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Abstract

Oxygen electroreduction on lignin-derived non-precious metal catalysts

In this study, doped nanocarbon electrocatalysts for electrochemical oxygen reduction reaction
were prepared from lignin as a carbon source. The synthesis was carried out by high-
temperature pyrolysis in the presence of cobalt and iron salts, dicyandiamide as nitrogen source
and magnesium acetate as a precursor for MgO template to increase the specific surface area
of the catalysts. The structure and composition of the catalysts were characterised by several
physicochemical analysis methods. In rotating disk electrode tests under alkaline conditions,
the electrocatalysts showed high activity for the oxygen reduction reaction, which depended
on iron content in the catalyst, and high stability in potential cycling. In anion-exchange
membrane fuel cell test, the bimetallic catalyst showed higher performance as compared to
iron-containing material, producing a peak power density of 675 mW cm.

Keywords: oxygen reduction, electrocatalysis, non-precious metal catalyst, anion exchange
membrane fuel cell, lignin.

CERCS: P401 Electrochemistry

Lihikokkuvote

Hapniku elektroredutseerumine ligniinipdhistel mittevaarismetallkataltsaatoritel

Toos valmistati dopeeritud nanostruktuursed stsinikkatallsaatorid elektrokeemilise hapniku
redutseerumisreaktsiooni jaoks, kasutades susinikuallikana ligniini. Katallisaatormaterjalide
stintees viidi labi  korgtemperatuursel pdroludsil  koobalti- ja rauasoolade ning
lammastikuallikana ditstiaandiamiidi juuresolekul, kasutades magneesiumatsetaati MgO
matriitsi lahteainena, et saada suurema eripinnaga katallsaatoreid. Katallisaatorite struktuuri ja
koostist iseloomustati mitmete flsikokeemiliste meetoditega. Podrleva ketaselektroodi testides
aluselises lahuses nditasid elektrokatallisaatorid korget aktiivsust, mis sdltus kataliisaatori
rauasisaldusest, ja ka head stabiilsust potentsiaali tsikleerimisel. Anioonivahetusmembraaniga
kituseelemendi testides oli bimetalsel elektrokataltisaatoril kdrgem joudlus vorreldes rauda
sisaldava materjaliga, saavutades maksimaalse vdimsustiheduse 675 mwW cm.

Marksonad: hapniku redutseerumine, elektrokataliiis, mittevadrismetallkatalusaator,
anioonvahetusmembraaniga kituseelement, ligniin.

CERCS: P401 Elektrokeemia
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Abbreviations

AEM anion exchange membrane

AEMFC anion exchange membrane fuel cell
BET Brunauer-Emmett-Teller

ng concentration of oxygen in the bulk solution
DCDA dicyandiamide

DFT density functional theory

Do, diffusion coefficient of oxygen

E electrode potential

Eo standard potential

Eir half-wave potential

EDX energy-dispersive X-ray spectroscopy
Eonset onset potential

GC glassy carbon

GDE gas diffusion electrode

GDL gas diffusion layer

I current

ld diffusion-limited current

Ik Kinetic current

J current density

Jd diffusion-limited current density

J Kinetic current density

k electrochemical rate constant for O reduction
MA mass activity

M-N-C metal-nitrogen-carbon

M-Nx metal coordinated to nitrogen

n number of electrons transferred per O> molecule
oMC ordered mesoporous carbon

ORR oxygen reduction reaction

PEMFC proton exchange membrane fuel cell
PGM platinum-group metals

Pmax peak power density

RDE rotating disc electrode



rpm
SCE
SEM
SHE
SSA
STEM
Vmicro
Viot
XPS
XRD
v

(0]

revolutions per minute

saturated calomel electrode
scanning electron microscopy
standard hydrogen electrode
specific surface area

scanning transmission electron microscopy
micropore volume

total pore volume

X-ray photoelectron spectroscopy
X-ray diffraction

Kinematic viscosity of the solution
rotation rate of the electrode



Introduction
The energy crisis is on the rise, with fossil fuels such as oil, natural gas, and coal providing
80% of all energy consumed globally. This has led to an increase in energy consumption and
depletion of fossil fuel reserves, threatening energy and economic security worldwide and
releasing greenhouse gases and other pollutants [1].
Hydrogen is viewed as playing a crucial part in the energy system for a clean and sustainable
future. Due to its great gravimetric energy density, lack of toxicity, and lack of environmental
impact, hydrogen is the ideal energy carrier. While non-renewable sources can be used to
generate hydrogen, its production is moving more and more in the direction of using renewable
methods, such as using wind or solar energy to electrolyse water [2].
Fuel cells are promising electrochemical energy conversion devices, where hydrogen is
transformed cleanly into electrical energy and only water is produced as a by-product [3]. The
slow oxygen reduction reaction (ORR), which occurs at the fuel cell cathode, is one of the main
problems to solve in the fuel cell technology. The O2 molecule needs a suitable electrocatalyst
to be split at a significant rate because of the strong oxygen-oxygen double bond. Platinum-
based catalysts have been employed on the cathode of practically all commercially available
fuel cell systems up to this point, but it has become clear that these materials cannot meet the
long-term activity and stability goals while maintaining sufficiently low costs [4]. A huge
amount of research has been conducted in search of replacing Pt in fuel cells with cheaper,
more durable, highly performing, and earth-abundant catalysts [5].
The quest to find an alternative to the platinum catalyst has consistently gained speed ever since
Jasinski published his research on a non-platinum fuel cell catalyst in 1964 [6]. Non-precious
metal catalysts have been developed for the electrochemical oxygen reduction reaction.
Heteroatom-doped carbon nanomaterials and transition metal-nitrogen—carbon (M-N-C)
catalysts are especially advantageous in an alkaline environment [7].
The goal of this master's thesis was to develop platinum-free electrocatalysts for the ORR that
could be used on the cathode of an anion exchange membrane fuel cell. In catalyst preparation,
lignin was used as a sustainable organic precursor. Through high-temperature pyrolysis in the
presence of dicyandiamide as nitrogen precursor and transition metal salts, nanostructured
carbon-based materials doped with nitrogen and transition metals (iron and cobalt) were
prepared. To increase the specific surface area of catalysts, magnesium acetate was used as a
template precursor. In half-cell tests using the rotating disc electrode method, it was determined

how the structure and composition of the catalysts affect their ORR activity.



1. Literature overview
1.1. Electrochemical oxygen reduction reaction
One of the most essential electrochemical processes is the oxygen reduction reaction (ORR).
It serves as the foundation for life through biological respiration and supplying energy via fuel

cells. The ORR in acidic aqueous solutions can proceed through a 4-electron or 2-electron route

[8]:

O2+4H" +4e — 2H0 1)

O2+2H"+2e — H202 2
The H202 formed can be further reduced:

H202 + 2H* +2¢~ — 2H,0 3)
In alkaline media the ORR can also proceed via two pathways. The 4-electron pathway is [9]:

02+ 2H20 +4e” — 40H" (4)
The 2-electron pathway:

02 +2H20 +2¢” — HO2 + OH™ (5)
Further reduction of hydroperoxide anion:

2HO; +H20 +2¢” — 30H (6)

The four-electron pathway is preferred, because it is more energy efficient. The ORR
mechanism involves the adsorption of oxygen on the electrode surface and subsequent
reduction through dissociative or associative pathways. The choice of pathway depends on
factors such as oxygen coverage and electrode material. The binding energy of intermediate
oxygen species on the electrode surface affects the electrocatalytic activity, with an optimal
catalyst having a moderate binding. Platinum exhibits one of the most optimal binding energies
compared to the other metals [9].

1.2. Non-precious metal catalysts for ORR

Developing highly active, stable, and cost-effective cathode catalysts for ORR is important to
promote the widespread applicability of fuel cells. Platinum group metal (PGM)-free
nanostructured carbon-based catalysts containing heteroatoms or metal-nitrogen—carbon (M—
N-C) sites are promising candidates due to their low cost and high electrocatalytic activity
towards the ORR [10].

