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Transition metal and nitrogen-doped carbon catalysts based on carbide-
derived carbon and carbon nanotubes for proton-exchange membrane fuel
cell (PEMFC) application

Abstract:

The electrocatalytic oxygen reduction reaction (ORR) activity of transition metals (Fe or CoFe)
and nitrogen-doped nanocarbon catalysts was investigated in this work. The carbide-derived
carbon and carbon nanotube composite materials were doped with nitrogen and transition
metals by pyrolysis. The physical characterisation of the catalysts was carried out by SEM-
EDX and BET methods. The ORR activity of the materials was evaluated using the rotating
disc electrode method in acidic media. The results showed that the modified ball-milled Fe-N-

C material had superior ORR performance in 0.5 M H2SO4 solution.
Keywords: Transition metals, Oxygen Reduction Reaction, Doping, Electrocatalysis.
CERCS: Electrochemistry

Siirdemetalli ja 1dmmastikuga dopeeritud karbiidset pérituolu siisinikul ja siisiniknanotorudel
pdhinevad Kkataliisaatormaterjalid prootonvahetusmembraaniga kiituseelemendi (PEMFC)

jaoks
Liihikokkuvote:

Selles bakalaureusetoos uuriti siirdemetallide ja ldmmastikuga dopeeritud siisinikmaterjalide
elektrokataliiiitilist aktiivsust hapniku redutseerimisel. Karbiidset péritolu siisiniku ja
stisiniknanotorude komposiitide dopeerimiseks lammastikuga ning siirdemetallidega, nagu Fe
ja Co, kasutati kuumtootlemist. Kataliisaatorite fiitisikaliseks karakteriseerimiseks kasutati
SEM-EDX ja BETi meetodeid. Materjalide hapniku redutseerumise aktiivsust hinnati
happelises keskkonnas poorleva ketaselektroodi meetodil. Saadud tulemustest selgus, et BM2-
ga modifitseeritud Fe-N-C materjal néditas kdrget hapniku redutseerumise aktiivsust 0,5 M
H2SO4 lahuses.

Vétmesonad: Siirdemetallid, hapniku redutseerumisreaktsioon, dopeerimine, elektrokataliiiis.

CERCS: Elektrokeemia
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INTRODUCTION

Oxygen reduction reaction (ORR) electrocatalysis, notably in energy storage and conversion
devices, is critical to the development of sustainable and clean energy solutions. Fuel cells use
air-reducing cathodes to transform chemical energy into electricity. Proton exchange membrane
fuel cells (PEMFC) operate under acidic conditions (Shao et al., 2016). To make better ORR
catalysts for PEMFCs, we need well-defined activity benchmarks and measurement methods
for Pt/C catalysts. This will make sure that the activity of newly proposed catalysts can be
compared and evaluated without any confusion (Gasteiger et al., 2005). There are still issues
with Platinum group metal (PGM)-based catalysts, such as their high cost, stability
considerations and the possibility of CO poisoning, that prevent their widespread use (Lopes et
al., 2016) (James et al., 2018) (Li et al., 2017).

Metal-nitrogen-carbon (M-N-C) catalysts for ORR have recently received an enormous amount
of attention because of the recent and rapid progress in the field over the past 10 years, including
improvements in the electrocatalytic activity, power performance of fuel cells, CO tolerance,
and stability and durability, observed in both high and low pH conditions (Zhong et al., 2015)
(Brocato et al., 2013) (Elumeeva et al., 2015) (Rojas-Carbonell et al., 2018). Pyrolyzed M-N-
C materials and their ORR electrocatalysis at different pH values still need to be better
understood to make an ideal choice of such catalysts in terms of operating conditions,

particularly concerning the operating pH in a fuel cell device (Sgarbi et al., 2021).

This BSc thesis is an extension of a previous work in which M-N-C catalysts, particularly iron,
cobalt and the mixture of these metals (cobalt-iron) and nitrogen doped carbide-derived carbon
and carbon nanotubes, was studied in alkaline medium (Lilloja et al., 2021), but now the goal
was to investigate the electrocatalytic activity of transition metals such as iron (Fe) or cobalt-
iron (CoFe) and nitrogen-doped carbon nanotubes and carbide-derived carbon, towards the
ORR in acidic conditions, to design new and better electrocatalysts from these supports and to
establish structure-property relationships that would allow for new advancements in fuel cell

electrocatalysis.
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1 LITERATURE REVIEW

Overusing fossil fuels has caused big problems for the environment, and every day it becomes
more important to deal with the effects of climate change. To avoid any further CO, emissions
into the environment, reliance on non-renewable energy sources such as coal, gas, or oil should
be minimized to transition to a zero-emissions method of energy production. Because of this,
renewable energy sources are needed. The hydrogen plays an alternative to fossil fuel because
it is a sustainable and non-polluting energy carrier that can be used in stationary and mobile
power devices including fuel cells (Ratso et al., 2016). A fuel cell is a device that transforms
the chemical energy from the fuel (for example Hz) and the oxidant (e.g O2) directly into
electrical energy (Wang et al., 2011). Polymer electrolyte fuel cells (PEFCs), solid oxide fuel
cells (SOFCs), alkaline fuel cells (AFCs), molten carbonate fuel cells (MCFCs), and phosphoric
acid fuel cells (PAFCs) are all examples of fuel cells that have gotten the most attention in fuel
cell research so far (Wang et al., 2011). In terms of transportation PEFCs are better because
they work at low temperatures usually less than 100 °C and they do not need substances or
components that are harmful, for instance the phosphoric acid among others (Pasupathi et al.,
2016). Therefore, they are perfect for use in vehicles not just because they are safe but also for
the fact that they are efficient (Ratso et al., 2016).

