
 

  

1

DISSERTATIONES 
CHIMICAE  

UNIVERSITATIS 
TARTUENSIS

224

PATRICK TEPPOR

Obtaining platinum-free
oxygen reduction catalysts through
biomass valorization:
a case study of peat

 



  DISSERTATIONES CHIMICAE UNIVERSITATIS TARTUENSIS 

224 

 

 

 



DISSERTATIONES CHIMICAE UNIVERSITATIS TARTUENSIS 

224 

 

 

 

 

PATRICK TEPPOR 

 

Obtaining platinum-free  

oxygen reduction catalysts through 

biomass valorization:  

a case study of peat 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Institute of Chemistry, Faculty of Science and Technology, University of Tartu, 

Estonia 

 

The dissertation is accepted for the commencement of the degree of Doctor of 

Philosophy in Chemistry on June 22nd, 2023, by the Council of Institute of 

Chemistry, University of Tartu. 

 

Supervisors: Research Fellow Rutha Jäger, Ph.D. 

  University of Tartu, Estonia 

 

  Professor Enn Lust, Ph.D. 

  University of Tartu, Estonia 

 

Opponent: Alexey Serov, Ph.D. 

  Oak Ridge National Laboratory, United States 

 

Commencement: 30.08.2023 at 16:15 in auditorium 1020, Ravila 14a, Tartu 

(in-person) and Microsoft Teams (online) 

 

This work has been partially supported by ASTRA project PER ASPERA 

Graduate School of Functional Materials and Technologies receiving funding 

from the European Regional Development Fund under project in University of 

Tartu, Estonia 

 

 

 

 

 

 
ISSN 1406-0299 (print)   ISSN 2806-2159 (pdf) 

ISBN 978-9916-27-298-5 (print)  ISBN 978-9916-27-299-2 (pdf) 

 

Copyright: Patrick Teppor, 2023 

 

 

University of Tartu Press 

www.tyk.ee  



5 

TABLE OF CONTENTS 

1.  LIST OF ORIGINAL PUBLICATIONS  ..................................................  7 

2.  ABBREVIATIONS AND SYMBOLS  .....................................................  8 

3.  INTRODUCTION  ....................................................................................  10 

4.  LITERATURE OVERVIEW  ....................................................................  12 
4.1.  The modern fuel cell  .........................................................................  12 

4.1.1. Basic operating principles  ......................................................  12 
4.1.2. Main components  ...................................................................  13 
4.1.3. Bottleneck inhibiting widespread adoption  ............................  15 

4.2.  Making fuel cells better  ....................................................................  16 
4.2.1. Non-platinum group metal oxygen reduction catalysts  ..........  16 
4.2.2. Improving intrinsic activity  ....................................................  17 
4.2.3. Improving porosity  .................................................................  19 
4.2.4. Measuring the performance of NPGM catalysts  ....................  21 

4.3.  Valorizing abundant local resources  .................................................  26 
4.3.1. Catalysts from biomass  ...........................................................  26 
4.3.2. Estonian peat  ..........................................................................  26 

5. RESEARCH AIM AND HYPOTHESES  ..................................................  28 

6. EXPERIMENTAL  .....................................................................................  29 
6.1.  Synthesis of peat-derived carbon catalysts  .......................................  29 
6.2.  Physical characterization methods  ....................................................  33 
6.3.  Electrochemical activity screening  ...................................................  34 
6.4.  Fuel cell experiments  ........................................................................  35 

7. RESULTS AND DISCUSSION  ................................................................  37 
7.1.  Peat-derived carbon as a catalyst support  .........................................  37 

7.1.1. Modifying the properties of peat-derived carbon  ...................  37 
7.2.  Synthesizing NPGM catalysts from PDCs via pathway #1  ..............  40 

7.2.1. Investigating the catalysts physical properties  .......................  40 
7.2.2. Electrochemical performance in acidic and alkaline solutions  43 

7.3.  Pathway #1 catalysts as fuel cell cathodes  .......................................  45 
7.3.1. PEMFC performance  ..............................................................  45 
7.3.2. AEMFC performance  .............................................................  46 