Several carbon nanomaterials like carbon nanotubes [11], graphene [12] and carbide-derived
carbon (CDC) [13] have undergone substantial research as electrocatalysts for ORR in alkaline
solutions. Due to the recent advancements in the design of materials for alkaline fuel cells,

interest in ORR on carbon-based materials is growing. To increase the ORR activity of carbon
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materials, doping with various heteroatoms is widely employed. Nitrogen [14], sulphur
[15][16], phosphorus [17], boron[18], fluorine [19] and iodine [20] have been used for doping
carbon materials. Heteroatom doping can adjust adsorbability, spin and charge distribution,
and hydrophilicity of carbon materials [21]. Adding electron-accepting nitrogen atoms to the
conjugated carbon plane gives nearby carbon atoms a rather high positive charge density [14].
Oxygen can more readily be adsorbed and reduced on these sites [8].

The nitrogen atoms in carbon matrix can exist in different bonding configurations, from which
quaternary N, pyridinic N, and pyrrolic N are most common [22] (Figure 1). Pyridinic nitrogen
is the most reported type of N species responsible for the high ORR activity of N-doped carbon
materials. For example, Rao et al. [23] and Miao et al. [24] reported an increased catalytic
activity of N-doped carbon nanotubes due to the increase in the atomic percentage of pyridinic
N species.

Heteroatom-doped carbon nanomaterials are active ORR catalysts in alkaline environment, but
by adding transition metals (Fe, Co, Mn, etc.) to the catalyst composition the M—N-C catalysts
can be obtained, which have demonstrated significantly improved electrocatalytic activity and
stability in both acidic and alkaline electrolytes [25]. These materials have shown the ORR
performance that is equivalent to or occasionally even higher than that of Pt/C catalysts [26].
Such catalysts contain atomically dispersed transition metal atoms coordinated to nitrogen
species (M-Nx) as main active centres that show high activity in both acidic and alkaline
solution [27]. The exact role of all active sites is still a matter of controversy, in addition, factors
like the carbon structure, nearby functional groups, and electrolyte pH can influence the
electrocatalytic activity of these sites [26]. It has been shown that the key activity descriptor
controlling ORR electrocatalysis on Fe-Ny active sites is the carbon support's capacity to donate
or remove electrons [28].

Iron and cobalt have received the greatest attention as transition metals in M-N-C type catalysts
[29-32]. Although both iron- and cobalt-based catalyst show high ORR activity, the cobalt-
based catalysts show higher production of hydrogen peroxide. This is explained by the fact that
on Co-N-C catalyst materials, peroxide desorption may occur more quickly [9].

Cobalt and iron combined in a single catalyst material have demonstrated favourable ORR
performance, even outperforming the activity of single-metal counterpart [31]. The synergistic
interactions between the Fe-N4 and Co-Ns active centres is thought to be the cause of increased
ORR activity. According to DFT calculations, Fe and Co display higher ORR activity in nearby
Fe-N4 and Co-N4 active sites than in monometallic Fe-N4 and Co-Njs sites located separately
[32].



The porous structure of the catalysts also affects their ORR electrocatalytic activity.
Micropores (pore diameter <2 nm), mesopores (pore diameter 2-50 nm), and macropores (pore
diameter >50 nm) are essential in Fe-N-C electrocatalysts because they increase the active
surface that is accessible to electrolytes and make it easier to transfer products as well as
reactants. This results in a greater utilization of active sites [33]. Microporous structure with
high surface area is beneficial for the design of atomically dispersed M-N-C catalysts [34].

In order to prepare the catalyst materials with high density of M-N-C sites, it is important to
inhibit the free movement of metal atoms and prevent the formation of nanoparticles. N-
containing organic compounds can provide N atoms with isolated electron pairs and form stable
M-N bonds. Metal-organic frameworks with metal nodes and N-containing ligands can also

provide N coordination sites for transition metal atoms [35].

C atom @ "pyridinic" N atom
‘graphitic” N atom g

Figure 1: Different types of nitrogen moieties in nitrogen-doped carbon catalyst [35].

1.3. Preparation of carbon-based non-precious metal catalysts from biomass

1.3.1. Sources of biomass

Biomass, which is abundant and renewable, can be utilized to create a variety of carbon
materials with distinct characteristics. The nature, structure, and chemical makeup of the
biomass source, among other factors, influence the properties of these materials, creating a
complex field of study for biomass-derived carbon chemistry. These materials have multiple
applications, including energy storage, sensing, environmental remediation, and
electrocatalysis [15][36][37].

The three primary categories of biomass resources are plant biomass (e.g., agricultural residues,
seaweed, and algae), animal and human waste biomass (e.g., blood, bone, and tannery waste),

and microorganisms like fungi and bacteria. Animal-derived proteins, chitin, and keratin are



utilized for carbon material synthesis, with proteins being suitable for N-doped carbon-based
electrocatalysts and chitosan aiding dopant incorporation. Fungi and bacteria are used to
synthesize heteroatom-doped carbon materials, creating defects and active sites that are useful
for various catalyst applications [15].

Plant-based biomass consisting mainly of cellulose, hemicellulose and lignin is most widely
used for preparation of carbon materials. Cellulose is a glucose-based polysaccharide that
forms micro-fibrils in plants and bacteria. Hemicellulose, the second most abundant biomass
resource in nature after cellulose, is a polymer composed of sugar-based units, including five,
six, and seven-membered carbon heterocycles linked together through hydrogen bonds [15].
Lignin is an abundant component in plant biomass and the most prevalent aromatic polymer
found in nature [38]. The phenolic components that make up lignin, such as p-coumaryl
alcohol, sinapyl alcohol, and coniferyl alcohol, are combined to yield a complicated amorphous
polymer (Figure 2). It has a number of links, the most prevalent of which is f-0-4. Determining
the precise structure of various lignins is difficult due to the versatile nature of polymerization
[39]. Thanks to its high carbon content, lignin has been suggested as a precursor for the

manufacture of carbon compounds such as activated carbons that are used in electrochemical

processes [38].

p-Coumaryl alcohol
fragment

o Branching caused by

p-coumaryl alcohol  coniferyl alcohol sinapyl alcohol dibenzodioxocin linkage

Phenylcoumaran

Trends in Biotechnology

Figure 2: Proposed chemical structure of lignin [39].

10



1.3.2. Preparation methods of heteroatom-doped carbon materials

The methods of preparation of heteroatom-doped carbon materials from biomass can be
divided into two categories: (i) intrinsic doping, where the heteroatoms originate from the
components of the biomass precursor, and (ii) extrinsic doping, where the heteroatoms have
been consciously added during the synthesis of the carbonaceous material [15].

Pyrolysis, a thermal degradation process, is widely employed for creating porous carbon
materials derived from natural biomass. It is a versatile technique that can be utilized for a
range of biomass feedstocks while also allowing for adjustable operating parameters. The
procedure entails heating dry biomass at high temperatures in an inert atmosphere or low-
oxygen environment. Pyrolysis is a process that involves various chemical reactions such as
dehydration, condensation, depolymerisation, and fragmentation of biomass, which ultimately
result in the transformation of biomass into porous carbons. The pyrolysis procedure can be
divided into three discrete phases, each involving distinct chemical reactions and the release of
oxygen atoms, primarily in the form of carbon monoxide and carbon dioxide. Pyrolysis yields
various end products, including gaseous compounds, bio-oil, and biochar. The relative
quantities of said products are contingent upon the specific parameters of the pyrolysis process.
The most efficient technique for producing biochar with a high yield is slow pyrolysis, which
is also referred to as carbonization. The fast pyrolysis and gasification methods predominantly
produce bio-oil and gases, respectively, while the biochar yield is comparatively lower [40].
Carbon produced from pure biomass usually possesses low specific surface area, thus being
useless as a catalyst material. Therefore, it is necessary to activate the biomass, which may be
done by adjusting the porosity, surface area, and binding capacity [41].

The term "physical activation” refers to a regulated process of material gasification, which
involves the use of an oxidizing gas, such as oxygen, water vapour, and carbon dioxide, at a
specific temperature. This process is carried out subsequent to an initial pyrolysis phase under
an inert gas [15]. Physical activation affords to produce activated porous carbons with moderate
specific surface areas (SSA) <1000 m? g™t and narrow micropores [40].

