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Introduction

According to the Intergovernmental Panel on Climate Change report, human-induced
global warming has already reached roughly 1 °Cin 2017 and it has led to many changes
on the planet including extreme weather events, droughts, floods, sea level rise and
biodiversity loss [1]. The development of clean energy technologies to reduce greenhouse
gas emissions is among the proposed solutions for limiting the magnitude of future
warming [2].

One of the promising clean energy technologies is the fuel cell which is a device used
for converting chemical energy into electricity. The advantages of fuel cells include
portability, almost zero pollution, high power density and quiet operation [3]. While a
fuel cell can be used to convert the chemical energy of hydrogen to electricity, its
operation requires an electrocatalyst which is typically platinum supported with a carbon
material [4]. Due to the high cost and scarcity of platinum, the development of
electrocatalysts with low platinum loading is highly desirable for the commercialization
of fuel cells powered by hydrogen fuel. At the same time, carbon material used as
support for Pt is commonly petroleum-sourced, thus the emergence of alternatives such
as CO2-derived carbon is equally important for sustainability. Synthesis of such support
materials with tunable properties also enables nanoengineering which in turn results in
better catalyst performance allowing lower Pt loading. These advances are among the
key prerequisites for achieving affordable and scalable fuel cell technology to help with
the decarbonization of sectors most responsible for greenhouse gas emissions.

This thesis studies the synthesis of CO>-derived carbon as support material for Pt
electrocatalyst and investigates various carbon pretreatment methods to enhance the
performance of the electrocatalyst for the cathodic reaction of hydrogen fuel cells.
The first chapter of the thesis is a review of the literature on the topic. In the second
chapter, the aims of the study are described. The third and fourth chapters provide
experimental details of the study and a discussion of the results, respectively. The thesis
is based on three peer-reviewed publications [5], [6], [7].



Abbreviations and symbols

DC Direct current

PAFC Phosphoric acid fuel cell

SOFC Solid oxide fuel cell

MCFC Molten carbonate fuel cell

DMFC Direct methanol fuel cell

AFC Alkaline fuel cell

PEMFC Proton exchange membrane fuel cell
MEA Membrane electrode assembly

GDL Gas diffusion layer

HOR Hydrogen oxidation reaction

ORR Oxygen reduction reaction

PEM Proton exchange membrane

n Overpotential

PGM Platinum group metal

Pt/C Platinum electrocatalyst with carbon black support
XC Vulcan XC-72

ccu Carbon capture and utilization

MSCC-ET Molten salt CO2 capture and electrotransformation
CO2-C CO2-derived carbon nanomaterials

PTFE Polytetrafluoroethylene

DCDA Dicyandiamide

PVP Polyvinylpyrrolidone

EG Ethylene glycol

RDE Rotating disk electrode

RHE Reversible hydrogen electrode

cv Cyclic voltammetry

EASA Electrochemically active surface area
RPM Revolutions per minute

EIS Electrochemical impedance spectroscopy
ocv Open circuit voltage

ADT Accelerated durability test

KL Koutecky—Levich

j Measured current density

Jk Kinetic current density

Jjd Diffusion-limited current density

n Overall number of electrons transferred per O2 molecule

Electron transfer rate constant
Faraday constant
Do> Diffusion coefficient of oxygen



v Kinematic viscosity of the electrolyte

w Angular velocity of the rotating disk

Co2 Bulk concentration of oxygen

b Tafel slope

log j Logarithm of the current density
Qt-adsorption Estimated hydrogen adsorption charge

Lpt Working electrode Pt loading

Ag Geometric surface area of the working electrode
Qco-oxidation Estimated CO oxidation charge

Eonset Onset potential of ORR

Eip Half-wave potential of ORR

SEM Scanning electron microscopy

STEM Scanning transmission electron microscopy
FEG Field emission gun

EDS Energy-dispersive x-ray spectroscopy

FFT Fast fourier transform

IFFT Inverse fast fourier transform

XRD X-ray diffraction

BWF Breit-Wigner-Fano

XPS X-ray photoelectron spectroscopy

BE Binding energy

BET Brunauer—-Emmett-Teller

QSDFT Quenched solid density functional theory
TGA Thermogravimetric analysis

Ip Intensity of D-band in Raman spectra

e Intensity of G-band in Raman spectra

Io/ls Ratio of D-band and G-band intensities in Raman spectra
GFWHM Full width at half-maximum for G peak
DFWHM Full width at half-maximum for D peak
Seer BET surface area

Sorr Specific surface area

Vo Total pore volume

dp Average pore diameter

QSDFT Quenched solid density functional theory
HR-TEM High-resolution transmission electron microscopy
HUPD Hydrogen underpotential deposition

Eo® Oxygen adsorption energy

Eo%s Oxygen desorption energy

OHads Adsorbed hydroxide

10



1 Literature review

1.1 Proton exchange membrane fuel cells

A fuel cell is an electrochemical device used for continuous conversion of chemical
energy to electrical energy. This is achieved by using two electrodes, namely cathode and
anode separated by an electrolyte to drive the desired reaction in which the fuel such as
hydrogen is supplied to the cathode and an oxidant (e.g. oxygen) is fed to the anode
compartment. The main function of the electrolyte is to block the flow of electrons while
permitting ions to move through. Thus, the electrons are forced to move to the cathode
via an external circuit producing DC (direct current) electricity. The fuel cells are
commonly classified based on the type of electrolyte and fuel used in them as well as
their operating temperature. The main types of fuel cells are listed below [8]:

a) Fuel cells with high operating temperature (above 100 °C):

Phosphoric acid fuel cells (PAFC), solid oxide fuel cells (SOFC), molten carbonate
fuel cells (MCFC)

b) Fuel cells with low operating temperature:

Direct methanol fuel cells (DMFC), alkaline fuel cells (AFC) and proton exchange
membrane fuel cells (PEMFC).

Also known as polymer electrolyte membrane fuel cell, PEMFC has received
considerable interest from researchers in the field of energy engineering due to its
promising features such as high-power density and low operating temperature that are
attractive for both stationary and portable applications [9]. The core of the PEMFC
technology is a membrane electrode assembly (MEA) that consists of a gas diffusion layer
(GDL), a catalyst layer and, a proton exchange membrane [10], [11] as depicted in Figure 1.
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Figure 1. The structure and working mechanism of PEMFC [11].

In PEMFC, hydrogen is fed into the anode as fuel to undergo a hydrogen oxidation
reaction (HOR) releasing protons that move to the cathode through the membrane and
electrons that are transported to the cathode via an external circuit. On the other hand,
air or oxygen is supplied to the cathode compartment where oxygen atoms are
electrochemically reduced to form water in an oxygen reduction reaction (ORR) when
they react with the incoming protons and electrons. These half-reactions and the overall
reaction are given below:

Anode reaction: H, —» 2H* + 2e~ (1)
Cathode reaction: %02 +2H* 4+ 2e” - H,0 (2)
Overall reaction: H, + %02 - H,0 (3)

11



1.2 Oxygen reduction reaction

Compared to the anodic reaction of hydrogen oxidation, the oxygen reduction reaction
in the cathode is more than six orders slower due to the high bond energy (498 kJ mol™?)
of molecular oxygen [12]. While the exact reaction pathway for ORR is unknown,
commonly two pathways based on the number of transferred electrons are considered
[13], [14]:
a) 4-electron pathway in which molecular oxygen is directly reduced to water
(or OH7) in the acidic (or alkaline) electrolyte as shown in the below reactions:

0, + 4H* 4+ 4e~ - 2H, 0 (acidic electrolyte, 1.229 V vs. RHE) (4a)
0, + 2H,0 + 4e~ —» 40H~ (alkaline electrolyte, 0.401 V vs. RHE) (4b)

b) 2-electron pathway in which molecular oxygen is partially reduced to H:0:
(or HO27) in the acidic (or alkaline) electrolyte as shown in the below reaction:

0, + 2H" + 2e~ > H,0, (acidic electrolyte, 0.67 V vs. RHE) (5a)
H,0, + 2H* + 2e~ - 2H,0 (acidic electrolyte, 1.77 V vs. RHE) (5b)
0, + H,0 + 2e~ - HO; + OH™ (alkaline electrolyte, —0.065 V vs. RHE) (5c)
H,0 + HO; + 2e~ — 30H~ (alkaline electrolyte, 0.867 V vs. RHE) (5d)

Here reactions 4a, 5a and 5b refer to ORR in acidic electrolyte and 4b, 5¢c and 5d refer
to ORR in alkaline electrolyte. In PEMFCs, reactions in acidic electrolyte are relevant as
proton exchange membrane (PEM) is used.

Typically, in PEMFCs the 4-electron pathway is preferred over the 2—electron pathway
due to the efficiency of direction reduction and the absence of hydrogen peroxide which
can damage the cell components [15].

1.3 Oxygen reduction reaction on Pt electrocatalysts

Due to the sluggish kinetics of cathodic ORR, an efficient electrocatalyst is required to
accelerate the reaction by reducing the reaction overpotential, which is the extra
potential beyond equilibrium potential needed to drive the reaction at a desired rate (n).
In the case of fuel cells, this means that when the overpotential is large, the output
voltage of a fuel cell is reduced as significant potential is lost to different overpotential
sources such as activation energy of the reaction, ohmic losses due to resistance in the
conductive fuel cell components and mass transport losses originating from reactant
depletion or product accumulation at the electrode surface [16], [17]. Among these
overpotential sources, the activation overpotential that originates from slow cathodic
reaction kinetics is the most significant contributor to the total overpotential in a typical
PEMFC [18]. In this work, the aim is to develop an active and durable electrocatalyst to
reduce the activation overpotential of ORR, thereby significantly reducing potential
losses for achieving efficient operation of PEMFC. A common method to find
high-performance electrocatalyst materials for ORR is by using a descriptor-based
approach where ORR descriptors such as binding energy of oxygen or hydroxyl to
electrocatalyst are chosen as the most important properties linked to high electrocatalyst
activity [19]. This can be explained by the Sabatier principle which states that the binding
energy between the electrocatalyst and the reactant should be neither too strong nor
too weak [20]. When different electrocatalysts are plotted based on these criteria, a certain
ORR activity trend can be observed as shown in Figure 2 below.
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Figure 2. Trends in oxygen reduction activity plotted as a function of both the O and the OH binding
energy [21].

Although oxygen binding energy is not the only important descriptor for ORR catalytic
activity, when it is chosen as the main descriptor, Pt is found to be the best electrocatalyst
for ORR. This agrees well with the experimental data as Pt-based electrocatalysts are
considered the best-performing among all currently available electrocatalysts [22].
However, the usage of Pt electrocatalysts in PEMFCs is also one of the major concerns
regarding the technology as Pt being a scarce and expensive metal accounts for about
40-55% of the overall cost of a fuel cell stack [23]. When considering the application of
fuel cells only in the road transport sector (for electric vehicles), by 2050 up to 0.2 g kW
decrease is needed in the platinum content of fuel cells to keep the stock of platinum
reserves positive [24]. Currently, Pt loading for PEMFCs is around 0.2 g kW and this
highlights the significant and urgent need for cutting the amount of Pt used in PEMFC
stacks [25].

1.4 Carbon nanomaterials as support for Pt electrocatalysts

The high cost and scarcity associated with Pt electrocatalysts have led to the emergence
of support materials that host well-dispersed Pt nanoparticles resulting in the efficient
use of Pt loading [26]. The choice of support material is crucial as it can also directly
influence the electrochemical activity, stability and overall performance of the
electrocatalyst in PEMFC due to direct participation in the reaction steps or
metal-support interaction [27], [28]. Given the challenging reaction conditions in a
PEMFC, there are certain requirements for the support material: i) high electronic
conductivity; ii) high electrochemical stability; iii) high specific surface area; iv) strong
interaction with the metal electrocatalyst; and v) convenient recovery of metal particles
from the material [29]. Carbon-based support materials and especially carbon black are
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commonly used as support for Pt electrocatalysts (abbreviated as Pt/C) due to many
advantages including high specific surface area, good electrical conductivity and relatively
low cost [27], [30]. While the first generation of commercial Pt/C electrocatalysts used
Vulcan XC-72 (shortly XC) as support, other carbon black supports such as Ketjenblack,
Black Pearls and Shawinigan have been developed as well [30], [31]. Despite many
advantages of conventional carbon black as a support material, it is also known to be
unstable at high potentials due to weak Pt-C interactions and carbon oxidation which
can result in the detachment of Pt nanoparticles [28], [32]. As a result of this,
the improvement of carbon black support is an active research field and in addition to
carbon black, other commonly studied carbon support nanomaterials for fuel cells
include carbon nanotubes [33], diamond [34], graphite [35] and graphene [36].

1.5 Synthesis of CO.-derived carbon nanomaterials

As a clean energy technology, PEMFCs produce very low or zero pollutant emissions
during operation because the only reaction byproducts are heat and water [37], [38].
However, this is not the case for carbon black nanomaterials due to significant CO:
emissions associated with their production. For instance, Vulcan XC-72 is a type of
carbon black called “furnace black” referring to the manufacturing method where it is
produced by vaporizing and pyrolyzing natural gas and aromatics oils in a furnace [39].
It has been estimated that the production of each tonne of furnace black carbon
emits around 2.62 tonnes of CO2 [40]. To ensure the sustainability of commercial
PEMFC manufacturing, there is a need for development of alternative carbon support
nanomaterials produced with low or zero CO> footprint.

This aligns well with the promise of the carbon capture and utilisation (CCU) concept
which aims to capture and transform CO: into valuable products such as fuels and
value-added chemicals via techniques such as thermochemical, electrochemical and
photocatalytic transformation [41]. Compared with the other two techniques,
the electrochemical transformation of CO2 has the major advantage of using excess
electrical energy coming from intermittent renewable energy sources as well as
operating under milder conditions [42], [43]. While CO: electrochemical transformation
can be performed in other electrolytes such as ionic liquids [44], solid electrolytes [45]
and aqueous solution [46], high—-temperature molten salts are advantageous due to their
low cost, abundancy, high ionic conductivity, wide electrochemical window and low
vapour pressure [47].

Molten salt CO2 capture and electrotransformation (MSCC-ET) is a technique based
on a molten salt electrolyte that can produce carbon, carbon monoxide or syngas
depending on the operational conditions and feeding gas via the following reactions [47]:

3M,C0; = 3M,0 + C + 2C0, + 0, (6)
4M,CO; = 4M,0 + 2CO + 2C0, + 0, (6a)
M,CO; = M0 +C + 0, (7)
2M,C0; = 2M,,0 + 2C0 + 0, (7a)
2C0 = 2C + 0, (8)
M0 + CO, = M,CO, (9)

In reactions 6 and 7, metal carbonates (MxCOs) in the molten salt electrolyte are
reduced to carbon while these reactions can also produce carbon monoxide as shown in
reactions 6a and 7a. The anodic reaction determines if reaction 6 or 7 occurs. Furthermore,
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produced CO can also undergo further reduction to produce C (reaction 8). CO: is
typically flown through or onto the salt mixture, where it undergoes a rapid reaction with
the dissolved oxides (reaction 9) to regenerate carbonates ensuring a sustainable
process. It has been reported that thermodynamically C is the favoured product when
electrochemical CO:z reduction is conducted at low temperatures in molten carbonates
mixture [48]. Being the most common eutectic carbonate mixture for the MSCC-ET
process, Li2CO3—NaC03—K.COs (43.5:31.5:25 mol%) is generally used for carbon
production due to its relatively low melting point of 393 °C and large electrochemical
window [47], [49]. It is also known that the morphology and structure of the produced
carbon can be tuned by varying the salt composition, temperature, voltage and electrode
material of molten carbonate salts [50], [51]. This creates an opportunity to optimize the
MSCC-ET technique for producing CO,-derived carbon nanomaterials (shortly CO.-C)
with desired properties to be used as a support material for Pt electrocatalysts.

1.6 Strategies to make ORR electrocatalysts cost-effective

Several strategies have been developed by researchers to alleviate the high cost
associated with Pt usage in ORR electrocatalysts. The main purpose of such strategies is
to reduce Pt loading in the electrocatalyst or replace it with non-precious metal or
metal-free electrocatalysts without sacrificing the ORR performance. For Pt-based
electrocatalysts, the main approaches include tuning the size, shape and structure of
metal nanoparticles, making alloys and modification of support materials [52], [53], [54],
[55]. These approaches can further be classified into two types with distinct pathways to
reach the same goal: increasing the number of active sites and increasing the intrinsic
activity of the electrocatalyst (see Figure 3).

Catalyst development strategies

3

ncreasing number of active sites

Performance

Tnereasing
umk euh vesites  intrinsic activity

W
&
@

Nanostructuring Supports Shape Po\ymorph Adsorbates Core-Shell

Confinement Alloy

Figure 3. A diagram illustrating different types of electrocatalyst development approaches [32].

For supported Pt electrocatalysts, nanoparticle size control (nanostructuring) is
particularly interesting as a certain Pt nanoparticle size window has been identified by
many researchers to be optimal for achieving enhanced ORR activity [56], [57], [58], [59],
[60]. For instance, Gan et al. has reported that Pt nanoparticles sized below 1.7 nm are
often trapped in support micropores resulting in loss in electrocatalytic activity while Xu
et al. has identified that increase in size of Pt nanoparticles causes drop in fraction of
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corner and edge Pt atoms that are associated with strong affinity to oxygen species
resulting in improved specific activity and durability [60], [61]. At the same time,
as increase in Pt nanoparticle size also decreases EASA, optimal mass activity is reached
around 4 nm and this can be used as a useful metric to predict the performance of Pt
electrocatalysts [60].

The chosen synthesis method to deposit Pt nanoparticles on pre-treated carbon
support is a crucial point in determining the dispersion and size of the deposited
nanoparticles. One of the most prevalent methods of Pt/C electrocatalyst synthesis is the
“polyol method” owing to its relatively simple and green process which allows tuning the
nanoparticle size by changing the synthesis conditions [62]. It can be seen from Figure 4
that the polyol method was dominant among Pt/C synthesis methods over a span of
10 years based on the number of published research articles that preferred it over the
other methods. In the polyol method, a polyol which is typically ethylene glycol is used
as both solvent and reducing agent. During the synthesis, ethylene glycol is oxidized to
glycolic acid by donating electrons to the reduction of metal ions that form metal
colloids. In alkaline solutions, glycolic acid dissociates to glycolate anion which was found
to be a stabilizing agent that controls the size of deposited Pt particles based on the pH
value (which dictates the concentration of glycolate ions in the solution) [63]. Thus, the pH
of the ethylene glycol solution can be adjusted to achieve the desired particle size.

Number of published papers for different Pt/C synthesis methods (2010-2020)

other methods

Polyol 17%

Pulsed laser deposition
1%
Sputter-deposition 2%

Atomic layer deposition 2%
Langmuir-Blodgett 2% .
Impregnation method 15%

Surfactant assisted
reduction 3%

DC magnetron sputtering
4%

5%
Electrodeposition 7%

Formic Acid 4%
Microemulsion method

Supercritical deposition . "
7% Colloidal 10% Source: Scopus database

Figure 4. A pie chart showing the prevalence of different Pt/C synthesis methods based on the
number of published papers.

While the approaches mentioned above bring unique properties to the synthesized
material, they also come with certain disadvantages. For instance, platinum group
metal-free (PGM-free) electrocatalysts often result in a thick catalyst layer in MEA that
causes mass transport challenges [64], nanostructured electrocatalysts are costly to
fabricate and prone to agglomeration [65] and alloy electrocatalysts leach metals gradually
[66]. Compared to these approaches, support modification is a more flexible strategy
that can be used in synergy with the other approaches and may lead to improvements in
ORR performance when using very low Pt loadings. For instance, a combination of support
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modification with Pt nanoparticle size control can be a promising strategy to avoid
shortcomings of size control such as sintering and detachment of smaller Pt nanoparticles
from the support surface via tuning of Pt-C interaction with support modification
ensuring the complete exploitation of size control benefits [67].

1.7 Carbon support modification techniques

Apart from being an effective strategy for improving electrocatalyst performance and
cost, carbon support modification techniques are becoming increasingly relevant due to
concerns about carbon black’s stability and its interaction with Pt nanoparticles in
demanding PEMFC conditions. Carbon corrosion and detachment of Pt nanoparticles
during ORR lead to significant loss in electrochemical performance of carbon-supported
Pt electrocatalysts that can be alleviated by support modification [68], [69]. While carbon
corrosion is often tackled with corrosion-resistant carbon material selection, Pt
nanoparticle detachment has been linked to weak metal-support interaction in which
support plays a bifunctional effect (geometric and electronic) [69], [70]. Strong
metal-support interaction has been shown to prevent aggregation, dissolution and
migration of metal nanoparticles leading to improved durability as well as facilitate the
electron transfer between support and metal nanoparticle causing enhanced ORR
activity [71]. Thus, both careful selection and development of carbon nanomaterials with
desired geometrical and electronical properties are essential for increasing the
electrocatalytic activity of carbon-supported Pt electrocatalysts.

Typical carbon black support modification techniques for PEMFC application include
surface functionalization (often with oxygen and nitrogen functional groups) [72], heat
treatment such as steam-etching [73], silica coating [74] and gas or plasma-phase
treatment [75]. Surface functionalization methods can be further classified into oxidation,
polymer grafting, impregnation and covalent functionalization [72].

Particularly, carbon black oxidation is a widely researched method that can be
performed in wet conditions and in dry conditions (e.g. ozone or reactive plasma
oxidation) [30], [76]. Strong acids and oxidants can be used for liquid-phase oxidation
[76]. When oxygen functional groups are attached to the carbon surface after
liguid—phase oxidation, they can act as anchoring points for Pt nanoparticles and improve
the metal-support interaction by making the carbon more hydrophilic due to modified
acid-base and redox properties [77]. For instance, carboxyl (COOH), hydroxyl (COH), and
carbonyl (C=0) groups can disrupt sp2 hybridization to cause more free electrons that
can interact with Pt cations during electrocatalyst synthesis [78]. At the same time,
increased hydrophilicity of carbon allows easier access to aqueous metal precursors and
less acidic groups further optimizing the metal-support interaction ensuring less
sintering and better dispersion for Pt nanoparticles [79].

In addition to the surface chemistry of carbon supports, their surface area and
porosity are also important characteristics that need to be considered during support
modification. While higher surface area carbon support is preferred to achieve
well-dispersed and well-anchored metal particles [80], it can be disadvantageous if a
large part of the surface area is composed of micropores as they can trap metal particles
and block access to reactants [28]. However, when the carbon is macroporous, this can
decrease the surface area and decrease the electrical conductivity of the material [77].
Thus, the chosen support modification technique should allow for tuning the
microstructure of the carbon support to facilitate mass transport while serving as an
efficient carrier for deposited electrocatalyst particles.
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2 Aims of the thesis and research questions

The aim of this work is to develop novel Pt electrocatalysts supported with CO>-derived
carbon nanomaterial for ORR in PEMFCs. Such high-performance electrocatalysts with
low Pt loading and sustainable support material are necessary for advancing the PEMFC
technology for decarbonization goals. To achieve this aim, the work is divided into three
parts with individual objectives:

1)

2)

3)

The influence of pretreatment on electrocatalyst support material is first
studied on commercial Vulcan XC-72 carbon black. The objective is to find a
promising support pretreatment method that would result in enhanced ORR
performance for Pt electrocatalyst [I].

The possibility of using CO2-derived carbon nanomaterial instead of commercial
carbon black support is studied. The objective is to synthesize a Pt electrocatalyst
with CO2-derived carbon support and compare its ORR performance with a
commercial Pt/C electrocatalyst [l1].

The influence of pretreatment on CO:-derived carbon support is studied.
The objective is to combine the findings from previous parts of the work and to
develop a novel Pt electrocatalyst supported with pretreated CO,-derived
carbon support that exhibits superior ORR performance compared to the
electrocatalyst with untreated COz-derived carbon support [ll1].

Based on the established objectives, research questions can be formulated as follows:

1)

2)

3)

Which support pretreatment method is the most effective in enhancing the ORR
performance for Pt electrocatalyst supported with commercial Vulcan XC-72
carbon?

Can CO:-derived carbon nanomaterial replace commercial carbon black as a
support material for Pt electrocatalyst while retaining promising ORR
performance?

Can the optimal pretreatment method identified for Vulcan XC-72 carbon be
applied to CO:-derived carbon support for Pt electrocatalyst to achieve
enhanced ORR performance compared to the electrocatalyst with untreated
CO2-derived carbon support?
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3 Experimental

3.1 Pretreatment and N-doping of XC

Two chemical pretreatment solutions were used for pretreatment: 30% hydrogen
peroxide (30% from Lach-Ner, s.r.o., the Czech Republic) and 65% nitric acid (65% from
Sigma-Aldrich, Germany). To guarantee clean glassware, a three-neck round bottom
flask was cleaned using the so-called Piranha solution prior to the pretreatment. After
that, 0.5 grams of XC (from Fuel Cell Store, USA) were mixed with 500 milliliters of 5%
HNOs and 10% H20:, and the mixture was refluxed for eighteen hours at a temperature
between 80 and 110 °C. The mixture was then allowed to cool to room temperature before
being filtered through a polytetrafluoroethylene (PTFE) membrane and continuously
rinsed with deionized water for 20 minutes. The final stage of the pre-treatment was
drying the XC for 12 hours at 105 °C in an oven.

In case of N-doping, 8 g of dicyandiamide (DCDA) and 0.04 g of polyvinylpyrrolidone
(PVP) powder were mixed with 0.4 g of XC. The mixture was placed in an Erlenmeyer flask
and sonicated for 1.5 hours in an ultrasonic bath after ethanol was added. The mixture
was then dried for approximately 80 minutes at 75 °C. Then, using a quartz boat, it was
placed in an oven and purged with N2 flow for 15 minutes. Last step was activation at
800 °C (heating rate of 10 °C per minute) for two hours under N2 flow.

3.2 Synthesis of XC-supported electrocatalysts

pH of ethylene glycol (99.5%, Lach-Ner) was determined using a CyberScan PC 510 pH
meter. By adding 0.4 ml of 1 M NaOH (98%, from Sigma Aldrich, Germany) to Ethylene
glycol (EG), the pH level was tuned to 11. Next, 0.25 grams of pretreated or N-doped XC
were added to 15 ml of pH-adjusted EG to be stirred for 1 hour under N2 flow. To achieve
a 20% Pt loading on XC (1:4 Pt to XC ratio), 131.25 mg of crystalline H2PtCls (99.9% metal
basis, from Alfa Aesar, USA) was measured and diluted into 17 ml with deionized water.
The diluted platinum precursor and EG-XC mix were refluxed for 3 hours at 115 °C with
N2 flow. Lastly, the refluxed mixture was stirred with N2 flow overnight and washed with
a continuous flow of deionized water and then with acetone for a very brief period.
The sample was obtained after drying at 110 °C for 3 hours in an oven.

3.3 Synthesis of CO,-derived carbon

Eutectic mixture of Li2CO3—Na2C03-K2CO3 was made by mixing Li2CO3 (99%, from ACU
PHARMA und CHEMIE), K2COs (99.3% p.a., Lach-Ner) and Na2COs (99% p.a., Lach-Ner)
at a molar ratio of 43.5:31.5:25.0. The carbonate salt mixture was then moved into an
alumina crucible, which was placed in a stainless-steel reactor. Once the mixture was
melted at 450 °C, CO: capture began, and stainless—steel rods (SS304 from metall24.ee,
Estonia) were inserted into the molten salt as both the cathode and anode. Potentiostatic
electrolysis of CO2 to generate carbon at the cathode was carried out by applying a
voltage of 4 V to the electrodes, with the carbon materials collected from the cathode
after deposition. The faradaic efficiency of carbon deposition was approximately 85%.
Finally, the cathode was washed with 5 M HCI (Merck) to remove any solidified salt, and
the produced carbon was dried.
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3.4 Synthesis of CO,-derived carbon supported electrocatalysts

Chloroplatinic acid hydrate (99.9% H2PtCle x H20, Aldrich) was employed as the platinum
precursor for electrocatalyst synthesis. Initially, 0.2 ml of 1 M NaOH (98%, Aldrich) was
added dropwise to 30 ml of ethylene glycol (99%, Lach—-Ner) in a small beaker while
stirring to tune the pH to 11. The pH-adjusted ethylene glycol was then poured to a
three-neck round-bottom flask, followed by the addition of 0.2 g of CO>-C, which was
mixed for 90 minutes under a nitrogen atmosphere using a magnetic stirrer. Afterward,
0.105 g of the Pt precursor was diluted with 15 ml of deionized and added to the
carbon-polyol mixture. The mixture was refluxed with a reflux apparatus and heated in
an oil bath for 3 hours at 110-130 °C with N2 flow. The mixture was then cooled and
stirred overnight in nitrogen atmosphere. Finally, the electrocatalyst was washed with
deionized water and dried in an oven at 70 °C for over 19 hours. A commercial Pt/C
catalyst (19.8 wt.%, TKK) was used as a benchmark for comparison.

3.5 Pretreatment of CO>-derived carbon

Before the pre-treatment, the synthesis flask was kept overnight in a concentrated
mixture of HNOs (65%, Honeywell) and H2SO4 (96%, Lach-Ner), then thoroughly rinsed
with deionized water (Milli-Q) to remove any potential impurities. The pre-treatment
itself was carried out in two different aqueous solutions: a 10% H20. solution made from
30% H20:2 (Lach-Ner) and a 0.2 M KOH solution prepared from KOH flakes (92%,
Lach-Ner). For the H202treatment, 0.4 g of CO>-C was dispersed in 400 ml of 10% H.0.,
and in case of KOH treatment, 0.3 g of CO,-C was dispersed in 300 ml of 0.2 M KOH. For
16 hours, both mixtures were refluxed at 110 °C, then washed using a continuous flow
of deionized water through a nylon membrane filter (pore size 0.22 um, Foxx Life Sciences).
The pre—treated carbon materials were finally dried in an oven at 70 °C for 17 hours.

3.6 Synthesis of pretreated CO,-derived carbon supported
electrocatalysts

Compared to the initial study (ll) where only CO:-derived carbon supported
electrocatalyst was prepared, pH of the ethylene glycol was adjusted to 12 in the next
study (lll) focused on pretreatment of CO:-derived carbon as support material.
Furthermore, the overnight stirring was performed in a flask covered with aluminum foil
and the resulting electrocatalysts were also washed with acetone (99.5% from Aldrich)
in addition to deionized water and dried in an oven at 70 °C for 17 hours. Apart from
these, all other synthesis conditions and benchmark Pt/C used were same.

3.7 Electrochemical characterization

Electrochemical performance of electrocatalysts were evaluated by using rotating disk
electrode (RDE) technique. The working electrodes were glassy carbon (Goodfellow
Cambridge Ltd) with a geometric surface area of 0.2 cm™2 which were polished with 1 um
and 0.3 um alumina slurries (Buehler) in a figure—eight pattern. The polished electrodes
were sonicated in isopropyl alcohol (99.99% from Lachner) (1,11) or ethanol (99.5% from
Berner) (Ill) for 5 mins followed by sonication in deionized water for another 5 mins.
The electrocatalyst inks were prepared by dispersing 1 mg (I) or 4 mg (ll, Ill) of
electrocatalyst powder in 750 pl (1) or 4 ml of deionized water (ll, Ill), followed by addition
of 250 ul (1) or 50 wl (I1, 111} isopropyl alcohol (Lachner) and 0.405 ul (1) or 2 ul (II, 1) of
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5 wt. % Nafion solution (Aldrich). The ink was then sonicated for 1 hour (1) or 40 mins (Il)
or 30 mins (lll) in cold water. It was further sonicated in ultrasonic homogenizer for
35 seconds (l1). Finally, 30 pl (1) or 20 ul (11, I11) of the ink was drop cast onto the polished
glassy carbon electrode and dried in an oven (l), at room temperature (ll) or in an
incubator (IlI).

To prevent contamination and impurities, the electrochemical cell and its components
were cleaned by soaking in a concentrated HNO3:H2SO4 mix overnight, rinsed with
deionized water and further soaked in KOH:isopropyl mix and boiled in deionized water
(1) or just boiled in deionized water (lll) to be rinsed again. The three-electrode RDE
setup included reference electrode of saturated calomel electrode (l), silver/silver
chloride electrode (Sl analytics) (Il) or HydroFlex reversible hydrogen electrode (Gaskatel)
or (lll) separated with a Luggin capillary. All reported potential values in this thesis are
against reversible hydrogen electrode (RHE), unless stated otherwise. As a counter
electrode, platinum wire (1) or graphite rod in a glass frit (ll, Ill) were used.

After the electrochemical cell was filled with 0.5 M H2S04 (98%, VWR) (I) or 0.1 M
HCIO4 (Aldrich) (11, Il1) electrolyte solution and the electrodes were inserted, the solution
was purged with N2 flow (99.999%, Elme Messer) and the electrocatalyst surface was
conditioned under N2 atmosphere by applying 100 potential cycles between 0.2 V and
1.2 V (vs SCE) at 500 mV s (1) or 200 potential cycles in the range of 0.05V — 1.1 V
(vs RHE) at 300 mV s7* (1) or 50 potential cycles between 0.05 V and 1.1 V (vs RHE) at
200 mV s with a potentiostat (Model 1010E, Gamry Instruments). Next, a cyclic
voltammogram (CV) was recorded in the corresponding potential range and with N2
atmosphere at 10 and 100 mV s7*(I) or 50 mV s7* (1) for estimation of electrochemically
active surface area (EASA) via H-adsorption region or via CO stripping method (lll) by
saturating the solution with CO (98%, Elme Messer) for 1 min at a potential of 0.05 V
(vs RHE), followed by N2 purging for 10 mins to remove excess CO and lastly recording CV
in the corresponding potential window at 20 mV s™*. This was followed by taking another
CV in N2 atmosphere at 20 mV s™! without (Il) or with (Ill) rotation (1600 revolutions per
minute, RPM) in the corresponding potential range to serve as the background current
profile.

Next, the solution was saturated with 02 (99.999%, Elme Messer) and ORR polarization
curves were recorded in the corresponding potential range at 10 mV s (I) or 20 mV s*
(11, 111) at rotation speeds ranging from 400 to 4400 RPM (I) or 400 to 3600 RPM (11, ll1) by
controlling working electrode rotation with OrigaTrod apparatus (Origalys Electrochem
SAS). The polarization curves were not background-corrected (l) or background-corrected
(1) or both background and iR—corrected (lll) by measuring the uncompensated resistance
value with electrochemical impedance spectroscopy (EIS) at open circuit voltage
(OCV) in the 10000 Hz — 10 Hz range with 10 mV amplitude. To characterize the aging of
electrocatalysts, accelerated durability test (ADT) was performed by applying 500 (1) or
1000 (l1, 1) potential cycles between -0.2 V and 1.2 V (vs SCE) (I) or 0.6 V and 1 V (vs RHE)
(1, M) in O2 atmosphere at 500 mV s7* (I) or 200 mV s7* (11) or 100 mV s71 (Ill) as well as
recording ORR polarization curves (I, Il) or both ORR polarization and CO stripping curves
(1) before and after ADT.

The number of transferred electrons per O2 molecule and kinetic current (for mass
and specific activities) were derived by using the Koutecky-Levich (KL) equation [81]:

1 1 1 1 1
-=—+—= - b Z (10)
j jk  Jd nFkcp 3 11 b
2 0.62nFDy v 6w2cq
2 2
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Here j is the measured current density, jk is the kinetic current density, js is the
diffusion—limited current density, n is the overall number of electrons transferred per O2
molecule, k is the electron transfer rate constant, F is the Faraday constant (F = 96485 C
mol-1), Doz is the diffusion coefficient of oxygen (1.93 x 10> cm?s™tin 0.1 M HCIO4[82]),
v is the kinematic viscosity of the electrolyte (1.009 x 102 cm? s in 0.1 M HCIO4), w is
the angular velocity of the rotating disk (w = 2nN, N is the linear rotating speed in rpm)
and Coz is the bulk concentration of oxygen (1.26 x 1073 mol L't in 0.1 M HCIOa).

The Tafel slope (b) was calculated (II) by plotting the overpotential against the
logarithm of the current density (log j) for the polarization curve at 1600 rpm and fitting
the linear part of the curve with the Tafel equation [81]:

n=a+blogj (11)

EASA (based on H-adsorption region) was calculated (I, II) by integrating the
H-adsorption area of the CV to estimate the hydrogen adsorption charge (Q#-adsorption)
and plugging it into the equation below:

EASApt car(m?gp™) = |575— Cmpfi’;;jjgg;jjcfji%(sz) 105 (12)

Here, Lpt is the Pt loading of working electrode and Ay is the geometric surface area of
the glass carbon electrode. The charge associated with the full coverage of clean
polycrystalline Pt with hydrogen monolayer was assumed to be 210 uC cm2[83]. In case
of the EASA calculation with CO stripping (Ill), Qco-oxidation Was estimated by integrating
the CO oxidation area instead and the charge required for CO monolayer formation on
Pt surface was considered to be 420 uC cm=2[84].

The mass and specific activities were calculated (lll) by normalizing the kinetic current
at 0.9 V vs RHE by the Pt loading on the electrode (mgpi-disk 1) and Pt active surface area
values (cmet-active %), respectively. Onset potential (Eonset) was determined (lll) by finding
the potential at a current density of —0.1 mA cm~2 while the half-wave potential (E12)
was defined as the potential at half of the diffusion-limited current density in ORR
polarization curves at 1600 rpm.

All of the potential values shown in the text are given versus RHE unless stated
otherwise.

3.8 Physical characterization

The morphology of the samples were analyzed either by only scanning electron
microscopy (SEM) (I) or by both SEM and scanning transmission electron microscopy
(STEM) (I1, 111). To obtain SEM micrographs, Zeiss Ultra 55 with field emission gun (FEG)
(1) or JEOL JSM-7500FA with a cold FEG at an acceleration voltage of 15 kV (II) or Thermo
Scientific Quattro ESEM (lll) was used. In case of the STEM, Spectra 300 (ThermoFisher)
S/TEM at an acceleration voltage of 300 kV with high-angle annular dark field (HAADF)
signal (II) or Thermo Scientific Talos 200X operated at 200 kV (lll) was employed to
acquire STEM micrographs. Energy-dispersive x-ray spectroscopy (EDS) was performed
with JEOL JSM-7500FA (I) or with a SDD Ultim max 100 (Oxford) detector for SEM and on
a Bruker Dual-X setup on the TF Spectra300 (l1) or with Thermo Scientific Talos 200X (l11).
Micrographs were processed using Imagel software for particle size estimation (lI, IIl)
[85]. The Fast Fourier Transform (FFT) was employed to obtain the spatial frequency data
of the lattice fringes (lll). After reducing noise in the FFT image and applying an Inverse
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FFT (IFFT), the d-spacings were determined through line profile analysis. These calculated
d-spacing values were subsequently matched against reference values for the relevant
platinum planes, sourced from the Crystallography Open Database (COD: 1011113) [86].

X-ray diffraction (XRD) measurement was performed with Malvern PANalytical Xpert3
equipment by employing a Cu Ka x-ray source (A = 0.154 nm) and operating at the beam
voltage and current values of 45 kV and 40 mA, respectively (I, Il, lll). Bragg’s law was
used to calculate the d-spacing (lII).

Raman analysis was conducted with Horiba LabRam HR800 with a 532 nm laser line (l)
or with Renishaw Invia Microscope using a 514.5 nm excitation source (Il). The spectra
were gathered using a 20x objective lens (with a numerical aperture of 0.4) and an
estimated optical power density of several hundred kW cm at the sample surface (ll).
The data acquisition lasted for 30 seconds. In line with Ferrari et al.’s approach [87],
the D-band was fitted using a Lorentzian function, while a Breit-Wigner—-Fano (BWF)
function was applied to the G-band. The peak height was employed to calculate the
intensities in both instances. Background subtraction was performed with a cubic
polynomial. The results presented represent the average of seven spectra.

The X-ray photoelectron spectroscopy (XPS) measurements were performed using a
Kratos AXIS Supra X-ray photoelectron spectrometer, equipped with a monochromatic
Al Ka source (15 mA, 15 kV) to investigate the surface chemistry of the samples (l11). XPS
is capable of detecting all elements except hydrogen and helium, analyzes the surface to
a depth of 7-10 nm, and has detection thresholds between 0.1-0.5 atomic % depending
on the element. The instrument’s work function was calibrated to produce a binding
energy (BE) of 83.96 eV for the Au 4f72 peak of metallic gold, and the spectrometer’s
dispersion was adjusted to achieve a BE of 932.62 eV for the Cu 2ps/2 peak of metallic
copper. A Kratos charge neutralizer system was applied to all the samples. Survey scans
were conducted with a 300 um x 700 um analysis area and a pass energy of 160 eV.
High-resolution scans were done with the same analysis area but a pass energy of 20 eV.
The spectra were charge-corrected by referencing the main line of the carbon 1s
spectrum (adventitious carbon) set to 284.8 eV. The spectra were processed using
CasaXPS software (version 2.3.23).

N2 adsorption-desorption isotherms were acquired and studied by a NOVA 1200e
instrument (Quantachrome) (ll, Ill). Specific surface areas were calculated by
Brunauer—-Emmett—Teller (BET) method and porosity was estimated by quenched solid
density functional theory (QSDFT). Mesopore-specific surface areas were found by
subtracting t-plot-specific micropore surface area from total BET surface area as
reported in another study [88].