7.4.  Improving performance via synthesis pathway #2  ...........................  49 
7.4.1. Enhancing intrinsic activity through synthesis optimization  ..  49 
7.4.2. Superior porosity with hydroxyapatite  ...................................  53 
7.3.3. High-performance AEMFC  ....................................................  55 

7.5. Conclusions  .......................................................................................  58 

8. SUMMARY ...............................................................................................  59 

9. REFERENCES  ..........................................................................................  61 

10. SUMMARY IN ESTONIAN  ...................................................................  74 



6 

11. ACKNOWLEDGEMENTS  .....................................................................  76 

PUBLICATIONS ...........................................................................................  79 

  

CURRICULUM VITAE  ................................................................................  147 

ELULOOKIRJELDUS  ..................................................................................  149 

 



7 

1. LIST OF ORIGINAL PUBLICATIONS 

This thesis consists of four original publications listed below. The articles are 

referred to as Roman numerals in the text. 

 

I. P. Teppor, R. Jäger, M. Paalo, R. Palm, O. Volobujeva, E. Härk, Z. 

Kochovski, T. Romann, R. Härmas, J. Aruväli, A. Kikas, E. Lust, Peat-

derived carbon-based non-platinum group metal type catalyst for oxygen 

reduction and evolution reactions, Electrochemistry Communications, 

113, 2020, 106700. 

II. R. Jäger, P. Teppor, M. Paalo, M. Härmas, A. Adamson, O. Volobujeva, 

E. Härk, Z. Kochovski, T. Romann, R. Härmas, J. Aruväli, A. Kikas, E. 

Lust, Synthesis and Characterization of Cobalt and Nitrogen Co-Doped 

Peat-Derived Carbon Catalysts for Oxygen Reduction in Acidic Media, 

Catalysts, 11, 2021, 715. 

III. P. Teppor, R. Jäger, M. Paalo, A. Adamson, M. Härmas, O. Volobujeva, 

J. Aruväli, R. Palm, E. Lust, Peat as a carbon source for non-platinum 

group metal oxygen electrocatalysts and AEMFC cathodes, International 

Journal of Hydrogen Energy, 47, 2022, 16908. 

IV. P. Teppor, R. Jäger, M. Koppel, O. Volobujeva, R. Palm, M. Månsson, E. 

Härk, Z. Kochovski, J. Aruväli, K. Kooser, S. Granroth, T. Käämbre, J. 

Nerut, E. Lust, Unlocking the Porosity of Fe-N-C Catalysts Using Hydro-

xyapatite as a Hard Template En Route to Eco-Friendly High-Perfor-

mance AEMFCs (manuscript). 

 

Author’s contribution: 

Publication I:  The author performed the synthesis of the catalysts, N2 sorp-

tion measurements, and electrochemical characterization. The 

author was primarily responsible for interpreting the data and 

writing the manuscript. 

Publication II:  The author performed the synthesis of the catalysts, N2 sorption 

measurements, and electrochemical characterization. The 

author participated in interpreting the data and writing the 

manuscript. 

Publication III: The author performed the synthesis of the catalysts, N2 and Ar 

sorption measurements, laser diffraction measurements, and 

electrochemical characterization. The author was primarily 

responsible for interpreting the data and writing the manuscript. 

Publication IV: The author performed the synthesis of the catalysts, N2 sorp-

tion and laser diffraction measurements, and electrochemical 

characterization. The author was primarily responsible for 

interpreting the data and writing the manuscript.  