Chemical activation, on the other hand, refers to the chemical assault by molten reagents like
ZnClz, KOH, or NaOH. Chemical activation is frequently carried out by impregnating the
biomass precursor with the reagent or by physically mixing them together. The next step is a
heat treatment. After cooling, the material is washed with water to remove any remaining
chemical agents, filtered, and dried [15]. Chemical activation can lead to highly porous carbons
(SSA ~ 3000 m? g%) [40].
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The self-activation process, which produces activated carbon without extra activating
chemicals, is economically and environmentally sustainable. The air in the enclosed reactor
vessel and oxygen adsorbed on the raw biomass material both act as activating agents in self-
activation. The gas generated during the pyrolysis of the biomass precursors is used to activate
the carbon during the physical activation process. In addition, the inorganic compounds present
in the biomass can help to activate carbon during the chemical self-activation process [41].
Mechanosynthesis is an alternative method for preparing carbon-based materials, which uses
mechanical forces such as ball milling to convert biomass into carbon materials. Recent studies
have shown that it can achieve high yield without using toxic solvents, but an additional
pyrolysis step may be recommended for certain applications [15].

Hydrothermal carbonization is an alternative method for synthesizing biomass-derived
carbons. It involves heating biomass at mild temperatures (175-300 °C) in pure water at
autogenous high pressure, which facilitates the hydrolysis and cleavage of the chemical
structure of biomass. Other simultaneous reactions occur during the process, such as
dehydration, decarboxylation, aromatization, and condensation, which affect the structural
rearrangement of biomass. Hydro-char is an insoluble product composed of condensed
aromatic structures with many oxygen-containing functional groups. The initial structure and
composition of biomass precursors greatly influence the shape and surface properties of hydro-
char. The addition of a catalyst can improve the reaction rate and affect the morphology and
structure of the obtained hydro char [40].

Template-based methods are often used to prepare carbon materials with desired porous
structure. In the hard template approach temperature-resistant nanoparticles or other
nanostructures, such as silicas, zeolites, or metal oxides are included to the pyrolysis precursors
and dissolved after the pyrolysis, yielding the pores with the size and shape of the template
[41]. Silica-based templates are most commonly used, but require harsh chemicals for their
removal, such as HF or concentrated NaOH [9].

Inorganic particles that can be more easily removed, like MgO, CaCOs, and ZnO, are viable
substitutes for silica-based templates used to produce carbon materials. Inagaki et al. [42]
recommended procedure, in which a carbon precursor is pyrolyzed along with MgO or
thermally unstable magnesium compounds like acetate, citrate, or gluconate. These precursors
break down during heat treatment to create MgO nanoparticles, which can then be dissolved
using dilute HCI. The porous structure of the final carbon material will vary depending on the
carbon nanomaterial, MgO precursors, and the mass ratio of MgO to the precursor [25]. MgO

template-assisted method has been used for synthesizing mesoporous nitrogen and transition

12



metal co-doped carbon catalysts from alkylresorcinols as carbon source, dicyandiamide, Fe and
Co salts as nitrogen and transition metal sources [43].

Soft-templating involves the cooperative self-assembly of amphiphilic molecules and carbon
precursors to form organic—organic hydrogen-bonded mesophases [8]. The main advantage of
this method is that template decomposes during the pyrolysis, so there is no need for additional
template removal step. Control of polymerization rate and pH is important for successful soft
template synthesis of ordered mesoporous carbons (OMCs), as it affects the reaction
mechanism and resulting product. OMCs can be synthesized under both acidic and basic
conditions, with the pore size being tuned by changing the carbonization temperature, carbon

precursors/template proportion, and surfactants [40].

1.4. Oxygen reduction on lignin-derived non-precious metal catalysts

There are number of lignin-based catalyst that have been reported for their good electrocatalytic
activity for ORR. For example, N and S co-doped carbon nanosheets prepared by carbonization
of ammoniated sodium lignosulfonate showed moderate ORR activity and good stability [44].
N, S-co-doped graphitic carbon sheets were obtained by pyrolysis of bagasse lignin in the
presence of urea and melamine. The mass ratio of precursors and the pyrolysis temperature was
optimised and the most active catalyst showed the ORR activity comparable to that of Pt/C in
alkaline solution. In acidic solution, however, the electro catalytic activity was moderate [45].
N, S-co-doped flower-like porous carbon catalysts were synthesised from lignosulfonate and
melamine in the presence of flower-like magnesium oxide (MgO) templates and ZnCl; as an
activator. The materials showed high ORR activity and long-term durability in alkaline solution
[46].

Activated char made from waste lignin via pyrolysis in the presence of KHCO3 was used as a
support for the production of transition metal-nitrogen-carbon electrocatalysts. Iron and/or
manganese phthalocyanines were used as metal and nitrogen source for doping the carbon in
high-temperature pyrolysis. The electrocatalysts showed good oxygen reduction reaction
activity in both acidic and alkaline environments, with the bimetallic L_FeMn electrocatalyst
exhibiting lowest peroxide yield in alkaline media. Peak power densities of 261 mW cm2 and
72 mW cm2 were achieved by with the LFeMn electrocatalyst in anion exchange membrane
fuel cells and proton exchange membrane fuel cells tests, respectively [47].

N-doped carbon nanosheets were derived by pyrolysis of ball-milled mixtures of alkali lignin,
NH4Cl, and ZnCl,. The catalyst exhibited good ORR performances, stability, methanol

tolerance, and rechargeable zinc-air battery performance [48].
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Fe- and N-doped carbon nanotubes were synthesized from lignin derived by enzymatic
hydrolysis. For this, a Fe—lignin complex was prepared by hydrothermal treatment of lignin
with Fe salt and urea, mixed with dicyandiamide and pyrolyzed. The metal content and
pyrolysis temperature were varied, and the most active catalyst showed high ORR activity in
alkaline solution and ZAB performance similar to those of Pt/C [49].

Cobalt- and/or nickel-containing N-doped catalysts were obtained by hydrothermal treatment
of aminated alkali lignin and studied as electrocatalysts for ORR and OER reactions. The
bimetallic material exhibited the best bifunctional performance in alkaline solution [50].

1.5. Low-temperature fuel cells

Fuel cell technology is a solution to meet future energy demands due to its low greenhouse gas
emissions, quiet operation, and high efficiency in converting chemical energy into electricity.
There are six primary categories of fuel cells: proton exchange membrane fuel cells (PEMFC),
alkaline fuel cells (AFC), phosphoric acid fuel cells (PAFC), molten carbonate fuel cells
(MCFC), solid oxide fuel cells (SOFC), and microbial fuel cells (MFC). PEMFC, AFC, PAFC,
and MFC operate at low temperatures between 50 and 200 °C, whereas MCFC and SOFC work
at high temperatures between 650 and 1000 °C [51].

A fuel cell consists of a non-conductive electrolyte material sandwiched between two

electrodes, where the fuel and oxidant are fed to the anode and cathode sides (Figure 3) [52].
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Figure 3: Schematic of PEMFC and AEMFC. Adopted from [52].
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In PEMFC, hydrogen passes through an anode feeding channels and is oxidized into protons
and electrons. Oxygen is fed to the cathode and is reduced to water [53]. The PEMFCs are
already commercially available and used, for instance, in the fuel cell vehicles. However, this
technology is still rather expensive, as it needs costly Pt-based catalysts [53].

Anion exchange membrane fuel cells (AEMFCs) have been increasingly studied in last decade
due to their ability to use non-precious metal catalysts, reducing cost per kilowatt of power
[54]. The AEMFC consists of an anode, a cathode, and an anion exchange membrane (AEM)
sandwiched between them to form a membrane electrode assembly (MEA), which is supported
by gas diffusion layers (GDLs). The AEM should have the ability to transport OH"ions while
preventing fuel crossover and blocking the transport of electrons [55].

To achieve high performance of AEMFCs, the most important issues to be addressed are: (1)
the utilization of stable, high conductivity, and high water transport membranes; (2) the
regulation of water content and balance in functional cells; (3) the development and
optimization of electrodes; and (4) the mitigation of the adverse impacts of CO, [56].

