrodes were
allowed to dry under the flow of compressed air. The catalyst suspension was then pipetted as
a single drop (9 pl) onto the electrode. The electrodes were dried for 30 min in the vapours of
a mixture of IPA and Milli-Q* water (80% IPA : 20% H»0) to get the uniform catalyst
layer [66]. Afterwards, the electrodes were additionally dried for another 15 min in a drying
cabinet at a temperature of 40 °C to get rid of the volatile organic matter. The loading of Pt was
54 ugpt cm 2 for the synthesised catalyst S1 and 18 pgp: cm ™2 for the other synthesised catalysts
(S2 and S3) and the commercial catalyst K. The loading of C was 37 ug cm2for the synthesised
catalyst S1 and 12 pg cm™2 for the other synthesised catalysts (S2 and S3) and the commercial
catalyst K.

Potentiostat (Metrohm, Autolab B. V., PGSTAT302N, FRA32M) and NOVA 1.10.4
software were used for the CV and RDE measurements. Before the measurement, the
electrolyte solution was saturated with argon (99,9999%, AS Linde Gas). First, the working
electrode was cycled in the potential range of 0.025-1.200 V. Next, electrochemical impedance
spectroscopy (EIS) was measured at a potential of 450 mV in the frequency range of
0.1-10 000 Hz (5 mVms). The electrolyte resistance value, Re, (between the working and
reference electrodes) found from the EIS data was used to compensate for the ohmic potential
drop during the CV and RDE measurements. After that, CV was measured at potentials from
0.02 V to 1.00 V and potential sweep rates from 10 mV s™* to 400 mV s1. RDE measurements
were performed at a rotation speed of 1600 rpm in an argon-saturated environment and then in
an oxygen saturated environment in the potential range from —0.10 V to 1.00 V at a potential
sweep rate of 20 mV s2,

A glassy carbon disc working electrode covered with the investigated material, a reversible
hydrogen electrode (RHE, reference electrode [67]) and a large-surface area Pt mesh auxiliary
electrode were used as electrodes. The reference electrode was connected to the system via a
Luggin capillary. In the thesis, all electrode potentials are given against RHE. The

measurements were carried out in a glass measuring cell.

2.3.3. Membrane Electrode Assembly Preparation

To make an MEA, the Nafion membrane must be coated on one side with an anode catalyst and

on the other side with a cathode catalyst, and GDLs are placed on both sides. Sputtering is the
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traditional method for applying anode and cathode catalysts to the MEA with using special
equipment such as ultrasonic spray system [68]. For coating, the Nafion membrane (5 cm?,
Nafion HP, lon Power GmbH) was placed on a preheated plate (60 °C) in the ultrasonic
spraying system (Sono-Tek ExactaCoat), and the anode material, which was a commercial
catalyst K, was sprayed on top of it with a Pt loading of 0.5 mg cm2. In the same way, the other
side of the membrane was covered with the commercial catalyst K with a Pt loading of
0.7 mg cm™2. In the work, the resulting MEA is denoted as K.

An alternative approach was employed to fabricate MEASs using the synthesised catalyst
materials (S1, S2, S3), as previous studies have indicated that catalysts where with platinum
deposited on waste tire carbon are unsuitable for MEA production via the spray coating method
[58]. Therefore, the anode side was prepared as before, but for the cathode, the catalyst material
was pipetted onto the GDL (2.35x2.35 cm), (Freudenberg H24C3, FuelCellStore) in several
drops. Pipetting the suspension onto the GDL took place on a stove heated to 80 °C, where the
GDL was fixed with carbon tape. A total of 277 ul of the suspension was dropped onto the
GDL in 10 pl drops. Pt loading on the cathode side was 0.7 mg cm™2 for all cases. Further
processing of the MEA by adding an additional Nafion layer and subjecting the entire MEA to
hot pressing is suggested in the literature to increase the power output of the PEMFC. [69]. The
Nafion layer was applied using an ultrasonic spray system and MEA with GDLs was hot
pressed using an A CARVER® INC device (3 min, 250 kg, 125 °C). MEAs prepared in this
way are denoted S1, S2 and S3 in the work.

2.3.4. PEMFC Unit Cell Experiments

Initially, all single cell components (end plates, current collectors, bipolar plates, Teflon
gaskets) (Fuel Cell Store) were cleaned with ethanol (96.3%, Premium) followed by the
assembly of single cells utilising MEAs prepared by different methods [70]. While assembling
the single cell, the Teflon gaskets were sprayed with Milli-Q* water to ensure a gas tighter
system. The components of the unit cell were fixed using nuts and bolts with a torque of 7 N m.