In general, it is possible to divide PEFCs into three following ones: proton exchange membrane
fuel cell (PEMFC), direct menthol fuel cell and lastly anion exchange membrane fuel cell (Li
et al., 2021). For example, in case of PEMFC hydrogen is used as a fuel, protons are released
from the hydrogen, which is oxidized at the anode. The protons are transported to the cathode
through a proton exchange membrane (PEM). As a result, oxygen is reduced to water at the

cathode and water is the desired product when this fuel cell operates (Ratso et al., 2016).

1.1 Proton exchange membrane fuel cell

The PEMFC stack is made up of a membrane electrode assembly (MEA) and bipolar plates,
which act as current collectors and provide reagents to the MEA electrodes. The MEA is the
part of the stack that generates the fuel cell's electricity. Bipolar plates also connect MEAS
together electrically in a series (Kraytsberg et al., 2014). Due to their high power density and
efficiency, PEM-based fuel cells are among the most promising electrochemical energy



conversion devices (Tellez-Cruz et al., 2021). The responsibility of proton conductivity in the
proton exchange membrane fuel cell is for PEM which transports protons from the anode to the
cathode, establishing the important component of the electrochemical device as it can be seen in

(Figure 1) (Tellez-Cruz et al.,, 2021).

Hydrogen
Oxygen

Anode Catode

2 0%

Figure 1. Fuel cell components like anode, cathode, gas diffusion layer and proton exchange
membrane are shown in this schematic representation of PEMFC (Tellez-Cruz et al., 2021).

Anode and cathode which function as electrodes must hold a catalyst for the electrochemical
reaction to proceed. The optimal catalyst for both the oxygen reduction reaction (ORR) and the
hydrogen oxidation reaction (HOR) (Yuan, et al., 2010) are platinum and platinum group metal
(PGM)-based electrocatalysts. However, these are high-priced noble metals that are always
subject to market volatility. Current PGM cathode catalysts reduce overpotentials for ORR
activation and retain adequate stability in an oxidative and acidic environment (Hou, et al.,
2020). As a result, the most important objective is to create highly active and stable PGM-free
catalysts as low-cost alternatives to PGMs for advanced PEMFCs in order to speed up the

development of appealing hydrogen technologies in the future (Wang, et al., 2019).

1.2 Oxygen reduction reaction (ORR)

Oxygen reduction reaction has been an important topic of debate and tireless investigation
throughout the previous century (B. Liu and Bard, 2002). ORR plays a great role in energy
conversion devices, especially in metal-air batteries and fuel cells, including PEMFCs (Zhang,
2008) (B. Liu and Bard, 2002).
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In acidic solutions, the ORR occurs as follows (Anastasijevic¢ et al., 1987) (Ross et al., 1998):
The four electrons pathway:

Oz + 4H* + 4e" > 2H,0 Eo=1.229V (1)

Or in the case of a two-electron pathway:

Oz + 2H* + 2™ > H20» Eo=0.67V (2)

Afterwards, hydrogen peroxide is further reduced:

H20; + 2H* + 2e” > 2H,0  Eo=1.77V 3)

Or it disproportionates:

2H202 — 2H20 + O2 (4)

The electrocatalyst is often used to introduce the four-electron reduction of O to water (Shao,
2016). Although several catalysts are available for the ORR, the Pt catalyst is usually the most
often used. Pt is considered one of the best catalysts in terms of ORR because it can withstand
acidic conditions. There is, however, one problem with platinum. It would be difficult to use it
in fuel cells considering its rarity and the high cost. Therefore, it has pushed for more research
to be conducted to substitute the precious metal catalysts for alternative ones (Sealy, 2008).

1.2.1 Non-precious metal catalysts for the ORR

Among the most promising ways to reduce the cost of PEM fuel cells is to decrease the usage
of platinum in the catalyst layers, which has been the most prevalent approach to reduce the
cost. This method only works by mixing the Pt with transition metals such as cobalt (Co), iron
(Fe). Pt-based catalysts have witnessed a remarkable improvement in mass activity and specific
activity, nevertheless this method could not be sustained, because merging these advancement
made on the catalyst level to full-size fuel cell stacks has proved to be difficult (Pollet et al.,
2019) (Nakamura et al., 2019) (Shao et al., 2016). So, a novel approach is based on synthesising
non-precious metal-based electrocatalysts. Reviewing the non-precious metal-based catalysts
development for the PEM fuel cell applications, the research has become quite large, covering
a wide range of materials. Sadly, the performance of the best non-precious metal catalysts
8
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(usually carbon supported Co-N and Fe-N doped catalysts) is still worse when compared to the
performance of Pt-based catalysts in terms of both activity and stability. This has been the case
up until today. Despite this, during the past few years, there has been observed an incremental
improvement in both the stability and activity of non-precious metal catalysts toward their
practical utilization. As a result, these electrocatalysts are now more active and promising.
M-N-C materials (where M is Fe, Co, Mn, etc) which are formed by pyrolysis of different
metals, carbon and nitrogen precursor materials have been shown to be the most promising so
far. Other non-precious metal have been subjected also to research , the non-precious metal
include non-pyrolyzed transition metals, metal oxide materials, transition metal chalcogenides
among others (Chen et al., 2011) (Pérez-Rodriguez et al., 2021).

1.2.2 Metal nitrogen-doped carbon type catalyst

Electrocatalysis research has recently focused on transition metal and nitrogen-doped carbon
(M-N-C) materials as a viable replacement for platinum-based catalysts for the ORR (Y. Zhang
et al., 2016). M—N-C electrocatalysts are better in terms of the ORR performance thanks to
their efficient active sites, adequate electrocatalytic activity, and durability (Xu et al., 2020).