8 

2. ABBREVIATIONS AND SYMBOLS 

AEM anion exchange membrane 

AEMFC anion exchange membrane fuel cell 

BET Brunauer-Emmett-Teller 

C concentration of oxygen 

CCM catalyst-coated membrane 

D diffusion coefficient 

Dv50 median volumetric particle size 

E electrode potential 

Eonset onset potential 

E1/2 half-wave potential 

F Faraday constant 

GCDE glassy carbon disc electrode 

GDE gas diffusion electrode 

GDL gas diffusion layer 

HA hydroxyapatite 

HOR hydrogen oxidation reaction 

HR-SEM high-resolution scanning electron microscopy 

I current 

ID intensity of the D band 

Idisc disc current 

IG intensity of the G band 

Ik kinetic current 

Imt mass transport current 

IPA isopropyl alcohol 

Iring ring current 

j current density 

jc corrected current density 

MA mass activity 

M-Nx metal coordinated to x number of nitrogen atoms 

MEA membrane electrode assembly 

N collection efficiency of the Pt ring 

nK-L electron transfer number according to the Koutecký-Levich 

analysis 

NPGM non-platinum group metal 

ORR oxygen reduction reaction 

ω electrode rotation speed 

P power 

PDC peat-derived carbon 

PEM proton exchange membrane 

PEMFC proton exchange membrane fuel cell 

PGM platinum-group metal 

PPD peak power density 
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PTFE polytetrafluoroethylene 

RDE rotating disc electrode 

RHE reversible hydrogen electrode 

RRDE rotating ring disc electrode 

R(R)DE rotating (ring) disc electrode 

S electrode area 

SEM-EDS scanning electron microscope energy-dispersive 

spectroscopy 

SBET specific surface area according to the BET multipoint 

theory 

SDFT specific surface area according to the SAIEUS pore size 

distribution 

SSA specific surface area 

TEM transmission electron microscopy 

TPB triple-phase boundary 

U voltage 

VDFT specific pore volume according to the SAIEUS pore size 

distribution 

Vmicro micropore specific pore volume according to the SAIEUS 

pore size distribution 

VTOT specific pore volume calculated from the isotherm data at a 

relative pressure of 0.95 

ν kinematic viscosity 

WE working electrode 

XAS X-ray absorption spectroscopy 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 

2D-NLDFT-HS two-dimensional non-local density functional theory for 

carbon materials with a heterogeneous surface 
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3. INTRODUCTION 

As countries all over the world shift away from relying on fossil fuels towards 

more environmentally friendly options, the adoption of renewable energy 

sources such as solar and wind continues to skyrocket [1]. In Estonia, deve-

loping solar and wind parks has gained serious attention only recently [2,3] 

mainly as the direct result of a significant reduction in cost [4] and the energy 

crisis of the 2022/23 winter season [5]. Despite a relatively late start compared 

to other countries, ambitious plans have already been established. For instance, 

wind power projects with a cumulative power capacity of almost 10 GW are 

under development [3]. As a result, the power demand of the country with a 

peak of roughly 1.6 GW [6] should be more than satisfied. However, a majority 

of that energy will be produced offshore while the main power lines are located 

on the other side of the country. Additionally, the excess energy needs to be 

curtailed to keep the electricity grid stable. While this may be considered a 

problem, it also presents a unique opportunity. 

Many of the issues created by avoiding fossil fuels can be solved by direct 

electrification [7]. However, several applications will still require energy in a 

different form other than electricity [8]. Thus, a “green” fuel is needed for these 

hard-to-abate sectors. Large political organizations and governments have 

decided that the fuel of the future will be hydrogen and its derivatives [9,10]. 

Hydrogen can be easily produced via electrolysis using the excess energy 

generated by renewables presenting an economical solution to the issue of 

curtailment. It can then be stored, transported, and used for many applications 

including as a fuel for fuel cells [11]. 

Fuel cells convert the chemical energy of hydrogen and oxygen into 

electrical energy through electrochemical reactions. Both reactions require cata-

lysts to proceed at sufficient rates, but the issue is magnitudes worse for the 

oxygen reduction reaction (ORR). As a result, a considerable amount of plati-

num is needed for practically applicable fuel cells making them fairly expensive 

[12]. Solving this problem has demanded several decades of attention from re-

searchers around the world [13]. Currently, the most promising alternative to 

conventional platinum-based catalysts is the non-platinum group metal (NPGM) 

catalyst, which is mainly composed of carbon, nitrogen, and an inexpensive 

transition metal, such as Fe or Co [14]. As these novel catalysts have been con-

sistently improved over time, it has become increasingly relevant to fabricate 

them from abundant resources to minimize their potential cost. 