Measurements were performed using a potentiostat (PGSTAT302N, FRA32M, Autolab)
with a booster (BOOSTER20A). The utilised equipment by FUEL CELL TECHNOLOGIES,
INC facilitated precise control over gas flow rates at both the cathode and the anode, as well as
the regulation of gas humidity, temperature, and pressure. During the measurement, the
temperature of the gas lines was 60 °C and the temperature of the cell was 62 °C. Synthetic air
(Airapy 100%, AS Linde Gas) was fed into the cell from the cathode side at a flow rate of 2
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dm?® min~! at atmospheric pressure and hydrogen (99,999%, As Linde Gas) was fed into the cell
from the anode side at a flow rate of 200 cm® min! and a pressure of 1.4 bar. The measurements
were carried out in the galvanostatic mode, starting with the voltage measurement at a current
of 0 A and finishing the measurements at a current at which the cell voltage was 0.4 V. The
applied currents were: 0 A, —0.005 A, —0.05 A, —0.2 A; thereafter, the current was decreased
by 0.2 A at each step. The measurement time was 30 s for the first three points and 60 s for the
subsequent points . The electrochemical activity was evaluated at cell voltage of 700 mV and
the open circuit voltage (OCV) and maximum power density (Pmax) were determined. In the
frequency range of 0.5-100 000 Hz, the resistance (R) was measured both in the galvanostatic
(0.4 A cm2,0.02 Amms) mode and in the potentiostatic (—450 mV vs OCV, 0.005 Vms) mode.

The next day, after the entire system (humidification vessels, gas lines and cell) had cooled
down to room temperature, CV was performed in the potential range of 0.08-1.00 V vs. RHE
at electrode potential sweep rates of 20-300 mV s 1. Nitrogen was used at the cathode side at a
pressure of 1 bar and a flow rate of 200 cm® min, while hydrogen at a pressure of 1 bar and a
flow rate of 12 cm® min was used at the anode side. The CV data was used to calculate the
ECA values.

2.4. Using artificial intelligence chatbots

Grammarly and Copilot artificial intelligence chatbots were used to check English grammar
and sentence structure in the main text of the chapters. Based on the received feedback, the text

of the work has been refined, and language errors have been corrected.
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3. Results and Discussion

3.1. Physical Characterisation
3.1.1. Analysis of SEM and SEM-EDX Results

SEM and SEM-EDX analyses were performed on the carbon materials. SEM images
(Figures 7 and 8) of all four investigated materials show that the carbons synthesised from
waste tires are porous and inhomogeneous. Images at a magnification of 1000x (Figure 7)
reveal distinct morphological differences. The first sample, C1, exhibits larger, irregularly
shaped particles that are clumped together and form a rough surface. The particle size vary
(there are both larger particles, a few tens of micrometers in diameter and smaller particles with
a diameter of a few micrometers) but it is relatively large compared to the other samples. This
could be due to the high pyrolysis temperature. In contrast, C2 displays a smoother, more
homogeneous surface with particles that are more difficult to distinguish, which might be due
to the lower pyrolysis temperature. The third sample, C3, features well-defined yet smooth
particles that aren’t as clumped together as in C1, indicating the effect of KOH treatment.
Lastly, C4 exhibits a “smooth” surface but with some textural inconsistencies and lacks distinct
structure characteristic of individual particles as those seen in other samples.
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Figure 7. Scanning electron microscopy images of the waste derived carbons at 1 000x magnification.

At higher magnification (Figure 8), the morphologies of all carbon materials are very
similar. The differences in preparation methods, such as pyrolysis temperatures, alkaline and

acid treatment, ball milling, result in subtle variations in surface texture and particle
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distribution. However, these differences might not significantly alter the overall morphology.

All the carbon materials are macroporous and contain voids.
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Figure 8. Scanning electron microscopy images of the waste derived carbons at 50 000x magnification.