In contrast, carbon alone does not have a significant impact on the ORR. So far, transition
metals and/or nitrogen where M is iron (Fe), cobalt (Co), copper (Cu) and manganese (Mn)
have been most successful in creating ORR active sites without platinum (Shao et al., 2016)
(Barkholtz and Liu, 2017). It was pointed out that the modification of the structure that normally
occurs within the heat-treatment (or pyrolysis), these active materials can be obtained from a
lot of chemical precursors such as transition metal salts, sources of carbon and nitrogen
(Monteverde Videla et al., 2016).

1.2.3 Active sites for the ORR

To address the issues (high cost, CO2 poisoning, and scarcity) with ORR catalysts which is the
commercial available Pt, a lot of research has been done over the recent decades to come up
with active sites (M-Nx, Pyridinic-N) in the catalyst as shown in (Figure 2) that work as well as

Pt but are cheaper and more stable (Nakamura et al., 2019).

M-Nx is a metal-based catalytic centre in which the iron atom is coupled to multiple (typically

4) nitrogen atoms. This is one of the most common types of active sites for ORR found in M-

9
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N-C catalysts (Figure 2) (Zitolo et al., 2015) (Jia et al., 2016) (Tellez-Cruz et al., 2021a). M-Nx

sites are believed to be responsible for a 4-electron ORR in acidic medium (Zitolo et al., 2015).

Carbon's electrons are conjugated to nitrogen's lone-pair electrons by adding electron-rich
nitrogen atoms into the carbon support (Zhao et al, 2013). The impact of nitrogen doping is
dependent mainly on the lattice arrangement of the dopant atoms. Pyridinic-N is one of the
nitrogen species found in N-doped carbon-based materials (Dominguez et al., 2015) (Q. Liu et
al., 2012). There are other nitrogen functional groups which include pyrrolic-N and graphitic-
N (Nakamura et al., 2019).

Pyridinic-N atoms have long been assumed to be responsible for the ORR activity because of
the m-conjugation carbon network it produces which means that they could be used a base or
starting point for platinum substituted catalyst (Nakamura et al., 2019) (Donghui et al., 2016)
(Mamtani et al., 2016)

Fe @ Carbon

]
@ PynolicN @ OH

@® PyridinicN

W

Figure 2. Showing Fe-Nx (Fe) and Pyridinic N in the M-N-C catalysts (Jia et al., 2016).

1.3 Nanocarbons as supporting materials

The features of large specific surface area, electrical conductivity, chemical stability, and
porosity are some of the characteristics that are shared by carbon nanomaterials for example
carbide-derived carbon (CDC) and carbon nanotubes (CNTs) (Ratso et al., 2016). This
contributes to their use as catalyst supports. Electrons needed for O reduction can be
transported to these active site (M-Nx and Pyridinic N) thanks to electrical conductivity, because
the materials are also chemically inert, the carbon itself is highly durable (even though it can
be oxidized when a fuel cell is working) (Ratso et al., 2016). The porous structure contributes
10
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to the mass transport in the catalyst layer and a large surface area is favourable for the creation
of a higher number of active sites (Ratso et al., 2018) (Ratso et al., 2016). Carbon nanotubes
were a scientific and technological breakthrough. Appropriate engineering of them could lead
to the development of novel materials for a range of uses. Due to their open structure and high
polarity, carbon nanotubes can improve the properties and performance of other materials
(Amin et al., 2020). Carbon nanotubes can exist in both single-walled and multi-walled forms
(Figure 3a) (Mtukula et al., 2016). The single-walled CNT consists of a single wrapped
graphene sheet with a tubular structure. On the other side, multi-walled CNTs are a mixture and

collection of concentric single-walled carbon nanotubes (Amin et al., 2020).

When the metal or semi-metal atoms from the carbide lattice is removed, a porous carbon
network is left behind. This is what is known as a carbide-derived carbon (CDC) (Figure 3Db).
CDCs have the potential to alter the porosity of carbon, allowing for a wide range of pore sizes
(large and small) to be achieved. Their large specific surface area and porosity make them ideal
for commercial supercapacitors and fuel cells (Lilloja et al., 2021). Changing the temperatures
at which the carbide and chlorination reactions begin has a large impact on the surface area,

disorder, and pore size distribution (Dash et al., 2005).

o

Figure 3. (a) Structures of single-walled CNTs and multi-walled CNTs (Ribeiro et al., 2017)
and (b) carbide-derived carbon (Zhan et al., 2017).

Doping of Nano-Carbons

It is possible to dope the carbon material using the process which involves creating a
combination of carbon support material, nitrogen, and transition metal dopants (often an
inexpensive salt) and pyrolysis. Pyrolyzing the dopants and carbon substrate at high
temperature creates active sites in the final catalyst material for the ORR. The precursors are
usually combined either in liquids (via sonication) or in solid form (via ball-milling) before
being pyrolysed at high temperatures (Vikkisk et al., 2013) (Lefévre et al., 2009) (Wu et al.,
2011).

11
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Sonification

Sonication is one of the methods often used for mixing reagents (e.g. transition metals and
nitrogen containing precursors) with existing nanocarbons (e.g. CDCs and CNTSs) to disperse
the materials. This process involves using ultrasound to stir the catalyst. Low viscosity solutions
(involves water, acetone, or ethanol) containing nanocarbons is best dispersed by sonification.
Most of the time, this is done with an ultrasonic bath also called a sonicator (Gou et al., 2012).
Based on the literature, sonication is even used for removing graphene sheets from graphite.
Heating the fluid containing graphite is an option. However, it is not as successful as sonication
in producing graphene. The frequency, amplitude, and power of the sonication system will
impact the final graphene product. It is possible to use ultrasonic energy in sonication baths or
tips to apply it to nanocarbon-containing dispersions (Warner et al., 2013).

Ball milling

Ball milling was initially intended to grind sample materials to minimise particle size.
Furthermore, ball milling may be used to activate chemical processes, create nanostructured
materials, and change the reactivity of as-milled solids. Ball milling has a minimal cost of
installation and operation, making it an economically viable approach. It may be possible to
produce functionalized carbons with rich defects by using the ball-milling technique at a low
cost and high yield (Wang et al., 2021) (Wang et al., 2020).