The thermogravimetric analysis (TGA) was performed by heating the sample in an
alumina crucible with Labsys 2000 (Setaram) thermoanalyser at a heating rate of
10 K min~ under air atmosphere (Il) or with TGA/DSC3+ under air atmosphere, with a
temperature range from 40 °C to 100 °C at a rate of 10 °C min=? (lIl).
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4 Results and discussion

4.1 Electrochemical reduction of oxygen on platinum supported with
pretreated Vulcan XC-72

Prior to synthesis and pretreatment of CO.-C supported electrocatalysts, different
pretreatment methods were evaluated by using Vulcan XC-72 (referred as XC) carbon
black to determine a promising pretreatment solution that could be applied to CO>-C.
The protocols describing pretreatment of XC and XC-supported electrocatalyst synthesis
have been discussed in sections 3.1 and 3.2. Electrochemical and physical characterization
methods used for obtaining and analyzing the results are outlined in sections 3.7 and 3.8.

The electrochemically active surface area (EASA) for all electrocatalysts was determined
from the cyclic voltammogram depicted in Figure 5 and summarized in Table 1.
The electrocatalyst with H,0,—treated XC exhibited the highest EASA among the samples,
being 46.3% greater than that of commercial Pt/C. While H,0, treatment caused a
significant increase in EASA, both HNO;3 treatment and nitrogen doping were observed
to reduce the EASA of Vulcan carbon. The increased EASA in H,0,-treated Pt/XC-72R
suggests enhanced utilization of Pt nanoparticles, likely due to oxygen-containing groups
that help retain the nanoparticles on the surface during polyol synthesis.

1.0
= Pt/C commercial

0.8 | =—Pt/XC-72R (HNO3 treated)

Pt/XC-72R (H202 treated)
06 |

Pt/XC-72R (not treated)

0.4 | =—Pt/N-XC-72R (not treated)

02

00

j/mA.cm?

02 F

04 }

06 F

-0.8

0.0 0.2 0.4 0.6 0.8 1.0 12 14
E/V vs RHE

Figure 5. Comparison of cyclic voltammograms for all five samples recorded at 10 mVs-1 under N,
saturation (0.5 M H,S0,4) at room temperature. A-hydrogen desorption region and B-oxide reduction
peaks.

Table 1. EASA values for the electrocatalysts

EASA

77.83 13.16 113.88 83.65 65.70
(m?g™)
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ORR activity of the electrocatalysts was assessed by using a linear sweep
voltammogram (LSV) generated at 1600 rpm for all samples, as shown in Figure 6.
Identifying the onset potential for each sample is necessary for determining at what
potential the reaction begins. The results revealed that the hydrogen peroxide and nitric
acid-treated samples had superior onset potentials of 0.95 V vs RHE and 0.93 V vs RHE,
respectively, compared to commercial Pt/C (0.89 V) and other electrocatalysts (N-doped
XC —0.90 V and untreated XC — 0.86 V). This demonstrates that the Pt/XC-72R material
treated with hydrogen peroxide exhibited the highest electrocatalytic activity toward the
ORR, which aligns well with its high electrochemically active surface area (EASA) value.
Additionally, the diffusion-limited current density (j« between 0.2 V and 0.7 V, according
to the Levich equation) of this electrocatalyst reached approximately -5.3 mA.cm™2,
surpassing all other samples, further confirming its superior electrocatalytic activity.
The sharp reduction wave observed for the hydrogen peroxide-treated material in the
mixed kinetic-diffusion control region (0.2 V - 0.7 V) and its stable diffusion-limited
current density plateau are also linked to its promising ORR characteristics. In contrast,
the polarization curve for the HNOs-treated sample showed a slower reduction wave
and lower diffusion-limited current density, indicating poorer ORR performance.

e Pt/C commercial

Pt/XC-72R (HN O3 treated)

Pt/XC-72R (H202 treated)

Pt/XC-72R (not treated)

e PL/N-XC-72R (noOt treated)

j/mA.cm™

02 04 06 038 10
E/V vs RHE

Figure 6. LSVs for all samples (recorded at 1600 rpom) at 10 mVs~1 under O; saturation in 0.5 M
H,S0,.

On the contrary, there was only a slight variation between the onset potentials of
Pt/N-XC-72R and the commercial Pt/C, leading to comparable electrocatalytic activity
for the materials. The N-doped XC sample exhibited a slightly higher limiting current
density than the commercial Pt/C, which is beneficial. However, for Pt with untreated XC
support the onset potential was the lowest.
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The improved performance of the H,0,-treated sample is also evident in the oxide
reduction peaks (Figure 5) from CV measurements recorded at 10 mV/s (with
double-layer charging correction), where the peak current density is nearly as high as
that of the commercial Pt/C. All the materials showed well-defined reduction peaks
around 0.65 V vs RHE, except for the nitric acid-treated sample, which displayed a
shifted and smaller peak at 0.76 V, likely due to slower oxide reduction kinetics.
The Pt/N-XC-72R (non-treated) sample demonstrated consistent performance compared
to commercial Pt/C in both CV and LSV measurements.

In summary, it is suggested that the type of pre-treatment performed can lead to
varying degrees of enhanced activity, as reflected in the LSV plots of the electrocatalysts
supported with nitric acid (moderate) and hydrogen peroxide (superior) treated support.
Remarkably, the non-treated Pt/XC-72R also exhibited peak current density values
similar to, and in some cases even slightly exceeding, the commercial sample, particularly
in the oxide reduction peak (Figure 5). ORR polarization curves at different rotation rates
for both the H,0,-treated and non-treated materials are presented in Figure 7 as further
comparison of electrocatalytic performance is necessary.
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Figure 7. ORR polarization curves of A) Pt/XC-72R (H;0; treated) and B) Pt/XC-72R (non-treated)
samples under O; saturation obtained at different rotation speeds (in 0.5M H,SO4 at 10 mVs™1).

Both graphs show a linear correlation between the diffusion-limited current and the
rotation speed, though this is more apparent for the treated material. In this case,
a flatter diffusion—controlled region is visible at all rotation levels, with a stable current,
indicating improved performance. In contrast, the untreated sample exhibits overlapping
curves that extend into the diffusion-controlled region, particularly at higher rotation
speeds, and shows little to no stability in the limiting current at 4400 rpm. The slightly
higher limiting current values and the well-defined plateau for the Pt/XC-72R catalyst
(treated with H,0,) are likely due to the greater diffusion of oxygen molecules to the
electrocatalyst surface, enhancing oxygen reduction properties [89]. These findings suggest
that hydrogen peroxide pre-treatment of Vulcan carbon improves the electrocatalytic
activity of the final electrocatalyst material in the oxygen reduction reaction (ORR).

Koutecky-Levich (KL) plots (see Figure 8) were used to analyze the electron transfer
process for the electrocatalysts. The number of electrons transferred during ORR
was approximately 4.4 for the H,0,-treated sample at 0.6 V, which falls within the
10% deviation range commonly associated with the four-electron transfer pathway.
The slight excess (~0.4) has also been noted in other studies [90]. While the untreated
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sample showed slightly higher electron transfer values (around 5), the oxygen reduction
can still be attributed to a similar four-electron pathway. Thus, both samples followed
the four—electron mechanism for ORR, which is preferable to the two—-electron pathway,
as the latter leads to hydrogen peroxide (H,0,) formation, which is corrosive and reduces
oxygen molecule utilization efficiency during direct reduction [91].

Moreover, both materials illustrate a linear relationship in their KL plots, indicating
first—order kinetics for ORR with respect to oxygen concentration. However, the Pt/XC-72R
(untreated) sample displays inconsistent and overlapping behavior, particularly at higher
voltages. This irregularity could be due to experimental errors during the RDE testing or
may reflect the intrinsic properties of the sample. To compare the KL analysis between
the two samples, the y—-intercept at 0.5 V vs. RHE (representing kinetic current density
without mass transfer limitations) was visually obtained, and the results are presented
in Table 2. It's worth noting that the other electrocatalyst materials also demonstrated a
similar linear relationship between j~" and w72 In Table 2 the calculated values for j,
Eonset, mass activity (MA), and specific activity (SA) of electrocatalysts are compared.
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Figure 8. Koutecky-Levich plots of A) Pt/XC-72R (H,0; treated) and B) Pt/XC-72R (non-treated)
samples at different voltages and rotation rates.
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Table 2. Kinetic current density, mass and specific activity values for all samples at 0.5 V.

Jjk(mA cm™2) 10 5 100 10 9

MA (A mger?) 0.33 0.16 3.3 0.33 0.3

SA (WA cm™?) 428.2 1265.8 2926.8 398.4 456.5
Eons (V) 0.89 0.93 0.95 0.86 0.90

The findings indicate that the Pt/XC sample treated with H,0, exhibits the highest
kinetic current density at 0.5 V, which is ten times greater than that of the commercial
Pt/C. In contrast, the material treated with HNOs showed the lowest value, only half
that of the commercial Pt/C. Similarly, both the mass and specific activities of the
H,0,-treated sample are higher than those of all other samples, demonstrating superior
electrocatalytic performance, while the HNOs;-treated sample shows unexpectedly low
values. This suggests that the type of pre-treatment selected significantly influences a
material’s ORR activity, and it can be concluded that the Pt/XC-72R catalyst treated with
H,0, outperformed the commercial Pt/C in nearly all aspects.

Given the promising and superior performance of the electrocatalyst treated with
H20., its morphology was further investigated using SEM for detailed analysis, as shown
in Figure 9.
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Figure 9. SEM micrographs of Pt/XC-72R (H,0,-treated).
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The SEM microimages show that most Pt nanoparticles are evenly distributed across
the XC-72R support. This uniform distribution is important for a highly efficient catalyst,
as it enhances the electrochemically active surface area, thereby improving the catalyst’s
performance for the oxygen reduction reaction (ORR). Although some areas of
agglomerated Pt are present, they make up a small part of the overall area.

In the SEM measurement also the size of the Pt nanoparticles was measured to be in
arange between 2.9 nm and 4.4 nm. In a separate study, a Pt nanoparticle size of 4.4 nm
was identified as optimal for achieving maximum mass activity towards ORR and high
electrochemical stability [60]. While smaller particles are also present, most of the
nanoparticles are found to be very close to the optimal value. This consistency aligns well
with previous findings on the electrocatalytic activity of the H.0.-treated sample.

Furthermore, the EDS spectrum was obtained for both the general and Pt-rich areas
of the electrocatalyst (see Tables 3 and 4). The spectrum from the general area confirms
the presence of carbon and platinum, as well as the 1:4 stoichiometric ratio of Pt to C
used in the synthesis. In the Pt-rich area, platinum's weight proportion exceeds that of
carbon by approximately 53%.

Table 3. General EDS spectrum.

Series unn. C [wt. %] Error [%]
Carbon K-series 82.92 82.93 98.75 1.5
Platinum M-series 17.07 17.07 1.25 0.7
Total 100 100 100

Table 4. Pt-rich area of EDS spectrum.

unn. C [wt. %] Error [%]
Carbon K-series 23.59 23.70 83.46 35
Platinum M-series 75.95 76.30 16.54 31
Total 99.53 100 100

For deeper insights into the composition and crystal structure of the electrocatalysts,
XRD patterns were obtained for all the samples (as illustrated in Figure 10). Additionally,
the raw XC-72R material was also analyzed to identify its characteristic peaks and
distinguish them from those of Pt crystallites.

29



Raw XC-72R
140000 + Commercial Pt/C
Pt/XC-72R (not treated)
1XC-72R —— PUN-XC-72R
—— PUXC-72R (HNOS3 treated
120000 \ Pt (111) PYUXC-72R EHZOZ trr:aat:d))
- Pt (200)
100000 - AN A/
2 - E
o 80000 : .
O ! :
E . . ~ Pt(220) Pt(311)
3 60000 - | N | |
g
£
40000 +
20000 —
0 -

10 20 30 40 50 60 70 80 90
20/°
Figure 10. X-ray diffraction (XRD) patterns for all samples.

The crystallite size (in Table 5) calculated for the H.O»-treated Pt/XC-72R closely
aligns with the measurement results from SEM analysis. Furthermore, the crystallite size
of the pre-treated samples was found to be larger than that of the untreated sample,
suggesting that the pre-treatment causes an increase in particle size. In this case, HNO3
treatment could be used to produce larger particles, whereas H.0. treatment might
result in nanoparticles with moderate sizes. Interestingly, nitrogen doping of the untreated
XC appears to produce crystallite sizes similar to those of the H.O>-treated electrocatalyst.

Table 5. Pt crystallite size for each sample (taken from the peak of Pt 111 plane).

Cr.
Size

1.5 (nm) 5.0 3.9 3.6 4.0

Additionally, the results indicate that commercial Pt/C has the smallest Pt crystallite
size, as evident from its peak near 40°. The XRD pattern of the commercial sample also
lacked the smaller peak at 46°, which is likely due to the absence of the 200 plane in the
crystal lattice and of XC-72R at 44°. However, small peaks at 67° and 81°, associated with
the 220 and 311 planes, were observed, similar to the other samples.

Raman spectroscopy was conducted to investigate the structure of the carbon black
in each sample, as shown in Figure 11.
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Figure 10. Raman spectra for all samples (532 nm laser line).

Three peaks, referred to as the D-band, G-band, and 2D (or G') band, are typically
used to describe the Raman spectra of a material. In this study, only the first-order
spectral range (1000 to 2000 cm™) is analyzed, focusing on the D and G bands, as
illustrated in Figure 10. By identifying the Raman shift value of each peak, the structural
properties of carbon nanomaterials can be understood. For instance, the D-band arises
from the disorder at the edges of the microcrystalline structure and the G-band is
associated with the presence of graphene [92].

In the spectra, the D and G bands appear around 1345 and 1595 cm™ in all samples.
A significant increase in the intensity of the D-band is noticeable for the pre-treated
electrocatalysts, likely due to greater disorder in the XC-72R structure, which results
from heat treatment and nitrogen doping in the case of the N-doped electrocatalyst. The
commercial Pt/C catalyst exhibits slightly lower peak intensities compared to the other
materials, which suggests a more ordered carbon black structure in this electrocatalyst.
To compare the crystallinity and degree of disorder in the catalysts, the peak values
obtained from the analysis are provided in Table 6, showing the Raman shifts
corresponding to both the D and G bands.

Table 6. D and G-band values for all samples obtained from Raman spectra.

baDnd 1349.813 (cm™) 1340.069 1342.611 1351.508 1340.493
baGnd 1594.693 (cm™) 1590.033 1591.304 1598.930 1598.083
Ip 29.489 (arb. un.) 38.963 41.640 24.106 30.774
I 28.921 (arb. un.) 38.481 40.494 23.835 29.614
Io/ls 1.0196 1.0125 1.0283 1.0113 1.0391
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The intensity ratio (/o/ls) is frequently used to assess the microstructure of different
materials. For instance, the ratio for the H,0,-treated sample is higher than for the
untreated sample, likely due to reduced structural order and an increase in defects in the
Pt/XC-72R (H,O,-treated) electrocatalyst. The increase in defects in carbon black
post-treatment is considered advantageous, as it indicates a more porous structure with
more sites for platinum deposition, which in turn leads to improved Pt nanoparticle
utilization, a higher electrochemically active surface area, and higher electrocatalytic
activity.

On the other hand, the crystal structure of the nitric acid-treated catalyst seems
slightly more ordered, similar to the untreated material, although its peak intensities are
comparable to those of the H,0,-treated sample. For the N-doped sample, the intensity
ratio was the highest, and the peak intensities were similar to those of the commercial
Pt/C catalyst, indicating a more ordered structure with fewer defects compared to the
pre-treated materials. Therefore, the effect of nitrogen doping on XC-72R appears to be
minimal in terms of altering carbon black’s morphology.

In this study, Vulcan XC-72R carbon black was pretreated prior to the deposition of Pt
nanoparticles and the effects of pretreatment on the electrochemical performance of
the electrocatalysts were studied. Electrochemical tests showed that H,O,-treated
catalysts had the highest electrochemically active surface area (EASA), outperforming
non-treated and commercial Pt/C catalysts, while HNOs-treated samples had lower
EASA. H,0, treatment improved oxygen reduction properties and kinetic activity. SEM
and XRD analyses confirmed smaller Pt nanoparticle sizes for H,O,-treated samples.
Overall, it was found that H,0, pretreatment enhanced catalytic performance for the
oxygen reduction reaction (ORR). With this finding, the first objective of the PhD work
was achieved and this was instrumental for the subsequent studies on CO2-derived
carbon nanomaterials.

4.2 Electrochemical reduction of oxygen on platinum supported with
CO2-derived carbon

The synthesis of CO.-derived carbon nanomaterial (CO.-C) and CO,-C supported
electrocatalyst is described in sections 3.3 and 3.4. Figure 12 below depicts the steps
taken for the synthesis. Detailed explanation about the electrochemical and physical
characterization methods used are given in sections 3.7 and 3.8.
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Figure 12. A schematic diagram of Pt/CO,-C electrocatalyst synthesis steps.
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To ensure an accurate comparison with the commercial Pt/C, EDS and TGA were
conducted (Figure 13) to verify the platinum content in the electrocatalyst. Both analytical
techniques indicated that the Pt/CO,-C sample has approximately 17 wt.% Pt. The slight
discrepancy from the intended 20 wt.% loading is likely due to impurities present in the
sample and the incomplete reduction of the platinum salt during the synthesis process.
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Figure 13. EDS (top) and TGA (bottom) plots for Pt/CO,-C.

The SEM and STEM images (Figure 14) of Pt/CO>-C reveal that Pt nanoparticles are
evenly distributed across the CO2—-C support, and the morphology closely resembles that
of the commercial Pt/C catalyst (Figure 15, top). In the case of raw CO>-C, the SEM image
(Figure 15, bottom) shows an amorphous structure with particles varying greatly in size.
For Pt/CO,-C, the average particle size of Pt nanoparticles on CO2-C, as measured from
the STEM images, was approximately 3.2 nm, which is similar to the particle size of the
commercial sample (~3.4 nm).
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Figure 14. SEM and STEM microimages of Pt/CO,-C. a-c HAADF-STEM images of the composite;
d SEM image; e HAADF-STEM image with elemental maps (white—-HAADF, red-C, green-0O and
yellow-Pt).

X 250,000  15.0kv ADD

Figure 15. SEM image of commercial Pt/C (top) and raw CO,-C (bottom).

Both materials display a narrow particle size distribution (Figure 16), indicating a
uniform particle distribution. As discussed earlier, 4 nm has been suggested as the
“sweet spot” for Pt nanoparticles for achieving optimal mass activity for ORR. As particle
size for Pt/CO2-C is very close to the value, this partially accounts for the higher mass
activity of Pt/CO,-C for ORR that is discussed next. It is important to note that, beyond
the synthesis conditions, the choice of support also influences Pt nanoparticle size by
controlling the degree of agglomeration of individual particles. Hence, CO>—-C emerges as
a promising support material for adjusting the size of Pt nanoparticles.
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Figure 16. Particle size distribution histograms of Pt/CO,-C (top) and commercial Pt/C (bottom).

XRD patterns for both samples are shown in Figure 17, alongside corresponding
reference patterns. The primary difference between the observed patterns is due to the
type of support material used during synthesis. For the Pt/CO2-C sample, a distinct peak
appears near a 20 angle of 29.4°, which is associated with the chromite (Cr,FeQ4) XRD
pattern around 30°, originating from the stainless-steel electrodes employed in the
CO2-C synthesis. A smaller shoulder peak near 43° is also linked to the chromite pattern.
Although literature does not provide specific information on the electrocatalytic
properties of chromite, studies have shown that Cr and Fe transition metals can enhance
catalytic activity toward ORR when combined with Pt [93]. However, it’s important to
note that the XRD and TGA results indicate the chromite content in Pt/CO2-C is minimal,
suggesting that Cr and Fe have a negligible impact on the electrocatalytic performance
of Pt/CO2-C. For both samples, the 20 angles near 40° and 46° correspond to the Pt (111)
and Pt (002) planes, respectively. In weakly adsorbing electrolytes, such as the HCIO,
solution used in this study, the Pt (111) facet has been shown to exhibit superior ORR
activity compared to Pt (100) [94]. Consequently, the presence of Pt (111) facets in
Pt/CO2-C is considered advantageous.
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Figure 17. XRD patterns for commercial Pt/C and Pt/CO,-C.

Raw CO2-C, Pt/CO2-C, and commercial Pt/C were also studied with Raman analysis.
Typically for Raman spectra of carbon, 1000 cm™ to 2000 cm™ is the most important
range as two distinct peaks of the D-band at approximately 1350 cm™ and the G-band
at around 1600 cm™ are detected in this range. The D-band indicates structural disorder
within the carbon, while the G-band results from in-plane vibrations of sp?>-bonded
carbon atoms [87]. Representative raw spectra and the cumulative fitted curves for each
nanomaterial are displayed in Figure 18, indicating that the CO.-C largely maintains its
structure after platinum deposition. However, several notable differences arise when
comparing the stock CO>-C and Pt/CO.-C. For example, both the Ip/l; ratio and the full
width at half maximum values in the spectra are reduced for Pt/CO.-C (Table 7). These
shifts suggest a increase in the graphitization of the carbon and a reduction in structural
disorder after platinum deposition. A similar observation was reported by another
research group studying carbon nanofibers coated with platinum nanoparticles [95].
It has been observed that platinum nanoparticles tend to attach primarily to defect sites
or edges in unmodified carbons, which may clarify why the crystal structure of the carbon
becomes more ordered after platinum loading—potentially explaining the narrower and
sharper G-band seen in the Pt/CO,-C [96]. Thus, the disordered structure of CO>-C
is considered advantageous for the uniform dispersion of platinum, enhancing
electrocatalytic performance. In contrast, greater differences were noticed in the
commercial sample. The Ip/ls ratio in this sample is slightly higher than that of Pt/CO2-C,
but the FWHM values for the peaks are much smaller, indicating a more uniform
structural distribution. Additionally, a prominent 2D band appears near 2700 cm™,
resembling spectra of defective graphene [97].
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Figure 18. Raman spectra of raw CO,-C (top), Pt/CO,-C (middle) and commercial Pt/C (bottom).

Table 7. Raman characteristics of the studied nanomaterials.

Raw CO.-C 0.94+0.04 1173 245+ 11
Pt/CO.-C 0.8+0.1 112+3 228 +30
Pt/C (com.) 0.9+0.1 40+2 51+7

Ratio of the intensities of D and G peaks (/p//s), full width at half-maximum for G (GFWHM) and D
peaks (DFWHM). Uncertainties are taken as one standard deviation in all cases and multipeak
fitting was performed to extract band parameters.

The textural properties of both samples were analyzed using N, physisorption, and the
results are presented in Table 8 below. The BET and QSDFT (Quenched solid density
functional theory) analyses indicate that the Pt/CO,-C sample has a significantly larger
surface area compared to the commercial sample. This increased surface area is
beneficial because it allows for more active sites for the reaction, enhancing the overall
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electrocatalytic performance. Additionally, the total pore volume of Pt/CO,-C was
marginally greater than that of Pt/C, while its average pore size was smaller than the
commercial Pt/C. According to the pore size distribution charts (Figure 19), Pt/CO,-C
mainly contains mesopores, with a minor presence of micropores. In contrast, the
commercial sample is predominantly mesoporous, with almost no detectable micropores.
It has been suggested that a mesoporous carbon support structure is preferred for fuel
cell electrocatalysts since mesopores promote better dispersion and utilization of metal
particles, aiding the reaction [98]. In contrast, micropores could trap nanoparticles and
limit access to reactants.

Table 7. Textural properties of electrocatalysts.

Pt/CO,-C 145.3 118.6 0.5 6.9

Pt/C (com.) 31.9 40.9 0.4 25.5

BET surface area (Sger), specific surface area (Sprr), total pore volume (V,) and average pore
diameter (dp).
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Figure 19. N, physisorption study results. Pore size distribution graphs of Pt/CO,-C (top) and
commercial Pt/C (bottom) calculated using the QSDFT.

The performance of the electrocatalysts in half-cell tests was evaluated using the RDE

method and the oxygen reduction reaction (ORR) polarization curves recorded at
1600 rpm are displayed in Fig. 20a.
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Several key electrocatalytic performance metrics are summarized in Table 8. Based on
the half-wave potential (E12) and onset potential (Eonset), the electrocatalytic activity of
Pt/CO,-C is nearly equivalent to that of the commercial Pt/C. Notably, in terms of onset
potential, Pt/CO,-C demonstrates superior activity, with a positive shift of approximately
3.5 mV, reducing the overpotential for the ORR.

Table 8. Electrocatalytic performance metrics of the samples.

Pt/CO,-C 0.990 0.873 43.56 170.6 391.6

Pt/C (com.) 0.987 0.876 35.41 127.4 359.8

Additionally, the mass and specific activity of Pt/CO,-C are approximately 33% and 9%
higher, respectively, than those of commercial Pt/C, as shown in Fig. 20b. This suggests
that, despite the commercial electrocatalyst’s slightly higher Pt loading, Pt/CO,-C exhibits
a larger electrochemically active surface area (EASA), allowing more Pt nanoparticles
(per mg and cm? of the electrocatalyst) to participate in the reaction. This improved Pt
utilization contributes to enhanced reaction kinetics. This finding aligns with the
previously discussed relationship between nanoparticle size and the electrocatalyst’s
maximum mass activity.

In addition to polarization curves, Koutecky—Levich and Tafel plots are employed to
determine the number of electrons involved in the oxygen reduction reaction and to
identify the reaction’s rate-determining step. The analysis of the K-L plots (Fig. 20c, d)
derived from polarization curves at different rotation rates (Figure 21) indicates that ORR
proceeds predominantly through the 4-electron pathway for both catalysts, a mechanism
commonly associated with polycrystalline platinum surfaces [99] and considered to be
advantageous over the 2-electron pathway as discussed earlier.
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Figure 21. ORR polarization curves (anodic sweep) of Pt/CO,-C and Pt/C (commercial) in
O,-saturated 0.1 M HCIO,4 at 20 mV s~ with different rotation rates.

For Tafel plots, a widely studied Pt/C catalyst is reported in the literature to exhibit
slopes of approximately 60 mV dec™ at low overpotentials and 120 mV dec™ at high
overpotentials under acidic conditions. The deviations observed in this study (Fig. 22) can
be attributed to various factors, including the specific exposed facets of Pt crystals [100],
the purity of the electrolyte, and the selected range for linear curve fitting [101].
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Figure 22. Tafel plots of Pt/CO,-C and Pt/C (com.) at 1600 rom with corresponding linear fits and
calculated Tafel slope values.

At low overpotentials (greater than 0.88 V versus RHE), both Pt/CO,-C and
commercial Pt/C exhibit slopes close to 70 mV dec™, aligning with findings by Markovié
et al.,, which attribute this value to the Pt (111) crystal facet in 0.1 M HCIO4 [102].
The removal of OH* species has been proposed as the rate-limiting step for this region
[99], [103]. At higher overpotentials (less than 0.88 V versus RHE), the slopes increase to
approximately 105 mV dec™ for Pt/CO,-C and 130 mV dec™® for the commercial Pt/C.
These values closely resemble those associated with the Pt (110) crystal facet reported
in the same study, approaching the 120 mV dec! value that indicates the initial electron
transfer to Oz as the rate-limiting step [104]. The lower slope observed for Pt/CO,—-C at
higher overpotentials suggests a superior electrocatalytic activity compared to the
commercial Pt/C. However, it should be noted that there is ongoing debate regarding the
accurate determination of the rate-limiting step in the oxygen reduction reaction (ORR)
on Pt and its agreement with the actual reaction kinetics [100], [101], [105].

To evaluate the durability of the electrocatalysts, an accelerated durability test
involving 1000 potential cycles was conducted within a voltage range of 0.6 Vto 1V
versus RHE. Following the test (as shown in Fig. 23), the half-wave potential of Pt/CO>-C
showed a negative shift of approximately 2.8 mV, compared to a shift of about 3.9 mV
for the commercial Pt/C benchmark. Additionally, the mass activities at 0.9 V vs RHE
decreased by 5% for Pt/CO.-C and by 12% for the commercial Pt/C. These findings
indicate that Pt/CO2-C exhibits enhanced durability under the tested conditions. It is
worth noting that the support material plays a crucial role in determining the overall
durability of the electrocatalyst [98] which further demonstrates that CO.-C is a suitable
support material for enhancing electrocatalyst durability.
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Figure 23. Accelerated durability test results. ORR polarization curves (anodic sweep) of a Pt/CO,-C
and b Pt/C (commercial) in O;-saturated 0.1 M HCIO4 at 20 mV s™! taken before and after 1000
potential cycles between 0.6 Vand 1 V vs RHE at 200 mV s7L,

In this study, carbon nanomaterial was derived from CO; via the MSCC-ET technique
and used as support material for the Pt electrocatalyst. The prepared electrocatalyst
demonstrated a higher surface area than commercial Pt/C and superior electrochemical
activity, including higher onset potential, mass and specific activity, and better durability.
These improvements were attributed to the interaction between the CO;-derived
carbon support and Pt nanoparticles, showcasing the potential of this sustainable
material for fuel cell applications. As planned in the second objective of the work, this
study proved the possibility of replacing commercial carbon black support of Pt
electrocatalyst with CO2-derived carbon and revealed the promising ORR performance
of the Pt electrocatalyst supported with CO>-derived carbon.
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4.3 Electrochemical reduction of oxygen on platinum supported with
pretreated CO,—-derived carbon

The pretreatment of COz-derived carbon (CO2-C) and the synthesis of pretreated CO2-C
supported electrocatalyst are described in sections 3.5 and 3.6. Detailed explanation
about the electrochemical and physical characterization methods used are given in
sections 3.7 and 3.8.

The platinum loading in each electrocatalyst was determined through thermogravimetric
analysis. Based on the TGA results (Figure 24), it was established that the commercial
Pt/C sample contains 20 wt % Pt, while the Pt loadings for Pt/CO»-C, Pt/H.0,-C0O>-C, and
Pt/KOH-CO,-C are 35 wt %, 31 wt %, and 30 wt %, respectively.
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Figure 24. Thermogravimetric analysis results for all samples.

STEM and TEM images (Figure 25) of the electrocatalyst samples were examined to
assess the physical characteristics. Regarding the uniform distribution of Pt nanoparticles
on the carbon support, the Pt/KOH-CO,-C sample exhibited the most homogeneous
distribution, followed by Pt/H.02-C0O>-C, commercial Pt/C, and Pt/CO-C, in that order.
Although the CO2-C-supported samples showed overall homogeneous nanoparticle
distribution, STEM images revealed that their uniformity was lower compared to
commercial Pt/C. Further analysis identified localized areas of nanoparticle agglomeration
in the synthesized samples, which is attributed to their higher Pt loading compared to
the commercial Pt/C electrocatalyst.
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Figure 25. HAADF-STEM (with elemental mapping) and TEM images of (a) Pt/CO>-C, (b) Pt/H,0,-CO,-C,
(c) Pt/KOH-CO,-C and (d) commercial Pt/C samples. The insets with HR-TEM images show the IFFT
of the region designated with the blue box.

The particle size distribution of the electrocatalysts were analyzed based on the
plotted histograms (Figure 26). The histograms indicate that the Pt nanoparticles on the
H202-CO,-C support range in size from 2 to 10 nm, with a mean particle size of
approximately 5.7 nm. Compared to other samples, this distribution is broader, as also
confirmed by STEM micrographs. The Pt/KOH-CO2-C and commercial Pt/C samples
exhibit similar mean particle sizes, but the smallest Pt nanoparticles were observed in
the Pt/CO2-C electrocatalysts. Compared with the previous study, increasing the pH of
the ethylene glycol solution resulted in even smaller nanoparticles (2.96 nm compared
to 3.18 nm). High-resolution transmission electron microscopy (HR-TEM) images of all
samples revealed regions with visible lattice fringes (Figure 25, insets). These regions
were analyzed to estimate d-spacing values, all of which were approximately 2.2 A,
consistent with the (111) plane of Pt (d111 = 2.263 A) [86].
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Figure 26. Particle size distribution histograms of all samples.

The nitrogen physisorption analysis was used to estimate the BET and
mesopore-specific surface areas (Figure 27) of the electrocatalysts. The findings reveal
structural changes in the sample porosity due to various pre-treatment methods.
Using Pt/CO, as a reference, it was noted that both KOH and H,0, pre-treatments of the
carbon support created additional mesopores and increased the BET surface area.
This is attributed to the corrosive behaviour of KOH and the oxidative effect of H,0,,
which combine adjacent micropores to form mesopores, as explained by Kumar et al
[79].

Compared to Pt/CO,-C, the KOH treatment led to a modest increase in
mesopore-specific surface area (from 22.74 to 23.88 m? g3). In contrast, H,0,
pre-treatment resulted in a large enhancement from 22.74 to 48.5 m? g with a total
BET surface area increase of 33.49 m? g™!. However, merging micropores can be
detrimental, as they may promote Pt nanoparticle aggregation within these spaces.
This behaviour was observed in STEM micrographs, particularly for Pt/H,0,-CO,-C
(Figure 25b).
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Figure 27. BET and mesopore-specific surface areas of the electrocatalysts synthesized in this study
from the N; physisorption study.

As illustrated in Figure 28, the examination of X-ray diffraction (XRD) patterns
indicates that Pt (111) and Pt (002) reflections at 2-theta angles of 40.2° and 46.8° are
the dominant platinum planes for all analyzed samples, with these peaks being more
prominent in the samples synthesized in this study. The broader Pt (111) and Pt (311)
peaks, along with the lower intensity of the Pt (200) peak in the commercial sample,
imply that the CO,-C supported electrocatalysts possess more crystalline Pt nanoparticles
compared to the commercial Pt/C electrocatalyst.

Additionally, the sharp peak at 26.1°, corresponding to the C (002) plane in the
commercial Pt/C sample, indicates a graphitic carbon support structure. In contrast,
the broader peaks at 25.6° observed in the other samples are indicative of a more
disordered carbon structure. This disordered carbon characteristic in CO,-C supported
samples offers potential advantages since the Pt (111) plane has been linked to enhanced
oxygen reduction reaction activity in weakly adsorbing electrolytes compared to the Pt
(100) plane [106]. Furthermore, defect-rich carbon structures are considered favourable
sites for Pt nanoparticle attachment [78]. These observations support the idea that
modifying the carbon support structure can indirectly improve ORR performance.

To validate these findings, d—-spacing values for all samples were calculated from the
Pt (111) XRD peaks and compared with values derived from high-resolution transmission
electron microscopy microimages. As shown in Table 9, the d-spacing measurements
from the XRD data align with those obtained from the HR-TEM images.
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Figure 28. X-ray diffraction patterns of all samples.

Table 9. Comparison of d-spacing values obtained from HR-TEM images and XRD patterns.

Pt/CO-C 2.22 2.20
Pt/KOH-CO>-C 2.24 2.23
Pt/H,0,-C0O,-C 2.23 2.22
Pt/C 2.20 2.25

Figure 29 illustrates the XPS spectrum focusing on the Pt 4f7/2 and Pt 4fs; regions for
the electrocatalysts analyzed in this study. Previous research indicates that an increase
in the binding energy of Pt 4f core levels in XPS analysis is associated with electronic
interactions between platinum and its carbon support [107]. Depending on the electronic
characteristics of the support material, charge transfer occurs between the platinum
nanoparticles and the support in order to equalize their respective Fermi levels [107].
For all the electrocatalysts synthesized here, the Pt 47/, peak appears at higher binding
energies compared to commercial Pt/C, with the most significant positive shift observed
in the Pt/KOH-CO,-C sample, followed by Pt/H.0,-CO>-C and then Pt/CO,-C. These
positive shifts result from the electron-withdrawing nature of the carbon support, which
induces electron transfer from platinum to carbon, thereby altering the d-band structure
of the electrocatalyst. This process reduces the adsorption energy of oxygen—containing
species, enhancing oxygen reduction reaction activity and durability due to improved
interactions between the metal and the support [107], [108], [109]. Consequently,
from the perspective of metal-support interactions, pretreating CO.—-C with KOH and
H202 solutions offers advantages, suggesting better ORR performance for platinum
nanocatalysts supported with these pretreated materials.
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Figure 29. XPS spectrum of Pt 4f;;, and Pt 4fs/, regions for all samples.

In addition to influencing the metal-support interaction, the goal of pretreatment was
to add oxygen—-containing functional groups to the carbon support’s surface as well. This
process can be assessed by analyzing the elemental composition on the carbon surface
using XPS data, as detailed in Table 10. The table indicates that the oxygen content on
the surface of the CO,-C-supported electrocatalysts exceeds that of commercial Pt/C,
indicating effective functionalization. Regarding oxygen atomic percentages, the data
revealed the following trend, indicating that peroxide pretreatment is the most effective
method for introducing oxygen groups: Pt/H,0,-CO,-C > Pt/KOH-CO,-C > Pt/CO,-C >
Pt/C.

Table 10. Surface atomic concentrations of all samples determined from the XPS spectrum.

Pt/CO,-C 84.8 9.9 1.9 3.4
Pt/H,0,-C0,-C 82.5 13.4 1.7 2.4
Pt/KOH-CO,—C 82.5 12.5 2.6 2.4
Pt/C (comm.) 92.4 6.4 1.2 n/a

To determine the types of oxygen—containing groups, the relative areas for each group
were obtained by deconvoluting the C 1s peaks from the XPS analysis, as shown in Table
11. The findings indicate that hydroxyl and ether groups predominate in all samples,
followed by carbonyl and ester groups in CO,—C-supported electrocatalysts. Compared
to Pt/CO,-C, the Pt/H,0,-CO,-C and Pt/KOH-CO,-C samples showed an increased
presence of all oxygen—containing groups, confirming the introduction of these groups
through functionalization. Peroxide pretreatment generated slightly higher amounts of
C-0OH, C-0-C, and C=0 species compared to KOH pretreatment, whereas KOH treatment
resulted in a somewhat greater concentration of O-C=0 species. Several studies have
shown that oxygen functionalization of carbon supports enhances electrocatalytic
activity for the oxygen reduction reaction by disrupting the sp? carbon network and
facilitating charge delocalization due to oxygen’s high electronegativity, which improves
the adsorption of ORR intermediates [110], [111], [112]. Additionally, certain oxygen
functional groups have been associated with increased durability in carbon-supported
Pt electrocatalysts [113]. Therefore, the XPS results agree with these previous findings
and suggest improved ORR performance for the pretreated samples.
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Table 11. Assignments, positions and relative area of C 1s peaks of all samples determined from the
XPS spectrum (binding energies at the bottom).

Pt/CO,-C 10.3 5.4 4
Pt/H,0,-CO,-C 11.6 6.6 5.1
Pt/KOH-CO-C 11.3 6.2 5.5
Pt/C (comm.) 10.2 1.4 4.3
Binding energy (eV) | 286.3 287.7 288.9

To evaluate the electrochemical characteristics of the synthesized samples, ORR
polarization curves at various rotation speeds were recorded (see Figure 30). Using the
ORR polarization curve measured at 1600 rpm (Figure 31), key parameters for comparing
the electrocatalytic performance of the samples were summarized in Table 12.
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Figure 30. ORR polarization curves (anodic sweep) of all samples in O,-saturated 0.1 M HCIO, at
20 mV s~1 with different rotation rates.
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Figure 31. ORR polarization curves (anodic sweep) of all samples in O,-saturated 0.1 M HCIO,4 at
20 mV s~1 with a rotation rate of 1600 rpm.

Table 12. Electrocatalytic activity metrics for all samples.

Pt/CO-C 13.4 102.0 759.9 1.0 0.88
Pt/H,0.-CO-C | 13.2 142.8 1076.4 1.01 0.89
Pt/KOH-CO-C | 8.7 131.1 1503.8 0.99 0.88
Pt/C 52.7 287.7 545.8 1.0 0.90

EASA of the samples was determined using CO stripping curves (Figure 32). The current
peaks observed in the curves correspond to the oxidation potential of adsorbed CO
(CO%%), while the peak areas provide a measure of the density of active sites for CO%
oxidation [114]. Considering that open facets and defect sites in Pt-based nanocatalysts
are more reactive toward CO?® oxidation than compact facets, the A peak (indicating
higher adsorption energy) and the A* peak (indicating lower adsorption energy) in the
CO stripping curves are associated with compact and open facets, respectively, in Pt/C
electrocatalysts [115]. Using the same methodology, CO>-C supported samples (B peak)
demonstrate a lower activation barrier for CO** oxidation. However, compared to the
commercial sample, the CO2-C supported samples show significantly smaller peak areas,
indicating fewer active sites for CO®,

Furthermore, the EASA values of all CO2-C supported samples (ranging between 8.7
and 13.4 m? gp1) are considerably lower than that of the commercial Pt/C sample
(52.7 m? gpi). This reduction is attributed to the agglomeration of Pt nanoparticles, as
observed in STEM micrographs. This agglomeration prevents CO from adsorbing onto Pt
atoms located within the core of these clusters, reducing the charge related to CO
oxidation on the Pt surface.
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Figure 32. CO stripping curves of all samples in N;-saturated 0.1 M HCIO4 at 20 mV s7L,

The disparity between the calculated mass activities of commercial Pt/C and
CO2-C-supported electrocatalysts is relatively minor. When comparing the mass
activities and specific activities of samples using pretreated support versus untreated
support, a notable enhancement in both metrics is observed for pretreated CO>-C.
Among the samples, Pt/H.0,-CO>-C demonstrates significantly higher MA than both
Pt/CO2-C and Pt/KOH-CO>-C. However, Pt/KOH-CO2-C shows the greatest SA, even
surpassing the values calculated for commercial Pt/C. This is an expected outcome as Pt
sites with low coordination (such as edge sites, defects, and steps) have a lower specific
activity, while high-coordination Pt sites (such as terraces) exhibit higher specific
activity. Larger particles expose a greater proportion of terrace sites relative to steps or
edges due to their geometric properties, resulting in elevated SA values across all
CO2-C-supported electrocatalysts [57].