The relatively low conductivities of the AEMs were initially the main source of concern in
AEMFC technology [52]. By now, increased stability, high ionic conductivities, and improved
water transport properties of advanced AEMs, especially radiation-grafted AEMs (RG-AEMS),
have showed promise for AEMFC applications. To improve the functionality of RG-AEMs,
researchers have optimised the graft polymerization conditions [57].

Improper water management, carbonation, and degradation of components can lead to AEMFC
performance losses [58]. A problem in their design is the swelling of AEMs brought on by
water. High anionic conductivity requires a high number of functionalized cationic groups, yet
this can result in greater swelling and decreased membrane mechanical strength. Finding a
compromise between achieving ideal anionic conductivity and preserving appropriate
mechanical characteristics in AEMs is hence the key problem [59]. Performance degradation
is caused by the chemical degradation of ionomers and AEMs in highly alkaline environments,
which reduces membrane conductivity and increases cell resistance, resulting in reduced
durability [60].

US Department of Energy (DOE) has proposed milestones for the next ten years for the
performance and durability of AEMFC MEAs. These milestones address the most challenging
aspects of AEMFC MEAs, such as raising initial performance and durability under realistic
operating conditions while decreasing PGM loading and improving CO: tolerance. By 2030,
the target is to demonstrate the initial performance of 600 mW cm 2 under Hy/air in PGM-free
MEA with A >25 cm? MEA [61].
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2. Experimental

2.1. Preparation of catalysts

The electrocatalysts were prepared using lignin (finely ground Lignova™ Crude, Fibenol,
Estonia) as the carbon precursor, dicyandiamide (DCDA, Sigma-Aldrich) and Fe(NO3)3-9H.0
(97%, Sigma-Aldrich) and Co(NO3)2:6H.O (98%, Sigma-Aldrich) as the nitrogen and
transition metal precursors. Certain amounts of Fe nitrate were dissolved in the mixture of 30
ml of Milli-Q water (Millipore Inc.) and 30 ml of 2-propanol, after which 0.2 g lignin, 2 g
DCDA and 0.1 g of Mg(CH3COQ).-4H20 (98% Alfa Aesar) were added. The amount of the
iron salt used was chosen so that the Fe content in it would be 7.5 mg, 15 mg, 30 mg and 60
mg for preparation of catalyst materials denoted as Fel/4ANC(Mg), Fel/2NC(Mg), FeNC(Mg)
and Fe2NC(Mg), respectively. The mixture was dried at 60 °C overnight, the dry powder was
ground in a mortar and pyrolysed for two hours at 800 °C, ramping up at a rate of 10 °C min™.
To dissolve the MgO template after pyrolysis, the products were mixed in 1 M HCI (Sigma-
Aldrich) at room temperature for 2 h. The resulting carbon materials underwent filtering,
washing with Milli-Q water, drying and a second pyrolysis at 800 °C for 2 h. For comparison,
a bimetallic catalyst containing Fe and Co (FeCoNC(Mg)) was prepared following the same
procedure and using 15 mg of Co and 15 mg of Fe as respective transition metal salts. In
addition, a metal-free catalyst (NC(Mg)) was prepared with the same procedure but without
adding any metal salts, and an iron-containing catalyst was prepared without adding Mg acetate
as template precursor and employing 30 mg of Fe in the synthesis, denoted as FeNC. In the

preparation of this material, no acid treatment and 2" pyrolysis was used.

2.2. Physicochemical characterization methods

The scanning electron microscopy (SEM) and scanning transmission electron microscopy
(STEM) measurements and the energy-dispersive X-ray spectroscopy (EDX) analysis were
performed by Dr. Jekaterina Kozlova in the Institute of Physics, University of Tartu. The N>
physisorption analysis was conducted by Dr. Maike Kaarik in the Institute of Chemistry,
University of Tartu. The Raman spectroscopy measurements were carried out by Dr. Alexey
Treshchalov in the Institute of Physics, University of Tartu. The X-ray diffraction (XRD)
analysis was conducted by Jaan Aruvali in the Institute of Ecology and Earth Sciences,
University of Tartu. The X-ray photoelectron spectroscopy (XPS) measurements were carried
out by Dr. Arvo Kikas in the Institute of Physics, University of Tartu.
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For SEM studies, the catalyst materials’ suspensions in 2-propanol were pipetted onto polished
glassy carbon (GC) substrates and dried at 60 °C. The Helios NanoLab 600 (FEI Company)
high-resolution scanning electron microscope was used. The elemental composition of the
samples was determined using the INCA Energy 350 EDX spectrometer (Oxford Instruments),
which was attached to this microscope.

Studies using scanning transmission electron microscopy (STEM) were performed at 200 kV
on a Titan Themis 200 (FEI) (S)TEM equipped with a Cs-probe corrector. With the help of the
SuperX EDX system (Bruker), the EDX mapping was performed. Drop-casting the catalyst
material in 2-propanol onto lacey carbon film-coated copper TEM grids was used to prepare
the sample for STEM investigation.

The porous structure of the catalyst materials was characterised using low-temperature N>
physisorption analysis with NOVA touch LX2 (Quantachrome Instruments). The samples were
degassed in vacuum at 300 °C for 12 h before measurements. The specific surface area (Sqft)
of materials, the volume of micropores (V,) and the pore size distribution were calculated from
N2 adsorption/desorption isotherms using a quenched solid density functional theory (QSDFT)
equilibria model for slit type pores. Brunauer-Emmett-Teller (BET) surface area (Sger) was
calculated at relative pressure (P/Po) between 0.02 - 0.2. The total pore volume (Vi) was
calculated at P/Po of 0.97.

X-ray diffraction (XRD) measurements were carried out with a Bruker D8 Advance
diffractometer using Ni-filtered Cu K, radiation. With scanning steps of 0.0126° 26 in the range
of 5° to 89° and a counting time of 525 s per step, the diffraction patterns were acquired.
Software Topas 6 (Bruker) was used to analyse the data.

Raman spectroscopic technique was used to characterise the catalyst materials. All samples
were suspended in water and drop-coated on silicon substrates. Micro-Raman spectra were
recorded in the back-scattering geometry on an inVia Renishaw spectrometer in conjugation
with a confocal microscope (Leica Microsystems CMS GmbH), 50X objective and an argon
ion laser operated at 514.5 nm. Low incident laser power density at the sample prevented
excessive sample heating and/or decomposition, while allowing getting averaged information
over ~200 um? area in a single exposure.

A non-monochromatic twin anode X-ray tube (Thermo XR3E2) with a characteristic energy of
1,253.6 eV (Mg K,) and an electron energy analyzer SCIENTA SES 100 were used for the X-
ray photoelectron spectroscopy (XPS) study under ultra-high vacuum conditions. The survey
spectra were collected by five scans with a pass energy of 200 eV, step size of 0.5 eV, step
time of 0.2 s, and energy range from 900 to 0 eV. At least 25 scans of a detailed spectrum were
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taken, each having a step size of 0.1 eV and a step duration of 0.2 s. The K, and Kg satellites
were taken out of the data processing process using CasaXPS (version 2.3.17). Peak fitting was
performed using a blend of linear and Shirley-type backgrounds and the Gauss-Lorentz hybrid
function (GL 70, Gauss 30 %, and Lorentz 70 %).

2.3. Electrochemical characterisation

GC discs (cut from GC-20SS rod, Tokai Carbon Ltd., Japan) fitted in Teflon holders were
employed as a substrate material for the rotating disc electrode (RDE) experiments. The
geometric area of the electrode (A) was 0.196 cm?, which was used to calculate the current
densities reported in this thesis. The GC electrode was cleaned by sonication in Milli-Q water
and 2-propanol for 5 min in each solvent before being polished to a mirror shine using 1 and
0.3 um alumina slurries (Buehler).