Examining the elemental composition using the SEM-EDX method, it appeared (Table 1)
that, as expected, all carbon materials consist mainly of carbon (70-88 wt%), oxygen
(10-19 wt%) and some impurities like Zn (0.2-4.2 wt%), S (0.3-2.0 wt%) and a small amount
of Al (0.1-0.2 wt%) and Ca. The content of Si, S, Ca and Zn is not surprising, because sulphur
and zinc compounds are used to vulcanize rubber in tire production [71,72], and SiO; and
CaCOs are used as fillers in tires [73,74]. Other authors have also observed a similar elemental
content in residues after the pyrolysis of tires [75]. Since the C1 material used to synthesise the
Pt catalysts contained various impurities that could affect the electrochemical activity of the
synthesised catalyst material, new carbons were produced [58]. The carbon C2 has a very
similar composition to C1, as the same batch of waste tire granules was used for pyrolysis, with
only the pyrolysis temperature being different. The carbon C3 underwent an alkaline treatment
which reduced the Si amount; however, it is the only one that contains potassium (1.1 wt%) due
to the KOH treatment. All three carbons (C1, C2, and C3) contain Ca, which C4 does not have
because HNO3 treatment that helped eliminate it. Acid and alkaline treatment also significantly
helped to reduce the amount of Zn (C4 has only 0.2 wt%) and S (0.3 wt%). Therefore, the final
carbon C4 was used for the synthesis of the new Pt catalysts.
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It should be stressed that SEM-EDX analysis results of porous carbonaceous materials are
only semi-quantitative and provide some indication of the elemental composition of the studied

materials.

Table 1. Scanning electron microscopy with energy dispersive X-ray analysis results for all carbon
materials. Results are given as mass percent.

Material C @) Si Zn S Ca K Other (< 0.5%)
C1 79 11 6.9 0.7 1.6 0.7 - Mg, Al
C2 70 19 6.9 2.4 1.3 0.1 - Al
C3 81 10 1.1 4.2 2.0 0.6 1.1 Mg, Al
C4 88 12 - 0.2 0.3 - - Cl, Al

3.1.2. X-ray Diffraction Analysis

XRD was performed on all the materials under studied (Figure 9). The carbon materials (Figure
9a) have clearly distinguishable carbon reflexes: C 002 and C 001/101 [76]. Since the carbon
is amorphous, the reflexes are very broad. However, it can be clearly seen that for two materials
C1 and C4 which were pyrolised at higher temperature (1000 and 700 °C, respectively) the
C 002 peak is more pronounced and slightly sharper which can be associated with the formation
on more graphitised carbon structure at higher temperatures. The clearly identifiable reflexes
of ZnO, ZnS, CaCOs, and SiOz in C1, C2, and C3 suggest the presence of impurities as Si, Ca,
and Zn. These impurities likely originate from the waste tire material used in the synthesis of
carbon. The effectiveness of the acid and alkaline treatment is evident in the significantly
reduced impurities observed in material C4 as the reflexes of impurities are absent. This

observation aligns with the findings from the SEM-EDX analysis (Table 1).
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Figure 9. Diffractograms for a) all carbon materials and b) all catalysts.

The Pt catalysts were next investigated using the XRD. The Pt diffraction reflexes are
visible in the diffractograms of the synthesised Pt catalyst materials (Figure 9b) [77], so we can
conclude that the Pt deposition was successful. The lattice parameter, a, and the crystallite size,
d, calculated from the data of XRD, are presented in Table 2. From the table, it is evident that
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the platinum crystallite size decreases in the sequence S2 > S1 > S3 > K. By employing the
second synthesis method, where Pt nanoparticles are initially synthesised and subsequently
deposited on carbon, it appears feasible to synthesise a catalyst containing smaller Pt
nanoparticles. Furthermore, it can be argued that the size of the Pt nanoparticle is almost
independent of the carbon support used. The measured Pt lattice parameters of the catalysts
align excellently with the platinum single crystal measurements given in the literature
(a=3.92 A) [78].

Table 2. The Pt content of the investigated catalysts (in mass percent) from the results of
thermogravimetry and the lattice parameter, a, and the crystallite size, d, from the data of X-ray
diffraction analysis.

Material Pt content / % alA d/ nm
S1 56.0 3,915+0,014 2,8
S2 494 3,918+0,003 3,1
S3 56.9 3917+0,013 2,4
K 58.8 3,906+0,007 1,9

3.1.3. Thermogravimetric Analysis

TGA analysis was conducted on the materials under investigation (Figure 10). From the Figure
10a, it is evident that the oxidation of carbon starts approximately at 400 °C. The waste tire
derived carbons are not fully oxidised, leaving behind a non-combustible residue, commonly
referred as ash. These residues could be oxides or salts originating from the initial waste tire
granules [79]. Material C1 composed of 81.6% carbon and 18.4% non-combustible residue.
[58]. The material C4 appears to be the cleanest, i.e., it has the smallest ash residue (2.5% non-
combustible residue). Material C2 had the largest ash residue (23.2%), which is due to the fact
that this material has been pyrolyzed once at 450 °C, such a low pyrolysis temperature does not
allow more impurities to be removed. In addition to pyrolysis at 450 °C, material C3 has also
been washed with KOH, it has partially removed impurities, the ash residue is smaller (15.0%).
Indeed, the acid and alkaline treatment played a crucial role in producing a nearly pure carbon
material with minimal residue. TGA results align with the SEM-EDX analysis (Table 1) and
XRD results (Figure 9).