The cyclic voltammograms for all samples are illustrated in Figure 33. A typical CV
reveals three distinct regions significant for electrochemical analysis: the hydrogen
underpotential deposition (HUPD) region, representing hydrogen adsorption and
desorption (highlighted in yellow); the double-layer region (depicted as a clear area);
and the oxygen region, reflecting OH~ adsorption and oxide formation/reduction
(occurring above 0.6 V vs. RHE). The peaks labelled A1/A1* and A2/A2* on the curves
correspond to H* desorption and adsorption from the compact (111) and open (200)
crystal facets, respectively. Meanwhile, the Eo®® and Eo%* peaks indicate the adsorption
and desorption of oxygen species on the Pt surface.

Compared to commercial Pt/C, the CO,—C-supported samples exhibit broader peaks
in the HUPD region, suggesting a stronger affinity for H* adsorption and desorption.
However, the Eo“*® peaks for all samples are nearly identical, implying similar energy
barriers for oxygen desorption. This observation aligns with previous findings
showing that the onset potentials for the oxygen reduction reaction (ORR) across all
electrocatalysts are nearly the same. Additionally, the CO,-C-supported samples display
a thicker double-layer region, indicating greater hydroxide formation compared to the
commercial Pt/C electrocatalyst. Another notable feature is the less intense Eo®® peaks
of the CO,-C-supported samples, occurring at a lower potential. This observation is
consistent with XPS characterization results and suggests weakened adsorption energy
for oxygen—containing species.
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Figure 33. Cyclic voltammetry curves of all samples in N>-saturated 0.1 M HCIO4 at 50 mV 571,

The number of electrons involved in the reaction, can be determined from
Koutecky-Levich plots generated from the polarization curves of the oxygen reduction
reaction at varying rotation rates. Based on the K-L plots (Figure 34), all electrocatalysts
exhibited a four-electron ORR pathway in the diffusion-limited current region. This
pathway is preferred for fuel cell applications because it enhances fuel cell efficiency and
avoids the formation of harmful hydrogen peroxide, which can deteriorate the
electrocatalyst [116].

Figure 34. Koutecky—Levich plots for (a) commercial Pt/C, (b) Pt/CO,-C (c) Pt/H20,-CO,-C and
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(d) Pt/KOH-CO,-C with the number of electrons transferred per O, molecule (n) in the insets.
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The durability of the catalysts was assessed through an accelerated durability test
involving 1000 potential cycles between 0.6 and 1 V versus the reversible hydrogen
electrode (RHE). The impact of the ADT was evaluated using CO stripping measurements
conducted before and after cycling (Figure 35, top right) to estimate the electrochemically
active surface area loss for each catalyst. Among the catalysts, the commercial Pt/C showed
the greatest EASA loss (38.8%), followed by Pt/KOH-CO,-C (20%), Pt/H,0,-CO,-C (19.6%),
and Pt/CO,-C (4.5%).

Pt supported on untreated CO,—C demonstrated the highest durability under reaction
conditions, showing the least loss of EASA. However, electrocatalysts with pretreated
supports also exhibited notable durability, surpassing that of the commercial Pt/C. This
difference is attributed to the agglomeration of Pt nanoparticles during the pretreatment
process, which increases the susceptibility of the EASA to long-term degradation.
Nevertheless, the enhanced durability of the H,0,-CO,-C and KOH-CO,-C supported
electrocatalysts compared to the commercial Pt/C can be explained by improved
metal-support interactions and the presence of specific oxygen—containing functional
groups, as previously discussed in the XPS analysis.

A comparison of CVs and ORR polarization curves (Figure 35, top left and bottom,
respectively) before and after accelerated durability testing offers additional
understanding of the samples' performance during the test. For the CVs, a decrease in
the intensity of the platinum oxidation peak near 0.8V versus the reversible hydrogen
electrode, related to the formation and adsorption of OHadas, was observed for the
synthesized samples. This reduction is likely due to residual CO on the platinum surface,
which remained after the CO stripping process and inhibited OHads adsorption.
Additionally, for all samples, including commercial Pt/C, the hydrogen adsorption and
desorption peaks in the hydrogen underpotential deposition region became less distinct
after ADT, consistent with a decrease in EASA, as discussed earlier. Regarding the ORR
polarization curves, only minor changes were observed for all samples. A slight decrease
in diffusion-limited current density was detected for Pt/CO.-C and Pt/KOH-CO2-C, while
it remained constant for Pt/H20,-CO>-C and commercial Pt/C. Despite these variations,
the ORR performance of all samples remained stable after ADT, demonstrating good
durability under laboratory-scale durability testing conditions.

To conclude, the results of this study fulfilled the final objective of the work as the
pretreatment of CO2—-derived carbon support resulted in enhanced ORR performance for
the Pt electrocatalyst which was found to be superior compared to the sample with
untreated CO2-C support.
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Figure 35. Top: Cyclic voltammetry curves (before and after ADT) of (a) Pt/CO,—C (b) Pt/H,0,-CO,-C,
(c) Pt/KOH-CO,-C and (d) commercial Pt/C in N,-saturated 0.1 M HCIO4 at 50 mV s™1; Middle: CO
stripping curves (before and after ADT) of (a) Pt/CO,-C (b) Pt/H,0,-CO»-C, (c) Pt/KOH-CO,-C and
(d) commercial Pt/C in Ny-saturated 0.1 M HCIO4 at 20 mV s™; Bottom: ORR polarization curves
(before and after ADT) of (a) Pt/CO,—C (b) Pt/H,0,-CO,-C, (c) Pt/KOH-CO,-C and (d) commercial
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Pt/C in O,-saturated 0.1 M HCIO4 at 20 mV s~ with a rotation rate of 1600 rpm.
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5 Conclusions

The aim of this work was to develop high-performance Pt electrocatalysts with
sustainable carbon nanomaterial (CO2-derived carbon) for cathodic oxygen reduction
reaction in proton exchange membrane fuel cells. For this goal, the influence of different
pretreatment methods was studied on commercial Vulcan XC-72 carbon black material
in the first part of the work. Next, a Pt electrocatalyst using CO2>-derived carbon
nanomaterial as support was synthesized. In the final section of the work, the findings
from the previous studies were applied to pretreat CO.-derived carbon to achieve
enhanced ORR performance of the Pt electrocatalyst. Based on these studies, the
following conclusions can be drawn:

1.

The first study demonstrated that pretreatment of Vulcan XC-72R with H,0,
significantly enhanced the ORR performance of the Pt electrocatalyst as its
electrochemically active surface area was measured to be around 36 m? gp!
higher than commercial Pt/C. At the same time, compared with the commercial
Pt/C, Pt/XC-72R (H:0: treated) exhibited higher onset potential (60 mV higher),
mass and specific activities as well as superior durability. SEM and XRD studies
confirmed the optimal Pt nanoparticle sizes (2.9-4.4 nm) and favorable structural
defects induced by H,0, pre-treatment, enhancing Pt utilization and ORR
performance. These findings highlighted the potential of H,0, pre—treatment as
an effective method for achieving high ORR performance.

In the second study, a novel platinum electrocatalyst supported by CO,-derived
carbon was synthesized. During electrochemical characterization, the Pt/CO,-C
electrocatalyst demonstrated a 33% higher mass activity and a 9% higher
specific activity compared to the commercial Pt/C while experiencing only a 5%
loss in mass activity after accelerated durability test (which was 12% for
commercial Pt/C). Morphological analysis revealed uniformly distributed Pt
nanoparticles sized around 3.2 nm. These results confirmed CO,-C as a promising
sustainable alternative for conventional petroleum-sourced carbon supports.
Combining the findings from previous studies, in the third study Pt electrocatalyst
using H202 pretreated CO,-derived carbon support was prepared. It was observed
that functionalization of CO,-C with H,0, resulted in an increase of 33.5 m? gpc !
in EASA, 40 mA mge: ! in mass activity and 316 pA cm™p in specific activity
compared to the Pt electrocatalyst with untreated CO,—C support.
Functionalization with oxygen groups was found to optimize metal-support
interactions, reduce overpotential, and significantly enhance ORR activity and
durability. The results of this study concluded the possibility of achieving high
ORR performance with electrocatalyst using relatively low Pt loading and
sustainable support material.

57



References

(1]
(2]

(3]

(4]

(5]

(6]

(7]

(8]

[0l

(10]

(11]

(12]

(13]

I. P. on C. C. (IPCC), “Framing and Context,” Global Warming of 1.5°C, pp. 49-92,
May 2022, doi: 10.1017/9781009157940.003.

Ottmar Edenhofer, Ramon Pichs-Madruga, Youba Sokona, and Kristin Seyboth,
“IPCC, 2011: Summary for Policymakers. In: IPCC Special Report on Renewable
Energy Sources and Climate Change Mitigation ,” Cambridge, 2011.

A. B. Stambouli, “Fuel cells: The expectations for an environmental-friendly and
sustainable source of energy,” Renewable and Sustainable Energy Reviews, vol.
15, no. 9, pp. 4507-4520, Dec. 2011, doi: 10.1016/J.RSER.2011.07.100.

M. Teotia, S. Singh, B. P. Singh, T. Akitsu, and R. K. Soni, “Combating climate
change with nanoparticles,” Nanoparticles and Plant-Microbe Interactions: An
Environmental Perspective, pp. 259-292, Jan. 2023, doi: 10.1016/B978-0-323-
90619-7.00005-9.

E. Najafli et al., “Sustainable CO » -Derived Nanoscale Carbon Support to a
Platinum Catalyst for Oxygen Reduction Reaction,” ACS Appl Nano Mater, vol. 6,
no. 7, pp. 5772-5780, Apr. 2023, doi: 10.1021/acsanm.3c00208.

E. Najafli, S. Ratso, A. Foroozan, N. Noor, D. C. Higgins, and |. Kruusenberg,
“Functionalization of COz-Derived Carbon Support as a Pathway to
Enhancing the Oxygen Reduction Reaction Performance of Pt
Electrocatalysts,” Energy and Fuels, Aug. 2024, doi:
10.1021/ACS.ENERGYFUELS.4C02407/SUPPL_FILE/EF4C02407_SI_001.PDF.

E. Najafli, M. Grossberg, V. Mikli, P. Walke, S. Ratso, and I|. Kruusenberg,
“Optimizing Pt catalyst performance for oxygen reduction reaction via surface
functionalization of Vulcan XC-72R carbon black support,” J Appl Electrochem,
pp. 1-14, Jan. 2025, doi: 10.1007/510800-024-02238-1/FIGURES/9.

W. F. Pickard, A. Q. Shen, and N. J. Hansing, “Parking the power: Strategies and
physical limitations for bulk energy storage in supply—demand matching on a grid
whose input power is provided by intermittent sources,” Renewable and
Sustainable Energy Reviews, vol. 13, no. 8, pp. 1934-1945, Oct. 2009, doi:
10.1016/J.RSER.2009.03.002.

E. B. Agyekum, J. D. Ampah, T. Wilberforce, S. Afrane, and C. Nutakor, “Research
Progress, Trends, and Current State of Development on PEMFC-New Insights
from a Bibliometric Analysis and Characteristics of Two Decades of Research
Output,” Membranes (Basel), vol. 12, no. 11, Nov. 2022, doi:
10.3390/MEMBRANES12111103.

S. Mo et al., “Recent Advances on PEM Fuel Cells: From Key Materials to
Membrane Electrode Assembly,” Electrochemical Energy Reviews 2023 6:1, vol.
6, no. 1, pp. 1-37, Aug. 2023, doi: 10.1007/541918-023-00190-W.

H. Hwang, T. Kweon, H. Kang, and Y. Hwang, “Resource and Greenhouse Gas
Reduction Effects through Recycling of Platinum-Containing Waste,”
Sustainability, vol. 16, no. 1, p. 80, Dec. 2023, doi: 10.3390/su16010080.

R. Ma et al., “A review of oxygen reduction mechanisms for metal-free carbon-
based electrocatalysts,” NPJ Comput Mater, vol. 5, no. 1, 2019, doi:
10.1038/s41524-019-0210-3.

L. Yan et al., “Atomically precise electrocatalysts for oxygen reduction reaction,”
Chem, vol. 9, no. 2, pp- 280-342, Feb. 2023, doi:
10.1016/J.CHEMPR.2023.01.003.

58



(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

[22]

(23]

[24]

[25]

(26]

(27]

A. M. Gédmez-Marin and J. M. Feliu, “Oxygen Reduction on Platinum Single Crystal
Electrodes,” Encyclopedia of Interfacial Chemistry: Surface Science and
Electrochemistry, pp. 820-830, Jan. 2018, doi: 10.1016/B978-0-12-409547-
2.13333-5.

C. Maouche, Y. Zhou, Y. Wang, and J. Yang, “Recent advances of the key
parameters of 3d block transition metal single and dual atoms catalysts: from
their synthesis to their practical applications,” Materials Today Sustainability,
vol. 21, p. 100288, Mar. 2023, doi: 10.1016/J.MTSUST.2022.100288.

O. E. Herrera, D. P. Wilkinson, and W. Mérida, “Anode and cathode
overpotentials and temperature profiles in a PEMFC,” J Power Sources, vol. 198,
pp. 132-142, Jan. 2012, doi: 10.1016/J.JPOWSOUR.2011.09.042.

W. Wang, X. Wei, D. Choi, X. Lu, G. Yang, and C. Sun, “Electrochemical cells for
medium- and large-scale energy storage: fundamentals,” Advances in Batteries
for Medium and Large-Scale Energy Storage: Types and Applications, pp. 3-28,
Jan. 2015, doi: 10.1016/B978-1-78242-013-2.00001-7.

P.K. Das, X. Li, and Z. S. Liu, “Analytical approach to polymer electrolyte membrane
fuel cell performance and optimization,” Journal of Electroanalytical Chemistry,
vol. 604, no. 2, pp. 72-90, Jun. 2007, doi: 10.1016/J.JELECHEM.2007.02.028.

M. Luo and M. T. M. Koper, “A kinetic descriptor for the electrolyte effect on the
oxygen reduction kinetics on Pt(111),” Nature Catalysis 2022 5:7, vol. 5, no. 7,
pp. 615-623, Jul. 2022, doi: 10.1038/s41929-022-00810-6.

H. Ooka, J. Huang, and K. S. Exner, “The Sabatier Principle in Electrocatalysis:
Basics, Limitations, and Extensions,” Front Energy Res, vol. 9, p. 654460, May
2021, doi: 10.3389/FENRG.2021.654460/BIBTEX.

J. K. Ngrskov et al., “Origin of the overpotential for oxygen reduction at a fuel-cell
cathode,” Journal of Physical Chemistry B, vol. 108, no. 46, pp. 17886—17892, Nov.
2004, doi: 10.1021/JP047349)/ASSET/IMAGES/LARGE/JP047349JFO0008.JPEG.

M. Y. Chen, Y. Li, H. R. Wu, B. A. Lu, and J. N. Zhang, “Highly Stable Pt-Based
Oxygen Reduction Electrocatalysts toward Practical Fuel Cells: Progress and
Perspectives,” Materials, vol. 16, no. 7, Apr. 2023, doi: 10.3390/MA16072590.
T. S. Andrade and T. Thiringer, “Low platinum fuel cell as enabler for the
hydrogen fuel cell vehicle,” J Power Sources, vol. 598, p. 234140, Apr. 2024, doi:
10.1016/J.JPOWSOUR.2024.234140.

G. Reverdiau, A. Le Duigou, T. Alleau, T. Aribart, C. Dugast, and T. Priem, “Will
there be enough platinum for a large deployment of fuel cell electric vehicles?,”
Int J Hydrogen Energy, vol. 46, no. 79, pp. 39195-39207, Nov. 2021, doi:
10.1016/).1JHYDENE.2021.09.149.

L. Fan et al., “Towards ultralow platinum loading proton exchange membrane
fuel cells,” Energy Environ Sci, vol. 16, no. 4, pp. 1466-1479, Apr. 2023, doi:
10.1039/D2EE03169H.

W. Mabhulusa, K. E. Sekhosana, and X. Fuku, “The impact and performance of
carbon-supported platinum group metal electrocatalysts for fuel cells,” Int J
Electrochem Sci, wvol. 19, no. 4, p. 100524, Apr. 2024, doi:
10.1016/J.1JOES.2024.100524.

X. Hu et al., “Review and Perspectives of Carbon-Supported Platinum-Based
Catalysts for Proton Exchange Membrane Fuel Cells,” Energy and Fuels,
vol. 37, no. 16, pp. 11532-11566, Aug. 2023, doi:
10.1021/ACS.ENERGYFUELS.3C01265/ASSET/IMAGES/LARGE/EF3C01265_0007.JPEG.

59



(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

“Nanostructured Carbon Materials as Catalysts,” in Nanostructured Carbon
Materials for Catalysis, The Royal Society of Chemistry, 2015, pp. 223-267. doi:
10.1039/9781782622567-00223.

S. Samad et al., “Carbon and non-carbon support materials for platinum-based
catalysts in fuel cells,” Int J Hydrogen Energy, vol. 43, no. 16, pp. 7823—-7854, Apr.
2018, doi: 10.1016/J.1IJHYDENE.2018.02.154.

S. Khodabakhshi, P. F. Fulvio, and E. Andreoli, “Carbon black reborn: Structure
and chemistry for renewable energy harnessing,” Carbon N Y, vol. 162,
pp. 604-649, Jun. 2020, doi: 10.1016/J.CARBON.2020.02.058.

M. Kim, J. N. Park, H. Kim, S. Song, and W. H. Lee, “The preparation of Pt/C
catalysts using various carbon materials for the cathode of PEMFC,” J Power
Sources, vol. 163, no. 1, pp. 93-97, Dec. 2006, doi:
10.1016/J.JPOWSOUR.2006.05.057.

Z. W. Seh, J. Kibsgaard, C. F. Dickens, |. Chorkendorff, J. K. Ngrskov, and
T. F. Jaramillo, “Combining theory and experiment in electrocatalysis: Insights
into materials design,” Science (1979), vol. 355, no. 6321, Jan. 2017, doi:
10.1126/science.aad4998.

B. Ruiz-Camacho, A. Medina-Ramirez, R. Fuentes-Ramirez, R. Navarro,
C. Martinez Goméz, and A. Pérez-Larios, “Pt and Pt—Ag nanoparticles supported
on carbon nanotubes (CNT) for oxygen reduction reaction in alkaline medium,”
Int J Hydrogen Energy, vol. 47, no. 70, pp. 30147-30159, Aug. 2022, doi:
10.1016/J.1JHYDENE.2022.03.190.

L. La-Torre-Riveros, R. Guzman-Blas, A. E. Méndez-Torres, M. Prelas, D. A. Tryk,
and C. R. Cabrera, “Diamond nanoparticles as a support for Pt and
PtRu catalysts for direct methanol fuel cells,” ACS Appl Mater Interfaces,
vol. 4, no. 2, pp. 1134-1147, Feb. 2012, doi:
10.1021/AM2018628/SUPPL_FILE/AM2018628_SI_001.PDF.

M. Chourashiya, S. T. Vindt, A. A. Velazquez Palenzuela, C. M. Pedersen,
C. Kallesge, and S. M. Andersen, “Low-cost graphite as durable support for Pt-
based cathode electrocatalysts for proton exchange membrane based fuel cells,”
Int J Hydrogen Energy, vol. 43, no. 52, pp. 23275-23284, Dec. 2018, doi:
10.1016/J.1JHYDENE.2018.10.187.

L. G. Verga, J. Aarons, M. Sarwar, D. Thompsett, A. E. Russell, and C. K. Skylaris,
“Effect of graphene support on large Pt nanoparticles,” Physical Chemistry
Chemical Physics, vol. 18, no. 48, pp. 32713-32722, Dec. 2016, doi:
10.1039/C6CP07334D.

F. B. Baz, R. M. Elzohary, S. Osman, S. A. Marzouk, and M. Ahmed, “A review of
water management methods in proton exchange membrane fuel cells,”
Energy Convers Manag, vol. 302, p. 118150, Feb. 2024, doi:
10.1016/J.ENCONMAN.2024.118150.

M. Cavo, E. Gadducci, D. Rattazzi, M. Rivarolo, and L. Magistri, “Dynamic analysis
of PEM fuel cells and metal hydrides on a zero-emission ship: A model-based
approach,” Int J Hydrogen Energy, vol. 46, no. 64, pp. 32630-32644, Sep. 2021,
doi: 10.1016/J.1JHYDENE.2021.07.104.

M. M. Bruno and F. A. Viva, “Carbon Materials for Fuel Cells,” in Direct Alcohol
Fuel Cells, vol. 9789400777, no. September, H. R. Corti and E. R. Gonzalez, Eds.,
Dordrecht: Springer Netherlands, 2014, pp. 231-270. doi: 10.1007/978-94-007-
7708-8_7.

60



[40]

(41]

(42]

(43]

(44]

[45]

(46]

[47]

(48]

[49]

(50]

(51]

(52]

(53]

E. Simon, B. Leandro, M. Kyoko, N. Todd, and T. Kiyoto, “2006 IPCC Guidelines for
National Greenhouse Gas Inventories,” 2006. Accessed: Sep. 27, 2022. [Online].
Available: https://www.ipcc-nggip.iges.or.jp/public/2006gl/index.html

R. Chauvy, N. Meunier, D. Thomas, and G. De Weireld, “Selecting emerging CO2
utilization products for short- to mid-term deployment,” Appl Energy, vol. 236,
pp. 662-680, Feb. 2019, doi: 10.1016/J.APENERGY.2018.11.096.

X. Zhang, H. Lu, Y. Miao, Y. Zhang, and J. Wang, “New trends in the development
of CO2 electrochemical reduction electrolyzer,” J Environ Chem Eng, vol. 12,
no. 2, p. 112369, Apr. 2024, doi: 10.1016/J.JECE.2024.112369.

S. Malkhandiand B. S. Yeo, “Electrochemical conversion of carbon dioxide to high
value chemicals using gas-diffusion electrodes,” Curr Opin Chem Eng, vol. 26,
pp. 112-121, Dec. 2019, doi: 10.1016/J.COCHE.2019.09.008.

M. Alvarez-Guerra, J. Albo, E. Alvarez-Guerra, and A. Irabien, “lonic liquids in the
electrochemical valorisation of CO2,” Energy Environ Sci, vol. 8, no. 9,
pp. 2574-2599, Aug. 2015, doi: 10.1039/C5EE01486G.

J. W. Fergus, “A review of electrolyte and electrode materials for high
temperature electrochemical CO2 and SO2 gas sensors,” Sens Actuators B Chem,
vol. 134, no. 2, pp. 1034-1041, Sep. 2008, doi: 10.1016/J.SNB.2008.07.005.

M. Gattrell, N. Gupta, and A. Co, “A review of the aqueous electrochemical
reduction of CO2 to hydrocarbons at copper,” Journal of Electroanalytical
Chemistry, vol. 594, no. 1, pp. 1-19, Aug. 2006, doi:
10.1016/J.JELECHEM.2006.05.013.

B. Deng et al., “Molten salt CO2 capture and electro-transformation (MSCC-ET)
into capacitive carbon at medium temperature: effect of the electrolyte
composition,” Faraday Discuss, vol. 190, no. 0, pp. 241-258, Aug. 2016, doi:
10.1039/C5FD00234F.

D. Chery, V. Lair, and M. Cassir, “CO2 electrochemical reduction into CO or C in
molten carbonates: a thermodynamic point of view,” Electrochim Acta, vol. 160,
pp. 74-81, Apr. 2015, doi: 10.1016/).ELECTACTA.2015.01.216.

W. Weng, L. Tang, and W. Xiao, “Capture and electro-splitting of CO2 in molten
salts,” Journal of Energy Chemistry, vol. 28, pp. 128-143, Jan. 2019, doi:
10.1016/).JECHEM.2018.06.012.

H. V. ljije, R. C. Lawrence, and G. Z. Chen, “Carbon electrodeposition in molten
salts: Electrode reactions and applications,” Volume 4, Issue 67, Pages 35808 -
35817, vol. 4, no. 67, pp. 35808-35817, 2014, doi: 10.1039/c4ra04629c.

D. Tang, H. Yin, X. Mao, W. Xiao, and D. H. Wang, “Effects of applied voltage and
temperature on the electrochemical production of carbon powders from CO2 in
molten salt with an inert anode,” Electrochim Acta, vol. 114, pp. 567-573, Dec.
2013, doi: 10.1016/J.ELECTACTA.2013.10.109.

X. Cai, X. Liu, Z. Hao, and R. Lin, “Improved Pt dispersion and catalytic
performance by modified carbon support with low surface oxygen content and
more mesopores,” J Power Sources, vol. 604, p. 234478, Jun. 2024, doi:
10.1016/J.JPOWSOUR.2024.234478.

Y. Li, Q. Li, H. Wang, L. Zhang, D. P. Wilkinson, and J. Zhang, “Recent Progresses
in Oxygen Reduction Reaction Electrocatalysts for Electrochemical Energy
Applications,” Electrochemical Energy Reviews 2019 2:4, vol. 2, no. 4,
pp. 518-538, Oct. 2019, doi: 10.1007/541918-019-00052-4.

61



(54]

(55]

(56]

(57]

(58]

(59]

(60]

(61]

(62]

(63]

(64]

(65]

(66]

S. Martin, P. L. Garcia-Ybarra, and J. L. Castillo, “High platinum utilization in ultra-
low Pt loaded PEM fuel cell cathodes prepared by electrospraying,”
Int J Hydrogen Energy, vol. 35, no. 19, pp. 10446-10451, Oct. 2010, doi:
10.1016/J.1JHYDENE.2010.07.069.

V. Tripkovi¢, I. Cerri, T. Bligaard, and J. Rossmeisl|, “The influence of particle shape
and size on the activity of platinum nanoparticles for oxygen reduction reaction:
A density functional theory study,” Catal Letters, vol. 144, no. 3, pp. 380388,
Jan. 2014, doi: 10.1007/510562-013-1188-Y/FIGURES/6.

M. Peuckert, T. Yoneda, R. A. D. Betta, and M. Boudart, “Oxygen Reduction on
Small Supported Platinum Particles,” J Electrochem Soc, vol. 133, no. 5,
pp. 944-947, May 1986, doi: 10.1149/1.2108769/XML.

K. Kinoshita, “Particle Size Effects for Oxygen Reduction on Highly Dispersed
Platinum in Acid Electrolytes,” J Electrochem Soc, vol. 137, no. 3, pp. 845-848,
Mar. 1990, doi: 10.1149/1.2086566/XML.

K. Wikander, H. Ekstrém, A. E. C. Palmqvist, and G. Lindbergh, “On the influence
of Pt particle size on the PEMFC cathode performance,” Electrochim Acta,
vol. 52, no. 24, pp. 6848—6855, Aug. 2007, doi: 10.1016/J.ELECTACTA.2007.04.106.
M. L. Sattler and P. N. Ross, “The surface structure of Pt crystallites supported on
carbon black,” Ultramicroscopy, vol. 20, no. 1-2, pp. 21-28, Jan. 1986, doi:
10.1016/0304-3991(86)90163-4.

Z.Xu, H. Zhang, H. Zhong, Q. Lu, Y. Wang, and D. Su, “Effect of particle size on the
activity and durability of the Pt/C electrocatalyst for proton exchange membrane
fuel cells,” Applied Catalysis B, vol. 111-112, pp. 264-270, Jan. 2012, doi:
10.1016/).APCATB.2011.10.007.

L. Gan, H. Da Du, B. H. Li, and F. Y. Kang, “The effect of particle size on the
interaction of Pt catalyst particles with a carbon black support,” New Carbon
Materials, vol. 25, no. 1, pp. 53-59, Feb. 2010, doi: 10.1016/51872-
5805(09)60015-9.

J. Quinson et al., “Investigating Particle Size Effects in Catalysis by Applying a Size-
Controlled and Surfactant-Free Synthesis of Colloidal Nanoparticles in Alkaline
Ethylene Glycol: Case Study of the Oxygen Reduction Reaction on Pt,” ACS Catal,
vol. 8, no. 7, pp. 6627—-6635, Jul. 2018, doi: 10.1021/acscatal.8b00694.

H.S. Oh, J. G. Oh, Y. G. Hong, and H. Kim, “Investigation of carbon-supported Pt
nanocatalyst preparation by the polyol process for fuel cell applications,”
Electrochim Acta, vol. 52, no. 25, pp. 7278-7285, Sep. 2007, doi:
10.1016/J.ELECTACTA.2007.05.080.

A. Serov et al., “Nano-structured platinum group metal-free catalysts and their
integration in fuel cell electrode architectures,” Appl Catal B, vol. 237,
pp. 1139-1147, Dec. 2018, doi: 10.1016/).APCATB.2017.08.067.

X. Wang et al., “Review of Metal Catalysts for Oxygen Reduction Reaction: From
Nanoscale Engineering to Atomic Design,” Chem, vol. 5, no. 6, pp. 1486-1511,
Jun. 2019, doi: 10.1016/J.CHEMPR.2019.03.002.

C. Lim, A. R. Fairhurst, B. J. Ransom, D. Haering, and V. R. Stamenkovic, “Role of
Transition Metals in Pt Alloy Catalysts for the Oxygen Reduction Reaction,”
ACS Catal, vol. 13, no. 22, pp. 14874-14893, Nov. 2023, doi:
10.1021/ACSCATAL.3C03321/ASSET/IMAGES/LARGE/CS3C03321_0019.JPEG.

62



(67]

(68]

(69]

[70]

[71]

[72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

A. M. Jauhar et al.,, “Space-confined catalyst design toward ultrafine Pt
nanoparticles with enhanced oxygen reduction activity and durability,” J Power
Sources, vol. 473, p. 228607, Oct. 2020, doi: 10.1016/J.JPOWSOUR.2020.228607.
S. W. Lee, S. R. Choi, J. Jang, G. G. Park, S. H. Yu, and J. Y. Park, “Tolerance to
carbon corrosion of various carbon structures as catalyst supports for polymer
electrolyte membrane fuel cells,” J Mater Chem A Mater, vol. 7, no. 43,
pp. 25056—25065, Nov. 2019, doi: 10.1039/C9TA07941F.

S. Jayabal, G. Saranya, D. Geng, L. Y. Lin, and X. Meng, “Insight into the correlation
of Pt—support interactions with electrocatalytic activity and durability in fuel
cells,” J Mater Chem A Mater, vol. 8, no. 19, pp. 9420-9446, May 2020, doi:
10.1039/DOTA01530J.

N. Macauley et al., “Carbon Corrosion in PEM Fuel Cells and the Development of
Accelerated Stress Tests,” J Electrochem Soc, vol. 165, no. 6, pp. F3148—-F3160,
Mar. 2018, doi: 10.1149/2.0061806JES/XML.

G. Xu, L. Yang, J. Li, C. Liu, W. Xing, and J. Zhu, “Strategies for improving stability
of Pt-based catalysts for oxygen reduction reaction,” Advanced Sensor and
Energy Materials, vol. 2, no. 2, p. 100058, Jun. 2023, doi:
10.1016/J.ASEMS.2023.100058.

A. Kumar, E. J. Park, Y. S. Kim, and J. S. Spendelow, “Surface Functionalization of
Carbon Black for PEM Fuel Cell Electrodes,” Macromol Chem Phys, vol. 225, no.
18, p. 2400092, Sep. 2024, doi: 10.1002/MACP.202400092.

M. X. Wang et al., “Enhancing the catalytic performance of Pt/C catalysts using
steam-etched carbon blacks as a catalyst support,” Carbon N Y, vol. 49, no. 1,
pp. 256-265, Jan. 2011, doi: 10.1016/J.CARBON.2010.09.013.

J. Islam, S. K. Kim, K. H. Kim, E. Lee, and G. G. Park, “Enhanced durability of Pt/C
catalyst by coating carbon black with silica for oxygen reduction reaction,”
Int J Hydrogen Energy, vol. 46, no. 1, pp. 1133-1143, Jan. 2021, doi:
10.1016/J.1JHYDENE.2020.09.194.

K. Loganathan, D. Bose, and D. Weinkauf, “Surface modification of carbon black
by nitrogen and allylamine plasma treatment for fuel cell electrocatalyst,”
Int J Hydrogen Energy, vol. 39, no. 28, pp. 15766-15771, Sep. 2014, doi:
10.1016/).1JHYDENE.2014.07.125.

L. Nayak, M. Rahaman, and R. Giri, “Surface Modification/Functionalization of
Carbon Materials by Different Techniques: An Overview,” pp. 65-98, 2019, doi:
10.1007/978-981-13-2688-2_2.

M. J. Lazaro, L. Calvillo, V. Celorrio, J. I. Pardo, S. Perathoner, and R. Moliner,
“Study and application of carbon black vulcan XC-72R in polymeric electrolyte
fuel cells,” in Carbon Black: Production, Properties and Uses, Nova Science
Publishers, Inc., 2011, pp. 41-68.

M. Shao, “Electrocatalysis in Fuel Cells,” Catalysts 2015, Vol. 5, Pages 2115-2121,
vol. 5, no. 4, pp. 2115-2121, Dec. 2015, doi: 10.3390/CATAL5042115.

S. M. S. Kumar, N. Hidyatai, J. S. Herrero, S. Irusta, and K. Scott, “Efficient tuning
of the Pt nano-particle mono-dispersion on Vulcan XC-72R by selective pre-
treatment and electrochemical evaluation of hydrogen oxidation and oxygen
reduction reactions,” Int J Hydrogen Energy, vol. 36, no. 9, pp. 5453-5465, May
2011, doi: 10.1016/J.1JHYDENE.2011.01.124.

63



(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

[92]

(93]

X. Cheng, G. Wei, C. Wang, S. Shen, and J. Zhang, “Experimental probing of effects
of carbon support on bulk and local oxygen transport resistance in ultra-low Pt
PEMFCs,” Int J Heat Mass Transf, vol. 164, p. 120549, Jan. 2021, doi:
10.1016/J.1JHEATMASSTRANSFER.2020.120549.

A. Bard and L. Faulkner, Electrochemical Methods: Fundamentals and
Applications, 2nd ed. John Wiley & Sons, 2001.

N. M. Markovi¢, H. A. Gasteiger, B. N. Grgur, and P. N. Ross, “Oxygen reduction
reaction on Pt(111): effects of bromide,” Journal of Electroanalytical Chemistry,
vol. 467, no. 1-2, pp. 157-163, Jun. 1999, doi: 10.1016/50022-0728(99)00020-0.
Y. Garsany, O. A. Baturina, K. E. Swider-Lyons, and S. S. Kocha, “Experimental
methods for quantifying the activity of platinum electrocatalysts for the oxygen
reduction reaction,” Anal Chem, vol. 82, no. 15, pp. 6321-6328, 2010, doi:
10.1021/ac100306c.

M. Lukaszewski, M. Soszko, and A. Czerwinski, “Electrochemical Methods of Real
Surface Area Determination of Noble Metal Electrodes — an Overview,”
Int J Electrochem Sci, vol. 11, no. 6, pp. 4442-4469, Jun. 2016, doi:
10.20964/2016.06.71.

C. A. Schneider, W. S. Rasband, and K. W. Eliceiri, “NIH Image to ImageJ: 25 years
of image analysis,” Nature Methods 2012 9:7, vol. 9, no. 7, pp. 671-675, Jun.
2012, doi: 10.1038/nmeth.2089.

W. P. Davey, “Precision Measurements of the Lattice Constants of Twelve
Common Metals,” Physical Review, vol. 25, no. 6, p. 753, Jun. 1925, doi:
10.1103/PhysRev.25.753.

A. Ferrari and J. Robertson, “Interpretation of Raman spectra of disordered and
amorphous carbon,” Phys Rev B Condens Matter Mater Phys, vol. 61, no. 20,
2000, doi: 10.1103/PhysRevB.61.14095.

L. Peng et al., “Highly mesoporous metal-organic framework assembled in a
switchable solvent,” Nat Commun, vol. 5, no. 1, p. 4465, Jul. 2014, doi:
10.1038/ncomms5465.

Y. Zhao, Y. Chu, X. Ju, J. Zhao, L. Kong, and Y. Zhang, “Carbon-Supported Copper-
Based Nitrogen-Containing Supramolecule as an Efficient Oxygen Reduction
Reaction Catalyst in Neutral Medium,” Catalysts 2018, Vol. 8, Page 53, vol. 8,
no. 2, p. 53, Jan. 2018, doi: 10.3390/CATAL8020053.

W. Zhang, A. U. Shaikh, E. Y. Tsui, and T. M. Swager, “Cobalt porphyrin
functionalized carbon nanotubes for oxygen reduction,” Chemistry of Materials,
vol. 21, no. 14, pp. 3234-3241, Jul. 2009, doi:
10.1021/CM900747T/SUPPL_FILE/CM900747T_SI_001.PDF.

J. H. Kim, Y. T. Kim, and S. H. Joo, “Electrocatalyst design for promoting two-
electron oxygen reduction reaction: Isolation of active site atoms,”
Curr Opin Electrochem, vol. 21, pp. 109-116, Jun. 2020, doi:
10.1016/).COELEC.2020.01.007.

Z. Li, L. Deng, I. A. Kinloch, and R. J. Young, “Raman spectroscopy of carbon
materials and their composites: Graphene, nanotubes and fibres,” Prog Mater
Sci, vol. 135, p. 101089, Jun. 2023, doi: 10.1016/J.PMATSCI.2023.101089.

F. T. Wagner, B. Lakshmanan, and M. F. Mathias, “Electrochemistry and the
Future of the Automobile,” J. Phys. Chem. Lett, vol. 1, pp. 2204-2219, 2010, doi:
10.1021/jz100553m.

64



[94]

[95]

(96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

S. Guo, S. Zhang, and S. Sun, “Tuning nanoparticle catalysis for the oxygen
reduction reaction,” Angewandte Chemie - International Edition, vol. 52, no. 33,
pp. 8526—8544, Aug. 2013, doi: 10.1002/ANIE.201207186.

N. Hodnik et al., “Assembly of Pt Nanoparticles on Graphitized Carbon Nanofibers
as Hierarchically Structured Electrodes,” ACS Appl Nano Mater, vol. 3, no. 10,
pp. 9880-9888, Oct. 2020, doi: 10.1021/acsanm.0c01945.

M. Shao, Electrocatalysis in Fuel Cells. in Lecture Notes in Energy. Springer
London, 2013. doi: 10.1007/978-1-4471-4911-8.

J.-B. Wu, M.-L. Lin, X. Cong, H.-N. Liu, and P.-H. Tan, “Raman spectroscopy of
graphene-based materials and its applications in related devices,” Chem Soc Rev,
vol. 47, no. 5, pp. 1822-1873, 2018, doi: 10.1039/C6CS00915H.

M. Lazaro, L. Calvillo, V. Celorrio, J. I. Pardo, S. Perathoner, and R. Moliner, “Study
and application of Vulcan XC-72 in low temperature fuel cells,” in Carbon Black:
Production, Properties and Uses, 2011, pp. 1-28.

C. Du, Y. Sun, T. Shen, G. Yin, and J. Zhang, “Applications of RDE and RRDE
Methods in Oxygen Reduction Reaction,” in Rotating Electrode Methods and
Oxygen Reduction Electrocatalysts, Elsevier, 2014, pp. 231-277. doi:
10.1016/B978-0-444-63278-4.00007-0.

T.Shinagawa, A. T. Garcia-Esparza, and K. Takanabe, “Insight on Tafel slopes from
a microkinetic analysis of aqueous electrocatalysis for energy conversion,”
Sci Rep, vol. 5, no. 1, p. 13801, Nov. 2015, doi: 10.1038/srep13801.

A. Holewinski and S. Linic, “Elementary Mechanisms in Electrocatalysis: Revisiting
the ORR Tafel Slope,” J Electrochem Soc, vol. 159, no. 11, pp. H864-H870, 2012,
doi: 10.1149/2.022211JES.

N. M. Markovi¢, H. A. Gasteiger, B. N. Grgur, and P. N. Ross, “Oxygen reduction
reaction on Pt(111): effects of bromide,” Journal of Electroanalytical Chemistry,
vol. 467, no. 1-2, pp. 157-163, Jun. 1999, doi: 10.1016/50022-0728(99)00020-0.
H. A. Hansen, V. Viswanathan, and J. K. Ngrskov, “Unifying Kinetic and
Thermodynamic Analysis of 2 e — and 4 e - Reduction of Oxygen on Metal
Surfaces,” J. Phys. Chem. C, vol. 118, p. 57, 2014, doi: 10.1021/jp4100608.

W. Chen et al., “Reconsidering the Benchmarking Evaluation of Catalytic Activity
in Oxygen Reduction Reaction,” iScience, vol. 23, no. 10, p. 101532, Oct. 2020,
doi: 10.1016/j.isci.2020.101532.

J. X. Wang, F. A. Uribe, T. E. Springer, J. Zhang, and R. R. Adzic, “Intrinsic kinetic
equation for oxygen reduction reaction in acidic media: the double Tafel slope
and fuel cell applications,” Faraday Discuss, vol. 140, no. 0, pp. 347-362, Oct.
2008, doi: 10.1039/B802218F.