In this work, we hypothesize that active NPGM ORR catalysts can be 

synthesized from naturally abundant well-decomposed peat. Well-decomposed 

peat is a biomass that is currently used only in low-value applications, namely 

as a source of heat energy [15]. Converting well-decomposed peat into an ad-

vanced functional material would present a unique opportunity to facilitate the 

adoption of fuel cells and hydrogen by valorizing naturally abundant resources. 
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The well-decomposed peat was converted into NPGM ORR catalysts 

through two synthesis pathways discussed in more detail below. The per-

formances of the obtained peat-derived carbon (PDC) materials were analyzed 

both in alkaline and acidic media, and in three-electrode and fuel cell measure-

ment setups. A wide array of physical characterization methods were utilized to 

elucidate why some materials are better ORR catalysts than others. Combining 

the knowledge gained throughout the study led to a PDC catalyst with excellent 

activity owing to its suitable physical properties.  
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4. LITERATURE OVERVIEW 

4.1. The modern fuel cell 

4.1.1. Basic operating principles 

A fuel cell is a device that converts the chemical energy of a fuel and an oxidant 

into electrical energy. The specific requirements for the fuel and the oxidant as 

well as the operating conditions for the energy conversion process depend on 

the type of the fuel cell. While there are numerous vastly different types of fuel 

cells, the current market is dominated by the proton exchange membrane fuel 

cell (PEMFC). Out of the 2.3 GW of fuel cells shipped in 2021, PEMFCs take 

up a commanding 86% share [16]. 

A PEMFC uses hydrogen and oxygen as the fuel and oxidant, respectively. 

These gases are converted to electricity through electrochemical reactions 

occurring at the anode and cathode of the fuel cell, respectively (Figure 1a). In 

the layered structure of the fuel cell, the electrons produced from hydrogen at 

the anode flow to the cathode through the external circuit allowing useful 

electrical energy to be harnessed. To complete the circuit, the protons produced 

at the anode flow to the cathode through a proton-conducting polymer layer 

called the proton exchange membrane (PEM) or more generally the polymer 

electrolyte membrane. The overall environment of a PEMFC is highly acidic 

due to the nature of the membrane. 

 

 

Figure 1. The basic operating principles, general structures, and electrochemical 

reactions occurring at the anodes and cathodes of (a) PEMFCs and (b) AEMFCs. 

 

Another representative of low-temperature fuel cells, meaning fuel cells usually 

operating below 100 °C, alongside the PEMFC is the anion exchange 

membrane fuel cell (AEMFC). The operating principles of an AEMFC are 

largely like those of the PEMFC with two critical exceptions (Figure 1b). 
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Firstly, the polymer membrane known as an anion exchange membrane (AEM) 

conducts hydroxide ions instead of protons resulting in an alkaline environment. 

This has major implications for the materials that can be used in the device as 

discussed in the following section. Secondly, the role of water changes from a 

product to a reactant. Managing water in a fuel cell is crucial since both floo-

ding and drying will significantly impede the performance. Despite the com-

mercialization status of low-temperature fuel cells, water management remains 

a topic of great interest in the scientific community [17–20]. 

An even more critical factor determining the performance of a fuel cell 

besides water management is the rate at which the hydrogen oxidation reaction 

(HOR) and oxygen reduction reaction (ORR) occur. Without assistance, the 

rates of both reactions are too slow to be applied in a practical energy con-

version device. Hence, catalysts are used at both the anode and the cathode to 

speed up the HOR and ORR, respectively. Over the almost two centuries of fuel 

cell history, platinum has earned its place as the supreme catalyst for low-

temperature fuel cells [21]. While the HOR proceeds at sufficient rates even 

with extremely low amounts of catalyst, the ORR is markedly more sluggish 

and requires considerably larger amounts of catalyst [22]. As a result, current 

research and development is heavily weighted towards developing and studying 

ORR catalysts [23]. 

4.1.2. Main components 

As briefly implied above, the most important part of the fuel cell is the 3-layer 

structure consisting of the anode, membrane, and cathode called a membrane-

electrode assembly (MEA) (Figure 2). The anode and cathode are often more 

specifically referred to as the anode and cathode catalyst layers, respectively, 

which are mainly made up of a catalyst material. In a modern fuel cell, the cata-

lyst material is in turn comprised of catalytically active particles and a carbon 

support material. For the active particles, the Toyota Mirai fuel cell vehicle utili-

zes a PtCo alloy with a particle size of roughly 3.5–4.1 nm [24]. These particles 

are deposited on a carbon support material with a high specific surface area 

(SSA) and suitable porosity for optimal distribution of active particles as well as 

facile and efficient transport of reactants and products. The catalyst layers addi-

tionally consist of an ionomer network connecting the active particles or more 

specifically the active sites to the membrane to ensure optimal ion transport. 