Ball milling offers several benefits. Ball milling shown in (Figure 4a), instead of solution-based
impregnation approach, places most of the dopants close to the carbon material's surface,

making it easier to create the active sites during electrocatalysis (Ratso et al., 2018).

Pyrolysis

Pyrolysis is the thermochemical decomposition of substances at high temperatures in an inert
environment (Figure 4b), such as Ar or Nz. It can be used to create carbon materials
from biomass and organic precursors as an example, and to restructure pre-existing carbons
(Wang et al., 2020).

For the preparation of functionalised carbon materials, the pyrolysis is widely used, due to its
simplicity and cost-effectiveness (Wang et al., 2020). The composition, structure, and

morphology of the carbon-based material are strongly influenced by pyrolysis conditions such

12


https://www.zotero.org/google-docs/?956F1F
https://www.zotero.org/google-docs/?qpNT4F
https://www.zotero.org/google-docs/?5isnU8
https://www.zotero.org/google-docs/?u6yR2V
https://www.zotero.org/google-docs/?dC1HMw
https://www.zotero.org/google-docs/?u6yR2V
https://www.zotero.org/google-docs/?u6yR2V

as the pyrolysis temperature, gas environment, heating rate, and reaction time. Pyrolysis
temperature may affect the degree of graphitization and electrical conductivity, but it can also
affect clustering and diminish graphitization at the same time. During pyrolysis, it is possible
to easily incorporate heteroatom dopants into the carbon framework by merely calcining the
carbon precursor in the presence of heteroatom sources. Some examples of heteroatom sources
include dicyandiamide, H>S, and melamine. So, if the temperature of the pyrolysis is too high
it can lead to unstable heteroatom dopants and the surface area for the catalyst can be reduced.
For this reason, it is necessary to optimize the pyrolysis conditions in order to acquire practical
characteristics in the produced substance (Wang et al., 2021) (Wang et al., 2020).

(b)

Heat zone Pressure gauge

Sample

Figure 4. (a) Schematic of ball-milling and (b) schematic of pyrolysis (Wang et al., 2020)
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2 THE AIMS OF THE THESIS

The main goals of this research are the following:

e Synthesise transition metal and nitrogen doped CDC/CNT composites

e Study the electrocatalytic activity of these materials towards the ORR in an acidic
environment.
e Study the surface and elemental composition of prepared transition metal and nitrogen

doped nanocarbons.

14



3 EXPERIMENTAL PART
3.1 Synthesis of M-N-C catalyst

Carbide-derived carbon (CDC) which was acquired from Skeleton Technologies OU (Estonia),
was produced by chlorinating silicon carbide. Multiwall carbon nanotubes (NC3150; >95%
purity) were purchased from Nanocyl SA (Belgium). As a nitrogen source, 1,10-phenanthroline
(purity >99%; Acros Organics) was utilized, while iron(l1) acetate (purity 95%; Sigma-Aldrich)
and cobalt(ll) acetate (purity >98%; Alfa Aesar) were utilized as metal precursors. In all
materials, CDC and CNT were taken in equal proportions by weight, the amount of iron(ll)
acetate corresponded to 1 wt% of Fe relative to the carbon mass and for dual doping (cobalt-
iron) 0.5 wt% of Fe and 0.5 wt% of Co were added.

Prior to the preparation of iron and nitrogen doped CDC/CNT (Fe-N-C_mix) and cobalt-iron
nitrogen doped CDC/CNT (CoFe-N-C_mix), the CDC material was ball-milled. For the wet-
ball milling, 200 mg of CDC material, 20 mg of polyvinylpyrrolidone (PVP, MW = 40000;
Sigma-Aldrich), 3 mL of ethanol, and 20 g zirconium dioxide balls (diameter 0.5 mm) were
placed in the grinding bowl. The ball milling was done at 400 rpm for 2 h (4 x 30 min, 5 min
cooling breaks). An ultrasonic bath was used for 30 min to treat the mixture of metal acetate
and 1,10-phenanthroline in the first step of catalyst synthesis. A sonication step was then
performed for at least 30 min (Figure 5a) until all the CDC, CNT, and additional PVVP had been
dispersed evenly. The prepared liquid dispersion was dried overnight in an oven at 60 °C. The
obtained powder was then pyrolyzed in an inert atmosphere (N2, 99.999%, Linde). The sample
was inserted into the heating zone at 800 °C, kept there for 1 h, and then quickly removed, after

which the obtained catalyst material was collected.

To create Fe-N-C_BM1 material, previously ball-milled CDC, CNTs, PVP, 1,10-
phenanthroline, and iron (I1) acetate were combined using wet ball-milling at 400 rpm for 1 h
(20g ZrO2 balls with diameter 0.5 mm, 5 ml ethanol). The slurry was dried in an oven at 60°C,
then pyrolyzed for 1 h at 800°C.

In order to make Fe-N-C_BM2 material, the original CDC (no ball-milling), CNTs, PVP, 1,10-
phenanthroline, and iron (I1) acetate were mixed by wet ball-milling at 400 rpm for 2 h (20g
ZrO2 balls with diameter 0.5 mm, 5 ml ethanol). The slurry was dried in an oven at 60°C, then

pyrolyzed for 1 h at 800°C.

15



(b)

Figure 5. (a) Image of ultrasonic bath used during experiment and (b) pyrolysis oven used

during experiment.

Two different acid treatment procedures (designated as AT1 and AT2) were used with Fe-N-

C_BM2 material to remove inactive metal species from the catalyst.