S. Guo, S. Zhang, and S. Sun, “Tuning nanoparticle catalysis for the oxygen
reduction reaction,” Angew Chem Int Ed Engl, vol. 52, no. 33, pp. 8526-8544,
Aug. 2013, doi: 10.1002/ANIE.201207186.

C. Jackson et al., “Electronic metal-support interaction enhanced oxygen
reduction activity and stability of boron carbide supported platinum,”
Nature Communications 2017 8:1, vol. 8, no. 1, pp. 1-11, Jun. 2017, doi:
10.1038/ncomms15802.

Y. Dong et al., “Enhanced catalytic performance of Pt by coupling with carbon
defects,” The Innovation, vol. 2, p. 100161, 2021, doi: 10.1016/j.xinn.2021.100161.

65



[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

Q. Q. Yan et al., “Reversing the charge transfer between platinum and sulfur-
doped carbon support for electrocatalytic hydrogen evolution,” Nature
Communications 2019 10:1, vol. 10, no. 1, pp. 1-9, Oct. 2019, doi:
10.1038/s41467-019-12851-w.

H.Zhang et al., “Crucial role for oxygen functional groups in the oxygen reduction
reaction electrocatalytic activity of nitrogen-doped carbons,” Electrochim Acta,
vol. 292, pp. 942-950, Dec. 2018, doi: 10.1016/J.ELECTACTA.2018.09.175.

J. H. Kim, J. Y. Cheon, T. J. Shin, J. Y. Park, and S. H. Joo, “Effect of surface oxygen
functionalization of carbon support on the activity and durability of Pt/C catalysts
for the oxygen reduction reaction,” Carbon N Y, vol. 101, pp. 449-457, May 2016,
doi: 10.1016/J.CARBON.2016.02.014.

M. lJerigova, M. Odziomek, and N. Lopez-Salas, ““We Are Here!” Oxygen
Functional Groups in Carbons for Electrochemical Applications,” ACS Omega,
vol. 7, no. 14, pp. 11544-11554, Apr. 2022, doi: 10.1021/acsomega.2c00639.

L. Pavko et al., “Correlating oxygen functionalities and electrochemical durability
of carbon supports for electrocatalysts,” Carbon N Y, vol. 215, p. 118458, Nov.
2023, doi: 10.1016/J.CARBON.2023.118458.

D. Bhalothia, A. Beniwal, C. Yan, K. C. Wang, C. H. Wang, and T. Y. Chen, “Potential
synergy between Pt2Ni4 Atomic-Clusters, oxygen vacancies and adjacent Pd
nanoparticles outperforms commercial Pt nanocatalyst in alkaline fuel cells,”
Chemical Engineering Journal, vol. 483, p. 149421, Mar. 2024, doi:
10.1016/J.CEJ.2024.149421.

P. S. Cappellari, G. Garcia, J. Florez-Montafio, C. A. Barbero, E. Pastor, and
G. A. Planes, “Enhanced formic acid oxidation on polycrystalline platinum
modified by spontaneous deposition of gold. Fourier transform infrared
spectroscopy studies,” J Power Sources, vol. 296, pp. 290-297, Nov. 2015, doi:
10.1016/J.JPOWSOUR.2015.07.005.

J. M. Linge, H. Erikson, M. Merisalu, V. Sammelselg, and K. Tammeveski, “Oxygen
reduction on silver catalysts electrodeposited on various nanocarbon supports,”
SN Appl Sci, vol. 3, no. 2, pp. 1-10, Feb. 2021, doi: 10.1007/542452-021-04289-
X/FIGURES/7.

66



Acknowledgements

| acknowledge my supervisors Dr. lvar Kruusenberg and Dr. Sander Ratso for their
contributions to this work.

I would like to thank my colleagues from KBFI and TalTech for their help with
experiments, data analysis, thesis writing and publications. | am especially grateful to Dr.
Mehmet Ender Uslu, Ehsan Zarmehri, Maryam Kazemi, Dr. Kerli Liivand, Dr. Ragle
Raudsepp, Dr. Katlin Kaare, Dr. Roberto A. Martinez-Rodriguez, Reio Praats, Martin
Jantson, Dr. Mai Uibu and Laura Kiolein. | appreciate the collaboration of the co-authors
for our publications and especially thank Prof. Dr. Nejc Hodnik and Dr. Matija Gatalo for
hosting me at their institute and for their assistance with my research work during my
visit.

This work was supported by the Estonian Research Council grants PSG312,
PUTID1233, EAG271, and under ESA Contract No. 4000134761/21/NL/GLC/my by the
European Space Agency and by the National Institute of Chemical Physics and Biophysics
and the Natural Sciences and Engineering Research Council of Canada (NSERC)
International Collaboration program and ERA.Net RUS Plus grant “HeDoCat.”

I would also like to express my heartfelt appreciation to my wife, my parents and my
brother for their endless support during the PhD journey. It would not be possible to
complete this work without them.

67



Abstract

Electrochemical Reduction of Oxygen on Platinum-Modified
Carbon Materials

Proton exchange membrane fuel cells (PEMFCs) are among the most promising clean
energy technologies due to their many advantages such as low emissions, portability,
high power density and fast start-up. However, they require platinum-based
electrocatalysts for the sluggish cathodic oxygen reduction reaction (ORR). The high cost
and scarcity of platinum, reliance on petroleum-derived carbon supports, and the need
for improved performance and durability pose significant challenges to the widespread
adoption of PEMFCs. This thesis explores approaches to address these issues by
developing a novel CO,-derived carbon (CO,-C) support to replace conventional
petroleum-derived carbon and finding an effective support pretreatment method to
enhance the ORR performance of the Pt electrocatalyst supported with CO,-C. The aim
is to achieve high-performance and cost-effective Pt electrocatalysts using sustainable
carbon support.

Based on three peer-reviewed publications, this work investigates the impact of
various pretreatment methods on commercial Vulcan XC-72 carbon black, explores the
possibility of replacing conventional carbon black support with CO,-C and studies the
pretreatment of CO,-C as a method to enhance ORR performance of Pt electrocatalyst.
In the first study, hydrogen peroxide (H,0,) pretreatment of Vulcan XC-72 was found to
significantly improve the electrochemically active surface area (EASA) of Pt
electrocatalyst by 46.3% compared to commercial Pt/C, achieving superior ORR
performance. The second study demonstrated that CO,—C is a sustainable and efficient
alternative to petroleum-sourced carbon black support, as Pt/CO,—C showed a 33%
higher mass activity and 9% higher specific activity compared to commercial Pt/C while
retaining 95% of its initial mass activity after accelerated durability test (ADT). In the third
study, a Pt electrocatalyst supported on H,0,-pretreated CO,—-derived carbon was
developed, building on previous findings. Functionalization with H,O, improved the
EASA, mass activity, and specific activity compared to the untreated CO,-C based
electrocatalyst. This treatment optimized metal-support interaction, reduced
overpotential, and significantly enhanced ORR activity and durability. The study
demonstrated the potential of achieving high ORR performance with low Pt loading on a
sustainable CO,-C support. The findings, supported by comprehensive electrochemical
and physical characterizations, introduce CO,—-derived carbon as a novel and sustainable
carbon support alternative for Pt electrocatalysts and highlight the role of support
pretreatment in enhancing ORR performance.

In conclusion, this thesis contributes to the advancement of PEMFC technology by
addressing the dual challenges of material cost and sustainability. The adoption of
CO,—-derived carbon (CO,-C) as a sustainable replacement for conventional
petroleum—sourced carbon black, combined with effective pretreatment strategies,
offers a promising pathway to reduce platinum loading in commercial Pt electrocatalysts
while advancing clean energy technologies and supporting global decarbonization
efforts.
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Lihikokkuvote

Elektrokeemiline hapniku redutseerumine plaatinaga
modifitseeritud siisinikmaterjalidel

Prootonvahetusmembraaniga kituseelement (PEMFC) on (ks lootustandvamaid
tehnoloogiaid sisepGlemismootori asendamiseks tdnu nende paljudele eelistele nagu
heitmevabadus (ainuke produkt lisaks energiale ja soojusele on vesi), flilisiline suurus
vorreldes naiteks akudega, suur voimsustihedus ja kiire kdivitatavus. Paraku vajavad nad
aeglase katoodse hapniku redutseerimise reaktsiooni (ORR) efektiivseks muutmiseks
plaatinapsOhiseid elektrokatallisaatoreid. Plaatina kdrge hind ja nappus, séltuvus naftast
saadud susinikukandjatest ning suur vajalik plaatina kogus efektiivsuse ja vastupidavuse
tGstmiseks seavad PEMFC-de laialdasele kasutuselevGtmisele olulisi valjakutseid. See
IGput6o uurib ldhenemisviise nende probleemide lahendamiseks, to6tades vélja uudse
CO,—st saadud susiniku (CO,—C) kandematerjali, mis asendaks tavaparase naftast
parineva sUsiniku. Lisaks sellele on t60 osa eelt6otlusmeetodi valjatootamine, et
parandada CO,—C—| p&hinevate Pt/C katallisaatorite aktiivsust.

Nende eesmdrkide saavutamiseks valiti selles t66s kolm |dhenemist:
eeltootlusmeetodite  valjatodtamine  katallisaatori  aktiivsuse  suurendamiseks
Vulcan XC-72 sisiniku naitel, kommertsiaalsete sisinikkandjate asendamine CO2—l
pbhineva sisinikuga, ning seejarel nende kombineermine eelt6ddetud COx—sisiniku
uurimiseks stsinikkandjana Pt—katallisaatorile.

Esimeses osas leiti, et Vulcan XC-72 eeltdotlus vesinikperoksiidiga (H20,) parandas Pt
elektrokataliisaatori elektrokeemiliselt aktiivset eripinda (EASA) 46,3% vorra vorreldes
kaubandusliku Pt/C—ga, mis suurendas markimisvaarselt selle materjali aktiivsust
hapniku elektrokataltutilisel redutseerumisel. Teine t60 osa tGestas, et CO,-C on
jatkusuutlik ja tdhus alternatiiv fosiilkutustel péhinevale stsinkule, kuna Pt/CO,-C néitas
33% suuremat massaktiivsust ja 9% kdrgemat eriaktiivsust vorreldes kommertsiaalse
Pt/C materjaliga, sdilitades samal ajal 95 % selle esialgsest massiaktiivsusest parast
stabiilsustesti. Kolmandas t66 osas tootati eelnevale kahele uurimusele tuginedes vilja
Pt elektrokatallisaator H20,—ga eelt6ddeldud CO2—st saadud sisinikkandjal.
Funktsionaliseerimine H,0,—ga parandas EASA-d, massaktiivsust ja eriaktiivsust
vorreldes tootlemata CO,—C—pohise elektrokatallisaatoriga. See t66tlemine suurendas
efektiivsust labi Pt ja slisinikkandja sidemete tugenvamise, vahendades seelabi llepinget
ning suurendades oluliselt ORR—i aktiivsust ja katallisaatormaterjali vastupidavust.
Uuring naitas jatkusuutliku CO,—C toega ja madala Pt—sisaldusega katallisaatorite eeliseid
praeguste lahenduste ees.

Selle 10putdd pohitulemuseks on PEMFC-tehnoloogia edasiarendused, mis vahendavad
materjalikulu ja suurendavad katallisaatormaterjalide jatkusuutlikkust. CO,—C
kasutuselevott tavaparase naftast parineva sisiniktahma jatkusuutliku asendajana koos
t6husate eeltootlusstrateegiatega pakub paljutdotavat véimalust vdhendada plaatina
sisaldust kommertsiaalsetes Pt elektrokatallisaatorites, jdddes samas CO: neutraalseks
mitte ainult energia, vaid ka energia tootmiseks vajalike materjalide valmistamisel.
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ABSTRACT: While fuel cells have the potential to be among the
key players in clean energy production, they are challenged by the
sluggish electrochemical reactions that require an expensive and
scarce platinum (Pt) catalyst. Commercial Pt-based catalysts used

Pt nanoparticle
from STEM image

for facilitating the hydrogen oxidation reaction and oxygen o,
reduction reaction (ORR) in fuel cells are commonly supported

by petroleum-sourced carbon materials such as Vulcan XC-72. | ¢ & pathway
Thus, the replacement of such support materials with sustainable H,0

alternatives while enhancing the catalyst activity is highly desirable.
For the first time, a Pt catalyst supported with a sustainably
manufactured nanoscale CO,-derived carbon (Pt/CO,-C) was
synthesized in this work. Physical and electrochemical character- S“::;‘]i;‘g:r'go‘iosigsg‘r’fd

ization of the catalyst revealed the superior activity of Pt/CO,-C

toward the ORR in comparison to commercial Pt/C with higher

onset potential, mass activity, and specific activity values. Via further improvement, the prepared catalyst material is deemed to be a
promising candidate for cheaper and more sustainable fuel cells.

KEYWORDS: fuel cell, oxygen reduction reaction, platinum catalyst, sustainable catalyst support, molten salt electrolysis

1. INTRODUCTION high temperatures, and the possibility of metal recovery by
burning away the carbon.'’ Thus, the choice of the support
material indirectly influences the performance and economic
feasibility of fuel cell technology. The most commonly used
carbon black types like Vulcan XC-72 and Ketjenblack are, in
fact, sourced from petroleum products'® by pyrolyzing
hydrocarbons. It is estimated that the production of carbon
black via the conventional “furnace black” process emits
around 2.62 t of CO, per metric ton of carbon black
manufactured.'” Hence, there is a growing need to replace the
conventional carbon support materials used in PEMFC
applications with carbon materials that are manufactured
sustainably while improving the metal utilization in catalysts to
bring the overall cost down.

Molten salt carbon capture and electrochemical trans-
formation (MSCC-ET) is a sustainable and practical method
to capture and convert CO, to carbon nanomaterials.”” In this
method, first carbonate salt mixtures are heated to their

Fuel cells are among the most promising clean energy
technologies that can play a role in the shift to sustainable
energy systems, which are urgently needed to withstand the
current climate emergency. As the most mature and widely
used type of fuel cell,' the low-temperature proton-exchange
membrane fuel cell (PEMFC) is known for its clean and
smooth operation and high energy density output.” By using
hydrogen as a fuel and oxygen (or air) as an oxidant to convert
chemical energy to electrical energy, PEMFC can reach a
competitive energy efficiency of up to 40—50%.> However, the
technology comes with a major limitation originating from the
sluggish kinetics® of the oxygen reduction reaction (ORR)
occurring on the cathode side of the fuel cell. While various
metal-free catalysts such as iron- and nitrogen-doped
carbons™® and metal—organic-framework-derived hollow-struc-
tured materials’ are being developed, the state-of-the-art
catalyst used for this reaction is typically prepared by
depositing expensive and scarce Pt on a carbon black
support.”” Employing a support material like carbon
considerably influences'® the performance and durability of
the catalyst because it increases the electrical conductivity, and
its pore structure brings catalyst particles closer to the reactant.
Furthermore, a carbon support provides other advantages like
resistance to acidic and basic environments, stability under
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Figure 1. Schematic diagram of the Pt/CO,-C catalyst synthesis steps.

Figure 2. Morphology of Pt/CO,-C: (a—c) HAADF-STEM images of the composite; (d) SEM image; (e) HAADF-STEM image with elemental

maps (white, HAADF; red, C; green, O; yellow, Pt).

melting temperatures in a reactor to capture CO,; this step is
followed by inserting electrodes and applying a voltage to
produce porous carbon at the cathode. A four-electron
reduction of CO, into elemental carbon takes place on the
cathode, while oxygen (O,) gas is produced at the anode from
the oxide anions. In addition, the oxide anions react with CO,
above the melt, regenerating the carbonate salt.'> Adjusting the
synthesis conditions allows one to tune the morphology and
porosity of the resulting carbon, meaning that the method can
be used to rationally design carbon support materials, which
we previously demonstrated by creating high-performing
catalysts, both metal-free and with nonprecious metal, as well
as battery electrodes using MSCC-ET."*'® The purpose of this
work is to substitute the traditional and environmentally

5773

unfriendly carbon supports with a novel and sustainable carbon
nanomaterial (in short CO,-C) derived from captured CO,
gas, while not sacrificing the catalyst activity at the expense of
sustainability. To the best of our knowledge, this is the first
study into the application of this nanomaterial as a support for
a Pt catalyst in acidic ORR. By the deposition of Pt
nanoparticles onto CO,-C via polyol synthesis and a thorough
physicochemical analysis, the Pt catalyst supported on CO,-C
(abbreviated as Pt/CO,-C) is demonstrated to exhibit superior
catalytic activity in comparison to the commercially available

Pt catalyst supported on petroleum-derived carbon black.

https://doi.org/10.1021/acsanm.3c00208
ACS Appl. Nano Mater. 2023, 6, 5772—5780
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2. RESULTS AND DISCUSSION

2.1. Catalyst Preparation and Physical Character-
ization. The support material (CO,-C) was obtained from the
electrolysis of CO, in a molten eutectic mixture of Li,CO;—
Na,CO;—K,COj;. The deposition of Pt nanoparticles on CO,-
C was realized by polyol synthesis, in which pH-adjusted
ethylene glycol was used as both the solvent and reducing
agent. A schematic diagram of the catalyst synthesis steps is
provided in Figure 1.

To confirm the Pt loading for a fair comparison with the
commercial benchmark, energy-dispersive X-ray spectroscopy
(EDS) and thermogravimetric analysis (TGA) were per-
formed, and the results from both elemental analysis tools
demonstrated (Figure S1) that Pt/CO,-C contains around 17
wt % (on average) Pt on the carbon support. The small
deviation from the target loading of 20 wt % can be explained
by certain impurities in the sample as well as incomplete
reduction of the Pt salt during synthesis.

The acquired scanning electron microscopy (SEM) and
scanning transmission electron microscopy (STEM) micro-
graphs (Figure 2) of Pt/CO,-C show that the Pt nanoparticles
are uniformly dispersed on the CO,-C support and the
morphology of Pt/CO,-C is highly comparable to the
morphology of the commercial Pt/C catalyst (Figure S2). In
the case of the stock CO,-C, its structure is observed to be
amorphous with particles of widely ranging sizes from the SEM
image (Figure S3). For Pt/CO,-C, the mean particle size of Pt
nanoparticles on CO,-C was obtained from the STEM images
and found to be, on average, 3.2 nm, which is comparable in
size to the nanoparticles of the commercial sample (~3.4 nm).
At the same time, both materials have a narrow particle size
distribution histogram (Figure S$4), indicating a better
distribution in terms of uniformity. Because the particle size
influences'® the activity of the supported catalysts, several
studies'’ ™' have reported that for Pt nanoparticles the
optimal particle size window for achieving the maximum
mass activity toward the ORR is between 3 and S nm. This
partly explains the higher mass activity of Pt/CO,-C for the
ORR, which will be discussed later. It must be noted that, apart
from the synthesis parameters,”* the support also affects the Pt
nanoparticle size by controlling the extent of agglomeration
caused by individual particles.'® Thus, CO,-C can be
considered as a promising support material for tuning the Pt
nanoparticle size.

The X-ray diffraction (XRD) patterns for both samples are
given in Figure 3 with their respective reference patterns. The
main difference between the observed patterns arises from the
kind of support material used for the synthesis. In the case of
Pt/CO,-C, a distinctive peak at around a 26 value of 29.4° is
detected and linked to the XRD pattern of chromite
(Cr,FeO,) at around 30°, which originates from the
stainless-steel electrodes used for the synthesis of CO,-C. A
smaller shoulder peak at around 43° is also attributed to the
chromite pattern. While the information about the catalytic
activity of chromite is not present in the literature, chromium
and iron transition metals were reported”® to improve the
catalytic activity toward the ORR when alloyed with Pt.
However, it must be noted that the relative amount of
chromite in Pt/CO,-C was found to be negligible in both the
XRD and TGA results; thus, the effect of chromium and iron
on the catalytic activity of Pt/CO,-C is considered to be
minimal. For both samples, 26 angles close to 40° and 46°
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Figure 3. XRD patterns for the Pt/C (commercial) and Pt/CO,-C
samples. The reference patterns are on top.

correspond to the Pt(111) and Pt(002) reflection planes,
respectively. It has been shown that, in weakly adsorbed
electrolytes (including the HCIO, solution used in this study),
the Pt(111) facet exhibits higher ORR activity than Pt(100).”*
Thus, the presence of Pt(111) facets in Pt/CO,-C is preferred.

For Raman analysis, stock CO,-C was characterized in
addition to Pt/CO,-C and the commercial benchmark. The
most important region of the Raman spectra for carbon ranges
from 1000 to 2000 cm™’, where it is possible to detect two
distinctive bands at around 1350 and 1600 cm™, known as the
D and G bands, respectively. The D band is linked to the
disorder in the carbon structure, while the G band is caused by
in-plane vibrations of sp>-bonded carbon atoms.”> Representa-
tive raw spectra are shown for each material in Figure SS.
These suggest that CO,-C largely retains its structure following
Pt loading. Nonetheless, when stock CO,-C and Pt/CO,-C are
compared, several key differences can be observed. For
instance, the Ip/I; ratio and full width at half-maximum
(fwhm; Table S1) values of the spectra are lower in the case of
Pt/CO,-C. These changes suggest a moderate increase in
graphitization of the carbon structure and a decrease in
disorder following the Pt deposition. A similar phenomenon
was observed by another group working on carbon nanofibers
decorated with Pt nanoparticles.”® It has been noted that Pt
nanoparticles favor attachment almost exclusively to the defect
or edge sites of nonmodified carbons,”” and this could explain
how the support’s crystal structure gets more ordered after Pt
loading (which might be the reason why a sharper and
narrower G band is detected in the case of Pt/CO,-C).
Accordingly, the disordered nature of CO,-C is considered to
be an asset for homogeneous Pt dispersion, leading to higher

https://doi.org/10.1021/acsanm.3c00208
ACS Appl. Nano Mater. 2023, 6, 5772—5780
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catalytic activity. Greater differences are seen in the case of the
commercial sample. Here, the I/ ratio is slightly higher than
that of Pt/CO,-C, while the fwhm values for the peaks are
considerably smaller, suggesting a narrower structural dis-
tribution, and a prominent so-called 2D band is present around
2700 cm™' such that the spectra resemble that of defected
graphene.”®

The textural properties of both samples were characterized
by N, physisorption and are given in Table 1. According to the

Table 1. Textural Properties” of the Catalysts

catalyst Sper (m* g7")  Sppr (m? g7') 3 (em® g7") d, (nm)
Pt/CO,-C 145.3 118.6 0.5 6.9
Pt/C (com.) 319 40.9 0.4 25.5

“The BET surface area (Sgpy), specific surface area (Spyr), total pore
volume (Vp), and average pore diameter (d},) are given.

Brunauer—Emmett—Teller (BET) and quenched solid density
functional theory (QSDFT) calculations, the surface area of
Pt/CO,-C is considerably higher than that of the commercial
alternative. This is advantageous because this means that the
reaction can take place on a larger surface area, increasing the
overall activity of the catalyst. At the same time, the total pore
volume of Pt/CO,-C was slightly higher than that of Pt/C,
while its average pore size was found to be lower than the
benchmark catalyst. Based on the pore-size distribution graphs
(Figure S6), Pt/CO,-C consists mostly of mesopores, while
some micropores are also present. In the case of the

commercial sample, mesopores dominate the whole structure,
with virtually no micropores detected from the measurement.
It has been reported”” that a mesoporous carbon support
structure is favored for fuel cell catalysts because mesopores
enhance the dispersion and utilization of metal particles,
facilitating the reaction, while micropores might trap the
nanoparticles and inhibit the reactant accessibility. Therefore,
CO,-C should be pretreated in future works to decrease the
amount of micropores and introduce functional groups to
improve Pt utilization.>

2.2, Electrochemical Performance. The half-cell tests for
the catalysts were performed with the rotating disk electrode
(RDE) technique in a 0.1 M HCIO, solution, and the obtained
ORR polarization curves (at 1600 rpm) are shown in Figure
4a. The polarization curves featuring the other rotation speeds
can be found in Figure S8.

To compare the activity of the catalysts in-depth, several
important electrocatalytic properties are given in Table 2.
Considering the half-wave (E,/,) and onset (E,,) potentials
of the catalysts, it can be stated that the electrocatalytic activity
of Pt/CO,-C is almost the same as that of the benchmark. In
the case of the onset potential, its activity even surpasses that
of the commercial sample, with a positive potential shift of
about 3.5 mV lowering the overpotential for the ORR.
Furthermore, the mass and specific activities (MA and SA) for
the Pt/CO,-C catalyst were found to be about 33% and 9%
higher (Figure 4b) than those of commercial Pt/C,
respectively. This means that, in contrast to the commercial
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Figure 4. Electrochemical characterization results: (a) ORR polarization curves (anodic sweep) of Pt/CO,-C and Pt/C (commercial) in O,-
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Table 2. Electrocatalytic Properties of the Catalysts

catalyst Eqpee (Vvs RHE)  E; ), (Vvs RHE)  EASA (m® gp ")
Pt/CO,-C 0.990 0.873 43.56
Pt/C (com.) 0.987 0.876 3541

MA at 0.9 V vs RHE (mA mgp, ")

170.6
127.4

SA at 0.9 V vs RHE (4A cm™2,)

391.6
359.8

catalyst with slightly higher Pt loading, Pt/CO,-C has a larger
electrochemically active surface area (EASA) in which more Pt
nanoparticles (per mg and cm” of the catalyst) are taking part
in the reaction, thus enhancing Pt utilization and the overall
reaction kinetics. This is in good agreement with the
established relationship between the nanoparticle size window
and the maximum mass activity of the catalyst, which was
discussed earlier in the study. For a further comparison, the
mass activities reported by other studies are shown in Table 3.

Table 3. Comparison with the Mass Activities of Pt-Based
Catalysts from Other Studies

Pt loadin, MA at 0.9 V vs RHE
catalyst (in wt %§ (mA mgp, ") reference

Pt/CO,-C 17 170.6 this work
Pt/Vulcan 19.7 180 31
Pt/Vulcan 20 210 32
Pt/N-doped 7.13 108 33

carbon
Pt/carbon 10 167 34

nanotubes

In addition to the polarization curves, Koutecky—Levich
(K-L) and Tafel plots are used to quantify the number of
electrons involved in the ORR and to define the rate-
determining step for the reaction. Based on the K—L plots
(Figure 4c,d), ORR almost exclusively occurs via the four-
electron pathway in both catalysts, which is typical for
polycrystalline Pt surfaces® and preferred over the two-
electron Eathway, in which detrimental H,0, formation is
observed.*

In terms of the Tafel slope, a common Pt/C catalyst is
known (from the literature) to exhibit slopes at 60 mV dec™
(at low overpotentials) and 120 mV dec™’ (at high

overpotentials) under acidic conditions, and the deviated
slopes (Figure S9) observed in this study can be explained by
the fact that the Tafel slopes change based on different factors,
such as the exposed facets of Pt crystals,’” the purity of the
electrolyte, and the chosen window for linear fitting of the
curve.®® At lower overpotentials (>0.88 V vs RHE), both Pt/
CO,-C and commercial Pt/C have slopes at around 70 mV
dec™, which is consistent with the value observed by Markovic
et al.*” for the Pt(111) facet in 0.1 M HCIO,, and in this case,
OH* removal has been suggested as the rate-determining
step.”>*” However, at higher overpotentials (<0.88 V vs RHE),
slope values of about 105 and 130 mV dec™ are obtained for
Pt/CO,-C and the commercial sample, respectively. These
values are more in line with the Pt(110) facet detected in the
same study and are close to 120 mV dec™’, which indicates the
initial electron transfer to O, to be the rate-determining step."’
The lower slope of Pt/CO,-C at higher overpotentials denotes
a superior catalytic mechanism over the commercial catalyst.
However, it must be noted that there is a debate®”**** on the
correct derivation of the rate-determining step for the ORR on
Pt and its consistency with the real kinetics of the reaction.
Apart from being active and selective, electrocatalysts must
also be stable after long-term exposure to the reactions. To
investigate the durability profiles of both catalysts, an
accelerated durability test (ADT) of 1000 potential cycles
was performed between 0.6 and 1V versus reversible hydrogen
electrode (RHE). After the durability test (Figure S), it was
revealed that the half-wave potential for Pt/CO,-C experi-
enced a negative shift of around 2.8 mV, while this value was
about 3.9 mV for commercial Pt/C. Furthermore, the mass
activities (at 0.9 V vs RHE) of Pt/CO,-C and the benchmark
catalyst decreased by 5% and 12%, respectively. The results
demonstrate that Pt/CO,-C is more durable to the reaction
conditions. It is important to note that the support material has
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Figure 5. ADT results. ORR polarization curves (anodic sweep) of (a) Pt/CO,-C and (b) Pt/C (commercial) in O,-saturated 0.1 M HCIO, at 20
mV s™! taken before and after 1000 potential cycles between 0.6 and 1 V versus RHE at 200 mV s™".
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a significant impact on the durability of the final catalyst
material.”” Therefore, the outcome confirms the suitability of
CO,-C as a catalyst support in terms of durability.

3. CONCLUSION

A novel platinum catalyst supported with CO,-derived carbon
nanomaterial (in short Pt/CO,-C) was synthesized with the
polyol method. The STEM micrographs of the sample
confirmed the uniform distribution of Pt nanoparticles on
the carbon support. The size of the metal nanoparticles was
found to be around 3.2 nm, which is in the “sweet spot”
reported by different research groups in terms of achieving the
maximum mass activity for the ORR at a given Pt nanoparticle
size. At the same time, N, physisorption measurements
revealed that the surface area of Pt/CO,-C is higher than
that of commercial Pt/C, which increases the probability of
finding active sites for the reaction on the surface. Most
importantly, the catalyst exhibited superior electrochemical
activity in comparison to the commercial benchmark with its
higher onset potential, higher mass and specific activities, larger
EASA, lower Tafel slope, and stronger durability while having a
very similar half-wave potential and following the advantageous
four-electron ORR pathway as the commercial catalyst. The
positive findings were linked to the impact of the support
nanomaterial on the arrangement of Pt nanoparticles in the
catalyst and the overall interaction between the support and
catalyst, leading to enhanced catalytic activity. In summary, the
sustainable CO,-derived carbon was shown to be an excellent
candidate as a support nanomaterial for Pt-based ORR
catalysts used in the cathode of fuel cells. Large-scale
production (with up to 0.2 t of CO, converted daily*) of
carbon nanotubes with a similar process proves that CO,-C
preparation is also scalable. Subsequent research may focus on
improvement of the carbon nanomaterial (for instance,
pretreating the carbon to increase the number of mesopores
and to introduce functional groups as anchoring sites for Pt) as
well as fine-tuning of the shape and structure of the Pt
nanoparticles for enhanced activity and durability.

4. EXPERIMENTAL SECTION

4.1. Synthesis of CO,-Derived Carbon. For the synthesis of the
CO,-derived carbon support material, a eutectic mixture of Li,CO;—
Na,CO;—K,CO; was prepared by mixing Li,CO3 (99%, from ACU
PHARMA and CHEMIE GmbH), K,CO; (99.3% p.a.,, Lach-Ner),
and Na,CO; (99% p.a., Lach-Ner) at a molar ratio of 43.5:31.5:25.0.
Next, the carbonate salt mixture was transferred to an alumina
crucible, which was placed inside a stainless-steel reactor. After the
mixture was melted at 450 °C, capturing of CO, was initiated and
stainless-steel rods (SS304 from metall24.ee, Estonia) were inserted
into the molten salt mixture as the cathode and anode. The
electrolysis of CO, to produce carbon on the cathode was achieved by
applying 4 V to the electrodes and collecting the carbon materials
deposited on the cathode. The Faraday efficiency of carbon
deposition (calculated by comparing the measured current to the
theoretical amount of current required to deposit the resulting
carbon) is around 85%. As the final step, the cathode was washed with
5 M HCI (Merck) to remove the solidified salt attached to the
deposit, and the produced carbon was dried.

4.2. Synthesis of the Pt/CO,-C Catalyst. Chloroplatinic acid
hydrate (99.9% H,PtCl;-H,0, Aldrich) was used as the Pt source for
the catalyst synthesis. First, 0.2 mL of a 1 M NaOH (98%, Aldrich)
solution was dropped into 30 mL of ethylene glycol (99%, Lach-Ner)
in a small beaker to achieve a pH value of around 11 while mixing
with a magnetic stirrer. Then the pH-adjusted ethylene glycol was
transferred to a three-neck round-bottomed flask, and 0.2 g of CO,-C

5777

was added and mixed thoroughly by using a magnetic stirrer for 90
min under a N, flow. After 0.105 g (to obtain 20% Pt loading in the
final catalyst) of the Pt precursor was diluted with 15 mL of deionized
water (Milli-Q) in a measuring cylinder and the resulting solution was
poured into the carbon—polyol mix, a reflux apparatus with an oil bath
was installed to reflux the mixture for 3 h at a temperature range of
110—130 °C under a N, flow. Subsequently, the mixture was cooled
and stirred overnight under a N, flow. In the end, the catalyst was
washed several times with deionized water and dried in an oven at 70
°C for more than 19 h. The commercial Pt/C catalyst (19.8 wt %,
TKK) was used as a benchmark and for comparative purposes.

4.3. Electrochemical Characterization. The conventional RDE
method with a three-electrode system was used for evaluation of the
catalyst activity in the ORR. First, 0.2 cm™ glassy carbon electrodes
(Goodfellow Cambridge Ltd.) were polished with 1 and 0.3 ym
alumina slurries (Buehler) and sonicated for S min with isopropyl
alcohol (Lachner) followed by sonication with deionized water for S
min. To prepare the catalyst ink, 4 mg of Pt/CO,-C, 4 mL of
deionized water, SO uL of isopropyl alcohol (Lachner), and 2 uL of a
S wt % Nafion (Aldrich) solution were added to a vial and placed in
an ultrasonic bath (640 W, Bandelin Sonorex Digiplus DL 510 H)
containing cold water to be sonicated for about 40 min. Next, the ink
was further sonicated by an ultrasonic homogenizer (Hielscher
UP200 St) for around 3S s. Finally, 20 uL of the ink was pipetted
onto the glassy carbon electrodes to obtain 0.1 mg cm™ catalyst
loading and left to dry at room temperature. For comparison with Pt/
CO,-C, the ink for the commercial Pt/C sample (19.8%, TKK) was
prepared and cast onto the electrode with the same recipe.

To attain sufficient cleanliness of the electrochemical cell and its
parts, they were soaked in a concentrated HNO;/H,SO, mix, washed
with deionized water and again soaked in a KOH/isopropyl mix
followed by further washing and boiling with deionized water. Silver/
silver chloride (Ag/AgCl, SI analytics) separated with a Luggin
capillary was used as the reference electrode, while a graphite rod in a
glass frit was used as the counter electrode for the test. To convert the
potentials measured versus Ag/AgCl to potentials versus RHE,
calibration was performed in H,-saturated 0.1 M HCIO, with a Pt
wire as the working electrode, and the following equation was defined:
Epuie = Eag/agar + 0.2379 V. All of the potential values shown in the
text are given versus RHE and not compensated for iR unless stated
otherwise.

After the cell was filled with an 0.1 M HCIO, (Aldrich) electrolyte
solution and the working electrode was inserted, the solution was
saturated with N, and electrochemical cleaning was performed with
200 potential cycles in the ranges of 0.05 V—0.1 V—0.05 V versus
RHE at 300 mV s~'. Next, a cyclic voltammogram was taken in the
same potential range at a scan rate of SO mV s to estimate the EASA
from the H-adsorption region followed by background current
measurement again in the same potential range (at a scan rate of
20 mV s~ without rotation) for both catalysts by using a potentiostat
(model 1010E, Gamry Instruments) at room temperature. Then the
electrolyte was saturated with O, (99.999%, Elme Messer AS) and
ORR polarization curves were recorded in the same potential range of
0.05 V=0.1 V=0.05 V versus RHE (at a scan rate of 20 mV s™") at
different rotation speeds (400, 900, 1600, 2500, and 3600 rpm)
controlled by an OrigaTrod apparatus (OrigaLys ElectroChem SAS).
The polarization curves were background-corrected to minimize the
capacitive current contribution.

The K—L equation** was utilized to obtain the overall number of
electrons transferred per O, molecule from the polarization curves of
different rotation speeds:

1 1 1 1 1
—=—+ ==

jo

i nFked, 062nFDy 6w e, (1)
Here j is the measured current density, j, is the kinetic current density,
ja is the diffusion-limited current density, n is the overall number of
electrons transferred per O, molecule, k is the electron-transfer rate
constant, F is the Faraday constant (F = 96485 C mol™"), Do, is the

diffusion coefficient of oxygen (1.93 X 10™° cm® s™' in 0.1 M
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HCIO,),” v is the kinematic viscosity of the electrolyte (1.009 X 1072
em?® 7' in 0.1 M HCIO,),”” w is the angular velocity of the rotating
disk (@ = 272N, where N is the linear rotating speed in rpm), and c‘éz is
the bulk concentration of oxygen (1.26 X 10~ mol L™ in 0.1 M
HCIO,).*’

The Tafel slope (b) was determined by plotting the overpotential
(1) against the logarithm of the current density (log j) for the
polarization curve at 1600 rpm and fitting the linear portion of the
curve with the Tafel equation:**

n=a+blogj 2)

To calculate the EASA, the hydrogen adsorption charge
(QH_admpmn) was estimated by integrating the H-adsorption area of
the cyclic voltammogram, and the following equation was used:

EASAp,, (m” g, ™)

QH—adsorption (C )

= B = 2 10°
210 uC cmp, ~ X Lp, (m g, em™) X A, (em®)

()
Here, Ly, is the working electrode of the Pt loading and A, is the
geometric surface area of the glass carbon electrode. The charge
associated with full coverage of clean polycrystalline Pt with a
hydrogen monolayer was assumed® to be 210 yC cm™ in this
equation.

4.4. Physical Characterization. To analyze the surface
morphology of the samples, micrographs were obtained by SEM
and STEM. The samples were dispersed on copper transmission
electron microscopy (TEM) grids with a lacey carbon film. A Spectra
300 (ThermoFisher) S/TEM operated at an acceleration voltage of
300 kV was used to acquire STEM images using the high-angle
annular dark field (HAADF) signal, while a JEOL JSM-7SO0FA
microscope, equipped with a cold field-emission gun, was employed
for SEM imaging with an acceleration voltage of 15 kV. EDS analysis
was performed with a SDD Ultim max 100 (Oxford) detector for
SEM and on a Bruker Dual-X setup on the ThermoFisher Spectra 300
microscope.

XRD measurement was performed with a Malvern PANalytical
Xpert3 diffractometer by using a Cu Ka X-ray source (4 = 0.154 nm)
and operating at beam voltage and current values of 45 kV and 40
mA, respectively.

N, adsorption—desorption isotherms for both materials were
studied by a NOVA 1200e instrument (Quantachrome). The specific
surface areas were calculated by the BET method, and the porosity
was calculated by QSDFT.

TGA was carried out to obtain thermal characterization of Pt/CO,-
C and to confirm the Pt loading of the catalyst by heating the sample
in an alumina crucible with a Labsys 2000 (Setaram) thermoanalyzer
at a heating rate of 10 K min™' under an air atmosphere.

Raman analysis was performed on a Renishaw Invia microscope
using a 514.5 nm excitation source. The spectra were collected with a
20X objective (NA = 0.4) and an approximate optical density at the
sample surface of several hundreds of kilowatts per square centimeter.
The acquisition time was 30 s. Following the treatment of Ferrari et
al,”® the D band was fit with a Lorentzian line shape, while a Breit—
Wigner—Fano line shape was used for the G band. The peak height
was used to determine the intensities in both cases. Backgrounds were
subtracted using a cubic polynomial. The presented results are an
average of seven spectra.
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ABSTRACT: Proton-exchange membrane fuel cells (PEMFCs) hold promise for clean energy generation, but their
commercialization is partially hindered by the sluggish oxygen reduction reaction (ORR) at the cathode, which relies on costly
Pt electrocatalysts supported by petroleum-derived carbon. This study investigates a CO,-derived carbon (CO,—C) material as a
sustainable alternative to petroleum-derived carbon and attempts to enhance the ORR performance of Pt electrocatalyst with the
CO,—C support by pretreatment with hydrogen peroxide (H,0,) and potassium hydroxide (KOH) solutions. Based on physical
characterization results, both KOH and H,0, pretreatments of CO,—C increased the Brunauer—Emmett—Teller (BET) surface area
and improved the metal—support interaction compared to untreated CO,—C. Electrochemical characterization revealed superior
ORR performance of Pt/H,0,—CO,—C, exhibiting higher mass activity (142.8 mA mgp, ') compared to Pt/CO,—C (102 mA
mgp, '), while Pt/KOH—CO,—C showed the highest specific activity (1503.8 #A cmp, *) among the studied samples. Thus, Pt
electrocatalysts with pretreated CO,—C support are presented as an alternative to conventional Pt/C catalysts toward sustainable

Functionalizationi

CO,-derived carbon
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and high-performance PEMFCs.