In addition, the figure shows that carbons C1 and C4, which have a higher pyrolysis
temperature (1000 °C and 700 °C respectively), begin to oxidize at a higher temperature

because the carbon structure is more graphitic.
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In contrast to carbons, catalysts containing Pt begin to oxidise at lower temperatures. This
indicates that Pt nanoparticles lower the oxidation temperature, acting as Pt catalyst for the
oxidation reaction.

When determining the Pt content in the synthesised Pt catalysts, the non-combustible
carbon residue was also taken into account. Therefore, after the catalyst is measured, Pt remains
along with impurities from the carbon substrate that were not oxidised.

The calculation reveal that the Pt content in materials S1 and S3 is quite similar (56.0%
and 56.9%, respectively). However, the Pt content in catalyst S2 (49.4%) is slightly lower than
expected (Table 2). The Pt content in the commercial catalyst K was determined as 58.8%
(Table 2). This slightly lower value than nominal (60%) may be attributed to the absorption of
atmospheric moisture.
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Figure 10. Thermogravimetric analysis results for a) the carbons and b) catalyst materials.

3.1.4. Nitrogen Sorption Analysis

Low-temperature N2 sorption analysis was used to estimate the micro- and mesoporosity of the
studied materials. The specific surface area values of the Pt catalysts and carbons are given in
Table 3.

The table indicates that among waste tire carbon materials, C1 has the highest specific
surface area and pore volume according to both BET and DFT model. C2 and C3 have lower
specific surface areas compared to C4, which has undergone repeated pyrolysis at higher
temperature and acid and alkaline treatment. Additionally, the Vmicro/Vorr (the proportion of
micropores in the material) increases in the order C2 < C3 < C1 < CA4. In summary, carbon
C4 has a smaller specific surface area and total pore volume compared to carbon C1; however,
the relative proportion of micropores is very similar.

If we compare waste tire carbons C1-C4 with commercial carbon (Ketjenblack,

FuelCellStore), the specific surface area and total pore volume (according to both the BET and
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DFT models) are significantly larger in the case of the commercial material. The other porosity

parameters are also significantly higher. [58]

Table 3. Results of N, sorption analysis of the studied materials.

SBET SDFT Smicro Vtot VDFT Vmicro
Material m?g* m?g* m’gt | cmig® | emPg! | em®g! | Viicro/VorT
C1 125 116 73 0.27 0.23 0.03 0.13
C2 69 47 19 0.19 0.17 0.01 0.07
C3 59 40 16 0.16 0.14 0.01 0.08
C4 92 76 45 0.17 0.16 0.02 0.14
s1 74 72 49 0.13 0.12 0.02 0.16
S2 23 14 14 0.05 0.03 0.01 0.23
S3 41 26 35 0.06 0.06 0.01 0.19
K 328 308 239 0.36 0.33 0.10 0.30

Sget — Specific surface area according to the BET theory;
Spet —specific surface area according to the DFT model;
Vit — total pore volume of material; Vorr— total pore volume according to the DFT model;
Vmicro — Volume of micropores; Vmicro/ Vorr — relative proportion of micropores.

The graphs of the pore size distribution (Figure 11) show that the carbon materials and

catalyst materials are all micro-mesoporous. From the pore size distribution graph (Figure 11a),

it can be also seen that materials C2 and C3 have a very similar pore size distribution, so KOH

treatment does not affect the pore size distribution.

For all four catalysts (S1, S2, S3 and K), a decrease in the specific surface area and pore

volume (compared to the carbon support materials) can be observed, which is mainly due to a

decrease in the proportion of carbon, because Pt particles contribute significantly less to the

specific surface area than carbon.
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Figure 11. Pore size distributions of a) waste tire carbons and b) catalyst materials.
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3.2. Electrochemical Characterisation
3.2.1. Carbon Supports

ORR was studied for all materials using RDE and CV methods. All RDE current density values
in the work are corrected to the current densities measured in a solution saturated with argon or
hydrogen. First, oxygen reduction was investigated on carbon material C4 at different rotation
speeds in 0.1 M HClOg4 solution saturated with oxygen (Figure 12a). The anode direction of the
J, E-curves of the C4 material can be seen in the figure. The potential sweep direction is marked

by the arrow in the figure.
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Figure 12. Dependence of current density, j, on electrode potential, E, a) at different electrode rotation
speeds for material C4 and b) for all carbon materials at 3600 rpm (0.1 V s?) in 0.1 M HCIO4 solution
saturated with oxygen.