4 mg of catalyst material were dispersed in 490 pl of 2-propanol and 490 ul of Milli-Q water,
and 20 pl of Nafion ionomer solution (5 wt.%, Sigma-Aldrich) was added to prepare a catalyst
suspension. The suspensions were sonicated in an ultrasonic bath until uniform dispersions
were attained, which took at least 4 h. A certain amount of catalyst suspension was pipetted
onto the cleaned GC surface in order to achieve a catalyst loading of 0.2 mg cm (for the
measurements in 0.1 M KOH) or 0.8 mg cm (for the measurements in 0.5 M H2SO4). The
catalyst layer was then allowed to dry in air at 60 °C. For coating the electrodes with a
commercial Pt/C catalyst (20 wt. %, E-TEK), the same procedure was used.

All electrochemical tests were carried out in a three-electrode glass cell in 0.1 M KOH (purity
85%, Sigma-Aldrich) or 0.5 M H>SO4 (96-97% Puriss p.a analytical grade) solutions. The
electrolyte solution was saturated with either Ar (99.999%, Linde Gas) or O2 (99.999%, Linde
Gas), and a steady flow of the gas was maintained over the solution during the experiment. The
working electrode was the GC disc coated with an appropriate catalyst. As a reference
electrode, a saturated calomel electrode (SCE) was used. A glass frit served as the barrier
separating the working electrode compartment from the auxiliary electrode, which was a
carbon rod. The electrochemical measurements were carried out using a Metrohm-Autolab
PGSTAT30 potentiostat/galvanostat (The Netherlands). An EDI101 rotator (Radiometer) was
attached to a CTV101 speed control unit that was used to regulate the different electrode

rotation rates (w) of 360-3100 rpm.
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The RDE data was analysed using the Koutecky-Levich equation [62]:
11 1 1 1

—=—+—=—+ 7)

I Ix la Ik 062nFADY*v=1/6ch, w1/

where | is the measured current, Ik and lg are the kinetic and diffusion-limited currents,
respectively, n is the number of electrons transferred per O> molecule, F is the Faraday constant
(96485 C mol™), A is the geometric electrode area, o is the electrode rotation rate (rad s1),
ng is the concentration of oxygen in the bulk (1.2x107® mol cm~3in 0.1 M KOH) [63], Do, is
the diffusion coefficient of oxygen (1.9x107° cm?stin 0.1 M KOH) [63] and v is the kinematic
viscosity of the solution (0.01 cm? s™1). For the experiments carried out in acidic solution, the
following constants were used: C;, =1.13x107° mol cm™ and D, = 1.8x10™> cm? s [64].

The short-term stability testing of catalyst materials was carried out by applying 10 000
potential cycles at 200 mV st in Op-saturated 0.1 M KOH solution, while the RDE polarization
curves at 10 mV st and 1900 rpm were recorded before and after the potential cycling.

The AEMFC tests were conducted by John C. Douglin at the Wolfson Department of Chemical
Engineering, Technion-Israel Institute of Technology (Israel). To evaluate the performance of
FeNC(Mg) and FeCoNC(Mg) catalysts in anion-exchange membrane fuel cells (AEMFCs),
gas diffusion electrodes (GDEs) of 2.25 cm? were made in a manner similar to previous
publications [29][65][66][67][68]. For the anodes, ~22 mg of powdered anion-exchange
ionomer (Fumion®, Fumatech) was added to a mortar and ground for 3 min. Following the
initial grind, 61 mg of PtRu/C (40% Pt and 20% Ru on carbon black HiSPEC 10000, Alfa
Aesar) was added to the mortar along with an additional 30 mg of carbon black (Vulcan XC-
72) to increase the porosity and hydrophobicity of the catalyst layer and ultimately avoid
flooding. 1 ml of deionized water and 9 mL of 2-propanol were added to the solid mixture and
further ground for 10 min to create a low viscosity catalyst ink. The FeNC(Mg) and
FeCoNC(Mg) cathode inks were prepared in a similar manner to the anode ink, wherein 13 mg
of ionomer were first added and ground, followed by adding 20 mg of each catalyst. Ten
millilitres of total solvents were added to each mortar and ground for an additional 10 min.
The catalyst inks were sonicated for 1 h in an ice-cooled ultrasonic bath. Following sonication,
the cathode inks were sprayed directly onto 2.25 cm? Toray Carbon Paper 060 (Fuel Cell Store)
with microporous layer GDLs with an Iwata HP-TH professional airbrush. The loadings for
the FeNC(Mg) and FeCoNC(Mg) GDEs were 0.62 mgmne cm? (M = Fe or FeCo). The anode
ink was spray deposited onto a 6.05 cm? Toray Carbon Paper 060 GDL with 5% wet-proofing.
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Upon arriving at a PGM loading of 0.75 mgpwru cm™2, two smaller 2.25 cm? GDEs were cut
from the larger 6.05 cm? GDE.

Two 5 cm? pieces of FAA-3-05-RF AEM (Fumatech) and all electrodes were immersed in 1
M KOH aqueous solution for 1 h prior to cell assembly, with solution changes every 20 min
before testing. Two different AEMFCs were assembled between two 5 cm? single-serpentine
graphite bipolar flow field plates with Teflon gaskets and torqued to 4.5 N m to achieve an
average GDL compression of 30%. The cells were tested under H./O> gas flows of 0.5 SLPM
at cell temperatures of 60 and 80 °C with 100 kPa of back-pressurization in an 850E Scribner

Associates Fuel Cell test station.
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3. Results and discussion
3.1. Physicochemical characterization
The surface morphology of the manufactured catalyst materials was characterized using the
SEM method, and the resulting micrographs are shown in Figure 4. Based on the micrographs,
it is evident that all the materials have a rather similar morphology and consist of irregular,
sheet-like carbon structures. The Fe-containing catalysts prepared with the MgO template
(Figure 4e and 4f) and without template (Figure 4c and 4d) do not appear to differ significantly
in SEM micrographs and have similar morphology to the catalysts prepared from
alkylresorcinols using a similar method [25].
All the catalyst materials have layered heterogeneous sheet-like structures, which may be due
to the presence of DCDA in the synthesis process. The DCDA performs two roles: it helps to
create the porous structure and it adds nitrogen atoms as dopants. During the pyrolysis, DCDA
polymerises between 300 and 600 °C, creating layers of graphitic carbon nitride (g-CaN4) [69].
Between these layers, the carbon precursor is imprisoned. g-CsN4 decomposes into reactive
gaseous nitrogen species as the temperature rises, adding nitrogen to the newly created carbon
framework [70].
STEM was used for more precise characterization of catalysts and elemental distribution
(Figure 5). The STEM-EDX mapping of the catalysts FeNC(Mg) and FeCoNC(Mg) show that
both catalysts have homogeneous dispersion of N element throughout the material (Figures 5f
and 5m), verifying successful nitrogen doping. From Figures 5e and 51 it is apparent that a part
of the transition metals is evenly distributed over the carbon support, presumably as nitrogen-
coordinated atomically dispersed metal centres (M-Nx). However, it is evident that both
catalyst materials also contain metal-rich nanoparticles, which are encapsulated in graphitic
carbon shells (Figure 5b and 5i). In bimetallic catalysts, these nanoparticles consist of both iron
and cobalt (Figure 5). It is also evident that the materials contain some evenly distributed Mg
even after acid washing, but no MgO nanoparticles (Figure 5g and 5n).
The specific surface area of the catalysts was determined by N2 physisorption analysis. The
addition of Mg acetate significantly increases the specific surface area of Fe-based materials,
which is 345 m? g and 483 m? g* for FeCN and FeCN(Mg) catalysts, respectively (Table 1).
It is evident that both the total pore volume (Vi) and the micropore volume (V,) were higher
for the catalyst materials prepared using the template. Bimetallic catalyst, however, had lower
specific surface area and pore volume. From the pore size distribution graph (Figure 6) it can

be seen that all catalysts contain mesopores of different sizes. The hierarchically porous
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structure of these materials could be beneficial to the application in the fuel cells, as the
mesopores promote O transport and product diffusion, as well as increase the contact area

between the electrolyte and active sites on the on the surface of the catalyst.