The Fe-N-C_BM2_AT1 catalyst was made by adding acid mixture of 0.5 M H2SO4 and 0.5 M
HNO:s to the ball milled catalyst (Fe-N-C_BM2). It was then sonicated to mix thoroughly for
10 min. After that, a magnetic steerer with heating was used to stir the catalyst in acid mixture
for 8 hat 50 "C.

Fe-N-C_BM2_AT2: To make this acid treated material, we used an acid solution of 0.5 M
H2SO4. We also used a magnetic steer as done on previous occasions, but in this case, 80 'C

was used for 8 h during mixing.

Following the acid treatment, the material was washed with deionised water (until neutral pH),
filtrated and dried in an oven at 60 °C. After acid treatment, the materials were subjected to the

second pyrolysis for 1 h at 800 °C.

3.2  Electrode preparation

The catalyst materials were deposited on glassy carbon (GC) electrodes having a geometric area
of 0.196 cm?. The GC discs (GC-20SS, Tokai Carbon, Japan) were mounted onto Teflon®
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holders and polished with 1 and 0.3 um alumina slurry (Buehler), then sonicated in Milli-Q

water and 2-propanol for 5 min in each solvent to remove polishing debris.

For the measurements in 0.5 M H2SO4, 5 mg of Fe-N-C was added to a suspension using 490
uL of Milli-Q water, 490 pL of 2-propanol and 20 pL of 5% Nafion® solution. In this case, the
suspension was sonicated for 60 min. Once the suspension was made and the electrodes are
clean of polishing debris, a specific amount of suspension was drop cast onto the GC electrode,
giving a catalyst loading of 0.6 or 0.8 mg cm, followed by drying in the oven at 60 °C.

3.3 Electrochemical measurements

Electrochemical measurements were conducted using the three-electrode system (Figure 6),
where GC electrode coated with corresponding catalyst served as the working electrode, Pt wire
as a counter electrode, and saturated calomel electrode (SCE) was used as a reference electrode.
The three-electrode electrochemical cell filled with 0.5 M H>SO4 (purity 96%) solution was
used to carry out the experiments at room temperature (23 = 1 °C). The solution was then
saturated for about 30 min with oxygen before the experiment started. Once saturated,
measurement of cyclic voltammograms was done at 200 mV/s first to stabilise the electrode

before the rotating disk electrode (RDE) measurements.

The RDE experiments were undertaken using five different rotation rates (): 360, 610, 960,
1900 and 3100 rpm. The experiments were controlled using an Autolab potentiostat/galvanostat
PGSTAT30 (Eco Chemie B.V., The Netherlands) via General Purpose Electrochemical System
(GPES) or NOVA 2.0 software.
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Figure 6. Picture of the 3-electrode system used for electrochemistry measurements.

The RDE polarization curves for the all catalysts were recorded in 0.5 M H>SO4 at various

rotation speeds and the data analysis was done using the Koutecky-Levich (K-L) equation:

1 1 1 1 1

I L Ig nFAKCS  0.62nF ADE;;E’y‘lfﬁfi’Bzwlfﬂ (5)

Where | is the measured current, Ik and lq are the kinetic and diffusion-limited currents,
respectively; k is the electrochemical rate constant for O reduction; A is the geometric area of
the electrode (0.196 cm?); Fis the Faraday constant (96,485 C mol™'); vis the kinematic
viscosity of the solution and the following values for Oz solubility (c®=1.13 x 107® mol cm®)
and diffusion coefficient (D = 1.8 x 10° cm? s™') were used for the K-L analysis in 0.5 M H2S04
solution (Mooste et al., 2018) (Gottesfeld et al., 1987).

3.4 Physico-chemical characterisation of catalysts

Scanning electron microscopy (SEM) was used to study the surface morphology of carbon-
based electrocatalysts. To make SEM samples, a specific amount of catalyst was mixed into 2

mL of 2-propanol. Drop casting was used to transfer the suspension on the GC discs. For SEM
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experiments, an energy-dispersive X-ray (EDX) spectrometer analyzer INCA Energy 350
(Oxford Instruments) was used with a high-resolution scanning electron microscope (HR-SEM)
Helios NanoLab 600 (FEI Company). EDX spectroscopy was used to find out what elements

were in catalyst materials and where they were located.

With a NovaTouch LX2 Analyser (Quantachrome) or a Micro-metrics TRISTAR Analyser, the
N> adsorption/desorption isotherms of the catalyst samples were measured at the boiling point
of nitrogen (77 K). Before the N2 physisorption measurement, the samples were degassed under
a vacuum at 200 °C for at least 24 h and then filled with N2 gas. The Brunauer-Emmett-Teller
(BET) theory was used to figure out the specific surface area (Sget) up to a relative N2 pressure
of P/Po = 0.2. Near the saturation pressure of N2 (P/Po = 0.97), the total volume of pores (Viot)
was measured. The t-plot method and deBoer statistical thickness were used to figure out the

microporosity (Vy).

It should be noted that the following researchers performed physical characterisation
experiments: Dr. Jekaterina Kozlova: SEM-EDX analysis, Dr. Maike Kaérik: BET with PSD
analysis. However, the author of this bachelor's thesis described the physical characterisation

data and conducted the electrochemical tests with corresponding analysis.
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4 RESULTS AND DISCUSSION

Results would be the explaining electrocatalytic activity of transition metals and nitrogen-doped
carbon nanomaterials towards the oxygen reduction reaction (ORR) in an acidic environment

and physico-chemical characterization of prepared electrocatalysts.
Comparison of transition metal additives

Two materials were tested in acidic environment by RDE method. First is the iron-nitrogen co-
doped CDC/CNT (Fe-N-C_mix) and second is the cobalt-iron nitrogen doped CDC/CNT
(CoFe-N-C_mix). They were tested for their ORR activity, to assess a possible substitution for
Pt on the cathode of PEMFCs.