B INTRODUCTION

The projections show that climate change can increase the
world’s total final energy demand in the midcentury by up to
58% (in addition to socioeconomic developments) compared
to the present day caused by factors such as an increase in hot
season cooling demand due to global warming." Because of
major concerns arising from reliance on fossil fuels for global
energy demand and its impact on climate change,” clean
energy technologies receive considerable interest from the
public to fill the growing energy demand gap. In the case of
electrochemical devices, fuel cells and batteries have been
intensively researched as part of clean energy solutions.
Proton-exchange membrane fuel cell (PEMFC) is one of the
most technologically mature fuel cell types, and it has several
key advantages as it operates in low temperatures with high
efficiency and minimal maintenance required while being
suitable for portable applications as well.” Commercialization
of PEMFC technologies is hindered due to challenges
associated with the sluggish oxygen reduction reaction
(ORR) that reduces oxygen to water on the cathode.* The

© 2024 American Chemical Society

7 ACS Publications

commercial electrocatalysts for this reaction are commonly
prepared by depositing costly and scarce Pt metal nano-
particles on a support material such as carbon black (shortly
named Pt/C), which is conventionally produced from
petroleum products.s’é Considering the significant cost and
CO, footprint associated with the production of Pt/C
electrocatalysts, the development of sustainably produced
electrocatalyst materials with high Pt metal utilization is
among the emerging research trends in the field of electro-
catalysis.

In previous work, we prepared an electrocatalyst supported

by sustainable CO,-derived carbon (shortly CO,—C) nano-
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Figure 1. High-angle annular dark-field scanning transmission electron microscopy (HAADF)-STEM (with elemental mapping) and TEM images
of (a) Pt/CO,—C, (b) Pt/H,0,—CO,—C, (c) Pt/KOH-CO,—C, and (d) commercial Pt/C samples. The insets with HR-TEM images show the
inverse fast Fourier transform (IFFT) of the region designated with a blue box.

materials and presented these materials as a promising
candidate to replace the conventional petroleum-sourced
carbon black.” However, further improvement of this carbon
support material is necessary to increase the Pt utilization and
overall catalytic performance of the final electrocatalyst, as it
has been widely established that the choice of electrocatalyst
support materials is crucial to electrocatalyst performance and
durability.*® For instance, the microporous structure of carbon
is often associated with lower metal utilization due to poor
mass transport, while the macroporous structure decreases the
surface area, which can hinder electrical conductivity with
increasing resistance.” Apart from the pore size, the surface
characteristic of the carbon is another important feature, which
determines its suitability as a support for metal nanoparticle
catalysts. Liquid-phase functionalization with oxidizing or
alkaline solutions is one of the common techniques for
nanoengineering the surface chemistry and pore texture of
carbon materials.'” The aim of such pretreatments is to
introduce oxygen functional groups to the carbon surface as
anchoring points for Pt nanoparticles and to optimize the
metal—support interaction (MSI) by increasing the hydro-
philicity of the carbon as these functional groups influence the
acid—base and redox properties of the carbon material.” Such
functional groups include carboxyl (COOH), hydroxyl
(COH), and carbonyl (C=O0) that interfere with the sp”
hybridization in order to increase the number of free electrons
to interact with incoming Pt cations."’ Furthermore, while
enhanced hydrophilicity makes the carbon structure more
accessible to aqueous metal precursors, less acidic groups
improve the metal—support interaction, which can lead to
higher dispersion and lower sintering of metal nanoparticles."”

While we are able to prepare and use CO,-derived carbon as
a Pt electrocatalyst support for ORR, the indirect impact of
CO,—C surface functionalization on the electrocatalytic
performance of CO,—C-supported Pt has not been explored

so far. Thus, it is of great interest to investigate if surface
modifications of the CO,—C support can be used to
manipulate the electrocatalyst’s activity and durability toward
the oxygen reduction reaction.

The purpose of this work is to pretreat CO,—C with two
different solutions (containing hydrogen peroxide and
potassium hydroxide) to achieve surface functionalization
and to evaluate the impact of both pretreatment methods on
the electrocatalytic and physical properties of Pt electro-
catalysts supported by functionalized CO,—C. Although the
effect of these solutions on commercially available Vulcan XC-
72R was studied before,'* pretreatment of CO,—C is
conducted for the first time in this study. Based on the
evaluations, we find that surface functionalization of the CO,—
C support opens up a new avenue to enhance the ORR
performance of Pt electrocatalysts, leading to sustainable and
cost-efficient ORR electrocatalyst materials.

B RESULTS AND DISCUSSION

Catalyst Preparation and Physical Characterization. A
molten eutectic mixture consisting of Li,CO;—Na,CO;—
K,CO; was used as the electrolyte for CO, electrolysis to
produce amorphous carbon based on a method previously
developed by us.”"*™'5 Next, the carbon was pretreated with
two different solutions (containing H,0, and KOH), and Pt
was deposited by using the polyol synthesis method to form
the electrocatalyst samples. The nomenclature for Pt electro-
catalysts prepared in this work is based on abbreviations
showing the type of support pretreatment method: Pt/CO,—C
(untreated support), Pt/H,0,—CO,—C (support treated with
H,0, solution), and Pt/KOH—CO,—C (support treated with
KOH solution).

Pt loading of each sample was calculated by performing
thermogravimetric analysis (TGA). From the TGA result
(Figure S1 of the Supporting Information), it was found that

https://doi.org/10.1021/acs.energyfuels.4c02407
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the commercial Pt/C sample contains 20 wt % Pt while the Pt
loadings for Pt/CO,—C, Pt/H,0,—CO2-C, and Pt/KOH-
CO, are 35, 31, and 30 wt %, respectively.

Scanning transmission electron microscopy (STEM) and
transmission electron micrographs (TEM; Figure 1) were
analyzed to compare the physical properties of the catalyst
samples. In terms of homogeneous Pt distribution over the
carbon support, Pt/KOH—CO,—C is observed to be the
sample with the most homogeneous nanoparticle distribution,
followed in order by Pt/H,0,—CO,—C, commercial Pt/C,
and Pt/CO,—C. While the distribution of Pt nanoparticles was
homogeneous for CO,—C-supported samples, STEM micro-
graphs show that the nanoparticle distribution is less uniform
compared to that of commercial Pt/C. Thus, upon further
observation, certain sites of agglomeration within these
samples can be detected, and it is argued that the relative
agglomeration was mainly caused by the higher Pt loading of
electrocatalysts synthesized in this work in contrast to
commercial Pt/C.

To compare the particle size distributions of the electro-
catalysts, particle size distribution histograms were plotted
(Figure S2 of the Supporting Information). Based on the
histograms, the size of the Pt nanoparticles on H,0,—CO,-C
support ranges from 2 to 10 nm, while the mean particle size is
around 5.7 nm. Compared to the other samples, this is a
broader particle size distribution, which is also evident from
STEM micrographs. While the mean particle sizes of Pt/
KOH-CO,—C and commercial Pt/C are comparable, the
smallest Pt nanoparticles were observed in Pt/CO,—C
electrocatalyst. In our previous work,’ the mean Pt nano-
particle size of Pt/CO,—C (prepared in ethylene glycol solvent
with a pH of about 11) was around 3.18 nm, while it was
hypothesized that in this work, further increase in the pH of
ethylene glycol solution would result in even smaller Pt
nanoparticles. The calculated mean particle size of roughly
2.96 nm is in agreement with this hypothesis. The high-
resolution transmission electron microscopy (HR-TEM)
images of all four samples contained several regions in which
lattice fringes were visible (Figure 1, the insets). These regions
were chosen to estimate the d-spacing values. All regions
analyzed showed a d-spacing value of around 2.2 A, which was
attributed to (111) plain of Pt (d;;, = 2.263 A).'

The Brunauer—Emmett—Teller (BET) and mesopore-
specific surface areas of the electrocatalysts (Figure 2) were
determined with a N, physisorption study. The results indicate

140

mBET area
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@ Mesopore area
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80 [
60

40

Specific surface area (m?/g)
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Pt/CO,-C Pt/KOH-CO,-C Pt/H,0,-CO,-C

Electrocatalysts

Figure 2. BET and mesopore-specific surface areas of the electro-
catalysts synthesized in this work from the N, physisorption study.

the changes in the porous structure of the samples caused by
different pretreatment methods. When Pt/CO, is considered
as the baseline, it is observed that both KOH and H,0,
pretreatments of the carbon support introduced mesopores to
the structure while increasing the BET area. This can be
explained by the corrosive influence of KOH and the oxidative
influence of H,O, that merges the adjacent microgores, leading
to more mesopores as suggested by Kumar et al.'* While KOH
pretreatment of the support caused moderate (from 22.74 to
23.88 m? g™!) enhancement of mesopore-specific area for the
electrocatalyst compared to Pt/CO,—C, H,0O, pretreatment
was associated with a significant increase of 25.76 m* g”! from
22.74 to 48.5 m* ¢! in mesopore-specific area of Pt/H,0,—
CO,—C which also contributed to a BET-specific area
enhancement of 3349 m’ g' in contrast to Pt/CO,—C.
However, the merging of micropores was found to be
disadvantageous, as they can also enable Pt nanoparticle
agglomeration in this space, which was observed from STEM
micrographs of CO,—C-supported samples and specifically for
Pt/H,0,—CO,—C (Figure 1b).

As shown in Figure 3, analysis of X-ray diffraction (XRD)
patterns reveals that Pt(111) and Pt(002) at 260 degrees of 40.2
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Figure 3. X-ray diffraction patterns of all samples.

and 46.8° are the main Pt reflection planes for all studied
samples, while these peaks are more pronounced in the case of
samples synthesized in this work. Relatively broader Pt(111)
and Pt(311) and less intense Pt(200) peaks of the commercial
sample suggest that compared to the commercial Pt/C, CO,—
C-supported electrocatalysts contain Pt nanoparticles with a
more crystalline structure. It is also apparent that the sharp
peak at 26.1° attributed to the C(002) plane of commercial
Pt/C refers to the graphitic nature of the carbon support,
whereas the much broader peaks at 25.6° for the other samples
are characteristic of the disordered carbon structure. Such
characteristics of the CO,—C supported samples can be
considered advantageous, as in weakly adsorbed electrolytes,
the Pt(111) plane has been associated'’ with relatively
enhanced ORR activity compared to the Pt(100) plane, and
defected carbon structure was argued'' to be the preferred
attachment points for Pt nanoparticles. These findings further

https://doi.org/10.1021/acs.energyfuels.4c02407
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strengthen the proposition that tuning the structure of the
carbon support can indirectly contribute to better ORR
performance.

d-spacing values for all samples were also calculated from
XRD peaks of Pt(111) to crosscheck with the values obtained
from HR-TEM images. As shown in Table 1, d-spacing values
calculated from XRD patterns agree with the values observed
from HR-TEM images.

Table 1. Comparison of D-Spacing Values Obtained from
HR-TEM Images and XRD Patterns

catalyst dyy; from HR-TEM (A) dyy, from XRD (A)
Pt/CO,-C 222 2.20
Pt/KOH-CO,—C 2.24 223
Pt/H,0,—C0O,~C 223 222
Pt/C 2.20 2.25

Figure 4 depicts the X-ray photoelectron spectroscopy
(XPS) spectrum of Pt 4f,, and Pt 4f;,, regions (the full
spectrum is shown in Figure SS of the Supporting Information)
obtained for the electrocatalysts studied in this work. It has
been reported that a positive shift in the binding energy of Pt
4f core levels from the XPS study is linked to electronic effects
between Pt and the carbon support.'® Depending on the
electronic properties of the support material, charge transfer
occurs between the Pt nanoparticle and the sugport to reach
the equilibrium of corresponding Fermi levels.'® While the Pt
4f,;/, peak for all electrocatalysts synthesized in this work is
located at higher binding energies in contrast to commercial
Pt/C, the largest positive shift is observed for the Pt/KOH—
CO,—C sample, followed by Pt/H,0,—CO,—C and Pt/CO,—
C, respectively (Figure 4). Such positive shifts originate from
the electron-withdrawing effect of carbon support, which
causes electron transfer from Pt to carbon that in turn modifies
the d-band structure of the electrocatalyst, weakens the
adsorption energy of O-containing species, and improves
ORR activity and durability due to optimized metal—support
interaction.'®>° Thus, from a metal—support interaction point
of view, pretreatment of the CO,—C with KOH and H,0,
solutions was found to be advantageous, as this implies
improved ORR performance for Pt nanocatalysts with these
support materials.

Apart from the metal—support interaction, the aim of the
pretreatment was also to introduce oxygen functional groups to
the surface of the carbon support. This can be evaluated by
extracting the atomic concentration of elements on the carbon
surface from the XPS survey, as shown in Table 2. According

Table 2. Surface Atomic Concentrations of all Samples
Determined from the XPS Spectrum

© (@] Pt Cu
sample (atom %) (atom %) (atom %) (atom %)
Pt/CO,-C 84.8 9.9 19 3.4
Pt/H,0,-CO,—C 82.5 13.4 1.7 2.4
Pt/KOH-CO,-C 82.5 12.5 2.6 2.4
Pt/C (comm.) 92.4 64 12 n/a

to the table, the concentration of oxygen components on the
surface of the CO,—C-supported electrocatalysts is higher than
that of commercial Pt/C, implying successful functionalization.
In terms of the atomic percentage of oxygen, the following
relationship was revealed, suggesting peroxide pretreatment as
the most efficient route to introduce oxygen functional groups:
Pt/H,0,—C0O,—-C > Pt/KOH-CO,—-C > Pt/CO,~C — Pt/
C.

To identify the type of oxygen groups, the relative area for
each group was deconvoluted C s peaks from the XPS study,
which is given in Table 3. The results demonstrate that

Table 3. Assignments, Positions, and Relative Area of C 1s
Peaks of all Samples Determined from the XPS Spectrum
(Binding Energies at the Bottom)

0-C=0
sample C-OH, C-0-C (%) C=0 (%) (%)
Pt/CO,-C 10.3 5.4 4
Pt/H,0,—CO,—C 116 6.6 5.1
Pt/KOH-CO,-C 11.3 6.2 5.5
Pt/C (comm.) 10.2 1.4 43
binding energy (eV) 286.3 287.7 288.9

hydroxyl and ether groups are dominant for all samples,
followed by carbonyl and ester groups for CO,—C-supported
electrocatalysts. Compared to Pt/CO,—C, an increase in the
amount of all oxygen-containing groups was observed for both

3500
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Figure 4. XPS spectrum of Pt 4f,,, and Pt 4f;, regions for all samples.
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Pt/H,0,-CO,—C and Pt/KOH—-CO,—C samples, further
confirming the introduction of oxygen groups via functional-
ization. While peroxide pretreatment was associated with
providing slightly more C—OH, C—0—C, and C=0 species
than KOH pretreatment, the amount of O—C=0 species was
somewhat higher in the case of KOH pretreatment. As
reported in several studies,”' >’ oxygen functionalization of
carbon-based supports was found to improve the electro-
catalytic activity toward ORR via disruption of the carbon sp*
network and charge delocalization due to high electro-
negativity of oxygen that leads to enhanced adsorption of
ORR intermediates. It must also be noted that the presence of
certain oxygen functional groups was linked to enhanced
durability for carbon-supported Pt electrocatalysts.”* Hence,
the XPS results are consistent with these findings and hint at
an improved ORR performance for pretreated samples.
Electrochemical Performance. In order to assess the
electrochemical performance of the synthesized samples, the
rotating disk electrode (RDE) technique was used to extract
the ORR polarization curves at different rotation rates (Figure
S3 of the Supporting Information). Based on the ORR
polarization curve recorded at 1600 rpm and in 0.1 M HCIO,
(Figure S), certain metrics that are useful to compare the
electrocatalytic activity of the samples are tabulated in Table 4.

—Pvco,C
——pvC

—— PYH,0,-CO,-C
—— PYKOH-CO,-C

00 odm® om0 080 055 0810

j (mA em?g)

0!6
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Figure 5. ORR polarization curves (anodic sweep) of all samples in an
anodic sweep of 1 M HCIO, in O,-saturated 0.1 M HCIO, at 20 mV
s™! with a rotation rate of 1600 rpm.

The electrochemically active surface area (EASA) of the
samples was calculated by using CO stripping curves (Figure
6). The current peaks in the curve indicate CO** oxidation
potential, while the area of the peaks can be used to quantify
the density of active sites for CO**.*> Considering that open
facet and defect sites of Pt-based nanocatalysts are more
chemically active for CO™* oxidation compared to compact

facets, A (higher E**) and A* (lower E**) peaks shown in CO
stripping curves can be linked to compact and open facets of
Pt/C electrocatalyst.”® With the same approach, the CO,~C
supported samples (B peak) have a lower barrier for CO™*
oxidation. However, compared with the commercial sample,
the areas below the peak for CO,—C-supported samples are
much smaller than the commercial sample, suggesting a limited
number of active sites for CO**. It is noted that all of the
CO,—C-supported samples had a much smaller EASA
(ranging from 8.7 to 134 m’ g,”') compared to the
commercial Pt/C (52.7 m* g, ™"). This can be explained by
the agglomeration of Pt nanoparticles that were detected in
STEM micrographs for these samples, which inhibit the CO
adsorption to the Pt atoms situated in the core of
agglomeration sites and thus diminish the charge associated
with CO oxidation from the Pt surface.

At the same time, the gap between the commercial Pt/C and
CO,—C-supported electrocatalysts is less striking, in terms of
the calculated mass activities. When considering the mass and
specific activities (shortly MA and SA) of samples with
pretreated support, in contrast to samples with untreated
support, it is found that there is a significant increase in both
MA and SA when CO,—C has been pretreated. While Pt/
H,0,—C0,—C exhibits much higher MA than both Pt/CO,—
C and Pt/KOH—-CO,—C, in terms of SA, Pt/KOH—-CO,—-C
was found to be the most active electrocatalyst, even exceeding
the values calculated for commercial Pt/C. This is an expected
trend as low-coordination Pt sites (ie., edge sites, defects,
steps) have lower specific activity, and higher-coordination Pt
sites (i.e, terraces) have higher specific activity. Larger
particles have a higher proportion of terrace (high-coordina-
tion Pt) sites exposed versus steps/edges due to their
geometry, leading to hi§her SA values for all CO,-C-
supported electrocatalysts.” In Table S, the specific activity
of the samples synthesized in this work is compared with the
results obtained in other studies.

Cyclic voltammograms (CV) of all samples are shown in
Figure 7. In a typical CV, three distinctive regions are of
interest for electrochemical characterization: hydrogen under-
potential deposition region (hydrogen adsorption and
desorption, yellow region), double-layer region (clear region),
and oxygen region (OH™ ion adsorption and oxide formation/
reduction, region higher than 0.6 V vs RHE).*® The peaks A1/
Al* and A2/A2* shown on the curves are due to H"
desorption/adsorption from compact (111) and open (200)
facets, respectively.”> At the same time, the adsorption and
desorption of oxygen species on the Pt surface are represented
by the Eq™* and Eo™ peaks, respectively. Compared to
commercial Pt/C, CO,—C-supported samples have smeared
peaks in the HUPD region, indicating higher affinity for H*
adsorption and desorption. However, all samples have very
similar Eq®* peaks, which suggests a similar energy barrier for
oxygen desorption. This agrees well with the previous finding
that the onset potentials of all electrocatalysts for ORR were

Table 4. Electrocatalytic Activity Metrics for all Samples

sample
Pt/CO,—C 13.4 102.0
Pt/H,0,-CO,—C 132 142.8
Pt/KOH-CO,—-C 8.7 131.1
Pt/C 52.7 287.7
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BASACosripping (M’ 8y ') MA at 0.9 V vs RHE (mA mgp, ') SA at 0.9 V vs RHE (4A cmp )  Egpe (V vs RHE)  Ey), (V vs RHE)

759.9 1.0 0.88
1076.4 101 0.89
1503.8 0.99 0.88

545.8 1.0 0.90
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Figure 6. CO stripping curves of all samples in N,-saturated 0.1 M HCIO, at 20 mV s,

1

Table 5. Comparison with Specific Activities of Pt-Based
Catalysts from Other Studies

catalyst SA at 0.9 V vs RHE (uA cmpl_z) refs
Pt/CO,-C 759.9 this work
Pt/KOH—-CO,—-C 1503.8 this work
Pt/H,0,—CO,-C 1076.4 this work
Pt/Vulcan S11 29
Pt/Vulcan 347 30
Pt/C 400 31
PtNi;/C 1400 32
———Pt/CO3-C ——— Pt/KOH-CO3-C = Pt/H;0,-CO3-C = Pt/C

HUPD

100 |

I (HA)

-100 |

0.0 0.2 0.4 0.6 0.8 1.0
E (V vs RHE)

Figure 7. Cyclic voltammetry curves of all samples in N,-saturated 0.1
M HCIO, at 50 mV s™".

almost identical. Furthermore, a thicker double layer of CO,—
C-supported samples denotes more hydroxide formation
compared with the commercial Pt/C electrocatalyst. Less
intense Eq™® peaks of CO,—C-supported samples at a lower
potential are another important point that correlates with the
results of XPS characterization and shows weakened
adsorption energy for O-containing species.

Another important metric of electrocatalytic activity, the
number of electrons transferred during the reaction, can be
elucidated from Koutecky—Levich (K—L) plots prepared from
ORR polarization curves of different rotation rates. According
to the K—L plots (Figure S4 of the Supporting Information),
the four-electron pathway for ORR is observed in the diffusion-
limited current region for all electrocatalysts, which is favored
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over the two-electron pathway for fuel cell application due to
higher fuel cell efficiency and the absence of detrimental H,0,
formation that can degrade the electrocatalyst.*®

The durability of the catalysts was investigated by perform-
ing an accelerated durability test (ADT) of 1000 potential
cycles between 0.6 and 1 V vs RHE in O,-saturated 0.1 M
HCIO, at 100 mV s™". The influence of ADT was quantified by
CO stripping measurements before and after the potential
cycles (Figure 8, top right) to calculate the loss of EASA after
ADT for each electrocatalyst. The highest EASA loss
percentage (38.8%) was observed in commercial Pt/C,
followed by Pt/KOH-CO,—-C (20%), Pt/H,0,—-CO,—C
(19.6%), and Pt/CO,—C (4.5%), respectively. While Pt
supported with untreated CO,—C was found to be the most
durable to reaction conditions in terms of minimal loss of
electrochemically active surface area, the durability of electro-
catalysts with pretreated supports was comparable and superior
compared to the commercial Pt/C. This is expected as both
pretreatment methods were associated with an agglomeration
of Pt nanoparticles, which makes the EASA more prone to
degradation over longer periods. At the same time, the superior
durability of both H,0,—CO,- and KOH—-CO,—C-supported
electrocatalysts compared to the commercial Pt/C can be
explained by the optimized metal—support interaction and the
presence of certain oxygen functional groups, as proposed
earlier in the discussion of XPS results.

Furthermore, a comparison of CVs and ORR polarization
curves (Figure 8, top left and bottom, respectively) before and
after ADT provides additional insights into the performance of
samples during the durability test. In the case of the CVs, a
reduction in the intensity of the Pt oxidation peak (at around
0.8 V vs RHE) associated with the formation and adsorption of
OH,, is observed for samples synthesized in this work.** This
can be attributed to the fact that CV was recorded after
performing CO stripping, and a trace amount of CO was left
on the Pt surface inhibiting OH_4 adsorption. Besides that for
all samples including the commercial Pt/C, H" adsorption and
desorption in the HUPD region peaks became less pronounced
after ADT, as there was a drop in EASA values, which was
discussed earlier. Although the difference in ORR polarization
curves is minor for all samples, a slight fall in diffusion-limited
current density is visible for Pt/CO,—C and Pt/KOH—-CO,—
C, while it stayed the same for both Pt/H,0,—CO,—C and
commercial Pt/C. Nevertheless, the ORR performance of all
samples can be considered unchanged after ADT, indicating

https://doi.org/10.1021/acs.energyfuels.4c02407
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Figure 8. Top left: Cyclic voltammetry curves (before and after ADT) of (a) Pt/CO,—C, (b) Pt/H,0,—CO,—C, (c) Pt/KOH—-CO,—C, and (d)
commercial Pt/C in N,-saturated 0.1 M HCIO, at 50 mV s™'; top right: CO stripping curves (before and after ADT) of (a) Pt/CO,—C, (b) Pt/
H,0,-CO0,—C, (c) Pt/KOH-CO,—C, and (d) commercial Pt/C in N,-saturated 0.1 M HCIO, at 20 mV s™; bottom: ORR polarization curves
(before and after ADT) of (a) Pt/CO,—C, (b) Pt/H,0,—CO,—C, (c) Pt/KOH—CO,—C, and (d) commercial Pt/C in O,-saturated 0.1 M

HCIO, at 20 mV s~ with a rotation rate of 1600 rpm.

optimal durability in laboratory-scale durability testing
conditions.

B EXPERIMENTAL SECTION

Synthesis of CO,-Derived Carbon. In order to synthesize a
carbon support material from CO, reduction, an eutectic mixture of
Li,CO3—Na,CO;—K,CO; was prepared by mixing Li,CO;, Na,CO;,
and K,CO, (the molar ratio was 43.5:31.5:25.0). The lithium
carbonate was obtained from ACU PHARMA and CHEMIE and had
a purity of 99%, while the potassium carbonate and sodium carbonate
were acquired from Lach-Ner and had purities of 99.3 and 99%
respectively. Subsequently, the carbonate salt mixture was transferred
to an alumina crucible, which was then placed inside a stainless steel
reactor. Upon heating the mixture to 450 °C, the capture of CO, was
started. Next, stainless steel rods (S5304 from metall24.ee in Estonia)
were placed into the molten salt mixture, serving as the cathode and
anode. By application of a voltage of 4 V to the electrodes, electrolysis
of CO, was initiated, resulting in the deposition of carbon on the
cathode with a Faraday efficiency of around 85%. Finally, the cathode
was subjected to a washing step using S M HCl (Merck) to eliminate
any solidified salt residues attached to the carbon deposit and to
collect the prepared carbon material after drying.

Pretreatment of CO,-Derived Carbon. Prior to pretreatment,
the synthesis flask was soaked overnight in a concentrated HNO,/
H,S0, (65% from Honeywell and 96% from Lach-Ner, respectively)
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mix and washed with deionized water (Milli-Q) to avoid impurities.
The pretreatment was performed in aqueous solutions of 10% H,0,
prepared from 30% H,O, (Lach-Ner) and 0.2 M KOH prepared from
KOH flakes (92%, Lach-Ner). In the case of hydrogen peroxide
treatment, 0.4 g of CO,—C was dispersed in 400 mL of 10% H,0,
solution, while for potassium hydroxide treatment, 0.3 g of CO,—C
was dispersed in 300 mL of 0.2 M KOH solution. Both mixtures were
refluxed at 110 °C for 16 h and washed by a continuous flow of
deionized water on a nylon membrane filter (with a pore size of 0.22
pum from Foxx Life Sciences). Pretreated carbon materials were dried
in an oven at 70 °C for 17 h.

Synthesis of Electrocatalysts. The flask for electrocatalyst
synthesis was also cleaned with a concentrated acid mix, as mentioned
above. First, the pH level of 30 mL of ethylene glycol (99%, Lach-
Ner) was adjusted to 12 in a small beaker by adding 0.5 mL of 1 M
NaOH solution prepared from NaOH pellets (98%, Aldrich) and
mixing with a magnetic stirrer. Next, 0.2 g of pretreated carbon was
dispersed in pH-adjusted ethylene glycol in a three-neck round-
bottom flask and mixed with a magnetic stirrer for 90 min under N,
flow. To prepare an aqueous solution of Pt precursor (H,PtClsxH,O,
99.9% from Aldrich), 0.105 g of chloroplatinic acid hydrate was
diluted with 15 mL of deionized water in a measuring cylinder and
added into the carbon-ethylene glycol mix. Then, the synthesis was
carried out by refluxing the mixture in an oil bath for 3 h at 110 °C
with N, flow. After cooling down, the flask was covered with
aluminum foil, and the catalyst solution was stirred overnight under

https://doi.org/10.1021/acs.energyfuels.4c02407
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N, flow. Finally, the material was washed with a continuous flow of
deionized water and then with acetone (99.5% from Aldrich) on a
nylon membrane filter (with a pore size of 0.22 ym from Foxx Life
Sciences), followed by a drying step in an oven at 70 °C for 17 h.

Electrochemical Characterization. The electrocatalytic activity
of the electrocatalysts was screened with a rotating disk electrode
(RDE) method. A glassy carbon electrode (Goodfellow Cambridge
Ltd.) with a geometric surface area of 0.2 cm™ was used as the
working electrode. Prior to use, glassy carbon electrodes were
polished with alumina slurries of 1 and 0.3 ym (from Buehler),
sonicated in ethanol (Berner) for S min, and then further sonicated in
deionized water for 5 min. The catalyst ink for all samples was
prepared by dispersing 4 mg of catalyst material in 4 mL of deionized
water, followed by adding SO uL of isopropyl alcohol (99.99% from
Lach-Ner) and 2 uL of Nafion solution (S wt % in lower aliphatic
alcohols and water (15—20%) from Aldrich). The ink was sonicated
in an ultrasonic bath (640W, Bandelin Sonorex Digiplus DL 510 H)
containing cold water for 30 min. As the final step, 20 uL (to obtain
0.1 mg cm ™ catalyst loading) of the ink was drop-cast onto the glassy
carbon electrode by pipet and dried in an incubator (IL10 from
VWR) at 50 °C. As a benchmark, a commercial Pt/C (19.8%) catalyst
was purchased from Tanaka Kikinzoku Kogyo K.K. (TKK) and used
for comparison using the same ink recipe.

To avoid contamination and impurities, the electrochemical cell
and its parts were soaked overnight in a concentrated HNO;/H,SO,
mix, rinsed with deionized water, boiled in deionized water for 1 h,
and rinsed again. For the three-electrode setup, a HydroFlex
(Gaskatel) reversible hydrogen electrode (RHE) in a Lugin capillary
was used as the reference electrode, while a graphite rod in a glass frit
was used to complete the circuit as a counter electrode. Thus, the
reported potential values in this study are against reversible hydrogen
electrodes in all cases.

First, the electrodes were inserted into 0.1 M HCIO, (Aldrich)
electrolyte solution in the cell, and the solution was purged with N,
(99.999%, Elme Messer) flow. This was followed by electrochemical
cleaning of the electrocatalyst surface with 50 potential cycles between
0.05 and 1.1 V vs RHE at 200 mV s™" by using a potentiostat (Model
1010E, Gamry Instruments). Next, CO stripping measurement was
performed to calculate the EASA by saturating the solution with CO
flow for 1 min (98%, Elme Messer) while holding the potential at 0.05
V vs RHE, then purging with N, flow for 10 min to remove excess CO
from the solution and last recording the CO oxidation curve by
scanning from 0.0S to 1.1 V vs RHE at 20 mV s™'. To quantify the
contribution of capacitive currents, a background current profile was
taken between 0.05 and 1.03 V vs RHE at 20 mV s™" in the N,
atmosphere while rotating the working electrode at 1600 rpm with
OrigaTrod apparatus (OrigaLys ElectroChem SAS). Prior to the
measurement of ORR polarization curves, the solution was purged
with O, (99.999%, Elme Messer), and the uncompensated resistance
value was determined by performing electrochemical impedance
spectroscopy (EIS) at open circuit voltage (OCV) in the 10,000—10
Hz range (10 points per decade) with a potential amplitude of 10 mV.
Next, ORR polarization curves were recorded between 0.05 and 1.03
V vs RHE at 20 mV s™' with different rotation speeds (400, 900,
1600, 2500, and 3600 rpm). In order to understand the degradation
profile of the electrocatalysts, an accelerated durability test (ADT)
with 1000 potential cycles between 0.6 and 1 V versus RHE was
carried out at 100 mV s™". As the final step, the CO stripping curve
and ORR polarization curve (at 1600 rpm) were recorded after ADT
in the same conditions as before for comparison. The polarization
curves were background- and iR-corrected postcyclic voltammetry to
minimize the effect of capacitive currents and ohmic losses of the
system.”

The number of transferred electrons per O, molecule and the
kinetic current (to determine the mass and specific activities) was
calculated using the Kouteckj—Levich equation:*®

1 1 1 1 1

Ja - anc(b)2 0.62nFDé£31f1 /Ee! /zcé

)

Here j is the measured current density, j, is the kinetic current density,
ja is the diffusion-limited current density (calculated at 0.3 V vs RHE
in this study), n is the overall number of electrons transferred per O,
molecule, k is the electron transfer rate constant, F is the Faraday
constant (F = 96,485 C mol™), Do, is the diffusion coefficient of
oxygen (1.93 X 1075 cm® 5" in 0.1 M HCIO,’), v is the kinematic
viscosity of the electrolyte (1.009 X 1072 cm” s~ in 0.1 M HCIO,),
is the angular velocity of the rotating disk (@ = 22N, N is the linear
rotating speed in rpm), and Cg, is the bulk concentration of oxygen
(1.26 x 1073 mol L™ in 0.1 M HCIO,).

The mass and specific activities were found by normalizing the
kinetic current at 0.9 V vs RHE by the Pt loading on the electrode
(mgpegi ') and Pt active surface area values (cmpy,cive 2),
respectively.

ORR polarization curves at 1600 rpm were used to estimate the
onset and half-wave potentials. Onset potential (E, ) was defined as
the potential recorded at a current density of —0.1 mA cm™ The
half-wave potential (E,/,) was estimated as the potential recorded at
half of the diffusion-limited current density.

To calculate the electrochemically active surface area (EASA), the
CO oxidation charge (Qco.oxidation) Was estimated by integrating the
CO oxidation area of the cyclic voltammogram, and the following
equation was used:

2 -1
EASAPt,cat (m Ep¢ )

- QH—adsorption(C) 5
420 uC cmPCZLPt(mgPt cmfz)Ag(cmz)

Here Ly, is the working electrode Pt loading, and A, is the geometric
surface area of the glass carbon electrode. The charge associated with
the coverage of the Pt surface with the CO monolayer was assumed to
be 420 4C cm™ in this equation.”

Physical Characterization. Scanning electron microscopy
(SEM) and scanning transmission electron microscopy (STEM)
techniques were used to acquire micrographs of the samples for
morphology analysis. High-resolution transmission electron micros-
copy (HR-TEM), high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) imaging, and energy dispersive
spectroscopy (EDS) mapping were performed using a Thermo
Scientific Talos 200X operated at 200 kV while scanning electron
microscopy imaging was performed using a Thermo Scientific
Quattro ESEM. Image analysis and processing were done via Image]
software (version 1.54g). Fast Fourier transform (FFT) was used to
extract the spatial frequencies of the lattice fringes. After noise
reduction was performed on the FFT image and followed by inverse
FFT (IFFT), the d-spacings were calculated via line profile analysis.
The d-spacing values were then compared to reference values
associated with the corresponding plains of platinum from the
Crystallography Open Database (COD: 1011113).'

X-ray diffraction (XRD) measurement was performed with a
Malvern PANalytical Xpert3 by using a Cu Ka X-ray source (1 =
0.154 nm) and operating at the beam voltage and current values of 45
kV and 40 mA, respectively. d-spacing was calculated by using the
Bragg’s law:

A = 2d sin(0)

where 4 is the wavelength of the X-ray beam (0.154 nm), d is the
interplanar spacing or d-spacing, and @ is the diffraction angle.

The XPS analyses were carried out with a Kratos AXIS Supra X-ray
photoelectron spectrometer using a monochromatic Al Ka source (15
mA, 15 kV) to probe the surface chemistry of the samples. X-ray
photoelectron spectroscopy (XPS) can detect all elements except
hydrogen and helium, probes the surface of the sample to a depth of
7—10 nm, and has detection limits ranging from 0.1 to 0.5 atom %
depending on the element. The instrument work function was
calibrated to give a binding energy (BE) of 83.96 eV for the Au 4f,/,
line for metallic gold, and the spectrometer dispersion was adjusted to
give a BE of 932.62 eV for the Cu 2p;), line of metallic copper. The
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Kratos charge neutralizer system was used on all specimens. Survey
scan analyses were carried out with an analysis area of 300 ym X 700
pum and a pass energy of 160 eV. High-resolution analyses were
carried out with an analysis area of 300 ym X 700 um and a pass
energy of 20 eV. Spectra have been charge-corrected to the main line
of the carbon 1s spectrum (adventitious carbon) set to 284.8 eV.
Spectra were analyzed using CasaXPS$ software (version 2.3.23).

N, adsorption—desorption isotherms for both materials were
studied by a NOVA 1200e instrument (Quantachrome). Specific
surface areas were calculated by the Brunauer—Emmett—Teller
(BET) method and porosity by quenched solid density functional
theory (QSDFT). Mesopore-specific surface areas were found by
subtracting t-plot-specific micropore surface area from total BET
surface area as reported in another study.*

Thermogravimetric analysis (TGA/DSC3+, Switzerland) was
conducted in an air atmosphere, with a temperature range from 40
to 100 °C at a rate of 10 °C min™".

B CONCLUSIONS

CO,-derived carbon (CO,—C) support was pretreated with
H,0, and KOH solutions prior to Pt deposition in order to
enhance the ORR performance of the synthesized electro-
catalysts indirectly by introducing oxygen groups to the carbon
surface for improved Pt deposition and optimizing the metal—
support interaction (MSI). Results of the N,-physisorption
study showed that both pretreatments led to a higher BET
surface area, which was 33.49 m” g' higher than Pt with
untreated CO,—C support (Pt/CO,—C) in the case of Pt/
H,0,—CO,—C. At the same time, the XPS study indicated
improved metal—support interaction for Pt/KOH—-CO,—-C
and Pt/H,0,—CO,—C and revealed that functionalization of
CO,—C with oxygen-containing groups was successfully
performed in both pretreatment solutions. Positive implica-
tions of the physical characterization results were verified with
electrochemical characterization. It was found that Pt/H,0,—
CO,—C had the lowest overpotential toward ORR among all
samples including the commercial Pt/C and higher mass
activity than Pt/CO,—C and Pt/KOH—CO,—C while specific
activity was the highest for Pt/KOH—CO,—C. Furthermore,
with much lower loss in EASA after ADT, Pt/H,0,—CO,—C
and Pt/KOH—CO,—C were observed to be more durable to
the reaction conditions than the commercial Pt/C. Overall, the
study highlighted the advantageous influence of pretreatment
on CO,-derived carbon supports for Pt electrocatalysts, as
pretreatment with KOH and H,O, solutions was associated
with enhanced ORR performance.
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Abstract

In this study, the impact of Vulcan XC-72R carbon black support pre-treatment on the oxygen reduction reaction perfor-
mance of the Pt catalyst was investigated. Catalysts were synthesized via the polyol method using ethylene glycol, with
different pre-treatment pathways (with H,O, and HNOj solutions) applied to the carbon black for surface functionalization.
Additional samples using non-treated XC-72R and N-doped XC-72R were prepared for comparison, alongside a commercial
Pt/C catalyst. Electrochemical characterization revealed that H,O, pre-treatment resulted in the largest electrochemically
active surface area and enhanced oxygen reduction reaction activity, surpassing both non-treated and commercial catalysts.
The H,0,-treated catalyst exhibited superior stability during accelerated stress testing. SEM and XRD analyses confirmed
the presence of Pt nanoparticles with sizes between 2.93 and 4.46 nm (that are considered optimal) for the H,O,-treated
sample. Raman spectroscopy indicated that H,0O, pre-treatment led to a less ordered carbon structure with more defects,
which is favorable for improved Pt utilization. It was concluded that H,O, pre-treatment of XC-72R significantly improves
the catalytic activity of the Pt catalyst, demonstrating the potential for optimizing Pt loading while maintaining desired ORR
kinetics in fuel cell applications.
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1 Introduction

The stabilization of greenhouse gas concentrations to prevent
“dangerous anthropogenic interference with the climate sys-
tem” has been stated as the ultimate objective of the United
Nations Framework Convention on Climate Change (UNF-
CCC) [1]. Fuel cells are among the proposed clean energy
technologies to cut CO, emissions in various fields [2]. Nev-
ertheless, the fuel cell industry is still challenged with a major
bottleneck of the expensive Pt-based catalysts used to acceler-
ate the core oxygen reduction reaction [3]. However, there are
several promising solutions that may bring improved economic
and technological viability for the fuel cell systems. One of
these solutions is to cut the cost by reducing the amount of
platinum used in these catalysts without compromising the
electrochemical activity of the material and even increasing it
in some cases [4]. This is accomplished using support materi-
als such as carbon black to increase the utilization of Pt by
increasing the available Pt surface area while decreasing the
mass of Pt needed [5]. Moreover, it is also possible to take an
extra step and apply pre-treatment to the carbon black material
in order to further increase the activity of the catalyst material
toward the oxygen reduction reaction (ORR) and improve its
electrochemically active surface area (EASA) by controlling
the nanoparticle size of the final sample [6, 7]. The polyol
synthesis method is suitable for reaching Pt nanoparticle size
within a 1.8 to 4.7 nm window and agglomeration of the par-
ticles is avoided with this process [7]. Among pre-treatment
methods for carbon black, functionalization via hydrogen per-
oxide and nitric acid solutions is a common and effective way
to form oxygen groups on the surface leading to improved Pt
utilization as these groups act as anchoring points for Pt nano-
particles during synthesis [8, 9]. Thus, it is assumed that the
synergy of the chosen carbon black pre-treatment and polyol
synthesis method may result in higher mass and specific activi-
ties for ORR as it has been shown that heat-treated and size-
controlled samples surpass the commercial Pt/C in terms of
electrochemical activity [10].