Figure 4: SEM images of (a, b) NC(Mg); (c,d) FeNC; (e,f) FeNC(Mg); (9,h) FeCoNC(Mg) catalysts.
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Figure 5: (a—c) STEM micrographs with different magnifications of the FeNC(Mg) material, (d) High-
angle annular dark-field (HAADF)-STEM image of FeNC(Mg) material with respective EDX
elemental mapping images (e-g). (h-j) STEM micrographs with different magnifications of the
FeCoNC(Mg) material, (k) High-angle annular dark-field (HAADF)-STEM image of FeCoNC(Mg)
material with respective EDX elemental mapping images (I-n).
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Table 1. Specific surface area, total pore volume and micropore volume of the catalysts.

Catalyst Seer (M?g™?) | Sare(m?g?) V,(cmdg?) Vit (cm® g1
FeNC 345 339 0.09 0.54
FeNC(Mg) 483 433 0.14 0.61
FeCoNC(Mg) 203 195 0.05 0.32
0.14
0.12 -
:@ 0.10
=
S 008t
e
O 0.06
@ 0.04
> —— FeNC
—— FeNC(M
ooz — FECOIEIC%I)\/IQ)
0.00 l
0 5 10 15 20 25 30 35

Pore width / nm

Figure 6: Pore size distribution of catalysts.

The XRD analysis (Figure 7a) revealed that nanoparticles in FeNC(Mg) consist mostly of FesC
(cohenite) and in FeCoNC(Mg), of FeCo alloy with the Fe/Co atomic ratio close to 1
(wairauite). The estimated contents of FesC and FeCo in the catalysts are 1.3 wt.% and 0.7-0.8

wt.%, respectively. According to the full profile analysis, the carbon can be considered to be

partly graphitic (ca. 70%) and partly amorphous (ca. 30%).
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Figure 7: (a) XRD pattern of FeNC(Mg) and FeCoNC(Mg), (b) Raman spectra of catalysts.
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The Raman spectra (Figure 7b) were fitted following the four-peak model where G peak (~1590
cm™) corresponds to the stretching vibrations of the sp? carbon atoms in the ideal graphitic
lattice; D1 (~1350 cm™2) to defect-activated breathing mode of aromatic rings; D3 (~1490 cm™
1Y to amorphous carbon and D4 (~1100 cm™) to disordered graphitic lattice A baseline
correction was used to compensate for the small fluorescence background and multiple-peak
fitting procedure was applied using the PeakAnalyser software in OriginPro 9. The intensities
of Ip1 and Ig (integrated areas under the bands) as well as their full widths at half-maxima were
extracted from the fitting of the curves by Voigt functions. In the curve-fitting procedure, all
parameters (peak position, height, and width) were adjusted to attain the smallest value of the
chi-square. The widths of the G band (Wg) and especially D1 band (Wp1) are qualitative
measures of structural disorder for defective carbon materials [71]. To determine the extent of
structural disordering in the catalyst materials, the Ipi/lg ratio was determined. It should be
highlighted, nevertheless, that the Ipi/lc Raman band ratio, which is frequently utilized, is not
appropriate for highly disordered carbon materials, as the G peak in such materials is a
superposition of the G and D2 peaks. From the results listed in Table 2 it can be concluded that
the prepared catalysts have quite defect rich nature. It is interesting to note that Fe-based
materials, especially FeNC(Mg) contain least defects in graphitic structures (narrowing of D1
and G bands). It is well known that Fe species serve as good catalyst for the growth of highly
graphitized carbon materials during pyrolysis [72].

SEM-EDX was used to determine the elemental composition of the various catalyst materials
(Table 3). It should be noted that the Fe content encompasses all types of Fe found in the
catalyst, including metal Fe, Fe oxides, nitrogen-coordinated Fe, and Fe carbides. The Fe
content is higher in FeCN as compared to FeCN(Mg) and FeCoCN(Mg), as the acid treatment
with HCI for removal of MgO template also dissolves the metal-containing nanoparticles that
are not encapsulated. It can also be seen that Mg is detected in the materials prepared with
template, indicating that acid treatment does not remove all of it. The EDX analysis also

showed traces of some other elements, like Si, Cl, F, Na, and Ca.

Table 2. Full width at half-maximum (FWHM) values of the D1 and G-bands in Raman spectra and
Ipi/lG ratio.

Catalyst Whp: / cm™ Ws /cm? Ioi/lG
NC(Mg) 240 112 4.7
Fe(NC) 226 94 4.8
FeNC(Mog) 150 84 3.1
FeCoNC(Mg) 246 108 4.7
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Table 3: Elemental composition (wt%) of catalyst materials determined by SEM-EDX.

Catalyst C N @] Mg Fe Co
NC(Mg) 68.0£5.3 | 19.4+13 |8.9+2.1 3.1+1.8

FeNC 49.5+1.7 19.4+3.2 16.9+1.7 12.2+4.4

FeNC(Mg) 79.5+257 | 7.5+04 7.8t1.1 0.6+0.4 3.2+1.1
FeCoNC(Mg) | 67.6£2.0 14.2+2.5 9.0£1.3 2.1+0.5 2.910.9 29110

The XPS analysis (Table 4, Figure 8) also revealed the presence of carbon, nitrogen, oxygen,
iron, cobalt and magnesium on the catalyst materials' surface. Unsurprisingly, the surface metal
concentration was higher for the untreated catalysts, because acid leaching removes transition
metal-containing nanoparticles not enclosed in carbon. Intriguingly, compared to the
FeCN(Mg) material, the bimetallic catalyst had higher surface metal and nitrogen contents.
The comprehensive N 1s spectra were deconvoluted into seven sub-peaks (Figure 8b) to
evaluate the presence of various N species in the catalysts and the relative content of N species
is provided in (Table 5). The most prevalent N species in all catalysts is pyridinic-N, but
significant levels of hydrogenated-N (including pyrrolic-N and hydrogenated pyridine),
graphitic-N, and metal-coordinated N were also found. The ORR has been demonstrated to be
catalysed by graphitic-N and pyridinic-N. The development of strong chemical interactions
between carbon and oxygen atoms is encouraged by graphitic-N groups, which may reduce the
activation energy of the ORR and boost the dissociation of O> molecules on nearby carbon
atoms [23]. Pyridinic-N content is frequently linked with the ORR activity [73]. It has been
demonstrated that M-Ny centres have the highest ORR activity of these catalysts, particularly
in acidic solutions but also in alkaline medium [73]. However, it is still unclear which N-
functionality or the chemical makeup of nitrogen-containing active sites actually drives the
ORR activity.

The detailed Fe 2p spectrum (Figure 8a, inset) consists of several peaks corresponding mostly
to oxidised forms of iron, which could be N-coordinated atomically dispersed metal centres,
but also some metal oxides. The exact identification of these peaks is not possible, because of
multiple overlapping peaks, which are due to charge transfer effects and multiplet splitting
[74]. The deconvolution of detailed O 1s and C 1s spectra reveals the existence of various

functional groups with C-O and C-N bonds on the surface [75] as shown in Figures 8c and 8d.
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Figure 8. (a) XPS survey spectrum and detailed Fe2p spectrum (inset); (b) detailed N1s spectrum; (c)
O1s spectrum and (d) C1s spectrum of FeNC(Mg) catalyst material.

Table 4: Surface elemental composition (at%) of catalysts by XPS analysis

Catalyst C N @] Fe Co Mg
NC(Mg) 70.4 15.0 10.9 0.0 0.0 3.7
FeNC 71.5 14.9 11.7 2.0 0.0 0.0
FeNC(Mg) 82.2 7.4 8.8 0.3 0.0 1.3
FeCoNC(Mg) 78.7 10.1 8.8 0.4 0.8 11

Table 5: Relative concentration (%) of N species by XPS analysis

Pyridinic | Amines/ | Hydroge- | Graphi-
Catalyst Imine N M-N. | natedN | ticN |bulkN-H| N-O
NC(Mg) 5.2 51.1 12.2 21.5 7.2 2.2 0.5
FeNC 5.2 44.6 17.9 21.2 8.7 2.1 0.3
FeNC(Mg) 7.5 42.9 17.4 22.0 7.2 2.7 0.4
FeCoNC(Mg) 6.5 42.8 17.3 20.2 9.7 2.7 0.9
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3.2. Rotating disk electrode results

RDE was used for the initial evaluation of electrocatalytic activity of the carbon-based catalysts
towards the ORR in an aqueous 0.1 M KOH electrolyte. The RDE polarization curves were
recorded at different electrode rotation rates (Figure 9) and the data was analysed using the
Koutecky-Levich (K-L) equation (Eg. 7). The intercept of extrapolated K-L lines (Figure 9b)
IS near zero at the potentials E<-0.5 V, thus indicating that the electroreduction of Oz is under
the diffusion control in a broad range of potentials for catalyst. The number of electrons
transferred (n) was calculated from the slopes of the K-L plots. It can be seen from the inset of
Figure 9b that the n value is close to 4 at all potentials for this material. These results show that
the electroreduction of O, proceeds predominantly via direct 4e” pathway (Eq. 4) or 2+2e~
pathway, where peroxide anion is further reduced to OH" (Egs. 5 and 6)
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Figure 9: (a) RDE voltammetry curves for the ORR on FeNC(Mg) catalyst at various rotation rates
(v=10 mV s1). (b) Koutecky-Levich plots for the ORR derived from the RDE data. Inset shows the
value of n as a function of potential.