The transition metal doped material’s comparison began with the effects of Fe-N-C_mix and
CoFe-N-C_mix (Figure 7), and it was discovered that the Fe-N-C_mix and CoFe-N-C_mix
were less alike based on gotten ORR onset potentials (Eonset, the potential at which current
density equals to -0.1 mA cm™) and half-wave potential (Ei, a potential where the current
equals to % of the diffusion-limited current). The onset potentials of Fe-N-C_mix and CoFe-N-
C_mix were 0.60 and 0.53 V, respectively, while the half-wave potentials were 0.44 and 0.4 V,

respectively.

T T T T T
0 Fe-N-C_mix — = 7
CoFe-N-C_mix

-2

j/mAcm

-OI.4 -0l.2 010 012 014 016 018
Evs SCE/V

Figure 7. RDE polarisation curves for O reduction of Fe-N-C_mix and CoFe-N-C_mix in O>-

saturated 0.5 M H2SO4. v =10 mV s7!, w = 1900 rpm, catalyst loading = 0.6 mg cm™.

Next, the number of electrons transferred per O molecule (n) and the K-L results are compared
(Figure 8). According to the K—L plots, when the overpotential is high, parallel K-L lines yield
intercepts bypassing the origin of the axis, which indicates that the electroreduction of oxygen
is limited by mass transfer to the electrode surface. The value of n was determined by
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calculating from the slopes of the K-L plots. Observation indicates that the number of electrons
was four in the case of Fe-N-C_mix, still, for CoFe-N-C_mix, the n value was around 3.8 which
means that O> might not have been completely reduced and peroxide might have been produced,
and hydrogen peroxide is an unwanted substance for fuel cells (Lee et al., 2021). In the case of
Fe-N-C_mix, interpreting the K-L plot to the y-axis yields an intercept around zero, indicating

that the ORR process was completely controlled by diffusion.
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Figure 8. (a, c) RDE voltammetry curves for oxygen reduction in O»-saturated 0.5 M H2SO4
with varying rotation rates; (b, d) K-L plots and the number of electrons transferred per O

molecule as a function of potential for (a, b) Fe-N-C_mix (c, d) CoFe-N-C_mix catalysts.

According to the literature, solely nitrogen-doped catalysts are ineffective in acidic
environments; however, transition metal-based catalytic systems are an effective alternative
(Ratso et al., 2016). Previous research has shown that Fe-containing catalysts are more active

for ORR than their Co-containing conterparts in acidic conditions (Kuznetsov, 2009).
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For the reasons which include higher half-wave potential, and that the ORR follows a 4-electron
pathway, we decided to choose the iron as the metal additive to further investigate by preparing
two Fe-N-C catalysts by ball-milling. Thus, the following work was carried out with Fe-N-C

catalyst because it was more active than CoFe-N-C catalyst towards the ORR.

Comparison of various synthesis of Fe-N-C_mix catalyst

The ORR investigations in the acidic medium were conducted on Fe-N-C_mix, as well as on
Fe modified ball-milled materials (Fe-N-C_BM1 and Fe-N-C_BM2). The effect of two
different ball-milling incorporated mixing techniques in an acidic environment was studied
using the RDE method. The K-L analysis was carried out to see the influence on the n value.
This comparison was done to check for effect of the modified synthesis (ball-milling) on the
materials, if it would yield a higher E1» and give better results in terms of ORR activity. Both
catalysts (Fe-N-C_BM1 and Fe-N-C_BM2 shown in (Figure 9) had similar results towards the
ORR in an acidic medium where Fe-N-C_BM1 had the E1/> value of 0.46 V and Fe-N-C_BM2
had the E1/2 value of 0.45 V, and their Eonset Was 0.6 V, which was a positive result compared
to the Fe-N-C_mix material which had 0.44 V as E1/.

0 Fe-N-C_mix .
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Figure 9. RDE polarisation curves for O reduction on Fe-N-C_mix, Fe-N-C_BM1 and Fe-N-
C_BM2 catalysts in Oz-saturated 0.5 M H2SOa4. v =10 mV s}, @ = 1900 rpm, catalyst loading

=0.6 mg cm?,
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A similar K-L study was done for these catalysts (Figure 10), where the K-L plot to the y-axis
yields an intercept around zero, which indicates complete diffusion control, and the n values
are close to 4 in both cases. For both catalysts, at all the potentials that were investigated, the
O2 reduction process most frequently takes place along a four-electron pathway, and the product
of the ORR is H20.
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Figure 10: (a, c) RDE polarisation curves for oxygen reduction in Oz-saturated 0.5 M H2SO4
at different rotation rates using a scan rate of 10 mVs™; (b, d) K-L plots and the number of
electrons transferred per O> molecule for (a, b) Fe-N-C_BML1 (c, d) Fe-N-C_BM2.

The morphology of the materials was studied with obtained SEM micrographs presented in
Figure 11. Large-scale micrographs (5um) show the homogeneous distribution of CDC grains,
which are in different sizes. The CNTs have connected all the microporous CDC grains into a
network, which has resulted in the material having also both meso- and macropores. This
network might be useful in terms of mass transport in the catalyst layer of an PEMFC, primarily

at high current densities. Also, the CDC particles are covered by CNTs and the CNTs
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themselves are positioned in a variety of ways, with some of them bundled or curled up as
shown on the smaller scale (500 nm). The surface looked quite similar compared to the Fe-N-
C and CoFe-N-C catalyst shown in previous studies (Lilloja et al., 2020).

10.00 4.0 mm ym 1P tu 10.00

Figure 11. SEM micrographs for Fe-N-C_BM2 sample.