Three regions are usually distinguished on RDE voltammograms: the charge transfer
region, the mixed kinetics region, and the region limited by mass transport. The current density
in the region, where the kinetics is limited by the slow charge transfer, does not depend on the
electrode rotation speed (for C4, E > 0.2 V vs RHE). In the region of mixed kinetics, the
electrochemical process is limited by the slowness of the charge transfer and mass transport. In
the mass transport-limited region, the reaction rate is influenced only by mass transport, so the
current density does not depend on the electrode potential, but rather on the speed of rotation
of the electrode.[45,50] For carbon materials under study, the mass transport-limited region has
not developed, because at electrode potentials -0.2 V < E <—0.1 V vs RHE, the current density
depends on both the electrode rotation speed and the electrode potential. Carbon materials
synthesised from waste tires that have not developed a mass transport-limited plateau, have also
been mentioned in the literature [80].

Figure 12b shows the dependence of the current density on the electrode potential for all

carbon materials at the rotation rate of 3600 rpm in 0.1 M HCIO4 solution saturated with
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oxygen. It can be seen from this figure and Table 4 that the most active material is carbon C4
with onset potential (Eonset) value of 0.28 V vs RHE. The Eonset potential indicates the potential
value from which the ORR rate starts to increase significantly, taken at the current density
j=-1.0 A m™ [81]. Consequently, acid and alkaline treatment of initial carbon material
increased the ORR activity of material C4. The next most active material is C1 (Eonset = 0.24 V
vs RHE), followed by C2 and C3 with very similar activities, with the Eonset values of 0.15 and
0.16 V vs RHE, respectively, suggesting these last two carbon materials have even lower
activity for ORR. Therefore, carbons C1 and C4 were used in the synthesis of catalysts as

support materials.

Table 4. Electrode potentials corresponding to current density —1 Am 2, calculated number of
transferred electrons, and Tafel slopes for all four carbon materials. Measured in 0.1 M HCIO4
solution, saturated with oxygen.

Material | Eonset/ Vvs RHE @ j=-1 Am™ | n @ -0.1 Vvs RHE Tafel slope / mV dec™
C1 0.24+0.01 2.01+0.02 221+1
C2 0.15+0.01 1.98+0.02 153£3
C3 0.16+0.01 2.00£0.02 148+3
C4 0.28+0.01 1.95+£0.02 219+1

Koutecky-Levich dependencies were established for all materials, enabling the calculation
of the number of electrons transferred per oxygen molecule, n, depicted in Figure 13a. Based
on Figure 13a and Table 4, it is evident that the value of n is around two for all carbon materials
derived from waste tires in the mixed kinetics region. This is characteristic to a carbon-specific
two-electron process where oxygen is reduced to hydrogen peroxide [50].

0, + 2H*+ 2e - H,0, (11)
The Tafel dependences (Figure 13b), or E, log(-j«k) dependences, were constructed based on the
values of the kinetic current densities derived from the Koutecky-Levich dependences (Eg. 10)
constructed in the potential region of mixed kinetics. The values of the Tafel slope found in the
linear part of the dependencies are given in Table 4. It can be seen that two carbon materials
pyrolysed at high temperatures, namely C1 and C4, with a more graphitised structure (Figure
9a) exhibit closely comparable slope values (220+1 mV dect), whereas materials C2 and C3
demonstrate slightly lower values (150+3 mV dec™?). These high Tafel slope values are not
unusual in neutral and acidic solutions [82,83]. Therefore, the ORR mechanism for carbons

with similar a structure seems to be similar.
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Figure 13. a) Dependence of the number of electrons transferred in the reaction on the electrode
potential, and b) Tafel plots for all carbon support materials. Measured in 0.1 M HCIO4 solution and
saturated with oxygen.