This work aims to study the effect of H,0, and HNO;
pre-treatment methods on commercial Vulcan carbon black
which is used as support material for Pt nanocatalyst for oxy-
gen reduction reaction. The prepared catalyst samples are
contrasted with Pt catalyst supported with N-doped carbon
black and commercial Pt/C by physical and electrochemical
characterization.

@ Springer

2 Experimental
2.1 Materials

Vulcan XC-72R (shortly XC) from The Fuel Cell Store
(USA) with an average particle size of 50 nm, nitric acid
(65% from Sigma-Aldrich, Germany), hydrogen peroxide
(30% from Lach-Ner, s.r.o., the Czech Republic), ethyl-
ene glycol (99.5%, Lach- Ner), NaOH (98%, from Sigma-
Aldrich, Germany), dihydrogen hexachloroplatinate (IV)
hydrate (99.9% metal basis, from Alfa Aesar, USA), ace-
tone (99.5% from Aldrich), polyvinylpyrrolidone (PVP)
Mv-40,000, dicyandiamide (DCDA), ethanol (100%,
from Chem-Lab, Belgium), platinum on graphitized car-
bon (commercial Pt/C, 20-wt. % Pt loading from Sigma-
Aldrich, USA), and deionized water (from Merck Milli-
pore, USA).

2.2 Pre-treatment of carbon black

Two chemical pre-treatment pathways (with 65% nitric
acid and 30% hydrogen peroxide that were not processed
further) were used in this work. Before the pre-treatment,
a three-neck round bottom flask was washed with the so-
called Piranha solution to ensure clean glassware. Then
0.5 g of the XC were dispersed in 500 ml of 5% HNO;
and 10% H,0, and refluxed with a temperature ranging
from 80 to 110 °C for 18 h. Next, the mixture was cooled
at room temperature, washed with a continuous flow of
deionized water for 20 min and filtered with a PTFE mem-
brane. As the last step of the pre-treatment, the XC was
dried in an oven (PEAKS PCD-C6(5)000/China) at 105 °C
for 12 h.

2.3 Synthesis of the catalyst samples
2.3.1 Pt/XC polyol synthesis protocol

First, 40 ml of ethylene glycol (EG) was taken and meas-
ured (CyberScan PC 510 pH meter) to find the initial pH.
Then, to achieve a pH level of 11, 0.4 ml of 1-M NaOH
was added to the EG. Next, 0.25 g of the pre-treated XC
was mixed with 15 ml of the pH-adjusted EG and stirred
with magnetic bar under N, flow for 1 h. To get a 20%
loading of Pt on XC (1:4 Pt to XC ratio), 131.25 mg of
H,PtClg in crystalline form was measured and diluted to
17 ml of deionized water. After adding the diluted plati-
num precursor solution to the EG-XC mixture, it was
refluxed for 3 h at 115 °C under N, flow. As the last step
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of the synthesis, the refluxed mixture was stirred over-
night under N, flow and washed with a continuous flow of
deionized water and with acetone for a very short period
after which the sample was dried in an oven for 3 h at
110 °C.

2.3.2 Pt/N-doped XC polyol synthesis protocol

For doping, 0.4 g of XC was mixed with 0.04 g of PVP
powder and 8 g (20 times more than XC) of DCDA. After
adding ethanol to the mixture in an Erlenmeyer flask, it was
sonicated in an ultrasonic bath for 1.5 h. Then, the mixture
was dried at 75 °C for about 1 h and 20 min. Next, a quartz
boat was used to put it in an oven and purged with N, flow
for 15 min prior to activation at 800 °C (heating rate of
10 °C/min) for 2 h under N,. After cooling down the oven
to room temperature, the sample was taken and measured.
The polyol synthesis process for N-doped XC was the same
as the other Pt/XC samples reported in the previous part.

2.4 Characterization of the catalysts
2.4.1 Electrochemical characterization

To prepare the catalyst ink for RDE (rotating disk electrode)
measurement, 1 mg of the catalyst sample powder was
mixed with 0.405 pl of Nafion (5%), 250 pl of isopropanol
(from Stanchem Sp. z 0.0, Poland), and 750 pl of deionized
water (1:3 alcohol to water ratio) water. Then, the mixture
was sonicated for 1 h at a temperature of <40 °C. Before ink
deposition, the electrodes were polished with 1.0- and 0.30-
pm alumina paste slurry (from Buehler, USA) in a figure-
eight motion to ensure a uniform surface to a mirror finish.
The polished electrodes were first sonicated in isopropanol
(5 min) and then in deionized water (5 min) to remove alu-
mina residues. The prepared ink was deposited to the elec-
trode surface in three steps of 10 pl (30 pl in total to achieve
Pt loading of 30 pgem™ on the glassy carbon surface) via
drop-casting method with a pipette. Between the steps, the
electrode was dried in an oven and the ink was sonicated.
Cyclic voltammetry (CV) measurements were conducted
in a conventional three-electrode system at room tempera-
ture and 0.5-M H,SO,, (98%, from VWR Chemicals) solu-
tion was used as the electrolyte. The potentiostat (Interface
1010E or Reference 600 + of Gamry instruments from USA)
was controlled by Gamry software with Saturated Calomel
Electrode (SCE) and platinum wire as reference and coun-
ter electrodes, respectively. It must be noted that all of the
following potential values in this work were converted to
Reversible Hydrogen Electrode (RHE). The working elec-
trode was composed of a glassy carbon with a surface area
of 0.2 cm? modified with the selected catalyst. The first
part of the CV was carried out in order to investigate the

electrochemically active surface area of the samples. How-
ever, prior to this experiment, the cell was purged with N,
for 25 min and later the sample was activated by applying
100 potential cycles in the voltage range of — 0.2 Vto 1.2 V
vs SCE at the scan rate of 500 mVs™! under N, flow. After
the activation, the voltage range was kept the same and the
CV was performed in two different scan rates of 100 mVs™!
and 10 mVs™! with N,-saturated electrolyte. With the second
part of the measurement, the goal was to analyze the deg-
radation and ORR properties of the samples. The cell was
purged with O, for 25 min before starting the experiment.
To research the aging profile of the samples, first, they were
cycled 500 times with the voltage range of -0.2 Vto 1.2 V vs
SCE at 500 mVs~! under the O, atmosphere. In this case, the
first and final CV curves were obtained to compare the char-
acteristics of the samples after being exposed to 500 poten-
tial cycles. Next, the voltage range was adjusted to — 0.2 V
to 0.8 V in order to conduct the ORR kinetics experiment at
10 mVs~" with O, flow. For this part of the measurement,
electrode rotation was applied with changing RPM (Revolu-
tions Per Minute) levels between 400 and 4400.

The number of transferred electrons per O, molecule and
the kinetic current was calculated using the Koutecky—Lev-
ich equation [11]:

11,1 1 1

U nFkch)
2

2 1
0.62nFD’ v sw2cb
0, 03

Here, i is the measured current density, i, is the kinetic
current density, i, is the diffusion-limited current density, n
is the overall number of electrons transferred per O, mol-
ecule, & is the electron transfer rate constant, F is the Faraday
constant (F=96,485 C mol’l), D), is the diffusion coeffi-
cient of oxygen (1.93 x 107 ecm?s™'in 0.1 M HCIO, [12]),
v is the kinematic viscosity of the electrolyte (1.009 x 107
em?s™ in 0.1 M HCI10,), w is the angular velocity of the
rotating disk (w =2znN, N is the linear rotating speed in rpm),
and C, is the bulk concentration of oxygen (1.26 X 10~ mol
L~"in 0.1 M HCIO,).

2.4.2 Physical characterization

The physical properties of the prepared catalysts were ana-
lyzed by various characterization methods. X-ray diffrac-
tion (XRD) measurement was performed with the X’Pert3
Powder system by Malvern Panalytical at 40 mA and 45 kV.
To obtain the microimages of Pt/XC-72R (H,0, treated),
FEG (field emission gun)-SEM was employed operated by
Zeiss Ultra 55. Additionally, an Energy-dispersive X-ray
spectroscopy (EDX) spectrum was also acquired to study
the composition of the sample in more detail. The micro-
structure of carbon black for each sample was studied using
the micro-Raman spectrometer Horiba LabRam HR800 with
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a 532-nm laser line for investigating the defective nature of
the carbon molecules in detail.

3 Results and discussion
3.1 Electrochemical performance

Electrochemically active surface area (EASA) for all cata-
lysts was calculated based on the cyclic voltammogram
shown in Fig. | and tabulated in Table 1. It was found that
the electrochemically active surface area of the catalyst
with H,O,-treated XC was the largest among all the sam-
ples and compared to commercial Pt/C it was 46.3% larger.
While H,0, treatment resulted in significant increase in
EASA, both HNO; treatment and N-doping were found to
decrease the EASA of Vulcan carbon. Increased EASA
of H,O,-treated Pt/XC-72R indicates improved Pt nano-
particle utilization owing to the oxygen groups that aid
with retaining nanoparticles on the surface during polyol
synthesis. At the same time, the relatively low slope of
the hydrogen desorption peak for Pt/XC-72 (H,0, treated)
may be attributed to the chemical modification of the car-
bon support surface by H,O, treatment, which affects the
Pt—H bond strength and electronic properties. This pre-
treatment introduces oxygen-containing groups that alter
the adsorption—desorption kinetics of hydrogen on the Pt
surface leading to the observed behavior.

To characterize ORR activity, a linear sweep voltam-
mogram (LSV) comparing all the samples at 1600 rpm
is given below in Fig. 2. Determining the onset potential
for each sample is important to evaluate at which poten-
tial the reduction starts to occur. It was found that both

Fig. 1 Comparison of cyclic

Table 1 EASA values for the samples

Commercial Pt/XC PU/XC PU/XC PY/N-XC
Pt/C (HNO; (H,0, (non- (non-
treated) treated)  treated) treated)
EASA 77.83 (m%*/g) 13.16 113.88 83.65 65.70

hydrogen peroxide- and nitric acid-treated samples exhib-
ited superior onset potential of 0.95 V and 0.93 V, respec-
tively, in comparison to the commercial Pt/C (0.89 V) and
other catalysts (N-doped XC — 0.90 V and non-treated XC
—0.86 V). This indicates that Pt/XC-72R (H202 treated)
material has the highest catalytic activity toward the ORR
and this agrees well with the high EASA value of the same
sample. At the same time, diffusion-limited current den-
sity (j;, between 0.2 V and 0.7 V, from Levich equation)
of this catalyst is around — 5.3 mA.cm™2 and higher than
any other sample again meaning a higher electrocatalytic
activity. The steep reduction wave of the hydrogen per-
oxide-treated material in the mixed kinetic diffusion con-
trol region (0.2 V < 0.7 V) and its flatter diffusion-limited
current density plateau are also associated with favorable
ORR properties for the catalyst. Meanwhile, the polariza-
tion curve of the HNOj;-treated material was inferior in
terms of the gradual reduction wave and smaller diffusion-
limited current density.

On the other hand, there was a minor difference between
the onset potentials of Pt/N-XC-72R and commercial Pt/C
translating to similar, thus a reasonable catalytic activ-
ity for the material. The limiting current density for the
N-doped XC sample is slightly higher than the commer-
cial Pt/C which is an advantage. However, in case of the
sample with XC that was not exposed to pre-treatment, the

voltammograms for all five
samples recorded at 10 mVs™!
under N, saturation (0.5-M
H,SO,) at room temperature. A
Hydrogen desorption region and
B oxide reduction peaks

—a— Pt/C commercial

0.0
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Current density / 103 Acm™

-0.4
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-0.8
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Fig.2 LSVs for all samples

(1600 rpm) at 10 mVs.™! under 1
O, saturation (0.5-M H,SO,)

Current density / 103 Acm

—=— Pt/XC-72R (HN O3 treated)
Pt/XC-72R (H202 treated)

—a— Commercial Pt/C

—a— Pt/N-XC-72R (not treated)

Pt/XC-72R (not treated)

0.2

onset potential was minimum and there was a shoulder in
the mixed kinetic diffusion-controlled region indicating to
poorer ORR activity.

The superior tendency of the H,O,-treated sample can
also be observed in the oxide reduction peaks (Fig. 1) of
CV recorded at 10 mVs~! (double-layer charging cor-
rected) in which its current density peak value is almost as
high as the commercial Pt/C. The well-defined reduction
peaks for all materials occur around 0.65 V except for the
nitric acid-treated sample which has a shifted and smaller
peak at 0.76 V presumably due to slower oxide reduction
kinetics. The activity of Pt/N-XC-72R (non-treated) mate-
rial was also consistent in comparison to the commercial
Pt/C in both CV and LSV curves.

Overall, it is assumed that the type of performed pre-
treatment might lead to improved activity in different
magnitudes as seen from LSV plots of nitric acid (ade-
quate)- and hydrogen peroxide (superior)-treated samples.
However, it is counter-intuitive to observe that Pt/XC-72R
(non-treated) also had similar peak values (current density)
to the commercial sample and even slightly surpassing it
in case of the oxide reduction peak as shown in Fig. 1. For
a more detailed comparison of the H,O,-treated sample
with the non-treated material, ORR polarization curves

0.4 0.6 0.8 1.0

Potential / V vs SHE

at different rotation rates for both materials are illustrated
(see Fig. 3) next to each other along with the polarization
curves of the other studied catalysts.

Both curves demonstrate a linear relationship between
the diffusion-limited current and the rotation rate. However,
this is more clearly observed in case of the treated material
in which the flatter diffusion-controlled region is observed
in every rotation level with a stable current value indicat-
ing better activity. At the same time, the non-treated sample
has overlapping curves extending to the diffusion-controlled
zone, especially at higher rotations and the limiting current
stability is almost non-existent in the case of the 4400 rpm
rotation speed. Slightly higher limiting current values and
well-defined plateau of the Pt/XC-72R (H,0, treated) cata-
lyst material can be attributed to a high quantity of oxygen
molecule diffusion to the catalyst surface and thus better
oxygen reduction characteristics [13]. These results support
that hydrogen peroxide pre-treatment of Vulcan carbon leads
to enhanced catalytic activity toward ORR for the final cata-
lyst material.

Koutecky—Levich (shortly KL) plots (Fig. 4) were used to
characterize the electron transfer mechanism employed by
the catalysts. It was found that number of electrons trans-
ferred during ORR was around 4.4 for H,O,-treated sample
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Fig.3 ORR polarization curves
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at 0.6 V. This is within the commonly referred 10% devia-
tion rate for four-electron transfer pathway and the excess
value (~0.4) has been reported in other studies as well [14].
Although the transferred electron values were slightly higher
(around 5) in the case of the non-treated sample, the reduc-
tion can still be attributed to the analogical (4-electron)
pathway. For HNO;-treated, commercial Pt/C, and N-doped
samples, the values were 3.8, 4.5, and 4.3, respectively. This

@ Springer

suggests that all samples were involved in the four-electron
pathway for ORR which is advantageous to the two-electron
pathway as the latter results in H,O, formation which is cor-
rosive for the catalyst environment and the oxygen molecule
utilization level is higher in case of the direct reduction [15].

Additionally, KL plots for all materials demonstrate
a linear relationship meaning first-order ORR kinetics
with respect to the oxygen concentration; however, Pt/
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Fig.4 Koutecky—Levich plots of A Pt/XC-72R (H,0, treated); B Pt/XC-72R (non-treated); C Pt/XC-72R (HNO; treated); D commercial Pt/C,
and E Pt/N-XC-72R (not treated) samples at different voltage and rotation rate values

XC-72R (non-treated) has a disproportionate and overlap-
ping dependence, especially at higher-voltage values. Such
irregularity might be due to a malfunction during the RDE
testing or simply because of the sample’s nature. To draw
a conclusion regarding the comparison of KL analysis for
H,0,- and non-treated samples, the y-intercept value for
both plots has been obtained visually. This intercept figure
corresponds to the kinetic current density in the absence
of the mass transfer limitations and the results are given in
Table 2. It must be noted that the rest of the catalyst materi-
als also exhibited a similar linear relationship between ;!
and @2, For comparison, the below table also contains the

calculated i, E ., mass, and specific activity (shortly MA
and SA) values for all samples.

The Tafel plots are essential for evaluating ORR perfor-
mance, and literature reports indicate that a typical Pt/C
catalyst exhibits slopes of around 60 mV dec™ at low over-
potentials and 120 mV dec™' at higher overpotentials under
acidic conditions [16]. The Tafel slopes obtained in this
study (Fig. 5) for the catalysts differ from these standard
values, which can be attributed to various factors, includ-
ing differences in studied Pt facets, electrolyte purity, and
range of fitting used [16] [17]. At higher overpotentials, the
H,0,-treated Pt/XC-72R catalyst demonstrates a Tafel slope
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Table 2 Kinetic current density,

i ific activit Commercial Pt/C Pt/XC P/XC Pt/XC Pt/N-XC
mass, and specific activity HN ; H ’ e -
values for all samples at 0.5 V (HNO; treated) (H,0, treated) (non-treated) (non-treated)
i 0.01 A cm™ 5 100 10 9
MA 0.33 A/mgp, 0.16 33 0.33 0.3
SA 4282 pA cm™? 1265.8 2926.8 398.4 456.5
E s 0.89 V 093V 095V 0.86 V 0.90 V
Fig.5 Tafel plots of all samples 1.0
P/XC-72R (H202 treated)
®  Pt/XC-72R (not treated)
A PYXC-72R (HNO3 treated)
e —w— Commercial Pt/C
w 1 € Pt/N-XC-72R (not treated)
I
w
[
>
>
~
S
et
[
(O]
-
O
o

| NN TN LN N L UGN TN L WL M
-04-020.0 02 04 06 08 10 12 14 16 1.8 20 22

of approximately 106 mV dec™!, indicating more favorable

reaction kinetics compared to the other samples. This result
aligns with previous findings that highlighted the enhanced
catalytic activity of the H,O,-treated sample due to the
introduction of surface functionalities. In contrast, the com-
mercial Pt/C catalyst exhibits a slightly higher Tafel slope
of around 127 mV dec”™!, consistent with values reported
for Pt (110) facets, where the initial electron transfer to O,
is considered the rate-limiting step [12]. On the other hand,
the HNOs-treated Pt/XC-72R catalyst shows a higher Tafel
slope of about 177 mV dec™, indicating slower ORR kinet-
ics. This result is in agreement with the previous discus-
sions, where the HNOs treatment was shown to introduce
surface groups that could hinder the electron transfer pro-
cess. Similarly, the untreated Pt/XC-72R and Pt/N-XC-72R
catalysts exhibit moderate slopes of approximately 146 mV
dec™! and 137 mV dec™!, respectively, demonstrating moder-
ate ORR activity. At lower overpotentials, the trend remains
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consistent as H,O,-treated Pt/XC-72R catalyst continues to
exhibit a relatively low Tafel slope, confirming its superior
kinetic performance. Conversely, the HNOs-treated Pt/XC-
72R shows the highest slope at lower overpotentials, further
supporting the earlier conclusion that HNO; treatment might
introduce surface defects or functional groups that nega-
tively impact ORR efficiency. Overall, these results empha-
size the critical role of surface treatments and doping strat-
egies in determining ORR kinetics. The consistently lower
Tafel slopes of the H,O,-treated Pt/XC-72R catalyst across
different potential ranges further support the argument that
H,0, pre-treatment results in enhanced ORR performance
for XC-supported Pt catalysts. In contrast, the higher slopes
observed for the HNOs-treated sample emphasize the need
for careful optimization of surface modification processes,
aligning with the broader conclusion that effective surface
engineering is key to enhancing ORR activity.
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The results reveal that Pt/XC (H,0, treated) sample has
the highest kinetic current density at 0.5 V (10 times the
commercial Pt/C) while the nitric acid-treated material
showed the lowest value (half of the commercial Pt/C).
Identically, mass and specific activity for the H,0O, treated
is superior to all other samples indicating excellent catalytic
activity while the HNO;-treated sample suffers from surpris-
ingly low values. This encourages the assumption that the
type of pre-treatment chosen can affect the tendency of a
material to be more active toward ORR and it is possible to
conclude that Pt/XC-72R (H,0, treated) catalyst has per-
formed better than the commercial Pt/C sample in almost
every approach.

3.2 Physical properties of the catalysts

Based on the promising and superior results obtained for the
H,0,-treated catalyst, its morphology was further studied
with SEM in order to carry out in-depth analysis as shown
in Fig. 6.

.
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Fig.6 SEM micrographs of Pt/XC-72R (H,0, treated) sample

SEM images reveal that the majority of Pt NPs are uni-
formly distributed over XC-72R. Such distribution is a
key characteristic for an efficient catalyst material as this
increases the EASA and thus the catalytic activity for ORR.
There are also agglomerated Pt sites on the sample. How-
ever, these sites are rather less populated. Hence, Pt utiliza-
tion seems to be at an adequate level.

The nanoparticle size of Pt was also calculated with
the SEM study and it was identified that the value changes
between 2.93 nm and 4.46 nm. In another study, a Pt NP size
of 4.4 nm was suggested as the optimum based on its maxi-
mum mass activity and balanced electrochemical stability
[18]. Although there are also smaller particles present, the
optimal value is almost identical to the NP size (4.46 nm)
achieved in this study. This agrees well with the previous
catalytic activity results collected for the H,O,-treated
sample.

On the other hand, the EDX spectrum for both general
and Pt-rich areas of the sample was acquired with the data
shown in Tables 3 andTable 4, respectively. The spectrum
of the general area confirms the presence of C and Pt in the
composition and the stoichiometric ratio of Pt to C (1:4)
used in synthesis. In case of the Pt-rich area, the weight
amount of Pt is about 53% more than the carbon amount.

To obtain more detailed information on the composition
and crystal structure of the catalysts, XRD patterns (see
Fig. 7) for all samples were obtained. Additionally, XC-72R
without catalyst was also studied to detect its peaks and dif-
ferentiate it from the Pt crystallites.

The calculated crystallite size for Pt/XC-72R (H,0,
treated) is similar to the results collected from the SEM
measurement (see Table 5). At the same time, the size of
the pre-treated samples is found to be higher than the non-
treated sample suggesting an increase in particle size caused
by the pre-treatment. If this is the case, HNO; treatment can

Table 3 General EDX spectrum

Series unn. C [wt. %] norm. C Atom. C Error [%]
[wt. %] [at. %]
Carbon  K-series 82.92 82.93 98.75 1.5
Platinum M-series 17.07 17.07 1.25 0.7
Total 100 100 100

Table 4 Pt-rich area EDX spectrum

Series unn. C [wt. %] norm. C Atom. C Error [%]
[wt. %]  [at. %]
Carbon  K-series 23.59 23.70 83.46 35
Platinum M-series 75.95 76.30 16.54 3.1
Total 99.53 100 100

@ Springer



Journal of Applied Electrochemistry

Fig.7 X-ray diffraction (XRD)
patterns for all samples
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be employed to produce bigger particles, while H,0, treat-
ment may result in NPs with moderate particle size. It seems
like N doping of the non-treated XC also leads to crystallite
size comparable to that of the H,O,-treated catalyst.

Furthermore, the obtained values show that commercial
Pt/C has the lowest Pt crystallite size which can also be seen
from its peak at around 40°. In addition, the XRD pattern
for the commercial sample did not show the smaller peak at
46° presumably due to missing 200 plane in the lattice and
contribution of the XC-72R (which was not present in this
case) at 44°, while there were small-scale peaks at 67° and
81° associated with the 220 and 311 planes similar to rest
of the samples.

Raman spectroscopy was performed to analyze the struc-
ture of carbon black contained in each sample as demon-
strated in Fig. 8.

Three main peaks (or bands) are often used to character-
ize Raman spectra of a given material: the so-called D-band,
G-band, and 2D (or G’) band. In this work, only the first-
order spectral range (1000 to 2000 cm™') is examined in
which the corresponding D- and G-bands are shown in
Fig. 8. It is possible to learn about the structural properties

Table 5 Crystallite size for each sample (taken from the peak of 111
plane)

Commercial ~ PY/XC PuUXC Pt/XC Pt/N-XC
Pt/C (HNO; (H,0, (non- (non-
treated) treated) treated) treated)
Cr 1.5 (nm) 5.0 3.9 3.6 4.0

Size

@ Springer

30 40 50 60 70 80 90
20/°

of carbon material by finding the Raman shift value for each
peak. For example, the D-band is caused by a disorder in
the edge of a microcrystalline structure, while the G-band
is formed due to the graphene presence [19].

As seen in the spectra, D- and G-bands occur around
1345 and 1595 cm™! in all of the samples. A considerable
rise in the intensity level (for D-band) is observed in the case
of the pre-treated catalysts possibly due to increased disor-
der in the XC-72R structure caused by the heat treatment
and N-doping of XC-72R in the case of the N-doped cata-
lyst. The commercial Pt/C catalyst has slightly smaller band
peaks in comparison to the other materials corresponding to
a more ordered structural form of carbon black contained in
this catalyst.

To compare the crystallinity and disorder of the catalysts,
analytically obtained peak values are given (see Table 6) in
the form of the Raman shifts related to both D and G-bands.

The intensity ratio (/;/1;) of samples is often used to
compare different materials based on their microstructure.
For example, the ratio value for the H,O,-treated material is
higher than the non-treated sample. This can be explained
by decreased structural order and an increased number of
defects in the composition of the Pt/XC-72R (H,O, treated)
catalyst. Increasing the number of defects on carbon black
after treatment was a desirable property as this can be asso-
ciated with a more porous structure with a higher number of
sites for Pt deposition, thus better utilization, EASA value,
and activity.

On the other hand, the crystal structure of the nitric
acid-treated catalyst seems to be slightly more ordered like
the non-treated material although its peak-intensity figures
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Fig.8 Raman spectra for all
samples (532-nm laser line)
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Table 6 D- and G-band values Commercial PUC  PUXC PUXC PUXC PUN-XC
for all samples obtained from (HNO; treated) (H,0, treated) (non-treated) (non-treated)
Raman spectra
D-band 1349.813 (cm™") 1340.069 1342.611 1351.508 1340.493
G-band 1594.693 (cm’]) 1590.033 1591.304 1598.930 1598.083
ID* 29.489 38.963 41.640 24.106 30.774
IG* 28.921 38.481 40.494 23.835 29.614
11, 1.0196 1.0125 1.0283 1.0113 1.0391

mn arbltrary units

are comparable to that of the H,O,-treated sample. In case
of the N-doped sample, the ratio was the highest, and the
intensity values were similar to the commercial Pt/C which
indicates that more ordered structure with fewer defects in
comparison to the pre-treated materials. Thus, the effect
of N-doping on XC-72R seems to be minuscule in terms
of its morphology.

To characterize the electrochemical stability of the sam-
ples, accelerated stress testing (AST) with 500 potential
cycles was applied and cyclic voltammograms before and
after the AST were recorded (Fig. 9). Among the samples,
Pt/XC-72R (treated with H,0,) displayed the most com-
parable CV to the AST results for the commercial Pt/C.
Additionally, a noticeable shift to lower current values at
high voltages was observed for all materials after the cycles.
Regarding catalytic stability across all the curves, the CV for
the H,O,-treated catalyst appeared to be minimally impacted
by the stress testing, indicating that its durability exceeds
that of the other materials, including the commercial Pt/C.

In contrast, Pt/XC-72R (untreated) showed a slightly higher
current drop between 1.0 and 1.5 V, whereas the N-doped
and HNOj;-treated samples exhibited similar and satisfac-
tory durability.

4 Conclusion

This research focused on the influence of Vulcan XC-72R
(carbon black) pre-treatment on the final properties of
fuel cell catalyst materials with Pt nanoparticles. For this
purpose, firstly catalyst samples with different treatment
pathways (H,0, and HNOj; treatments) were synthesized
via the polyol method using ethylene glycol.
Electrochemical characterization revealed that
H,0,-treated material had the largest EASA surpassing
the non-treated and commercial Pt/C catalyst, while HNO;
treatment resulted in a much smaller EASA value. This
suggests that H,O, pre-treatment of XC-72R enhances the
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Fig.9 Cyclic voltammogram curves of A Pt/XC-72R (H,0, treated); B Pt/XC-72R (non-treated); C Pt/XC-72R (HNO; treated); D commercial
Pt/C; and E Pt/N-XC-72R (not treated) before and after accelerated stress testing at 500 mVs.”! under O, saturation (0.5-M H,SO,)

electrochemically active surface area of the final sample. It
was also identified that H,O, treatment is linked to a con-
siderable increase in the onset potential and high diffusion-
limited current density value of 5.3 mA.cm~2. However,
this was not observed in the case of the Pt/XC-72R (HNO;
treated) catalyst as its polarization curve was not much
different in contrast to the non-treated material despite

@ Springer

having a higher onset potential than the non-treated sample
and being quite comparable to the plateau of commercial
Pt/C. Higher limiting current values and well-defined cur-
rent density plateau of the pre-treated catalyst indicated
advanced oxygen reduction properties. At the same time,
kinetic current density figures obtained from the KL plots
showed that H,O, treatment leads to about 10 times higher
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kinetic activity, while HNO; treatment was associated with
lower kinetic activity in contrast to the non-treated and
commercial samples.

SEM microscopy of Pt/XC-72R (H,0, treated) catalyst
confirmed the presence of Pt nanoparticles on carbon and
NP size was estimated to be between 2.93 and 4.46 nm.
The optimum (4.4 nm) size for enhanced mass activity is
within the range observed in this study [18]. Concerning the
XRD results, all synthesized samples (except commercial
Pt/C) were associated with FCC polycrystalline Pt reflec-
tion planes with major peaks at 40° and 46° 26. Crystallite
size was calculated to be 3.9 nm for H,O,-treated material
and 5.0 nm for the nitric acid-treated sample while the non-
treated catalyst was in the range of 3.6 nm. This suggests
that HNO; treatment of XC-72R results in catalysts with
high particle size, while H,O, treatment leads to a minimal
increase in particle size. Comparison of /I ; ratio showed
that Pt/XC-72R (H,0, treated) catalyst material contains
Vulcan carbon with less structural order and more defects
in comparison to non-treated material which is desirable
due to better Pt utilization connected with a higher number
of defects. In relation to the nitric acid-treated sample, the
crystal structure was assumed to be slightly more ordered
although the peak intensities were analogous to that of the
H,O0, treated catalyst. Despite having the maximum ratio
value, the N-doped catalyst’s intensity levels were close to
the commercial sample indicating a more ordered structure
and fewer defects. This means that N-doping did not have
much effect on the morphology of XC-72R. To conclude, it
was found that H,O, pre-treatment of XC-72R results in a
substantial increase in the catalytic activity of the final Pt
catalyst for ORR.
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	Introduction
	According to the Intergovernmental Panel on Climate Change report, human-induced global warming has already reached roughly 1 °C in 2017 and it has led to many changes on the planet including extreme weather events, droughts, floods, sea level rise and biodiversity loss [1]. The development of clean energy technologies to reduce greenhouse gas emissions is among the proposed solutions for limiting the magnitude of future warming [2]. 
	One of the promising clean energy technologies is the fuel cell which is a device used for converting chemical energy into electricity. The advantages of fuel cells include portability, almost zero pollution, high power density and quiet operation [3]. While a fuel cell can be used to convert the chemical energy of hydrogen to electricity, its operation requires an electrocatalyst which is typically platinum supported with a carbon material [4]. Due to the high cost and scarcity of platinum, the development of electrocatalysts with low platinum loading is highly desirable for the commercialization of fuel cells powered by hydrogen fuel. At the same time, carbon material used as support for Pt is commonly petroleum-sourced, thus the emergence of alternatives such as CO2−derived carbon is equally important for sustainability. Synthesis of such support materials with tunable properties also enables nanoengineering which in turn results in better catalyst performance allowing lower Pt loading. These advances are among the key prerequisites for achieving affordable and scalable fuel cell technology to help with the decarbonization of sectors most responsible for greenhouse gas emissions. 
	This thesis studies the synthesis of CO2−derived carbon as support material for Pt electrocatalyst and investigates various carbon pretreatment methods to enhance the performance of the electrocatalyst for the cathodic reaction of hydrogen fuel cells. The first chapter of the thesis is a review of the literature on the topic. In the second chapter, the aims of the study are described. The third and fourth chapters provide experimental details of the study and a discussion of the results, respectively. The thesis is based on three peer-reviewed publications [5], [6], [7].
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	Phosphoric acid fuel cell
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	Proton exchange membrane fuel cell
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	Membrane electrode assembly
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	Hydrogen oxidation reaction
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	Oxygen reduction reaction
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	Overpotential
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	Platinum group metal
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	Vulcan XC−72
	XC
	Carbon capture and utilization
	CCU
	Molten salt CO2 capture and electrotransformation
	MSCC−ET
	CO2−derived carbon nanomaterials
	CO2−C
	Polytetrafluoroethylene
	PTFE
	Dicyandiamide
	DCDA
	Polyvinylpyrrolidone
	PVP
	Ethylene glycol
	EG
	Rotating disk electrode
	RDE
	Reversible hydrogen electrode
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	Cyclic voltammetry
	CV
	Electrochemically active surface area
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	Electrochemical impedance spectroscopy
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	Open circuit voltage
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	Accelerated durability test
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	KL
	Measured current density
	j
	Kinetic current density
	jk
	Diffusion−limited current density
	jd
	Overall number of electrons transferred per O2 molecule
	n
	Electron transfer rate constant
	k
	Faraday constant
	F
	Diffusion coefficient of oxygen
	DO2 
	Kinematic viscosity of the electrolyte
	ν
	Angular velocity of the rotating disk
	ω
	Bulk concentration of oxygen
	CO2 
	Tafel slope
	b
	Logarithm of the current density
	log j
	Estimated hydrogen adsorption charge
	QH−adsorption
	Working electrode Pt loading
	LPt
	Geometric surface area of the working electrode
	Ag 
	Estimated CO oxidation charge
	QCO−oxidation
	Onset potential of ORR
	Eonset
	Half−wave potential of ORR
	E1/2
	Scanning electron microscopy
	SEM
	Scanning transmission electron microscopy
	STEM
	Field emission gun
	FEG
	Energy−dispersive x−ray spectroscopy
	EDS
	Fast fourier transform 
	FFT
	Inverse fast fourier transform
	IFFT
	X−ray diffraction
	XRD
	Breit−Wigner−Fano
	BWF
	X−ray photoelectron spectroscopy
	XPS
	Binding energy
	BE
	Brunauer–Emmett–Teller
	BET
	Quenched solid density functional theory
	QSDFT
	Thermogravimetric analysis
	TGA
	Intensity of D−band in Raman spectra
	ID
	Intensity of G−band in Raman spectra
	IG
	Ratio of D−band and G−band intensities in Raman spectra
	ID/IG
	Full width at half−maximum for G peak
	GFWHM
	Full width at half−maximum for D peak
	DFWHM
	BET surface area
	SBET
	Specific surface area
	SDFT
	Total pore volume
	Vp
	Average pore diameter
	dp
	Quenched solid density functional theory
	QSDFT 
	High−resolution transmission electron microscopy
	HR−TEM
	Hydrogen underpotential deposition
	HUPD
	Oxygen adsorption energy
	Oxygen desorption energy
	Adsorbed hydroxide
	OHads
	1 Literature review
	1.1 Proton exchange membrane fuel cells
	1.2 Oxygen reduction reaction
	1.3 Oxygen reduction reaction on Pt electrocatalysts
	1.4 Carbon nanomaterials as support for Pt electrocatalysts
	1.5 Synthesis of CO2−derived carbon nanomaterials
	1.6 Strategies to make ORR electrocatalysts cost−effective
	1.7 Carbon support modification techniques