The transition metal and nitrogen doped nano-carbon catalyst were studied using N2 adsorption.
Lowest specific surface area (SSA) of 404 m?/g, total pore volume (0.58 cm®g™) and micropore
volume (0.11 cm® g™!) were obtained from Fe-N-C_mix material (Table 1). Both Fe-N-C_BM1
and Fe-N-C_BM2 materials had SSA of 484 m?g™! and 463 m?g? respectively, with their
micropore volume being of 0.15 cm®g™* and 0.14 cm®g* respectively, meaning they are a bit
different from the Fe-N-C_mix material. This indicates that ball-milling precursors together
seems to work better than sonication as slightly higher SSA was achieved and less pores were
blocked during doping (higher Vit for Fe-N-C_BM1 (0.71 cm®g?) and Fe-N-C_BM2 (0.75
cm3g™h). It should be noted that the values for Fe-N-C_mix material was obtained from the

previous work (Lilloja et al., 2021).

Table 1. Textural properties of metal-N doped CDC/CNT material: pore volume (Viot),
micropore volume (V,,) and specific surface area Sprr.

Catalyst V,, cmé g™ Viot, cm® gt Sorrm? gt
Fe-N-C_mix 0.11 0.58 404
Fe-N-C_BM1 0.15 0.71 484
Fe-N-C_BM?2 0.14 0.75 463
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Regarding the pore size distribution (Li et al., 2016) (Shui et al., 2015) claim that micropores,
mesopores, or a combination of both are required for efficient Fe-N-C electrocatalysts. It would
be of particular interest to investigate the effect of PSD (Figure 12) on Fe-N-C electrocatalytic
activity. With the three materials having a micropores less than 2 nm, small mesopores in the
range of 3.5 nm as well as larger mesopores (15-20 nm), we can definitely say ball milling has
help the materials making it porous. To further give estimation of the porosity, the smaller
fraction of Vit was comprised of micropores (V) in the case of Fe-N-C_BM1 and Fe-N-
C_BM2 than in Fe-N-C_mix.
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Figure 12. Pore size distribution graphs for Fe-N-C_mix, Fe-N-C_BM1 and Fe-N-C_BMZ2.

While both Fe-N-C_BM1 and Fe-N-N_BM2 had similar ORR activity and textural
characteristics, next step of the work was carried out using Fe-N-C_BM2 because it has less

steps in the synthesis process, thus making it easier to produce.

Comparison of acid treated methods

Next, we intended to find out if acid treatment of the catalyst would increase the ORR
performance (including the half-wave potential) of the catalyst in the sense that treating with
acid might help to remove inactive Fe species from the catalyst. Two different acid treatment
procedures were tested and compared on Fe-N-C_BM2 material, the exact procedures are

explained in the experimental part. The comparison of the two acid-leached catalysts, Fe-N-
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C_BM2_AT1 and Fe-N-C_BM2_AT?2, is shown in Figure 13. When the acid-leached catalyst
was compared to the original modified ball-milled catalyst for oxygen reduction reaction in an
acidic environment, it was observed that ORR electrocatalytic activity of Fe-N-C_BM2_AT1
got worse (half-wave potential of 0.34 V) compared to the other acid-leached Fe-N-
C_BM2_AT2 with the Ey; value of 0.45 V with their onset potential of 0.56 and 0.60 V

respectively.
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Figure 13. Comparison RDE polarisation curves of Fe-N-C_BM2 vs Fe-N-C_BM2_AT1, Fe-
N-C_BM2_AT?2 (catalyst loading of 0.8 mg cm) and commercial Pt/C catalyst (with loading
of 0.02 mg Pt/cm?) in Oz-saturated 0.5 M H2SO4. v =10 mV s, w = 1900 rpm.

Besides that, the K-L analysis were also conducted for the materials, (Figure 14), where the
values of n derived from the slopes of the K-L plots can be seen in the insets. Inferring the n
value reveals that the Fe-N-C_BM2_AT1 is less than 4, which means that oxygen is not fully
reduced, and hydrogen peroxide might have been produced, on the other hand, Fe-N-
C _BM2 AT?2’s n values were all close to 4 indicating that O2 has been completely reduced to

water, which was the intent.
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Figure 14: RDE polarisation curves for ORR on (a) Fe-N-C_BM2_AT1 and (c) Fe-N-
C_BM2_AT2 modified GC electrodes in Oz-saturated 0.5 M H2SO4. v= 10 mV s, K-L plots
for Oz reduction on (b) Fe-N-C_BM2_AT1 and (d) Fe-N-C_BM2_AT2 catalysts in 0.5 M

H2SO4. Insets show the potential dependence of n.

SEM images for Fe-N-C_BM2_AT1 and Fe-N-C_BM2_AT2 (Figure 15 and 16) were used to
study the effect of acid treatment on the morphology of materials, however, it is observed that
there is no significant change in the structure of both acid-treated materials compared to the
untreated material. Their physical appearance appears to be similar when comparing to the Fe-
N-C_BMZ2 sample (Figure 11).
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Figure 15. SEM micrographs for Fe-N-C_BM2_AT1 at 10,000x and 100,00x magnification
(scale bar: 5 um and 500 nm).

Figure 16. SEM micrographs for Fe-N-C_BM2_AT2 at 10,000x and 100,00x magnification
(scale bar: 5 um and 500 nm).

SEM-EDX method is used to provide information on elemental identification as well as
quantitative composition (Ellingham et al.,2017). According to SEM-EDX analysis (Table 2)
the Fe-N-C_BM2 catalyst contained 1.15 wt.% of Fe and the acid-leached materials Fe-N-
C_BM2_AT1 and Fe-N-C_BM2_AT2 contained 0.88 wt.% and 0.85 wt.% respectively. This
suggests that the reduced Fe content in the acid-treated materials was due to the leaching of
inactive Fe species, and hence was successful especially in the case of Fe-N-C_BM2_AT2,
which had a good ORR activity, but in the case of Fe-N-C_BM2_AT1 we might suggest that
some active species have also been removed, therefore loss in ORR activity or maybe the mixed
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acid treatment has oxidized the iron in Fe-N-C_BM2_AT1 catalyst material, thus making some
sensitive sites.