3.2.2. Catalyst Materials

Next, the RDE experiments in 0.1 M HCIO4 solution saturated with oxygen were performed on
the catalyst materials at one rotation speed (1600 rpm). By using Koutecky-Levich formula
(Eg. 10), it was found that the number of electrons transferred per oxygen molecule is four for
catalysts S1, S2 and K, which corresponds to a 4-electron process, i.e. the reduction of oxygen
to water (Eq. 2) [84]. However, for the catalyst S3 the value of n is slightly below four indicating
partial formation hydrogen peroxide or the catalyst layer was not uniform enough.
J, E-dependencies for the catalyst materials are shown in Fig. 14a. From Figure 14a, it can be
seen that at potential values E <0.65 V for materials S1, S2 and K, the measured current density
values are close to the theoretical diffusion-limited current density value calculated from Levich
equation (Eq. 9) (jo.theor = —59.8 A m2 for n = 4) and at the given potentials, the reduction of
oxygen is limited by mass transport. In the case of material S3, the value of the diffusion-limited
current density was not reached, and the ORR activity is also significantly lower, which may
come also from the uneven coating of the material on the glassy carbon electrode [47]. To
compare the charge transfer kinetics of the materials, the Tafel dependences are constructed
(Figure 14b). The values of the Tafel slope found are in the range of 53-66 mV (Table 5) and
show no substantial reliance on the catalyst when it comes to areas of low current densities,
denoted as |jc| (where the potential range is 0.90...1.00 V vs. RHE). These results are in good

agreement with the materials presented in the literature [85].
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Figure 14. a) j, E-dependences and b) Tafel dependences of the studied catalysts.

The mass activity (MA) and specific activity (SA) of the catalysts were determined at an
electrode potential of 0.9 V vs RHE (Table 5). MA (A g ') was computed by dividing the
Kinetic current density by the surface concentration of Pt, while SA (A me; ) was calculated by
dividing the kinetic current by the ECA of Pt nanoparticles in square meters. [86]. The MA of
catalyst materials increases in the order of catalysts S3 < S1 < S2 < K. A higher MA value is
associated with a better dispersibility of platinum on the support material. The values of SA for
materials S1, S3 and K are relatively similar to each other, slightly higher in the case of S2.
However, it is worth highlighting that the surface concentration of material S1 is three times

higher than for the other materials.

Table 5. Electrochemically active surface area (ECA) and oxygen reduction activity parameters of
Pt-based catalyst materials in 0.1 M HCIO, solution saturated with argon.

. ecal | jor | MAL L SAT T atersope s Pt loading /
Materjal med g o | Ame Agpt A mpt mV dec-t gt CM2
@ 0.9V vs RHE '
s1 26.6 —58.8 107 4.0 54 54
S2 19.2 —59.6 112 5.8 53 18
s3 16.1 555 53 3.3 56 18
K 56.6 —60.2 179 3.2 62 18

jo — diffusion-limited current density; MA —mass activity;  SA—specific activity. The Tafel slope
value is found in the range of electrode potentials from 0.90 to 1.00 V vs RHE.

To evaluate ECA, CV measurements were performed in a 0.1 M HCIO4 solution saturated
with argon, and the C, E-dependencies are presented in Figure 15. From the cyclic
voltammograms, hydrogen and oxygen ads/des regions can be clearly distinguished (E < 0.38
V and E > 0.65 V vs RHE, respectively). Since Pt nanoparticles are very well-dispersed in the
commercial material, it is evident that material K possesses the highest gravimetric capacity
and displays the most distinct hydrogen ads/des peaks. In the EDL region (0.40 V < E < 0.65

V vs RHE), all synthesised materials (S1, S2 and S3) have similar capacitances. The
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commercial material has a significantly higher gravimetric capacitance in the EDL region
because it also has much higher specific surface area (Table 3) than other catalysts. ECA values
of the catalysts (Table 5) determined by the method outlined in Chapter 1.5.1. demonstrate that
ECA values increase in an order of materials S3 < S2 < S1 < K. Generally, a smaller Pt
crystallite within the materials (Table 2) correlates with a higher ECA value. However, material
S3, despite having the smallest Pt crystallite size (as determined by XRD), exhibits the smallest
ECA value. This discrepancy may arise from the agglomeration of Pt nanoparticles in the
material, thereby resulting in a low ECA value. If one compares the ECA and MA values of
tire derived carbon given in the literature, the values in this work are significantly higher: the
highest ECA value of tire carbon obtained in the literature is 13.2 mp? g % and the highest mass
activity value is 0.055 A ge ' [21].
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Figure 15. Dependence of the gravimetric capacitance of the catalyst materials under study on the
electrode potential in a three-electrode system.