	A fuel cell is an electrochemical device used for continuous conversion of chemical energy to electrical energy. This is achieved by using two electrodes, namely cathode and anode separated by an electrolyte to drive the desired reaction in which the fuel such as hydrogen is supplied to the cathode and an oxidant (e.g. oxygen) is fed to the anode compartment. The main function of the electrolyte is to block the flow of electrons while permitting ions to move through. Thus, the electrons are forced to move to the cathode via an external circuit producing DC (direct current) electricity. The fuel cells are commonly classified based on the type of electrolyte and fuel used in them as well as their operating temperature. The main types of fuel cells are listed below [8]: 
	a) Fuel cells with high operating temperature (above 100 °C):
	Phosphoric acid fuel cells (PAFC), solid oxide fuel cells (SOFC), molten carbonate fuel cells (MCFC)
	b) Fuel cells with low operating temperature:
	Direct methanol fuel cells (DMFC), alkaline fuel cells (AFC) and proton exchange membrane fuel cells (PEMFC).
	Also known as polymer electrolyte membrane fuel cell, PEMFC has received considerable interest from researchers in the field of energy engineering due to its promising features such as high−power density and low operating temperature that are attractive for both stationary and portable applications [9]. The core of the PEMFC technology is a membrane electrode assembly (MEA) that consists of a gas diffusion layer (GDL), a catalyst layer and, a proton exchange membrane [10], [11] as depicted in Figure 1.
	/
	Figure 1. The structure and working mechanism of PEMFC [11].
	In PEMFC, hydrogen is fed into the anode as fuel to undergo a hydrogen oxidation reaction (HOR) releasing protons that move to the cathode through the membrane and electrons that are transported to the cathode via an external circuit. On the other hand, air or oxygen is supplied to the cathode compartment where oxygen atoms are electrochemically reduced to form water in an oxygen reduction reaction (ORR) when they react with the incoming protons and electrons. These half−reactions and the overall reaction are given below:
	Anode reaction: 𝐻2 →2𝐻++2𝑒−                 (1)
	Cathode reaction: 12𝑂2+2𝐻++2𝑒−→𝐻2𝑂                (2)
	Overall reaction: 𝐻2+12𝑂2→𝐻2𝑂                  (3)
	Compared to the anodic reaction of hydrogen oxidation, the oxygen reduction reaction in the cathode is more than six orders slower due to the high bond energy (498 kJ mol−1) of molecular oxygen [12]. While the exact reaction pathway for ORR is unknown, commonly two pathways based on the number of transferred electrons are considered [13], [14]: 
	        𝑂2+4𝐻++4𝑒−→2𝐻2𝑂 (acidic electrolyte,1.229 V vs. RHE)           (4a)    𝑂2+2𝐻2𝑂+4𝑒−→4𝑂𝐻− (alkaline electrolyte,0.401 V vs. RHE)               (4b)
	a) 4−electron pathway in which molecular oxygen is directly reduced to water (or OH−) in the acidic (or alkaline) electrolyte as shown in the below reactions:
	𝑂2+2𝐻++2𝑒−→𝐻2𝑂2 (acidic electrolyte,0.67 V vs. RHE)                          (5a)
	𝐻2𝑂2+2𝐻++2𝑒−→2𝐻2𝑂 (acidic electrolyte,1.77 V vs. RHE)                          (5b)
	𝑂2+𝐻2𝑂+2𝑒−→𝐻𝑂2−+𝑂𝐻− (alkaline electrolyte,−0.065 V vs. RHE)    (5c)
	𝐻2𝑂+𝐻𝑂2−+2𝑒−→3𝑂𝐻− (alkaline electrolyte,0.867 V vs. RHE)                 (5d)
	b) 2−electron pathway in which molecular oxygen is partially reduced to H2O2 (or HO2−) in the acidic (or alkaline) electrolyte as shown in the below reaction:
	Here reactions 4a, 5a and 5b refer to ORR in acidic electrolyte and 4b, 5c and 5d refer to ORR in alkaline electrolyte. In PEMFCs, reactions in acidic electrolyte are relevant as proton exchange membrane (PEM) is used. 
	Typically, in PEMFCs the 4−electron pathway is preferred over the 2−electron pathway due to the efficiency of direction reduction and the absence of hydrogen peroxide which can damage the cell components [15]. 
	Due to the sluggish kinetics of cathodic ORR, an efficient electrocatalyst is required to accelerate the reaction by reducing the reaction overpotential, which is the extra potential beyond equilibrium potential needed to drive the reaction at a desired rate (η). In the case of fuel cells, this means that when the overpotential is large, the output voltage of a fuel cell is reduced as significant potential is lost to different overpotential sources such as activation energy of the reaction, ohmic losses due to resistance in the conductive fuel cell components and mass transport losses originating from reactant depletion or product accumulation at the electrode surface [16], [17].  Among these overpotential sources, the activation overpotential that originates from slow cathodic reaction kinetics is the most significant contributor to the total overpotential in a typical PEMFC [18]. In this work, the aim is to develop an active and durable electrocatalyst to reduce the activation overpotential of ORR, thereby significantly reducing potential losses for achieving efficient operation of PEMFC. A common method to find high−performance electrocatalyst materials for ORR is by using a descriptor−based approach where ORR descriptors such as binding energy of oxygen or hydroxyl to electrocatalyst are chosen as the most important properties linked to high electrocatalyst activity [19]. This can be explained by the Sabatier principle which states that the binding energy between the electrocatalyst and the reactant should be neither too strong nor too weak [20]. When different electrocatalysts are plotted based on these criteria, a certain ORR activity trend can be observed as shown in Figure 2 below.
	/
	Figure 2. Trends in oxygen reduction activity plotted as a function of both the O and the OH binding energy [21].
	Although oxygen binding energy is not the only important descriptor for ORR catalytic activity, when it is chosen as the main descriptor, Pt is found to be the best electrocatalyst for ORR. This agrees well with the experimental data as Pt−based electrocatalysts are considered the best−performing among all currently available electrocatalysts [22]. However, the usage of Pt electrocatalysts in PEMFCs is also one of the major concerns regarding the technology as Pt being a scarce and expensive metal accounts for about 40−55% of the overall cost of a fuel cell stack [23]. When considering the application of fuel cells only in the road transport sector (for electric vehicles), by 2050 up to 0.2 g kW–1 decrease is needed in the platinum content of fuel cells to keep the stock of platinum reserves positive [24]. Currently, Pt loading for PEMFCs is around 0.2 g kW–1 and this highlights the significant and urgent need for cutting the amount of Pt used in PEMFC stacks [25].
	The high cost and scarcity associated with Pt electrocatalysts have led to the emergence of support materials that host well−dispersed Pt nanoparticles resulting in the efficient use of Pt loading [26]. The choice of support material is crucial as it can also directly influence the electrochemical activity, stability and overall performance of the electrocatalyst in PEMFC due to direct participation in the reaction steps or metal−support interaction [27], [28]. Given the challenging reaction conditions in a PEMFC, there are certain requirements for the support material: i) high electronic conductivity; ii) high electrochemical stability; iii) high specific surface area; iv) strong interaction with the metal electrocatalyst; and v) convenient recovery of metal particles from the material [29]. Carbon−based support materials and especially carbon black are commonly used as support for Pt electrocatalysts (abbreviated as Pt/C) due to many advantages including high specific surface area, good electrical conductivity and relatively low cost [27], [30]. While the first generation of commercial Pt/C electrocatalysts used Vulcan XC−72 (shortly XC) as support, other carbon black supports such as Ketjenblack, Black Pearls and Shawinigan have been developed as well [30], [31]. Despite many advantages of conventional carbon black as a support material, it is also known to be unstable at high potentials due to weak Pt−C interactions and carbon oxidation which can result in the detachment of Pt nanoparticles [28], [32]. As a result of this, the improvement of carbon black support is an active research field and in addition to carbon black, other commonly studied carbon support nanomaterials for fuel cells include carbon nanotubes [33], diamond [34], graphite [35] and graphene [36].    
	As a clean energy technology, PEMFCs produce very low or zero pollutant emissions during operation because the only reaction byproducts are heat and water [37], [38]. However, this is not the case for carbon black nanomaterials due to significant CO2 emissions associated with their production. For instance, Vulcan XC−72 is a type of carbon black called “furnace black” referring to the manufacturing method where it is produced by vaporizing and pyrolyzing natural gas and aromatics oils in a furnace [39]. It has been estimated that the production of each tonne of furnace black carbon emits around 2.62 tonnes of CO2 [40]. To ensure the sustainability of commercial PEMFC manufacturing, there is a need for development of alternative carbon support nanomaterials produced with low or zero CO2 footprint. 
	This aligns well with the promise of the carbon capture and utilisation (CCU) concept which aims to capture and transform CO2 into valuable products such as fuels and value−added chemicals via techniques such as thermochemical, electrochemical and photocatalytic transformation [41]. Compared with the other two techniques, the electrochemical transformation of CO2 has the major advantage of using excess electrical energy coming from intermittent renewable energy sources as well as operating under milder conditions [42], [43]. While CO2 electrochemical transformation can be performed in other electrolytes such as ionic liquids [44], solid electrolytes [45] and aqueous solution [46], high−temperature molten salts are advantageous due to their low cost, abundancy, high ionic conductivity, wide electrochemical window and low vapour pressure [47]. 
	3𝑀𝑥𝐶𝑂3=3𝑀𝑥𝑂+𝐶+2𝐶𝑂2+𝑂2                  (6)
	4𝑀𝑥𝐶𝑂3=4𝑀𝑥𝑂+2𝐶𝑂+2𝐶𝑂2+𝑂2               (6a)
	𝑀𝑥𝐶𝑂3=𝑀𝑥𝑂+𝐶+𝑂2                                (7)
	2𝑀𝑥𝐶𝑂3=2𝑀𝑥𝑂+2𝐶𝑂+𝑂2                              (7a)
	Molten salt CO2 capture and electrotransformation (MSCC−ET) is a technique based on a molten salt electrolyte that can produce carbon, carbon monoxide or syngas depending on the operational conditions and feeding gas via the following reactions [47]:
	2𝐶𝑂=2𝐶+𝑂2                                                (8)
	𝑀𝑥𝑂+𝐶𝑂2=𝑀𝑥𝐶𝑂3                   (9)
	In reactions 6 and 7, metal carbonates (MxCO3) in the molten salt electrolyte are reduced to carbon while these reactions can also produce carbon monoxide as shown in reactions 6a and 7a. The anodic reaction determines if reaction 6 or 7 occurs. Furthermore, produced CO can also undergo further reduction to produce C (reaction 8). CO2 is typically flown through or onto the salt mixture, where it undergoes a rapid reaction with the dissolved oxides (reaction 9) to regenerate carbonates ensuring a sustainable process. It has been reported that thermodynamically C is the favoured product when electrochemical CO2 reduction is conducted at low temperatures in molten carbonates mixture [48]. Being the most common eutectic carbonate mixture for the MSCC−ET process, Li2CO3–Na2CO3–K2CO3 (43.5 : 31.5 : 25 mol%) is generally used for carbon production due to its relatively low melting point of 393 °C and large electrochemical window [47], [49]. It is also known that the morphology and structure of the produced carbon can be tuned by varying the salt composition, temperature, voltage and electrode material of molten carbonate salts [50], [51]. This creates an opportunity to optimize the MSCC−ET technique for producing CO2−derived carbon nanomaterials (shortly CO2−C) with desired properties to be used as a support material for Pt electrocatalysts. 
	Several strategies have been developed by researchers to alleviate the high cost associated with Pt usage in ORR electrocatalysts. The main purpose of such strategies is to reduce Pt loading in the electrocatalyst or replace it with non−precious metal or metal−free electrocatalysts without sacrificing the ORR performance. For Pt−based electrocatalysts, the main approaches include tuning the size, shape and structure of metal nanoparticles, making alloys and modification of support materials [52], [53], [54], [55]. These approaches can further be classified into two types with distinct pathways to reach the same goal: increasing the number of active sites and increasing the intrinsic activity of the electrocatalyst (see Figure 3). 
	/
	Figure 3. A diagram illustrating different types of electrocatalyst development approaches [32].
	For supported Pt electrocatalysts, nanoparticle size control (nanostructuring) is particularly interesting as a certain Pt nanoparticle size window has been identified by many researchers to be optimal for achieving enhanced ORR activity [56], [57], [58], [59], [60]. For instance, Gan et al. has reported that Pt nanoparticles sized below 1.7 nm are often trapped in support micropores resulting in loss in electrocatalytic activity while Xu et al. has identified that increase in size of Pt nanoparticles causes drop in fraction of corner and edge Pt atoms that are associated with strong affinity to oxygen species resulting in improved specific activity and durability [60], [61]. At the same time, as increase in Pt nanoparticle size also decreases EASA, optimal mass activity is reached around 4 nm and this can be used as a useful metric to predict the performance of Pt electrocatalysts [60].    
	The chosen synthesis method to deposit Pt nanoparticles on pre−treated carbon support is a crucial point in determining the dispersion and size of the deposited nanoparticles. One of the most prevalent methods of Pt/C electrocatalyst synthesis is the “polyol method” owing to its relatively simple and green process which allows tuning the nanoparticle size by changing the synthesis conditions [62]. It can be seen from Figure 4 that the polyol method was dominant among Pt/C synthesis methods over a span of 10 years based on the number of published research articles that preferred it over the other methods. In the polyol method, a polyol which is typically ethylene glycol is used as both solvent and reducing agent. During the synthesis, ethylene glycol is oxidized to glycolic acid by donating electrons to the reduction of metal ions that form metal colloids. In alkaline solutions, glycolic acid dissociates to glycolate anion which was found to be a stabilizing agent that controls the size of deposited Pt particles based on the pH value (which dictates the concentration of glycolate ions in the solution) [63]. Thus, the pH of the ethylene glycol solution can be adjusted to achieve the desired particle size. 
	/
	Figure 4. A pie chart showing the prevalence of different Pt/C synthesis methods based on the number of published papers.
	While the approaches mentioned above bring unique properties to the synthesized material, they also come with certain disadvantages. For instance, platinum group metal−free (PGM−free) electrocatalysts often result in a thick catalyst layer in MEA that causes mass transport challenges [64], nanostructured electrocatalysts are costly to fabricate and prone to agglomeration [65] and alloy electrocatalysts leach metals gradually [66]. Compared to these approaches, support modification is a more flexible strategy that can be used in synergy with the other approaches and may lead to improvements in ORR performance when using very low Pt loadings. For instance, a combination of support modification with Pt nanoparticle size control can be a promising strategy to avoid shortcomings of size control such as sintering and detachment of smaller Pt nanoparticles from the support surface via tuning of Pt−C interaction with support modification ensuring the complete exploitation of size control benefits [67].    
	Apart from being an effective strategy for improving electrocatalyst performance and cost, carbon support modification techniques are becoming increasingly relevant due to concerns about carbon black’s stability and its interaction with Pt nanoparticles in demanding PEMFC conditions. Carbon corrosion and detachment of Pt nanoparticles during ORR lead to significant loss in electrochemical performance of carbon−supported Pt electrocatalysts that can be alleviated by support modification [68], [69]. While carbon corrosion is often tackled with corrosion−resistant carbon material selection, Pt nanoparticle detachment has been linked to weak metal−support interaction in which support plays a bifunctional effect (geometric and electronic) [69], [70]. Strong metal−support interaction has been shown to prevent aggregation, dissolution and migration of metal nanoparticles leading to improved durability as well as facilitate the electron transfer between support and metal nanoparticle causing enhanced ORR activity [71]. Thus, both careful selection and development of carbon nanomaterials with desired geometrical and electronical properties are essential for increasing the electrocatalytic activity of carbon−supported Pt electrocatalysts. 
	Typical carbon black support modification techniques for PEMFC application include surface functionalization (often with oxygen and nitrogen functional groups) [72], heat treatment such as steam−etching [73], silica coating [74] and gas or plasma−phase treatment [75]. Surface functionalization methods can be further classified into oxidation, polymer grafting, impregnation and covalent functionalization [72]. 
	Particularly, carbon black oxidation is a widely researched method that can be performed in wet conditions and in dry conditions (e.g. ozone or reactive plasma oxidation) [30], [76]. Strong acids and oxidants can be used for liquid−phase oxidation [76]. When oxygen functional groups are attached to the carbon surface after liquid−phase oxidation, they can act as anchoring points for Pt nanoparticles and improve the metal−support interaction by making the carbon more hydrophilic due to modified acid−base and redox properties [77]. For instance, carboxyl (COOH), hydroxyl (COH), and carbonyl (C=O) groups can disrupt sp2 hybridization to cause more free electrons that can interact with Pt cations during electrocatalyst synthesis [78]. At the same time, increased hydrophilicity of carbon allows easier access to aqueous metal precursors and less acidic groups further optimizing the metal−support interaction ensuring less sintering and better dispersion for Pt nanoparticles [79].  
	In addition to the surface chemistry of carbon supports, their surface area and porosity are also important characteristics that need to be considered during support modification. While higher surface area carbon support is preferred to achieve well−dispersed and well−anchored metal particles [80], it can be disadvantageous if a large part of the surface area is composed of micropores as they can trap metal particles and block access to reactants [28]. However, when the carbon is macroporous, this can decrease the surface area and decrease the electrical conductivity of the material [77]. Thus, the chosen support modification technique should allow for tuning the microstructure of the carbon support to facilitate mass transport while serving as an efficient carrier for deposited electrocatalyst particles. 
	2 Aims of the thesis and research questions
	The aim of this work is to develop novel Pt electrocatalysts supported with CO2−derived carbon nanomaterial for ORR in PEMFCs. Such high-performance electrocatalysts with low Pt loading and sustainable support material are necessary for advancing the PEMFC technology for decarbonization goals. To achieve this aim, the work is divided into three parts with individual objectives:
	1) The influence of pretreatment on electrocatalyst support material is first studied on commercial Vulcan XC−72 carbon black. The objective is to find a promising support pretreatment method that would result in enhanced ORR performance for Pt electrocatalyst [I]. 
	2) The possibility of using CO2−derived carbon nanomaterial instead of commercial carbon black support is studied. The objective is to synthesize a Pt electrocatalyst with CO2−derived carbon support and compare its ORR performance with a commercial Pt/C electrocatalyst [II].
	3) The influence of pretreatment on CO2−derived carbon support is studied. The objective is to combine the findings from previous parts of the work and to develop a novel Pt electrocatalyst supported with pretreated CO2−derived carbon support that exhibits superior ORR performance compared to the electrocatalyst with untreated CO2−derived carbon support [III]. 
	Based on the established objectives, research questions can be formulated as follows:
	1) Which support pretreatment method is the most effective in enhancing the ORR performance for Pt electrocatalyst supported with commercial Vulcan XC–72 carbon?
	2) Can CO2−derived carbon nanomaterial replace commercial carbon black as a support material for Pt electrocatalyst while retaining promising ORR performance? 
	3) Can the optimal pretreatment method identified for Vulcan XC-72 carbon be applied to CO2−derived carbon support for Pt electrocatalyst to achieve enhanced ORR performance compared to the electrocatalyst with untreated CO2−derived carbon support? 
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	Two chemical pretreatment solutions were used for pretreatment: 30% hydrogen peroxide (30% from Lach−Ner, s.r.o., the Czech Republic) and 65% nitric acid (65% from Sigma−Aldrich, Germany). To guarantee clean glassware, a three−neck round bottom flask was cleaned using the so−called Piranha solution prior to the pretreatment. After that, 0.5 grams of XC (from Fuel Cell Store, USA) were mixed with 500 milliliters of 5% HNO3 and 10% H2O2, and the mixture was refluxed for eighteen hours at a temperature between 80 and 110 °C. The mixture was then allowed to cool to room temperature before being filtered through a polytetrafluoroethylene (PTFE) membrane and continuously rinsed with deionized water for 20 minutes. The final stage of the pre−treatment was drying the XC for 12 hours at 105 °C in an oven. 
	In case of N−doping, 8 g of dicyandiamide (DCDA) and 0.04 g of polyvinylpyrrolidone (PVP) powder were mixed with 0.4 g of XC. The mixture was placed in an Erlenmeyer flask and sonicated for 1.5 hours in an ultrasonic bath after ethanol was added. The mixture was then dried for approximately 80 minutes at 75 °C. Then, using a quartz boat, it was placed in an oven and purged with N2 flow for 15 minutes. Last step was activation at 800 °C (heating rate of 10 °C per minute) for two hours under N2 flow. 
	pH of ethylene glycol (99.5%, Lach− Ner) was determined using a CyberScan PC 510 pH meter. By adding 0.4 ml of 1 M NaOH (98%, from Sigma Aldrich, Germany) to Ethylene glycol (EG), the pH level was tuned to 11. Next, 0.25 grams of pretreated or N−doped XC were added to 15 ml of pH−adjusted EG to be stirred for 1 hour under N2 flow. To achieve a 20% Pt loading on XC (1:4 Pt to XC ratio), 131.25 mg of crystalline H2PtCl6 (99.9% metal basis, from Alfa Aesar, USA) was measured and diluted into 17 ml with deionized water. The diluted platinum precursor and EG−XC mix were refluxed for 3 hours at 115 °C with N2 flow. Lastly, the refluxed mixture was stirred with N2 flow overnight and washed with a continuous flow of deionized water and then with acetone for a very brief period. The sample was obtained after drying at 110 °C for 3 hours in an oven.  
	Eutectic mixture of Li2CO3−Na2CO3−K2CO3 was made by mixing Li2CO3 (99%, from ACU PHARMA und CHEMIE), K2CO3 (99.3% p.a., Lach−Ner) and Na2CO3 (99% p.a., Lach−Ner) at a molar ratio of 43.5:31.5:25.0. The carbonate salt mixture was then moved into an alumina crucible, which was placed in a stainless−steel reactor. Once the mixture was melted at 450 °C, CO2 capture began, and stainless−steel rods (SS304 from metall24.ee, Estonia) were inserted into the molten salt as both the cathode and anode. Potentiostatic electrolysis of CO2 to generate carbon at the cathode was carried out by applying a voltage of 4 V to the electrodes, with the carbon materials collected from the cathode after deposition. The faradaic efficiency of carbon deposition was approximately 85%. Finally, the cathode was washed with 5 M HCl (Merck) to remove any solidified salt, and the produced carbon was dried.
	Chloroplatinic acid hydrate (99.9% H2PtCl6 x H2O, Aldrich) was employed as the platinum precursor for electrocatalyst synthesis. Initially, 0.2 ml of 1 M NaOH (98%, Aldrich) was added dropwise to 30 ml of ethylene glycol (99%, Lach−Ner) in a small beaker while stirring to tune the pH to 11. The pH−adjusted ethylene glycol was then poured to a three−neck round−bottom flask, followed by the addition of 0.2 g of CO2−C, which was mixed for 90 minutes under a nitrogen atmosphere using a magnetic stirrer. Afterward, 0.105 g of the Pt precursor was diluted with 15 ml of deionized and added to the carbon−polyol mixture. The mixture was refluxed with a reflux apparatus and heated in an oil bath for 3 hours at 110–130 °C with N2 flow. The mixture was then cooled and stirred overnight in nitrogen atmosphere. Finally, the electrocatalyst was washed with deionized water and dried in an oven at 70 °C for over 19 hours. A commercial Pt/C catalyst (19.8 wt.%, TKK) was used as a benchmark for comparison.
	Before the pre−treatment, the synthesis flask was kept overnight in a concentrated mixture of HNO3 (65%, Honeywell) and H2SO4 (96%, Lach−Ner), then thoroughly rinsed with deionized water (Milli−Q) to remove any potential impurities. The pre−treatment itself was carried out in two different aqueous solutions: a 10% H2O2 solution made from 30% H2O2 (Lach−Ner) and a 0.2 M KOH solution prepared from KOH flakes (92%, Lach−Ner). For the H2O2 treatment, 0.4 g of CO2−C was dispersed in 400 ml of 10% H2O2, and in case of KOH treatment, 0.3 g of CO2−C was dispersed in 300 ml of 0.2 M KOH. For 16 hours, both mixtures were refluxed at 110 °C, then washed using a continuous flow of deionized water through a nylon membrane filter (pore size 0.22 µm, Foxx Life Sciences). The pre−treated carbon materials were finally dried in an oven at 70 °C for 17 hours.
	Compared to the initial study (II) where only CO2−derived carbon supported electrocatalyst was prepared, pH of the ethylene glycol was adjusted to 12 in the next study (III) focused on pretreatment of CO2−derived carbon as support material. Furthermore, the overnight stirring was performed in a flask covered with aluminum foil and the resulting electrocatalysts were also washed with acetone (99.5% from Aldrich) in addition to deionized water and dried in an oven at 70 °C for 17 hours. Apart from these, all other synthesis conditions and benchmark Pt/C used were same. 
	Electrochemical performance of electrocatalysts were evaluated by using rotating disk electrode (RDE) technique. The working electrodes were glassy carbon (Goodfellow Cambridge Ltd) with a geometric surface area of 0.2 cm−2 which were polished with 1 µm and 0.3 µm alumina slurries (Buehler) in a figure−eight pattern. The polished electrodes were sonicated in isopropyl alcohol (99.99% from Lachner) (I,II) or ethanol (99.5% from Berner) (III) for 5 mins followed by sonication in deionized water for another 5 mins. The electrocatalyst inks were prepared by dispersing 1 mg (I) or 4 mg (II, III) of electrocatalyst powder in 750 µl (I) or 4 ml of deionized water (II, III), followed by addition of 250 µl (I) or 50 µl (II, III) isopropyl alcohol (Lachner) and 0.405 µl (I) or 2 µl (II, III) of 5 wt. % Nafion solution (Aldrich). The ink was then sonicated for 1 hour (I) or 40 mins (II) or 30 mins (III) in cold water. It was further sonicated in ultrasonic homogenizer for 35 seconds (II). Finally, 30 µl (I) or 20 µl (II, III) of the ink was drop cast onto the polished glassy carbon electrode and dried in an oven (I), at room temperature (II) or in an incubator (III). 
	To prevent contamination and impurities, the electrochemical cell and its components were cleaned by soaking in a concentrated HNO3:H2SO4 mix overnight, rinsed with deionized water and further soaked in KOH:isopropyl mix and boiled in deionized water (II) or just boiled in deionized water (III) to be rinsed again. The three−electrode RDE setup included reference electrode of saturated calomel electrode (I), silver/silver chloride electrode (SI analytics) (II) or HydroFlex reversible hydrogen electrode (Gaskatel) or (III) separated with a Luggin capillary. All reported potential values in this thesis are against reversible hydrogen electrode (RHE), unless stated otherwise. As a counter electrode, platinum wire (I) or graphite rod in a glass frit (II, III) were used. 
	After the electrochemical cell was filled with 0.5 M H2SO4 (98%, VWR) (I) or 0.1 M HClO4 (Aldrich) (II, III) electrolyte solution and the electrodes were inserted, the solution was purged with N2 flow (99.999%, Elme Messer) and the electrocatalyst surface was conditioned under N2 atmosphere by applying 100 potential cycles between −0.2 V and 1.2 V (vs SCE) at 500 mV s−1 (I) or 200 potential cycles in the range of 0.05 V – 1.1 V (vs RHE) at 300 mV s−1 (II) or 50 potential cycles between 0.05 V and 1.1 V (vs RHE) at 200 mV s−1 with a potentiostat (Model 1010E, Gamry Instruments). Next, a cyclic voltammogram (CV) was recorded in the corresponding potential range and with N2 atmosphere at 10 and 100  mV s−1 (I) or 50 mV s−1 (II) for estimation of electrochemically active surface area (EASA) via H−adsorption region or via CO stripping method (III) by saturating the solution with CO (98%, Elme Messer) for 1 min at a potential of 0.05 V (vs RHE), followed by N2 purging for 10 mins to remove excess CO and lastly recording CV in the corresponding potential window at 20 mV s−1. This was followed by taking another CV in N2 atmosphere at 20 mV s−1 without (II) or with (III) rotation (1600 revolutions per minute, RPM) in the corresponding potential range to serve as the background current profile.
	Next, the solution was saturated with O2 (99.999%, Elme Messer) and ORR polarization curves were recorded in the corresponding potential range at 10 mV s−1 (I) or 20 mV s−1 (II, III) at rotation speeds ranging from 400 to 4400 RPM (I) or 400 to 3600 RPM (II, III) by controlling working electrode rotation with OrigaTrod apparatus (OrigaLys Electrochem SAS). The polarization curves were not background−corrected (I) or background−corrected (II) or both background and iR−corrected (III) by measuring the uncompensated resistance value with electrochemical impedance spectroscopy (EIS) at open circuit voltage (OCV) in the 10000 Hz – 10 Hz range with 10 mV amplitude. To characterize the aging of electrocatalysts, accelerated durability test (ADT) was performed by applying 500 (I) or 1000 (II, III) potential cycles between −0.2 V and 1.2 V (vs SCE) (I) or 0.6 V and 1 V (vs RHE) (II, III) in O2 atmosphere at 500 mV s−1 (I) or 200 mV s−1 (II) or 100 mV s−1 (III) as well as recording ORR polarization curves (I, II) or both ORR polarization and CO stripping curves (III) before and after ADT. 
	                              1𝑗= 1𝑗𝑘+1𝑗𝑑= − 1𝑛𝐹𝑘𝑐𝑂2𝑏−10.62𝑛𝐹𝐷𝑂223𝜈−16𝜔12𝑐𝑂2𝑏                                   (10)
	The number of transferred electrons per O2 molecule and kinetic current (for mass and specific activities) were derived by using the Koutecký–Levich (KL) equation [81]:
	Here j is the measured current density, jk is the kinetic current density, jd is the diffusion−limited current density, n is the overall number of electrons transferred per O2 molecule, k is the electron transfer rate constant, F is the Faraday constant (F = 96485 C mol−1), DO2 is the diffusion coefficient of oxygen (1.93 × 10−5 cm2 s−1 in 0.1 M HClO4 [82]), ν is the kinematic viscosity of the electrolyte (1.009 × 10−2 cm2 s−1 in 0.1 M HClO4), ω is the angular velocity of the rotating disk (ω = 2πN, N is the linear rotating speed in rpm) and CO2 is the bulk concentration of oxygen (1.26 × 10−3 mol L−1 in 0.1 M HClO4).
	The Tafel slope (b) was calculated (II) by plotting the overpotential against the logarithm of the current density (log j) for the polarization curve at 1600 rpm and fitting the linear part of the curve with the Tafel equation [81]:
	                 𝐸𝐴𝑆𝐴𝑃𝑡,𝑐𝑎𝑡𝑚2𝑔𝑃𝑡−1= 𝑄𝐻−𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 (𝐶)210 𝜇𝐶 𝑐𝑚𝑃𝑡−2𝐿𝑃𝑡𝑚𝑔𝑃𝑡 𝑐𝑚−2𝐴𝑔(𝑐𝑚2)105           (12)
	                                                               η = a + b log j                                             (11)
	EASA (based on H−adsorption region) was calculated (I, II) by integrating the H−adsorption area of the CV to estimate the hydrogen adsorption charge (QH−adsorption) and plugging it into the equation below: 
	Here, LPt is the Pt loading of working electrode and Ag is the geometric surface area of the glass carbon electrode. The charge associated with the full coverage of clean polycrystalline Pt with hydrogen monolayer was assumed to be 210 µC cm−2 [83]. In case of the EASA calculation with CO stripping (III), QCO−oxidation was estimated by integrating the CO oxidation area instead and the charge required for CO monolayer formation on Pt surface was considered to be 420 µC cm−2 [84]. 
	The mass and specific activities were calculated (III) by normalizing the kinetic current at 0.9 V vs RHE by the Pt loading on the electrode (mgPt−disk−1) and Pt active surface area values (cmPt−active−2), respectively. Onset potential (Eonset) was determined (III) by finding the potential at a current density of −0.1 mA cm–2 while the half−wave potential (E1/2) was defined as the potential at half of the diffusion−limited current density in ORR polarization curves at 1600 rpm. 
	All of the potential values shown in the text are given versus RHE unless stated otherwise.
	The morphology of the samples were analyzed either by only scanning electron microscopy (SEM) (I) or by both SEM and scanning transmission electron microscopy (STEM) (II, III). To obtain SEM micrographs, Zeiss Ultra 55 with field emission gun (FEG) (I) or JEOL JSM−7500FA with a cold FEG at an acceleration voltage of 15 kV (II) or Thermo Scientific Quattro ESEM (III) was used. In case of the STEM, Spectra 300 (ThermoFisher) S/TEM at an acceleration voltage of 300 kV with high−angle annular dark field (HAADF) signal (II) or Thermo Scientific Talos 200X operated at 200 kV (III) was employed to acquire STEM micrographs. Energy−dispersive x−ray spectroscopy (EDS) was performed with JEOL JSM−7500FA (I) or with a SDD Ultim max 100 (Oxford) detector for SEM and on a Bruker Dual−X setup on the TF Spectra300 (II) or with Thermo Scientific Talos 200X (III). Micrographs were processed using ImageJ software for particle size estimation (II, III) [85]. The Fast Fourier Transform (FFT) was employed to obtain the spatial frequency data of the lattice fringes (III). After reducing noise in the FFT image and applying an Inverse FFT (IFFT), the d−spacings were determined through line profile analysis. These calculated d−spacing values were subsequently matched against reference values for the relevant platinum planes, sourced from the Crystallography Open Database (COD: 1011113) [86].
	X−ray diffraction (XRD) measurement was performed with Malvern PANalytical Xpert3 equipment by employing a Cu Kα x−ray source (λ = 0.154 nm) and operating at the beam voltage and current values of 45 kV and 40 mA, respectively (I, II, III). Bragg’s law was used to calculate the d−spacing (III). 
	Raman analysis was conducted with Horiba LabRam HR800 with a 532 nm laser line (I) or with Renishaw Invia Microscope using a 514.5 nm excitation source (II). The spectra were gathered using a 20x objective lens (with a numerical aperture of 0.4) and an estimated optical power density of several hundred kW cm-² at the sample surface (II). The data acquisition lasted for 30 seconds. In line with Ferrari et al.’s approach [87], the D−band was fitted using a Lorentzian function, while a Breit−Wigner−Fano (BWF) function was applied to the G−band. The peak height was employed to calculate the intensities in both instances. Background subtraction was performed with a cubic polynomial. The results presented represent the average of seven spectra.
	The X−ray photoelectron spectroscopy (XPS) measurements were performed using a Kratos AXIS Supra X−ray photoelectron spectrometer, equipped with a monochromatic Al Kα source (15 mA, 15 kV) to investigate the surface chemistry of the samples (III). XPS is capable of detecting all elements except hydrogen and helium, analyzes the surface to a depth of 7–10 nm, and has detection thresholds between 0.1–0.5 atomic % depending on the element. The instrument’s work function was calibrated to produce a binding energy (BE) of 83.96 eV for the Au 4f7/2 peak of metallic gold, and the spectrometer’s dispersion was adjusted to achieve a BE of 932.62 eV for the Cu 2p3/2 peak of metallic copper. A Kratos charge neutralizer system was applied to all the samples. Survey scans were conducted with a 300 µm × 700 µm analysis area and a pass energy of 160 eV. High−resolution scans were done with the same analysis area but a pass energy of 20 eV. The spectra were charge−corrected by referencing the main line of the carbon 1s spectrum (adventitious carbon) set to 284.8 eV. The spectra were processed using CasaXPS software (version 2.3.23).
	N2 adsorption−desorption isotherms were acquired and studied by a NOVA 1200e instrument (Quantachrome) (II, III). Specific surface areas were calculated by Brunauer–Emmett–Teller (BET) method and porosity was estimated by quenched solid density functional theory (QSDFT). Mesopore−specific surface areas were found by subtracting t−plot−specific micropore surface area from total BET surface area as reported in another study [88]. 
	The thermogravimetric analysis (TGA) was performed by heating the sample in an alumina crucible with Labsys 2000 (Setaram) thermoanalyser at a heating rate of 10 K min–1 under air atmosphere (II) or with TGA/DSC3+ under air atmosphere, with a temperature range from 40 °C to 100 °C at a rate of 10 °C min–1 (III).
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	Prior to synthesis and pretreatment of CO2−C supported electrocatalysts, different pretreatment methods were evaluated by using Vulcan XC−72 (referred as XC) carbon black to determine a promising pretreatment solution that could be applied to CO2−C. The protocols describing pretreatment of XC and XC−supported electrocatalyst synthesis have been discussed in sections 3.1 and 3.2. Electrochemical and physical characterization methods used for obtaining and analyzing the results are outlined in sections 3.7 and 3.8. 
	The electrochemically active surface area (EASA) for all electrocatalysts was determined from the cyclic voltammogram depicted in Figure 5 and summarized in Table 1. The electrocatalyst with H₂O₂−treated XC exhibited the highest EASA among the samples, being 46.3% greater than that of commercial Pt/C. While H₂O₂ treatment caused a significant increase in EASA, both HNO₃ treatment and nitrogen doping were observed to reduce the EASA of Vulcan carbon. The increased EASA in H₂O₂−treated Pt/XC−72R suggests enhanced utilization of Pt nanoparticles, likely due to oxygen−containing groups that help retain the nanoparticles on the surface during polyol synthesis.
	/
	Figure 5. Comparison of cyclic voltammograms for all five samples recorded at 10 mVs−1 under N2 saturation (0.5 M H2SO4) at room temperature. A−hydrogen desorption region and B−oxide reduction peaks.
	Table 1. EASA values for the electrocatalysts
	ORR activity of the electrocatalysts was assessed by using a linear sweep voltammogram (LSV) generated at 1600 rpm for all samples, as shown in Figure 6. Identifying the onset potential for each sample is necessary for determining at what potential the reaction begins. The results revealed that the hydrogen peroxide and nitric acid−treated samples had superior onset potentials of 0.95 V vs RHE and 0.93 V vs RHE, respectively, compared to commercial Pt/C (0.89 V) and other electrocatalysts (N−doped XC – 0.90 V and untreated XC – 0.86 V). This demonstrates that the Pt/XC−72R material treated with hydrogen peroxide exhibited the highest electrocatalytic activity toward the ORR, which aligns well with its high electrochemically active surface area (EASA) value. Additionally, the diffusion−limited current density (jd between 0.2 V and 0.7 V, according to the Levich equation) of this electrocatalyst reached approximately −5.3 mA.cm⁻², surpassing all other samples, further confirming its superior electrocatalytic activity. The sharp reduction wave observed for the hydrogen peroxide−treated material in the mixed kinetic−diffusion control region (0.2 V − 0.7 V) and its stable diffusion−limited current density plateau are also linked to its promising ORR characteristics. In contrast, the polarization curve for the HNO3−treated sample showed a slower reduction wave and lower diffusion−limited current density, indicating poorer ORR performance.
	/
	Figure 6. LSVs for all samples (recorded at 1600 rpm) at 10 mVs−1 under O2 saturation in 0.5 M H2SO4.
	On the contrary, there was only a slight variation between the onset potentials of Pt/N−XC−72R and the commercial Pt/C, leading to comparable electrocatalytic activity for the materials. The N−doped XC sample exhibited a slightly higher limiting current density than the commercial Pt/C, which is beneficial. However, for Pt with untreated XC support the onset potential was the lowest.
	The improved performance of the H₂O₂−treated sample is also evident in the oxide reduction peaks (Figure 5) from CV measurements recorded at 10 mV/s (with double−layer charging correction), where the peak current density is nearly as high as that of the commercial Pt/C. All the materials showed well−defined reduction peaks around 0.65 V vs RHE, except for the nitric acid−treated sample, which displayed a shifted and smaller peak at 0.76 V, likely due to slower oxide reduction kinetics. The Pt/N−XC−72R (non−treated) sample demonstrated consistent performance compared to commercial Pt/C in both CV and LSV measurements.
	In summary, it is suggested that the type of pre−treatment performed can lead to varying degrees of enhanced activity, as reflected in the LSV plots of the electrocatalysts supported with nitric acid (moderate) and hydrogen peroxide (superior) treated support. Remarkably, the non−treated Pt/XC−72R also exhibited peak current density values similar to, and in some cases even slightly exceeding, the commercial sample, particularly in the oxide reduction peak (Figure 5). ORR polarization curves at different rotation rates for both the H₂O₂−treated and non−treated materials are presented in Figure 7 as further comparison of electrocatalytic performance is necessary.
	/
	Figure 7. ORR polarization curves of A) Pt/XC−72R (H2O2 treated) and B) Pt/XC−72R (non−treated) samples under O2 saturation obtained at different rotation speeds (in 0.5M H2SO4 at 10 mVs−1).
	Both graphs show a linear correlation between the diffusion−limited current and the rotation speed, though this is more apparent for the treated material. In this case, a flatter diffusion−controlled region is visible at all rotation levels, with a stable current, indicating improved performance. In contrast, the untreated sample exhibits overlapping curves that extend into the diffusion−controlled region, particularly at higher rotation speeds, and shows little to no stability in the limiting current at 4400 rpm. The slightly higher limiting current values and the well−defined plateau for the Pt/XC−72R catalyst (treated with H₂O₂) are likely due to the greater diffusion of oxygen molecules to the electrocatalyst surface, enhancing oxygen reduction properties [89]. These findings suggest that hydrogen peroxide pre−treatment of Vulcan carbon improves the electrocatalytic activity of the final electrocatalyst material in the oxygen reduction reaction (ORR).
	Koutecky−Levich (KL) plots (see Figure 8) were used to analyze the electron transfer process for the electrocatalysts. The number of electrons transferred during ORR was approximately 4.4 for the H₂O₂−treated sample at 0.6 V, which falls within the 10% deviation range commonly associated with the four−electron transfer pathway. The slight excess (~0.4) has also been noted in other studies [90]. While the untreated sample showed slightly higher electron transfer values (around 5), the oxygen reduction can still be attributed to a similar four−electron pathway. Thus, both samples followed the four−electron mechanism for ORR, which is preferable to the two−electron pathway, as the latter leads to hydrogen peroxide (H₂O₂) formation, which is corrosive and reduces oxygen molecule utilization efficiency during direct reduction [91].
	Moreover, both materials illustrate a linear relationship in their KL plots, indicating first−order kinetics for ORR with respect to oxygen concentration. However, the Pt/XC−72R (untreated) sample displays inconsistent and overlapping behavior, particularly at higher voltages. This irregularity could be due to experimental errors during the RDE testing or may reflect the intrinsic properties of the sample. To compare the KL analysis between the two samples, the y−intercept at 0.5 V vs. RHE (representing kinetic current density without mass transfer limitations) was visually obtained, and the results are presented in Table 2. It's worth noting that the other electrocatalyst materials also demonstrated a similar linear relationship between j⁻¹ and ω⁻¹/². In Table 2 the calculated values for jk, Eonset, mass activity (MA), and specific activity (SA) of electrocatalysts are compared.
	/
	Figure 8. Koutecky−Levich plots of A) Pt/XC−72R (H2O2 treated) and B) Pt/XC−72R (non−treated) samples at different voltages and rotation rates.
	Table 2. Kinetic current density, mass and specific activity values for all samples at 0.5 V.
	The findings indicate that the Pt/XC sample treated with H₂O₂ exhibits the highest kinetic current density at 0.5 V, which is ten times greater than that of the commercial Pt/C. In contrast, the material treated with HNO3 showed the lowest value, only half that of the commercial Pt/C. Similarly, both the mass and specific activities of the H₂O₂−treated sample are higher than those of all other samples, demonstrating superior electrocatalytic performance, while the HNO₃−treated sample shows unexpectedly low values. This suggests that the type of pre−treatment selected significantly influences a material’s ORR activity, and it can be concluded that the Pt/XC−72R catalyst treated with H₂O₂ outperformed the commercial Pt/C in nearly all aspects.
	Given the promising and superior performance of the electrocatalyst treated with H2O2, its morphology was further investigated using SEM for detailed analysis, as shown in Figure 9.
	/
	Figure 9. SEM micrographs of Pt/XC−72R (H2O2−treated).
	The SEM microimages show that most Pt nanoparticles are evenly distributed across the XC−72R support. This uniform distribution is important for a highly efficient catalyst, as it enhances the electrochemically active surface area, thereby improving the catalyst’s performance for the oxygen reduction reaction (ORR). Although some areas of agglomerated Pt are present, they make up a small part of the overall area.