To find the optimal Fe content of the catalysts, it was varied in the catalyst preparation. The
RDE voltammograms at 1900 rpm of the catalysts prepared using different content of Fe salt
are compared in Figure 10a. The values of onset potential (Eonset — the potential at which the
ORR current density reaches -0.1 mA cm?) and half-wave potentials (E12 — the potential at
which the ORR current density is half of the value of jq) found from the RDE data are presented
in Table 6. It is evident that the metal-free catalyst shows the lowest electrocatalytic activity
and that both the E12 and Eonset Values increase with increasing the amount of the Fe salt added
in the catalyst preparation. The most active electrocatalyst appears to be FeNC(Mg) and further

increase of the Fe content does not result in increasing the ORR activity.
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Figure 10: Comparison of ORR polarisation curves recorded in Oz-saturated 0.1 M KOH solution on
Fe-containing catalysts with different Fe content (v=10 mV s%, ®=1900 rpm, catalyst loading 0.2 mg
cm2). (b) Value of n as a function of potential for various catalysts.

Table 6: The kinetic parameters of ORR in 0.1 M KOH from RDE measurements.

Catalyst Ei2Vs.SCE/V | Eonset VS. SCE/V | MAat-02V/Ag?
NC(Mg) -0.35 -0.20 0.5

Fel/4ANC(Mg) -0.25 -0.12 9.2

Fel/2NC(Mg) -0.20 -0.05 31

FeNC(Mg) -0.17 -0.05 61

Fe2NC(Mg) -0.18 -0.05 49

FeCoNC(Mg) -0.21 -0.06 23

FeNC -0.21 -0.09 38

Pt/C -0.18 -0.04 47*

*per total catalyst mass

The values of mass activity (MA) for ORR were calculated for the catalysts at -0.2 V vs SCE:

MA = I/ m (8)
where Ik is the kinetic current at this potential, which was calculated from K-L equation (Eq.
7) and m is the mass of the catalyst on the electrode. It can be seen that the mass activity again
increases with increasing the Fe content in the catalysts, is the highest for FeNC(Mg), and
slightly smaller for the catalyst of highest Fe content. It can be assumed that there is an optimal
Fe content in the catalyst that yields the highest number of ORR-active Fe-Nx centres, and
further increasing the Fe content just increases the amount and/or size of Fe-containing
nanoparticles and may even decrease the content of the Fe-Nx sites that are accessible to O

molecules. For FeNC(Mg), the mass activity calculated at -0.1 V vs SCE was 4.5 A g%, which
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is comparable to the value obtained for an iron-containing catalysts prepared from metal
organic framework [76], but slightly smaller as compared to those of transition metal-
containing carbon catalysts prepared from commercial mesoporous support materials [77].

In Figure 10b, the dependence of n value on E is shown for the catalysts presented in Figure
10a. The smallest n values, between 3 and 3.5, are observed for transition metal-free catalyst
NC(Mg). This indicates partial reduction of O, to HO»- anions on this catalyst and may be due
to the absence of M-Nx centres that catalyse 4e” reduction of O [78]. The n values generally
increase with increasing the Fe content in the catalysts and highest n was observed for the most
active catalyst, FeNC(Mg) which presumably has the highest number of active sites capable of
either 4e” reduction of Oz and/or further reduction of peroxide anion.

In Figure 11, the RDE polarisation curves FeNC(Mg) are compared with those of bimetallic
catalyst and catalyst prepared without magnesium template (FeCN), as well as with that of
commercial Pt/C. It can be seen that the bimetallic catalyst has slightly lower ORR activity and
also lower n value as compared to FeNC(Mg). Similar results were observed with the catalysts
prepared from alkylresorcinols using a similar method [43]. Higher activity of FeNC(Mg) may
be related to its higher specific surface area or favourable porous structure due to using the
template, which increases the number of accessible active sites. It can also be seen that the

activity of FeNC(Mg) is similar to that of commercial Pt/C catalyst.
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Figure 11: (a) Comparison of ORR polarisation curves recorded in Oz-saturated 0.1 M KOH solution
for FeCN(Mg), FeNC, FeCoNC(Mg) and Pt/C catalysts (v=10 mV s%, ®=1900 rpm, catalyst loading
0.2 mg cm?). (b) Value of n as a function of potential for various catalysts.

M-N-C catalysts are generally more durable in alkaline media as compared to acidic media
due to the lower propensity for 3d metal dissolution, but carbon corrosion is still a concern as

it impacts the structure of the carbon framework and causes the degradation of active centres
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[79]. Thus, the low electrochemical stability of the electrocatalysts is one of the major obstacles
to long-term AEMFC operation. To evaluate the durability of FeNC(Mg) and FeCoNC(Mg),
the catalyst materials were subjected to accelerated stability tests by potential cycling (Figure
12). Both electrocatalysts demonstrated high stability, as for both FeNC(Mg) and
FeCoNC(Mg) catalysts the E1» shifted to negative direction only by 6 mV and Eonset only by 8
mV after 10000 potential cycles. The good stability could be caused by the high degree of

graphitization as confirmed by both Raman spectroscopy and XRD analysis.
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Figure 12: RDE voltammetry curves for ORR on (a) FeNC(Mg) and (b) FeCoNC(Mg) catalysts in O»-
saturated 0.1 M KOH solution before and after 10,000 potential cycles (0=1900 rpm, v=10 mV s1).

For the templated materials FeNC(Mg) and FeCoNC(Mg) the RDE tests were also conducted
in 0.5 M H>SOg4solution (Figure 13). Both of these showed reasonably good ORR activity, with
the values of E12=0.47 V and Eonset=0.59 V. As compared to commercial Pt/C catalyst,

however, these values were still about 90 mV more negative.
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Figure 13: (a) Comparison of ORR polarisation curves recorded in O,-saturated 0.5 M H,SO4 solution
on FeCN(Mg) and FeCoNC(Mg), and Pt/C catalysts (v=10 mV s%, ®=1900 rpm, catalyst loading 0.8
mg cm2). (b) Value of n as a function of potential for various catalysts.
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3.3. AEMFC tests

The H2/O- polarization curve results of AEMFCs based on the FeNC(Mg) and FeCoNC(Mg)
bimetallic ORR catalysts are shown in Figure 14. To accurately compare the performances of
the catalysts as cathodes, the operating conditions were kept the same in all instances. With the
cell temperature at 60 °C and anode and cathode dewpoint temperatures set to 57 and 58 °C,
respectively with 100 kPa of back-pressurisation, the cell made with FeCoNC(Mg) exhibited a
higher Pmax (675 mW cm) than the cell made with FeNC(Mg) (Figure 14a). Furthermore, the
FeCoNC(Mg) cell arrived at ten times higher current density value at 0.8 V (263 vs 28 mA cm”
2). Upon increasing the cell temperature to 80 °C, anode and cathode dewpoint temperatures to
76 and 77 °C, respectively and maintaining 100 kPa of back-pressurisation, the Pmax
performances increased to 833 and 615 mW cm, once again in favour of the FeCoNC(Mg)
(Figure 14b). Likewise, the catalytic region activity of the FeCoNC(Mg) cell was higher, but
arrived at approximately the same values as the 60 °C temperature condition.