In addition, we wanted to observe the nitrogen content of the catalyst materials, for Fe-N-
C_BM2 (4.54 wt%), for Fe-N-C_BM2_AT1 (4.39 wt%), for Fe-N-C_BM2_AT1 (3.66 wt%),

which infers that doping has been successful.

Table 2. Elemental composition (wt%) of Fe-N-C_BM2, Fe-N-C_BM2_AT1 and Fe-N-
C_BM2_AT2 materials.

Catalyst materials C N 0 Na Si S Fe

Fe-N-C BM2 90.42 | 454 |3.25 0.07 0.34 0.24 1.15
Fe-N-C BM2 AT1 [91.04 |439 |294 0.02 0.31 0.43 0.88
Fe-N-C BM2 AT2 |9254 | 3.66 |2.34 0.02 0.34 0.28 0.85

So far Fe-N-C_BM2 and Fe-N-C_BM2_AT?2 are the best performing materials towards the
ORR with the Fe-N-C_BM2_AT?2 having specific surface area of 480 m? g* micropores
volume of 0.15 cm® g! and total pore volume of 0.69 cm® g which is almost the same as the
Fe-N-C_BM2 having a SSA of 484 m? g%, the micropores volume of 0.14 cm?® g~! and total
pore volume 0.75 cm3g™L. These similarities can also be seen on the pore size distribution graph
against the Fe-N-C_BM2 material (Figure 17). Inferring that acid treatment of Fe-N-

C_BM2_AT2 material has not changed the porous structure of the material.
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Figure 17. Pores size distribution graph for Fe-N-C_BM2 and Fe-N-C_BM2_AT2

In addition to being active towards ORR the catalyst materials need to be stable to be considered
for PEMFC application, which is why Fe-N-C_BM2 and Fe-N-C_BM2_AT2 catalysts were

subjected to short-term stability tests (Figure 18). A comparison of the RDE polarisation curves
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recorded before and after 10,000 potential cycles (between 0.8 to 0.4 V at 100 mV s2) in Oo-
saturated 0.5 M H2SO4 solution shows a decrease in the ORR activity for Fe-N-C_BM2 as the
half-wave potential decreased by 40 mV and for Fe-N-C_BM2_AT2 was decreased by 58 mV.
Previous studies claimed that the lack of stability of Fe-containing N-doped catalysts in acidic
conditions is one of the most significant drawbacks of non-precious metal catalysts for ORR
and PEMFC application. This can be caused by a number of factors, including the leaching of
the active metal site and oxidation by H>O2.(S. Zhang et al., 2013) (Banham et al., 2013)

In this case, leaching of the active metal site is probably not the issue because acid treated
material was done to remove sensitive metal species, so stability could be achieved, second
reason is the oxidation by hydrogen peroxide, which might be the case herein and based on the
literature, when hydrogen peroxide is produced, it reduces the stability of the catalyst material.

These result was in accordance with Fe-NCNT-2 material in previous studies (Ratso et al.,

2018).
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Figure 18. ORR polarisation curves for (a) Fe-N-C_BM2 and (b) Fe-N-C_BM2_AT?2 catalyst
in 0.5 M H2S04 before and after 10,000 potential cycles. v =10 mV s™%, @ = 1900 rpm.

Although the Fe-N-C materials had good performance in terms of ORR, the activity of the
materials compared to the commercial Pt/C catalyst (Figure 13) have not gotten to the intended
point yet. This together with losses in activity during stability test indicate that more research

needs to be done to close the gap.
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SUMMARY

The objective of this BSc thesis was to investigate the oxygen reduction reaction activity of
transition metal and nitrogen doped nanocarbon composites (CDC and CNTSs). The doping of
all M-N-CDC/CNT catalyst materials was done using a simple high-temperature pyrolysis
method for all materials which include CoFe-N-C_mix, Fe-N-C_mix, Fe-N-C_BM1, Fe-N-
C_BM2, Fe-N-C_BM2_AT1 and Fe-N-C_BM2_AT2. The sonicated (CoFe-N-C_mix and Fe-
N-C_mix), mixed via ball-milling (Fe-N-C_BM1 and Fe-N-C_BM?2), and acid treatment (Fe-
N-C_BM2_AT1 and Fe-N-C_BM2_AT?2) synthesis were made. The success of doping the
materials containing N and Fe was assessed using SEM-EDX method. BET results show that
feasible porous structure was obtained in all materials. The surface morphology was evaluated

using SEM micrographs.

Oxygen reduction reaction studies in 0.5 H2SO4 solution utilising the RDE technique shows that
Fe-N-C_mix had a better ORR performance than CoFe-N-C_mix giving a half-wave potential
of 0.44 V. Furthermore, the studies for ball-milled catalyst (Fe-N-C_BM1 and Fe-N-C_BM?2)
against the sonicated Fe-N-C_mix, which showed no effect on the ORR activity in RDE
measurements, but ball-milling had other benefits (slightly higher specific surface area). Next
we compared the acid treatment methods (Fe-N-C_BM2_AT1 and Fe-N-C_BM2_AT?2), herein
Fe-N-C_BM2_AT2 material, where only 0.5 M H>SO4 was used for the acid treatment, had
better ORR performance than Fe-N-C_BM2_AT1 (mix of two acids used). Next, the best
performing catalysts in this work (Fe-N-C_BM2 and Fe-N-C_BM2_AT2) were subjected to a
stability test and results show the half-wave potential decreased by 40 mV and 58 mV,
respectively.

To summarize, in the light of the findings gotten from electrochemical characteristics and the
physico-chemical characteristics, the results have proven to be of contribution to the field of
PEMFC application.
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