3.2.3. PEMFC Measurements

From the synthesised catalysts S1, S2 and S3 cathode layer of the PEMFC single cell was
prepared by pipetting the suspension onto the GDL, to which an additional Nafion layer was
added, and the completed MEA was hot-pressed. Using the commercial catalyst K as the
cathode catalyst, a suspension was prepared and sprayed onto the Nafion membrane. The
optimal preparation methods of MEAs were based on previous work, where it was found that
the application of catalyst on the Nafion membrane is not suitable for synthesised catalysts
based on waste tire carbon and vice versa, that commercial catalyst is not suitable for coating
on GDL [58]. Since the synthesised catalysts (S1, S2, S3) and the commercial catalyst K are so
different in terms of physical parameters, different methods of MEA preparation are also
suitable for them. In the case of synthesised catalysts, if the suspension is sprayed on the
membrane, probably a too dense layer is obtained, making the mass transport of reactants
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difficult in the catalyst layer. However, by applying the suspension to the GDL, the necessary
transport porosity is preserved, which promotes the mobility of gases in the catalyst layer and
avoids the condensation of water. The results of the PEMFC single cell experiments with
prepared MEASs are shown in Figure 16a. The figure illustrates that the highest power density
Is achieved using a commercial catalyst as cathode material with a maximum power density of
0.63 W cm. Additionally, the current density for commercial catalyst was also the highest,
reaching 0.46 A cm™ at potential 0.7 V (Table 6). The excellent performance of the PEMFC
single cell containing the commercial material can be attributed to the small size of the Pt
crystallites (Table 2), high ECA and the best match of the physical properties of the carbon used
as the support material. In terms of maximum power density (Pmax), the sequence of synthesised
catalysts is as follows: S1 > S2 > S3 and Pmax values achieved are 0.42, 0.40 and 0.29 W cm?,
respectively (Table 6). From Table 6, we can see that for three synthesised catalysts, the current
density at 0.7 V is highest for the material S1, reaching 0.35 A cm™, and for the other two
catalyst materials (S2 and S3), this value is same and about two times lower, i.e. 0.12 A cm™,
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Figure 16. The results of measurements of a 5 cm? PEMFC single cell (HzJair element) of the studied
catalyst materials: a) dependence of cell voltage and power density on current density and b) dependence
of gravimetric capacitance on the electrode potential. Cell temperature: 62 °C; temperature of
humidification vessels and gas lines: 60 °C; cathode: air 1 bar 2 dm® min%; anode: H, 1.4bar 200 cm?®
min1; catalyst loadings of cathode and anode: 0.7 mg cm2 and 0.5 mg cm2, respectively.

Figure 16b shows the dependence of the gravimetric capacitance on the electrode potential
for these MEAs. The ECA values were determined using the calculation method described in
Chapter 1.5.1. and are presented in Table 6. The figure and calculations show that ECA value
decreases in order: K > S1 > S3 ~ S2 (Table 6). These ECA values calculated from MEAs
measurements are in agreement with results obtained from CV measurements in 0.1 M HCIO4

solution (Figure 15 and Table 5). Consequently, the CVs measured in the three-electrode system
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give a very good overview of ECA of Pt nanoparticles, and the behaviour of the material can
already be predicted to a certain extent when measuring the PEMFC single cell, because in
general, the higher the ECA value, the better the cell performance.

Table 6. The results of the measurements of the 5 cm? PEMFC single cell (Hofair element) of the
investigated materials. Cell temperature: 62 °C; temperature of humidification vessels and gas lines: 60
°C; cathode: air 1 bar 2 dm® min™t; anode: H, 1.4 bar 200 cm® min™%; catalyst loadings of cathode and
anode: 0.7 mg cm2 and 0.5 mg cm?, respectively.

Material ECA/ ocv/ j!/ Acm™ Prmax / R/ mQ R/ mQ @—450
Mpe gpt * mV @700mV | Wem? | @0.4 Acm™ mV vs OCV
Sl 30 888 0.35 0.42 12 11
S2 18 842 0.12 0.40 14 16
S3 18 876 0.12 0.29 16 17
K 56 990 0.46 0.63 12 13