The reason why FeCoNC(Mg) material showed higher activity on the AEMFC despite of its
lower activity in RDE test is not clear at present. However, higher AEMFC performance and
lower RDE activity of bimetallic FeCo catalyst as compared to similar Fe-containing material
has been observed before [65] and it was attributed to the synergistic effect of Fe-N4 and Co-
N4 centres [32]. Comparison of AEMFC performance of FeCoNC(Mg) and FeNC(Mg)
catalysts with the results of other biomass-derived non-precious metal catalysts reported in the
literature places the materials obtained in this work among the best performing AEMFC

cathode catalysts (Table 7).
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Figure 14: Polarization and power density curves for Ho/O, AEMFCs at (a) 60 °C and (b) 80 °C. Anode
catalyst: PtRu/C and cathode catalysts: FeCN(Mg) and FeCONC(Mg).
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Table 7. AEMFC performance of various biomass-derived cathode materials.

Cathode catalyst | Biomass Cathode | Anode T Membrane | Pmax | Ref.
source loading loading (°C) (mw
(mg cm?) | (mg cm?) cm?)
FeCoNC(Mg) lignin 0.62 0.75PtRu | 60 FAA-3-05- | 675 | This
FeNC(Mg) 0.62 0.75 PtRu 60 RF 550 | work
FeCoNC(Mg) lignin 0.62 0.75 PtRu 80 FAA-3-05- | 833 | This
FeNC(Mg) 0.62 0.75PtRu | 80 RF 615 | work
L-FeMn lignin 0.8 0.4 PtRu 60 HDPE 261 [47]
PDCC_ZnCl; peat 4 0.67 PtRu | 60 FAA-3-50 |51 [80]
PBC/900/M pig blood 3 0.4 PtRu 60 FAA-3-20 | 658 | [81]
Zn-Fesa-PC/950 | pig blood 3 0.4 PtRu 60 FAA-3-20 | 352 [82]
SNBC12 bamboo 2 0.5 Pt 60 FAA-3-50 | 217 | [83]
NBSCP bean sprout | 3 0.4 Pt 60 FAA-3-50 | 172.2 | [84]
N-F/CTC silk cotton | 2 0.5 Pt 40 FAA-3-50 | 13.3 | [85]
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Summary

The main goal of present master’s thesis was to prepare non-precious metal catalysts for
electrochemical oxygen reduction reaction (ORR) using lignin as a sustainable precursor.
Porous carbon-based catalysts, doped with nitrogen and transition metals (Fe and Co), were
prepared via a simple pyrolysis method from lignin, dicyandiamide and metal salts. Magnesium
acetate was used as the template precursor, and MgO formed in high-temperature pyrolysis
was dissolved in dilute acid. The iron content in the catalyst materials was varied and for
comparison, a bimetallic catalyst containing Fe and Co was also prepared.

The results of scanning electron microscopy (SEM) studies showed that the materials have
similar morphology consisting of irregular, sheet-like carbon structures. Transmission electron
microscopy (TEM) images revealed a uniform dispersion of nitrogen element in the catalyst
materials, confirming successful nitrogen doping. Transition metals were partly found to be
uniformly dispersed, presumably as M-Nx centres, but also forming nanoparticles, which
consisted of FesC or FeCo alloy, as revealed by X-ray diffraction (XRD) analysis. The results
of the N2 physisorption analysis showed that the addition of Mg acetate increases the specific
surface area and pore volume of Fe-containing catalyst materials. The energy-dispersive X-ray
spectroscopy (EDX) analysis and X-ray photoelectron spectroscopy (XPS) studies were carried
out to characterise the elemental content of the catalyst materials.

The electrocatalytic activity of the catalysts towards the oxygen reduction reaction was studied
using the rotating disc electrode (RDE) method. The effect of iron content in catalysts on the
catalyst ORR performance in alkaline solution was evaluated. A bimetallic (FeCo) catalyst was
slightly less active for ORR than the most active iron-based material. The catalysts were proved
to be rather stable after potential cycling for 10000 cycles. In acidic solution, the catalysts also
showed a rather high electrocatalytic activity towards the ORR.

In a single-cell H2/O2 anion-exchange membrane fuel cell (AEMFC) tests the bimetallic
catalyst performed better than iron-containing material, showing a peak power density of 675
mW cm at 60 °C and 833 mW cm2at 80 °C.

The results show that highly active non-precious metal catalysts for oxygen reduction reaction
can be prepared from lignin as a carbon source in high-temperature pyrolysis. The
electrocatalytic activity of the materials depends on their transition metal content and porous

structure, which can be tuned by using a magnesium-based template in the synthesis process.
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Kokkuvodte

Magistritot6  eesmargiks oli  valmistada  mittevadrismetallkatalisaatorid  hapniku
elektrokeemilise redutseerimisreaktsiooni katallitisimiseks, kasutades lahteainena ligniini.
Poorsed lammastiku ja siirdemetallidega (Fe ja Co) dopeeritud sisinikkataliisaatorid valmistati
kdrgtemperatuursel puroltdsil ligniinist, ditsiaandiamiidist ja metallisooladest. Materjalide
poorsuse suurendamiseks lisati magneesiumatsetaati ja sellest kdrgtemperatuursel paroludsil
moodustunud MgO matriits eemaldati lahjas happelahuses. Katallisaatormaterjalide
rauasisaldust varieeriti ja vordluseks valmistati ka Fe ja Co sisaldav bimetalne kataltisaator.
Skaneeriva elektronmikroskoopia kujutised nditasid, et materjalid olid sarnase morfoloogiaga
ning koosnesid ebakorraparastest liistakutaolistest stisinikstruktuuridest.
Labistuselektronmikroskoopia uuringud osutasid lammastiku Uhtlasele  jaotumisele
katallisaatormaterjalides, mis Kkinnitas dopeerimise edukust. Siirdemetallid esinesid Ule
materjali hajutatuna, arvatavasti M-Ny tsentritena, kuid moodustasid ka nanoosakesi, mis
rontgendifraktsioonanallitisi andmete kohaselt sisaldasid FeCo sulamit v6i FesC. L&mmastiku
sorptsioonianaltiiisi tulemused nditasid, et magneesiumatsetaadi lisamine suurendab Fe-
sisaldavate katallisaatormaterjalide eripinda ja pooride ruumala. Kataliisaatormaterjalide
elementsisalduse méaaramiseks viidi labi energiajaotusrontgenanalidisi ja
rontgenfotoelektronspektroskoopia uuringud.

Katallisaatorite elektrokataliitilist aktiivsust hapniku redutseerimisel uuriti pdorleva
ketaselektroodi meetodil. Leiti, et katallsaatorite aktiivsus leeliselises lahuses sdltub nende
rauasisaldusest ning bimetalne (FeCo) katallisaator on veidi madalama aktiivsusega kui kdige
aktiivsem rauapdhine materjal. Potentsiaali tstkleerimisel 10000 tsukli jooksul osutusid
katallisaatorid Usna stabiilseteks. Happelises lahuses pddrleva ketaselektroodi médtmistel olid
katallisaatorid hapniku redutseerumisel samuti tisna korge elektrokatallittilise aktiivsusega.
Anioonvahetusmembraaniga H2/O2 kiituseelemendi testides saadi bimetalse katallisaatoriga
kdrgem maksimaalne voéimsustihedus (Pmax) VOrreldes rauda sisaldava materjaliga,
temperatuuril 60 °C Pmax = 675 mW cm ja temperatuuril 80 °C Pmax = 833 mW cm™.
Tulemused néitavad, et ligniini kasutamisel susinikuallikana on puroludsil voimalik valmistada
vaga aktiivseid mittevadrismetallkatallisaatoreid hapniku redutseerimisreaktsiooni jaoks.
Materjalide elektrokataluttiline aktiivsus sdltub nende siirdemetallide sisaldusest ja poorsest

struktuurist, mida saab mdjutada kasutades sunteesiprotsessis matriitsina magneesiumoksiidi.
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