	In the SEM measurement also the size of the Pt nanoparticles was measured to be in a range between 2.9 nm and 4.4 nm. In a separate study, a Pt nanoparticle size of 4.4 nm was identified as optimal for achieving maximum mass activity towards ORR and high electrochemical stability [60]. While smaller particles are also present, most of the nanoparticles are found to be very close to the optimal value. This consistency aligns well with previous findings on the electrocatalytic activity of the H2O2−treated sample.
	Furthermore, the EDS spectrum was obtained for both the general and Pt−rich areas of the electrocatalyst (see Tables 3 and 4). The spectrum from the general area confirms the presence of carbon and platinum, as well as the 1:4 stoichiometric ratio of Pt to C used in the synthesis. In the Pt−rich area, platinum's weight proportion exceeds that of carbon by approximately 53%.
	Table 3. General EDS spectrum.
	Table 4. Pt−rich area of EDS spectrum.
	For deeper insights into the composition and crystal structure of the electrocatalysts, XRD patterns were obtained for all the samples (as illustrated in Figure 10). Additionally, the raw XC−72R material was also analyzed to identify its characteristic peaks and distinguish them from those of Pt crystallites. 
	/
	Figure 10. X−ray diffraction (XRD) patterns for all samples.
	The crystallite size (in Table 5) calculated for the H2O2−treated Pt/XC−72R closely aligns with the measurement results from SEM analysis. Furthermore, the crystallite size of the pre−treated samples was found to be larger than that of the untreated sample, suggesting that the pre−treatment causes an increase in particle size. In this case, HNO3 treatment could be used to produce larger particles, whereas H2O2 treatment might result in nanoparticles with moderate sizes. Interestingly, nitrogen doping of the untreated XC appears to produce crystallite sizes similar to those of the H2O2−treated electrocatalyst. 
	Table 5. Pt crystallite size for each sample (taken from the peak of Pt 111 plane).
	Additionally, the results indicate that commercial Pt/C has the smallest Pt crystallite size, as evident from its peak near 40°. The XRD pattern of the commercial sample also lacked the smaller peak at 46°, which is likely due to the absence of the 200 plane in the crystal lattice and of XC−72R at 44°. However, small peaks at 67° and 81°, associated with the 220 and 311 planes, were observed, similar to the other samples. 
	Raman spectroscopy was conducted to investigate the structure of the carbon black in each sample, as shown in Figure 11.
	/
	Figure 10. Raman spectra for all samples (532 nm laser line).
	Three peaks, referred to as the D−band, G−band, and 2D (or G') band, are typically used to describe the Raman spectra of a material. In this study, only the first−order spectral range (1000 to 2000 cm⁻¹) is analyzed, focusing on the D and G bands, as illustrated in Figure 10. By identifying the Raman shift value of each peak, the structural properties of carbon nanomaterials can be understood. For instance, the D−band arises from the disorder at the edges of the microcrystalline structure and the G−band is associated with the presence of graphene [92].
	In the spectra, the D and G bands appear around 1345 and 1595 cm⁻¹ in all samples. A significant increase in the intensity of the D−band is noticeable for the pre−treated electrocatalysts, likely due to greater disorder in the XC−72R structure, which results from heat treatment and nitrogen doping in the case of the N−doped electrocatalyst. The commercial Pt/C catalyst exhibits slightly lower peak intensities compared to the other materials, which suggests a more ordered carbon black structure in this electrocatalyst. To compare the crystallinity and degree of disorder in the catalysts, the peak values obtained from the analysis are provided in Table 6, showing the Raman shifts corresponding to both the D and G bands.
	Table 6. D and G−band values for all samples obtained from Raman spectra.
	The intensity ratio (ID/IG) is frequently used to assess the microstructure of different materials. For instance, the ratio for the H₂O₂−treated sample is higher than for the untreated sample, likely due to reduced structural order and an increase in defects in the Pt/XC−72R (H₂O₂−treated) electrocatalyst. The increase in defects in carbon black post−treatment is considered advantageous, as it indicates a more porous structure with more sites for platinum deposition, which in turn leads to improved Pt nanoparticle utilization, a higher electrochemically active surface area, and higher electrocatalytic activity.
	On the other hand, the crystal structure of the nitric acid−treated catalyst seems slightly more ordered, similar to the untreated material, although its peak intensities are comparable to those of the H₂O₂−treated sample. For the N−doped sample, the intensity ratio was the highest, and the peak intensities were similar to those of the commercial Pt/C catalyst, indicating a more ordered structure with fewer defects compared to the pre−treated materials. Therefore, the effect of nitrogen doping on XC−72R appears to be minimal in terms of altering carbon black’s morphology.
	In this study, Vulcan XC−72R carbon black was pretreated prior to the deposition of Pt nanoparticles and the effects of pretreatment on the electrochemical performance of the electrocatalysts were studied. Electrochemical tests showed that H₂O₂−treated catalysts had the highest electrochemically active surface area (EASA), outperforming non−treated and commercial Pt/C catalysts, while HNO₃−treated samples had lower EASA. H₂O₂ treatment improved oxygen reduction properties and kinetic activity. SEM and XRD analyses confirmed smaller Pt nanoparticle sizes for H₂O₂−treated samples. Overall, it was found that H₂O₂ pretreatment enhanced catalytic performance for the oxygen reduction reaction (ORR). With this finding, the first objective of the PhD work was achieved and this was instrumental for the subsequent studies on CO2−derived carbon nanomaterials.
	The synthesis of CO2−derived carbon nanomaterial (CO2−C) and CO2−C supported electrocatalyst is described in sections 3.3 and 3.4. Figure 12 below depicts the steps taken for the synthesis. Detailed explanation about the electrochemical and physical characterization methods used are given in sections 3.7 and 3.8. 
	/
	Figure 12. A schematic diagram of Pt/CO2−C electrocatalyst synthesis steps.
	To ensure an accurate comparison with the commercial Pt/C, EDS and TGA were conducted (Figure 13) to verify the platinum content in the electrocatalyst. Both analytical techniques indicated that the Pt/CO₂−C sample has approximately 17 wt.% Pt. The slight discrepancy from the intended 20 wt.% loading is likely due to impurities present in the sample and the incomplete reduction of the platinum salt during the synthesis process.
	/
	/
	Figure 13. EDS (top) and TGA (bottom) plots for Pt/CO2−C.
	The SEM and STEM images (Figure 14) of Pt/CO2−C reveal that Pt nanoparticles are evenly distributed across the CO2−C support, and the morphology closely resembles that of the commercial Pt/C catalyst (Figure 15, top). In the case of raw CO2−C, the SEM image (Figure 15, bottom) shows an amorphous structure with particles varying greatly in size. For Pt/CO2−C, the average particle size of Pt nanoparticles on CO2−C, as measured from the STEM images, was approximately 3.2 nm, which is similar to the particle size of the commercial sample (~3.4 nm). 
	/
	Figure 14. SEM and STEM microimages of Pt/CO2−C. a−c HAADF−STEM images of the composite; d SEM image; e HAADF−STEM image with elemental maps (white−HAADF, red−C, green−O and yellow−Pt).
	/
	/
	Figure 15. SEM image of commercial Pt/C (top) and raw CO2−C (bottom).
	Both materials display a narrow particle size distribution (Figure 16), indicating a uniform particle distribution. As discussed earlier, 4 nm has been suggested as the “sweet spot” for Pt nanoparticles for achieving optimal mass activity for ORR. As particle size for Pt/CO2−C is very close to the value, this partially accounts for the higher mass activity of Pt/CO2−C for ORR that is discussed next. It is important to note that, beyond the synthesis conditions, the choice of support also influences Pt nanoparticle size by controlling the degree of agglomeration of individual particles. Hence, CO2−C emerges as a promising support material for adjusting the size of Pt nanoparticles.
	/
	/
	Figure 16. Particle size distribution histograms of Pt/CO2−C (top) and commercial Pt/C (bottom). 
	XRD patterns for both samples are shown in Figure 17, alongside corresponding reference patterns. The primary difference between the observed patterns is due to the type of support material used during synthesis. For the Pt/CO2−C sample, a distinct peak appears near a 2θ angle of 29.4°, which is associated with the chromite (Cr₂FeO₄) XRD pattern around 30°, originating from the stainless−steel electrodes employed in the CO2−C synthesis. A smaller shoulder peak near 43° is also linked to the chromite pattern. Although literature does not provide specific information on the electrocatalytic properties of chromite, studies have shown that Cr and Fe transition metals can enhance catalytic activity toward ORR when combined with Pt [93]. However, it’s important to note that the XRD and TGA results indicate the chromite content in Pt/CO2−C is minimal, suggesting that Cr and Fe have a negligible impact on the electrocatalytic performance of Pt/CO2−C. For both samples, the 2θ angles near 40° and 46° correspond to the Pt (111) and Pt (002) planes, respectively. In weakly adsorbing electrolytes, such as the HClO₄ solution used in this study, the Pt (111) facet has been shown to exhibit superior ORR activity compared to Pt (100) [94]. Consequently, the presence of Pt (111) facets in Pt/CO2−C is considered advantageous.
	/
	Figure 17. XRD patterns for commercial Pt/C and Pt/CO2−C.
	Raw CO2−C, Pt/CO2−C, and commercial Pt/C were also studied with Raman analysis. Typically for Raman spectra of carbon, 1000 cm⁻¹ to 2000 cm⁻¹ is the most important range as two distinct peaks of the D−band at approximately 1350 cm⁻¹ and the G−band at around 1600 cm⁻¹ are detected in this range. The D−band indicates structural disorder within the carbon, while the G−band results from in−plane vibrations of sp²−bonded carbon atoms [87]. Representative raw spectra and the cumulative fitted curves for each nanomaterial are displayed in Figure 18, indicating that the CO2−C largely maintains its structure after platinum deposition. However, several notable differences arise when comparing the stock CO2−C and Pt/CO2−C. For example, both the ID/IG ratio and the full width at half maximum values in the spectra are reduced for Pt/CO2−C (Table 7). These shifts suggest a increase in the graphitization of the carbon and a reduction in structural disorder after platinum deposition. A similar observation was reported by another research group studying carbon nanofibers coated with platinum nanoparticles [95]. It has been observed that platinum nanoparticles tend to attach primarily to defect sites or edges in unmodified carbons, which may clarify why the crystal structure of the carbon becomes more ordered after platinum loading—potentially explaining the narrower and sharper G−band seen in the Pt/CO2−C [96]. Thus, the disordered structure of CO2−C is considered advantageous for the uniform dispersion of platinum, enhancing electrocatalytic performance. In contrast, greater differences were noticed in the commercial sample. The ID/IG ratio in this sample is slightly higher than that of Pt/CO2−C, but the FWHM values for the peaks are much smaller, indicating a more uniform structural distribution. Additionally, a prominent 2D band appears near 2700 cm⁻¹, resembling spectra of defective graphene [97].
	/
	/
	/
	Figure 18. Raman spectra of raw CO2−C (top), Pt/CO2−C (middle) and commercial Pt/C (bottom).
	Table 7. Raman characteristics of the studied nanomaterials.
	Ratio of the intensities of D and G peaks (ID/IG), full width at half−maximum for G (GFWHM) and D peaks (DFWHM). Uncertainties are taken as one standard deviation in all cases and multipeak fitting was performed to extract band parameters.
	The textural properties of both samples were analyzed using N₂ physisorption, and the results are presented in Table 8 below. The BET and QSDFT (Quenched solid density functional theory) analyses indicate that the Pt/CO₂−C sample has a significantly larger surface area compared to the commercial sample. This increased surface area is beneficial because it allows for more active sites for the reaction, enhancing the overall electrocatalytic performance. Additionally, the total pore volume of Pt/CO₂−C was marginally greater than that of Pt/C, while its average pore size was smaller than the commercial Pt/C. According to the pore size distribution charts (Figure 19), Pt/CO₂−C mainly contains mesopores, with a minor presence of micropores. In contrast, the commercial sample is predominantly mesoporous, with almost no detectable micropores. It has been suggested that a mesoporous carbon support structure is preferred for fuel cell electrocatalysts since mesopores promote better dispersion and utilization of metal particles, aiding the reaction [98]. In contrast, micropores could trap nanoparticles and limit access to reactants. 
	Table 7. Textural properties of electrocatalysts.
	BET surface area (SBET), specific surface area (SDFT), total pore volume (Vp) and average pore diameter (dp).
	/
	/
	Figure 19. N2 physisorption study results. Pore size distribution graphs of Pt/CO2−C (top) and commercial Pt/C (bottom) calculated using the QSDFT.
	The performance of the electrocatalysts in half−cell tests was evaluated using the RDE method and the oxygen reduction reaction (ORR) polarization curves recorded at 1600 rpm are displayed in Fig. 20a. 
	/
	/
	/
	/
	Figure 20. Electrochemical characterization results. a ORR polarization curves (anodic sweep) of Pt/CO2−C and Pt/C (commercial) in O2−saturated 0.1 M HClO4 at 20 mV s−1 with a rotation rate of 1600 rpm; b Comparison of mass and specific activities for both catalysts; Koutecký–Levich plots for c Pt/CO2−C and d Pt/C commercial with the number of electrons transferred per O2 molecule (n) in the insets.
	Several key electrocatalytic performance metrics are summarized in Table 8. Based on the half−wave potential (E1/2) and onset potential (Eonset), the electrocatalytic activity of Pt/CO₂−C is nearly equivalent to that of the commercial Pt/C. Notably, in terms of onset potential, Pt/CO₂−C demonstrates superior activity, with a positive shift of approximately 3.5 mV, reducing the overpotential for the ORR.
	Table 8. Electrocatalytic performance metrics of the samples.
	Additionally, the mass and specific activity of Pt/CO₂−C are approximately 33% and 9% higher, respectively, than those of commercial Pt/C, as shown in Fig. 20b. This suggests that, despite the commercial electrocatalyst’s slightly higher Pt loading, Pt/CO₂−C exhibits a larger electrochemically active surface area (EASA), allowing more Pt nanoparticles (per mg and cm² of the electrocatalyst) to participate in the reaction. This improved Pt utilization contributes to enhanced reaction kinetics. This finding aligns with the previously discussed relationship between nanoparticle size and the electrocatalyst’s maximum mass activity. 
	In addition to polarization curves, Koutecký–Levich and Tafel plots are employed to determine the number of electrons involved in the oxygen reduction reaction and to identify the reaction’s rate−determining step. The analysis of the K−L plots (Fig. 20c, d) derived from polarization curves at different rotation rates (Figure 21) indicates that ORR proceeds predominantly through the 4−electron pathway for both catalysts, a mechanism commonly associated with polycrystalline platinum surfaces [99] and considered to be advantageous over the 2−electron pathway as discussed earlier. 
	//
	Figure 21. ORR polarization curves (anodic sweep) of Pt/CO2−C and Pt/C (commercial) in O2−saturated 0.1 M HClO4 at 20 mV s−1 with different rotation rates. 
	For Tafel plots, a widely studied Pt/C catalyst is reported in the literature to exhibit slopes of approximately 60 mV dec–1 at low overpotentials and 120 mV dec–1 at high overpotentials under acidic conditions. The deviations observed in this study (Fig. 22) can be attributed to various factors, including the specific exposed facets of Pt crystals [100], the purity of the electrolyte, and the selected range for linear curve fitting [101]. 
	/
	Figure 22. Tafel plots of Pt/CO2−C and Pt/C (com.) at 1600 rpm with corresponding linear fits and calculated Tafel slope values.
	At low overpotentials (greater than 0.88 V versus RHE), both Pt/CO2−C and commercial Pt/C exhibit slopes close to 70 mV dec–1, aligning with findings by Marković et al., which attribute this value to the Pt (111) crystal facet in 0.1 M HClO4 [102]. The removal of OH* species has been proposed as the rate−limiting step for this region [99], [103]. At higher overpotentials (less than 0.88 V versus RHE), the slopes increase to approximately 105 mV dec–1 for Pt/CO2−C and 130 mV dec–1 for the commercial Pt/C. These values closely resemble those associated with the Pt (110) crystal facet reported in the same study, approaching the 120 mV dec-1 value that indicates the initial electron transfer to O2 as the rate−limiting step [104]. The lower slope observed for Pt/CO2−C at higher overpotentials suggests a superior electrocatalytic activity compared to the commercial Pt/C. However, it should be noted that there is ongoing debate regarding the accurate determination of the rate−limiting step in the oxygen reduction reaction (ORR) on Pt and its agreement with the actual reaction kinetics [100], [101], [105].
	To evaluate the durability of the electrocatalysts, an accelerated durability test involving 1000 potential cycles was conducted within a voltage range of 0.6 V to 1 V versus RHE. Following the test (as shown in Fig. 23), the half−wave potential of Pt/CO2−C showed a negative shift of approximately 2.8 mV, compared to a shift of about 3.9 mV for the commercial Pt/C benchmark. Additionally, the mass activities at 0.9 V vs RHE decreased by 5% for Pt/CO2−C and by 12% for the commercial Pt/C. These findings indicate that Pt/CO2−C exhibits enhanced durability under the tested conditions. It is worth noting that the support material plays a crucial role in determining the overall durability of the electrocatalyst [98] which further demonstrates that CO2−C is a suitable support material for enhancing electrocatalyst durability.
	//
	Figure 23. Accelerated durability test results. ORR polarization curves (anodic sweep) of a Pt/CO2−C and b Pt/C (commercial) in O2−saturated 0.1 M HClO4 at 20 mV s−1 taken before and after 1000 potential cycles between 0.6 V and 1 V vs RHE at 200 mV s−1.
	In this study, carbon nanomaterial was derived from CO2 via the MSCC−ET technique and used as support material for the Pt electrocatalyst. The prepared electrocatalyst demonstrated a higher surface area than commercial Pt/C and superior electrochemical activity, including higher onset potential, mass and specific activity, and better durability. These improvements were attributed to the interaction between the CO2−derived carbon support and Pt nanoparticles, showcasing the potential of this sustainable material for fuel cell applications. As planned in the second objective of the work, this study proved the possibility of replacing commercial carbon black support of Pt electrocatalyst with CO2−derived carbon and revealed the promising ORR performance of the Pt electrocatalyst supported with CO2−derived carbon.
	The pretreatment of CO2−derived carbon (CO2−C) and the synthesis of pretreated CO2−C supported electrocatalyst are described in sections 3.5 and 3.6. Detailed explanation about the electrochemical and physical characterization methods used are given in sections 3.7 and 3.8. 
	The platinum loading in each electrocatalyst was determined through thermogravimetric analysis. Based on the TGA results (Figure 24), it was established that the commercial Pt/C sample contains 20 wt % Pt, while the Pt loadings for Pt/CO2−C, Pt/H2O2−CO2−C, and Pt/KOH−CO2−C are 35 wt %, 31 wt %, and 30 wt %, respectively. 
	/
	Figure 24. Thermogravimetric analysis results for all samples.
	STEM and TEM images (Figure 25) of the electrocatalyst samples were examined to assess the physical characteristics. Regarding the uniform distribution of Pt nanoparticles on the carbon support, the Pt/KOH−CO2−C sample exhibited the most homogeneous distribution, followed by Pt/H2O2−CO2−C, commercial Pt/C, and Pt/CO2−C, in that order. Although the CO2−C−supported samples showed overall homogeneous nanoparticle distribution, STEM images revealed that their uniformity was lower compared to commercial Pt/C. Further analysis identified localized areas of nanoparticle agglomeration in the synthesized samples, which is attributed to their higher Pt loading compared to the commercial Pt/C electrocatalyst.
	/
	Figure 25. HAADF−STEM (with elemental mapping) and TEM images of (a) Pt/CO2−C, (b) Pt/H2O2−CO2−C, (c) Pt/KOH−CO2−C and (d) commercial Pt/C samples. The insets with HR−TEM images show the IFFT of the region designated with the blue box.
	The particle size distribution of the electrocatalysts were analyzed based on the plotted histograms (Figure 26). The histograms indicate that the Pt nanoparticles on the H2O2−CO2−C support range in size from 2 to 10 nm, with a mean particle size of approximately 5.7 nm. Compared to other samples, this distribution is broader, as also confirmed by STEM micrographs. The Pt/KOH−CO2−C and commercial Pt/C samples exhibit similar mean particle sizes, but the smallest Pt nanoparticles were observed in the Pt/CO2−C electrocatalysts. Compared with the previous study, increasing the pH of the ethylene glycol solution resulted in even smaller nanoparticles (2.96 nm compared to 3.18 nm). High−resolution transmission electron microscopy (HR−TEM) images of all samples revealed regions with visible lattice fringes (Figure 25, insets). These regions were analyzed to estimate d−spacing values, all of which were approximately 2.2 Å, consistent with the (111) plane of Pt (d111 = 2.263 Å) [86].
	/
	Figure 26. Particle size distribution histograms of all samples.
	The nitrogen physisorption analysis was used to estimate the BET and mesopore−specific surface areas (Figure 27) of the electrocatalysts. The findings reveal structural changes in the sample porosity due to various pre−treatment methods. Using Pt/CO₂ as a reference, it was noted that both KOH and H₂O₂ pre−treatments of the carbon support created additional mesopores and increased the BET surface area. This is attributed to the corrosive behaviour of KOH and the oxidative effect of H₂O₂, which combine adjacent micropores to form mesopores, as explained by Kumar et al [79].
	Compared to Pt/CO₂−C, the KOH treatment led to a modest increase in mesopore−specific surface area (from 22.74 to 23.88 m² g–1). In contrast, H₂O₂ pre−treatment resulted in a large enhancement from 22.74 to 48.5 m² g-1 with a total BET surface area increase of 33.49 m² g–1. However, merging micropores can be detrimental, as they may promote Pt nanoparticle aggregation within these spaces. This behaviour was observed in STEM micrographs, particularly for Pt/H₂O₂−CO₂−C (Figure 25b).
	/
	Figure 27. BET and mesopore−specific surface areas of the electrocatalysts synthesized in this study from the N2 physisorption study.
	As illustrated in Figure 28, the examination of X−ray diffraction (XRD) patterns indicates that Pt (111) and Pt (002) reflections at 2−theta angles of 40.2° and 46.8° are the dominant platinum planes for all analyzed samples, with these peaks being more prominent in the samples synthesized in this study. The broader Pt (111) and Pt (311) peaks, along with the lower intensity of the Pt (200) peak in the commercial sample, imply that the CO₂−C supported electrocatalysts possess more crystalline Pt nanoparticles compared to the commercial Pt/C electrocatalyst.  
	Additionally, the sharp peak at 26.1°, corresponding to the C (002) plane in the commercial Pt/C sample, indicates a graphitic carbon support structure. In contrast, the broader peaks at 25.6° observed in the other samples are indicative of a more disordered carbon structure. This disordered carbon characteristic in CO₂−C supported samples offers potential advantages since the Pt (111) plane has been linked to enhanced oxygen reduction reaction activity in weakly adsorbing electrolytes compared to the Pt (100) plane [106]. Furthermore, defect−rich carbon structures are considered favourable sites for Pt nanoparticle attachment [78]. These observations support the idea that modifying the carbon support structure can indirectly improve ORR performance.  
	To validate these findings, d−spacing values for all samples were calculated from the Pt (111) XRD peaks and compared with values derived from high−resolution transmission electron microscopy microimages. As shown in Table 9, the d−spacing measurements from the XRD data align with those obtained from the HR−TEM images.  
	/
	Figure 28. X−ray diffraction patterns of all samples.
	Table 9. Comparison of d−spacing values obtained from HR−TEM images and XRD patterns.
	Figure 29 illustrates the XPS spectrum focusing on the Pt 4f7/2 and Pt 4f5/2 regions for the electrocatalysts analyzed in this study. Previous research indicates that an increase in the binding energy of Pt 4f core levels in XPS analysis is associated with electronic interactions between platinum and its carbon support [107]. Depending on the electronic characteristics of the support material, charge transfer occurs between the platinum nanoparticles and the support in order to equalize their respective Fermi levels [107]. For all the electrocatalysts synthesized here, the Pt 4f7/2 peak appears at higher binding energies compared to commercial Pt/C, with the most significant positive shift observed in the Pt/KOH−CO2−C sample, followed by Pt/H2O2−CO2−C and then Pt/CO2−C. These positive shifts result from the electron−withdrawing nature of the carbon support, which induces electron transfer from platinum to carbon, thereby altering the d−band structure of the electrocatalyst. This process reduces the adsorption energy of oxygen−containing species, enhancing oxygen reduction reaction activity and durability due to improved interactions between the metal and the support [107], [108], [109]. Consequently,from the perspective of metal−support interactions, pretreating CO2−C with KOH and H2O2 solutions offers advantages, suggesting better ORR performance for platinum nanocatalysts supported with these pretreated materials.
	/
	Figure 29. XPS spectrum of Pt 4f7/2 and Pt 4f5/2 regions for all samples.
	In addition to influencing the metal−support interaction, the goal of pretreatment was to add oxygen−containing functional groups to the carbon support’s surface as well. This process can be assessed by analyzing the elemental composition on the carbon surface using XPS data, as detailed in Table 10. The table indicates that the oxygen content on the surface of the CO₂−C−supported electrocatalysts exceeds that of commercial Pt/C, indicating effective functionalization. Regarding oxygen atomic percentages, the data revealed the following trend, indicating that peroxide pretreatment is the most effective method for introducing oxygen groups: Pt/H₂O₂−CO₂−C > Pt/KOH−CO₂−C > Pt/CO₂−C > Pt/C.
	Table 10. Surface atomic concentrations of all samples determined from the XPS spectrum.
	Cu (at.%)
	Pt (at.%)
	O (at.%)
	C (at.%)
	Sample
	3.4
	1.9
	9.9
	84.8
	Pt/CO2−C
	2.4
	1.7
	13.4
	82.5
	Pt/H2O2−CO2−C
	2.4
	2.6
	12.5
	82.5
	Pt/KOH−CO2−C
	n/a
	1.2
	6.4
	92.4
	Pt/C (comm.)
	To determine the types of oxygen−containing groups, the relative areas for each group were obtained by deconvoluting the C 1s peaks from the XPS analysis, as shown in Table 11. The findings indicate that hydroxyl and ether groups predominate in all samples, followed by carbonyl and ester groups in CO₂−C−supported electrocatalysts. Compared to Pt/CO₂−C, the Pt/H₂O₂−CO₂−C and Pt/KOH−CO₂−C samples showed an increased presence of all oxygen−containing groups, confirming the introduction of these groups through functionalization. Peroxide pretreatment generated slightly higher amounts of C−OH, C−O−C, and C=O species compared to KOH pretreatment, whereas KOH treatment resulted in a somewhat greater concentration of O−C=O species. Several studies have shown that oxygen functionalization of carbon supports enhances electrocatalytic activity for the oxygen reduction reaction by disrupting the sp² carbon network and facilitating charge delocalization due to oxygen’s high electronegativity, which improves the adsorption of ORR intermediates [110], [111], [112]. Additionally, certain oxygen functional groups have been associated with increased durability in carbon−supported Pt electrocatalysts [113]. Therefore, the XPS results agree with these previous findings and suggest improved ORR performance for the pretreated samples.
	Table 11. Assignments, positions and relative area of C 1s peaks of all samples determined from the XPS spectrum (binding energies at the bottom).
	To evaluate the electrochemical characteristics of the synthesized samples, ORR polarization curves at various rotation speeds were recorded (see Figure 30). Using the ORR polarization curve measured at 1600 rpm (Figure 31), key parameters for comparing the electrocatalytic performance of the samples were summarized in Table 12.
	/
	Figure 30. ORR polarization curves (anodic sweep) of all samples in O2−saturated 0.1 M HClO4 at 20 mV s−1 with different rotation rates.
	/
	Figure 31. ORR polarization curves (anodic sweep) of all samples in O2−saturated 0.1 M HClO4 at 20 mV s−1 with a rotation rate of 1600 rpm.
	Table 12. Electrocatalytic activity metrics for all samples.
	EASA of the samples was determined using CO stripping curves (Figure 32). The current peaks observed in the curves correspond to the oxidation potential of adsorbed CO (COads), while the peak areas provide a measure of the density of active sites for COads oxidation [114]. Considering that open facets and defect sites in Pt−based nanocatalysts are more reactive toward COads oxidation than compact facets, the A peak (indicating higher adsorption energy) and the A* peak (indicating lower adsorption energy) in the CO stripping curves are associated with compact and open facets, respectively, in Pt/C electrocatalysts [115]. Using the same methodology, CO2−C supported samples (B peak) demonstrate a lower activation barrier for COads oxidation. However, compared to the commercial sample, the CO2−C supported samples show significantly smaller peak areas, indicating fewer active sites for COads. 
	Furthermore, the EASA values of all CO2−C supported samples (ranging between 8.7 and 13.4 m² gPt–1) are considerably lower than that of the commercial Pt/C sample (52.7 m² gPt–1). This reduction is attributed to the agglomeration of Pt nanoparticles, as observed in STEM micrographs. This agglomeration prevents CO from adsorbing onto Pt atoms located within the core of these clusters, reducing the charge related to CO oxidation on the Pt surface.
	/
	Figure 32. CO stripping curves of all samples in N2−saturated 0.1 M HClO4 at 20 mV s−1.
	The disparity between the calculated mass activities of commercial Pt/C and CO2−C−supported electrocatalysts is relatively minor. When comparing the mass activities and specific activities of samples using pretreated support versus untreated support, a notable enhancement in both metrics is observed for pretreated CO2−C. Among the samples, Pt/H2O2−CO2−C demonstrates significantly higher MA than both Pt/CO2−C and Pt/KOH−CO2−C. However, Pt/KOH−CO2−C shows the greatest SA, even surpassing the values calculated for commercial Pt/C. This is an expected outcome as Pt sites with low coordination (such as edge sites, defects, and steps) have a lower specific activity, while high−coordination Pt sites (such as terraces) exhibit higher specific activity. Larger particles expose a greater proportion of terrace sites relative to steps or edges due to their geometric properties, resulting in elevated SA values across all CO2−C−supported electrocatalysts [57]. 
	The cyclic voltammograms for all samples are illustrated in Figure 33. A typical CV reveals three distinct regions significant for electrochemical analysis: the hydrogen underpotential deposition (HUPD) region, representing hydrogen adsorption and desorption (highlighted in yellow); the double−layer region (depicted as a clear area); and the oxygen region, reflecting OH⁻ adsorption and oxide formation/reduction (occurring above 0.6 V vs. RHE). The peaks labelled A1/A1* and A2/A2* on the curves correspond to H⁺ desorption and adsorption from the compact (111) and open (200) crystal facets, respectively. Meanwhile, the EOads and EOdes peaks indicate the adsorption and desorption of oxygen species on the Pt surface.  
	Compared to commercial Pt/C, the CO₂−C−supported samples exhibit broader peaks in the HUPD region, suggesting a stronger affinity for H⁺ adsorption and desorption. However, the EOdes peaks for all samples are nearly identical, implying similar energy barriers for oxygen desorption. This observation aligns with previous findings showing that the onset potentials for the oxygen reduction reaction (ORR) across all electrocatalysts are nearly the same.  Additionally, the CO₂−C−supported samples display a thicker double−layer region, indicating greater hydroxide formation compared to the commercial Pt/C electrocatalyst. Another notable feature is the less intense EOads peaks of the CO₂−C−supported samples, occurring at a lower potential. This observation is consistent with XPS characterization results and suggests weakened adsorption energy for oxygen−containing species.
	/
	Figure 33. Cyclic voltammetry curves of all samples in N2−saturated 0.1 M HClO4 at 50 mV s−1.
	The number of electrons involved in the reaction, can be determined from Koutecký−Levich plots generated from the polarization curves of the oxygen reduction reaction at varying rotation rates. Based on the K−L plots (Figure 34), all electrocatalysts exhibited a four−electron ORR pathway in the diffusion−limited current region. This pathway is preferred for fuel cell applications because it enhances fuel cell efficiency and avoids the formation of harmful hydrogen peroxide, which can deteriorate the electrocatalyst [116].
	/
	Figure 34. Koutecký–Levich plots for (a) commercial Pt/C, (b) Pt/CO2−C (c) Pt/H2O2−CO2−C and (d) Pt/KOH−CO2−C with the number of electrons transferred per O2 molecule (n) in the insets.
	The durability of the catalysts was assessed through an accelerated durability test involving 1000 potential cycles between 0.6 and 1 V versus the reversible hydrogen electrode (RHE). The impact of the ADT was evaluated using CO stripping measurements conducted before and after cycling (Figure 35, top right) to estimate the electrochemically active surface area loss for each catalyst. Among the catalysts, the commercial Pt/C showed the greatest EASA loss (38.8%), followed by Pt/KOH−CO₂−C (20%), Pt/H₂O₂−CO₂−C (19.6%), and Pt/CO₂−C (4.5%).  
	Pt supported on untreated CO₂−C demonstrated the highest durability under reaction conditions, showing the least loss of EASA. However, electrocatalysts with pretreated supports also exhibited notable durability, surpassing that of the commercial Pt/C. This difference is attributed to the agglomeration of Pt nanoparticles during the pretreatment process, which increases the susceptibility of the EASA to long−term degradation. Nevertheless, the enhanced durability of the H₂O₂−CO₂−C and KOH−CO₂−C supported electrocatalysts compared to the commercial Pt/C can be explained by improved metal−support interactions and the presence of specific oxygen−containing functional groups, as previously discussed in the XPS analysis.
	A comparison of CVs and ORR polarization curves (Figure 35, top left and bottom, respectively) before and after accelerated durability testing offers additional understanding of the samples' performance during the test. For the CVs, a decrease in the intensity of the platinum oxidation peak near 0.8V versus the reversible hydrogen electrode, related to the formation and adsorption of OHads, was observed for the synthesized samples. This reduction is likely due to residual CO on the platinum surface, which remained after the CO stripping process and inhibited OHads adsorption. 
	Additionally, for all samples, including commercial Pt/C, the hydrogen adsorption and desorption peaks in the hydrogen underpotential deposition region became less distinct after ADT, consistent with a decrease in EASA, as discussed earlier. Regarding the ORR polarization curves, only minor changes were observed for all samples. A slight decrease in diffusion−limited current density was detected for Pt/CO2−C and Pt/KOH−CO2−C, while it remained constant for Pt/H2O2−CO2−C and commercial Pt/C. Despite these variations, the ORR performance of all samples remained stable after ADT, demonstrating good durability under laboratory−scale durability testing conditions.
	To conclude, the results of this study fulfilled the final objective of the work as the pretreatment of CO2−derived carbon support resulted in enhanced ORR performance for the Pt electrocatalyst which was found to be superior compared to the sample with untreated CO2−C support. 
	/
	/
	/
	Figure 35. Top: Cyclic voltammetry curves (before and after ADT) of (a) Pt/CO2−C (b) Pt/H2O2−CO2−C, (c) Pt/KOH−CO2−C and (d) commercial Pt/C in N2−saturated 0.1 M HClO4 at 50 mV s−1; Middle: CO stripping curves (before and after ADT) of (a) Pt/CO2−C (b) Pt/H2O2−CO2−C, (c) Pt/KOH−CO2−C and (d) commercial Pt/C in N2−saturated 0.1 M HClO4 at 20 mV s−1; Bottom: ORR polarization curves (before and after ADT) of (a) Pt/CO2−C (b) Pt/H2O2−CO2−C, (c) Pt/KOH−CO2−C and (d) commercial Pt/C in O2−saturated 0.1 M HClO4 at 20 mV s−1 with a rotation rate of 1600 rpm.
	5 Conclusions
	The aim of this work was to develop high-performance Pt electrocatalysts with sustainable carbon nanomaterial (CO2−derived carbon) for cathodic oxygen reduction reaction in proton exchange membrane fuel cells. For this goal, the influence of different pretreatment methods was studied on commercial Vulcan XC−72 carbon black material in the first part of the work. Next, a Pt electrocatalyst using CO2−derived carbon nanomaterial as support was synthesized. In the final section of the work, the findings from the previous studies were applied to pretreat CO2−derived carbon to achieve enhanced ORR performance of the Pt electrocatalyst. Based on these studies, the following conclusions can be drawn:
	1. The first study demonstrated that pretreatment of Vulcan XC−72R with H₂O₂ significantly enhanced the ORR performance of the Pt electrocatalyst as its electrochemically active surface area was measured to be around 36 m² gPt–1 higher than commercial Pt/C. At the same time, compared with the commercial Pt/C, Pt/XC−72R (H2O2 treated) exhibited higher onset potential (60 mV higher), mass and specific activities as well as superior durability. SEM and XRD studies confirmed the optimal Pt nanoparticle sizes (2.9–4.4 nm) and favorable structural defects induced by H₂O₂ pre-treatment, enhancing Pt utilization and ORR performance. These findings highlighted the potential of H₂O₂ pre–treatment as an effective method for achieving high ORR performance.
	2. In the second study, a novel platinum electrocatalyst supported by CO₂−derived carbon was synthesized. During electrochemical characterization, the Pt/CO₂−C electrocatalyst demonstrated a 33% higher mass activity and a 9% higher specific activity compared to the commercial Pt/C while experiencing only a 5% loss in mass activity after accelerated durability test (which was 12% for commercial Pt/C). Morphological analysis revealed uniformly distributed Pt nanoparticles sized around 3.2 nm. These results confirmed CO₂−C as a promising sustainable alternative for conventional petroleum-sourced carbon supports.
	3. Combining the findings from previous studies, in the third study Pt electrocatalyst using H2O2 pretreated CO₂−derived carbon support was prepared. It was observed that functionalization of CO₂-C with H₂O₂ resulted in an increase of 33.5 m² gPt–1 in EASA, 40 mA mgPt−1 in mass activity and 316 μA cm−2Pt in specific activity compared to the Pt electrocatalyst with untreated CO₂–C support. Functionalization with oxygen groups was found to optimize metal-support interactions, reduce overpotential, and significantly enhance ORR activity and durability. The results of this study concluded the possibility of achieving high ORR performance with electrocatalyst using relatively low Pt loading and sustainable support material.  
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	Abstract
	Electrochemical Reduction of Oxygen on Platinum−Modified Carbon Materials
	Proton exchange membrane fuel cells (PEMFCs) are among the most promising clean energy technologies due to their many advantages such as low emissions, portability, high power density and fast start-up. However, they require platinum−based electrocatalysts for the sluggish cathodic oxygen reduction reaction (ORR). The high cost and scarcity of platinum, reliance on petroleum−derived carbon supports, and the need for improved performance and durability pose significant challenges to the widespread adoption of PEMFCs. This thesis explores approaches to address these issues by developing a novel CO₂−derived carbon (CO₂−C) support to replace conventional petroleum-derived carbon and finding an effective support pretreatment method to enhance the ORR performance of the Pt electrocatalyst supported with CO₂−C. The aim is to achieve high-performance and cost-effective Pt electrocatalysts using sustainable carbon support.
	Based on three peer-reviewed publications, this work investigates the impact of various pretreatment methods on commercial Vulcan XC-72 carbon black, explores the possibility of replacing conventional carbon black support with CO₂−C and studies the pretreatment of CO₂−C as a method to enhance ORR performance of Pt electrocatalyst. In the first study, hydrogen peroxide (H₂O₂) pretreatment of Vulcan XC-72 was found to significantly improve the electrochemically active surface area (EASA) of Pt electrocatalyst by 46.3% compared to commercial Pt/C, achieving superior ORR performance. The second study demonstrated that CO₂−C is a sustainable and efficient alternative to petroleum-sourced carbon black support, as Pt/CO₂−C showed a 33% higher mass activity and 9% higher specific activity compared to commercial Pt/C while retaining 95% of its initial mass activity after accelerated durability test (ADT). In the third study, a Pt electrocatalyst supported on H₂O₂−pretreated CO₂−derived carbon was developed, building on previous findings. Functionalization with H₂O₂ improved the EASA, mass activity, and specific activity compared to the untreated CO₂−C based electrocatalyst. This treatment optimized metal-support interaction, reduced overpotential, and significantly enhanced ORR activity and durability. The study demonstrated the potential of achieving high ORR performance with low Pt loading on a sustainable CO₂−C support. The findings, supported by comprehensive electrochemical and physical characterizations, introduce CO₂−derived carbon as a novel and sustainable carbon support alternative for Pt electrocatalysts and highlight the role of support pretreatment in enhancing ORR performance. 
	In conclusion, this thesis contributes to the advancement of PEMFC technology by addressing the dual challenges of material cost and sustainability. The adoption of CO₂−derived carbon (CO₂−C) as a sustainable replacement for conventional petroleum–sourced carbon black, combined with effective pretreatment strategies, offers a promising pathway to reduce platinum loading in commercial Pt electrocatalysts while advancing clean energy technologies and supporting global decarbonization efforts.
	Lühikokkuvõte
	Elektrokeemiline hapniku redutseerumine plaatinaga modifitseeritud süsinikmaterjalidel
	Prootonvahetusmembraaniga kütuseelement (PEMFC) on üks lootustandvamaid tehnoloogiaid sisepõlemismootori asendamiseks tänu nende paljudele eelistele nagu heitmevabadus (ainuke produkt lisaks energiale ja soojusele on vesi), füüsiline suurus võrreldes näiteks akudega, suur võimsustihedus ja kiire käivitatavus. Paraku vajavad nad aeglase katoodse hapniku redutseerimise reaktsiooni (ORR) efektiivseks muutmiseks plaatinapõhiseid elektrokatalüsaatoreid. Plaatina kõrge hind ja nappus, sõltuvus naftast saadud süsinikukandjatest ning suur vajalik plaatina kogus efektiivsuse  ja vastupidavuse tõstmiseks seavad PEMFC-de laialdasele kasutuselevõtmisele olulisi väljakutseid. See lõputöö uurib lähenemisviise nende probleemide lahendamiseks, töötades välja uudse CO₂–st saadud süsiniku (CO₂–C) kandematerjali, mis asendaks tavapärase naftast pärineva süsiniku. Lisaks sellele on töö osa eeltöötlusmeetodi väljatöötamine, et parandada CO₂–C–l põhinevate Pt/C katalüsaatorite aktiivsust.
	Nende eesmärkide saavutamiseks valiti selles töös kolm lähenemist: eeltöötlusmeetodite väljatöötamine katalüsaatori aktiivsuse suurendamiseks Vulcan XC–72 süsiniku näitel, kommertsiaalsete süsinikkandjate asendamine CO2–l põhineva süsinikuga, ning seejärel nende kombineermine eeltöödetud CO2–süsiniku uurimiseks süsinikkandjana Pt–katalüsaatorile.
	Esimeses osas leiti, et Vulcan XC–72 eeltöötlus vesinikperoksiidiga (H2O₂) parandas Pt elektrokatalüsaatori elektrokeemiliselt aktiivset eripinda (EASA) 46,3% võrra võrreldes kaubandusliku Pt/C–ga, mis suurendas märkimisväärselt selle materjali aktiivsust hapniku elektrokatalüütilisel redutseerumisel. Teine töö osa tõestas, et CO₂−C on jätkusuutlik ja tõhus alternatiiv fosiilkütustel põhinevale süsinkule, kuna Pt/CO₂−C näitas 33% suuremat massaktiivsust ja 9% kõrgemat eriaktiivsust võrreldes kommertsiaalse Pt/C materjaliga, säilitades samal ajal 95 % selle esialgsest massiaktiivsusest pärast stabiilsustesti. Kolmandas töö osas töötati eelnevale kahele uurimusele tuginedes välja Pt elektrokatalüsaator H2O₂–ga eeltöödeldud CO2–st saadud süsinikkandjal. Funktsionaliseerimine H₂O₂–ga parandas EASA-d, massaktiivsust ja eriaktiivsust võrreldes töötlemata CO₂–C–põhise elektrokatalüsaatoriga. See töötlemine  suurendas efektiivsust läbi Pt ja süsinikkandja sidemete tugenvamise, vähendades seeläbi ülepinget ning suurendades oluliselt ORR–i aktiivsust ja katalüsaatormaterjali vastupidavust. Uuring näitas jätkusuutliku CO₂–C toega ja madala Pt–sisaldusega katalüsaatorite eeliseid praeguste lahenduste ees. 
	Selle lõputöö põhitulemuseks on PEMFC–tehnoloogia edasiarendused, mis vähendavad materjalikulu ja suurendavad katalüsaatormaterjalide jätkusuutlikkust. CO₂–C kasutuselevõtt tavapärase naftast pärineva süsiniktahma jätkusuutliku asendajana koos tõhusate eeltöötlusstrateegiatega pakub paljutõotavat võimalust vähendada plaatina sisaldust kommertsiaalsetes Pt elektrokatalüsaatorites, jäädes samas CO2 neutraalseks mitte ainult energia, vaid ka energia tootmiseks vajalike materjalide valmistamisel.
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