In conclusion, the most active synthesised material was S1, which was synthesised using tire
derived carbon (C1) as a support material. This carbon contained more impurities compared to
C4, which was used in the synthesis of the S2 material. Both catalysts (S1 and S2) are
synthesised using the same method: Pt nanoparticles are deposited onto carbon from a solution,
with the solution's temperature gradually increased to the synthesis temperature of 110 °C. The
better performance of S1 in PEMFC single cell may be due to the fact that it has the highest
specific surface area of all synthesised catalysts and the C1 used as its support carbon material
is the most mesoporous. The synthesis of the S3 material used the same carbon support as in
the case of S2, but different Pt deposition method was used where Pt nanoparticles were first
synthesised in a preheated oil bath at 160 °C and then by using a rotary evaporator the Pt
particles were deposited on the carbon. By comparing the maximum power density values
(Table 6) for different catalysts (high current density region), we can conclude that while the
support material influences the Pt catalyst's final ORR activity, its impact is relatively minor.
The synthesis method, specifically how Pt is deposited on carbon, plays a significantly larger
role. However, it is important to look at the kinetic part at low current densities where fuel cells
actually work [87]. In this region, S1 material also has the best performance among the three
synthesised catalysts and the behaviour of the other two catalyst materials (S2 and S3) is similar
indicating that the physical properties of the carbon support used to play a significant role in
this region and the Pt deposition method is not so important. Interestingly, among the
synthesised materials, S3 synthesis has the highest Pt content and the smallest Pt crystallite size,
but in electrochemical characterisation, this material gives the lowest activity and ECA value.
This is because the small Pt particles agglomerate during the synthesis. Usually the smaller the
particle, the better the performance of the cell. [88]
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In each measurement, the commercial material was the best, followed by the synthesised
materials. Thus, ways should be found to increase the activity of the synthesised materials and
optimise the preparation of MEA. One possible solution would be to change the synthesis
conditions of the catalyst materials, for example by changing the ratio of the reactants used. By
modifying carbon synthesis method and optimizing the catalyst synthesis method, it is possible
to synthesise even more active Pt catalyst materials, with which to achieve results close to the

commercial material.
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Summary

In this study, four carbon materials and three Pt catalysts were investigated using different
physical and electrochemical characterisation methods. Since the initial carbon obtained from
the waste tires (C1) contained some impurities, the carbon synthesis procedure was modified
and acid and alkaline treatment were included. SEM-EDX, TGA and XRD analysis revealed
that modified carbon C4 contained significantly fewer impurities compared to carbon C1,
meaning that many impurities can be removed by acid and alkaline treatment. Using these two
carbons, Pt catalysts (S1 and S2, respectively) were synthesised by depositing Pt nanoparticles
from a synthesis solution onto the carbon, with the reaction mixture's temperature gradually
increasing to the final synthesis temperature of 110 °C. The synthesis of the third Pt catalyst
(S3) utilised carbon (C4) with fewer impurities and with a lower specific surface area
(according to N2 sorption analysis). A different Pt deposition method was used for this catalyst
(S3) - the Pt nanoparticles were pre-synthesised in a preheated oil bath at 160 °C, and then by
using a rotary evaporator, the Pt nanoparticles were deposited on carbon.

The sizes of Pt crystallites (determined from XRD) for catalyst materials increased in the
series K < S3 < S1 < S2 being 1.9 nm, 2.4 nm, 2.8 nm and 3.1 nm, respectively. The results of
the N2 sorption analysis revealed that the specific surface areas of the synthesised catalysts were
considerably smaller than those of the commercial materials and all catalysts were micro-
mesoporous.

ORR activity was studied for all materials in 0.1 M HCIO4 solution using RDE and CV
methods. It was found that the most active carbon material is C4 with the onset potential value
of 0.28V vs RHE, while the onset potential of C1 material is 40 mV more negative.
Consequently, acid and alkaline treatment increased the ORR activity of carbon. Moving on to
the electrochemical properties of catalyst materials. The ECA values found in a three-electrode
system increase in the series S3 (16.1 mp? g~tpt) < S2 (19.2 mp® g %pr) < S1 (26.6 mp glp) < K
(56.6 me g 'e). The ECA values measured in the PEMFC experiment increase in the same
order. Generally, a higher ECA ensures excellent performance of the material in PEMFC single
cells. This also applies to the materials investigated, where commercial material has the best
performance. PEMFC experiments revealed that material S1 had the highest maximum power
density (0.42 W cm™) and also had the highest current density at 0.7 V (0.35 A cm™) among
the synthesised catalysts, although material C1 with the highest amount of impurities was used

as the support carbon for this material.
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The synthesised materials are very different from the commercial ones in terms of physical
parameters and are less active towards ORR. Therefore, the Pt deposition conditions should be
optimised and carbon synthesis method should be modified in the future to increase the activity

of the catalyst material.
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