The ionomer has properties largely identical to the membrane but is mainly in 

the form of individual fibers. An extensive ionomer network is required because 

the ORR and HOR only occur at the triple-phase boundaries (TPB) of gas-

ionomer-active site as depicted in Figure 2. 
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Figure 2. A graphical representation of one side of a platinum-based MEA and the 

formation of a triple-phase boundary. 

 

In contrast to the catalyst layers, the membrane is a relatively simple gas-im-

permeable electron-insulating polymer which is as thin and ion-conductive as 

possible to minimize ohmic losses. For instance, a Toyota Mirai fuel cell vehicle 

utilizes a membrane that is only ~10 µm thick [25]. The membrane has been 

chemically functionalized to conduct protons or hydroxide ions. These func-

tional groups determine the environment of the fuel cell. A proton-conducting 

membrane typically has sulfonic acid functional groups resulting in an acidic 

environment. The most well-known PEM material is Nafion™, which was 

developed in the early 1970s [26] and is still widely used due to its excellent 

properties [27]. Hydroxide-conducting membranes have not reached the techno-

logical maturity level of their acidic counterparts yet and thus a variety of func-

tional groups are used which all ultimately generate an alkaline environment 

[28]. As a result, the choice of AEMs is more varied and a single prime candi-

date has not emerged yet. 

The environment of a fuel cell sets strict restrictions on the materials that 

can be used. In an acidic PEMFC, platinum-group metals (PGMs) are currently 

the only practical options for catalysts owing to their high chemical stability. 

However, intensive research is still being conducted to identify and develop in-

expensive alternatives to platinum [29]. Of these alternatives, non-platinum 

group metal (NPGM) catalysts based on carbon, nitrogen, and inexpensive tran-

sition metals discussed in more detail below have shown the highest perfor-

mance. However, overcoming the challenges of the harsh acidic environment of 
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PEMFCs is exceedingly difficult for NPGM catalysts as demonstrated by their 

insufficient stability [30]. 

NPGM catalysts could instead be much more successful in the alkaline 

AEMFC. Numerous studies have shown how these materials are distinctly more 

stable in alkaline conditions compared to an acidic environment [31–33]. So far, 

the AEMFC has remained a relatively niche subject due to a severe bottleneck 

in the membrane technology. However, several research groups have recently 

demonstrated major breakthroughs in developing anion exchange membranes 

with sufficient conductivity and promising stability [34–39]. Some have even 

proceeded with commercializing their findings. As a result, AEMFCs utilizing 

NPGM catalysts have become a topic worth seriously considering as a future 

alternative to platinum-based PEMFCs. 

In addition to the MEA, the fuel cell consists of several other components 

which are mainly responsible for distributing reactants to and products from the 

TPB as well as electron and heat conduction. These components, such as the gas 

diffusion layers (GDLs), flow fields, and bipolar plates, are mainly based on 

carbon or metals covered with corrosion-resistant coatings. An in-depth over-

view of these components in the modern fuel cell has been given by Jiao et al. 

[25]. 

4.1.3. Bottleneck inhibiting widespread adoption 

Despite significant advances in the design of fuel cells, their adoption is still 

severely lagging behind other devices used in the field of renewable energy, 

such as batteries and solar panels. While the reasons are numerous, the most 

pressing concern currently is still the cost of a fuel cell. Only a few suppliers 

provide a price upfront and these are mainly for small systems below 5 kW 

[40]. According to estimates, the cost of larger fuel cells ranges loosely from 

1727 to 3140 € per kW [41]. However, the cost is expected to markedly 

decrease once production rates scale up [42]. 

Ultimately, the scarcity of platinum will become a critical bottleneck when 

an economy of scale is realized for fuel cells. Approximately 190 tons of plati-

num are mined annually [43], and this capacity can only be increased by 

roughly 10% each year [44]. Modern fuel cells require at least 0.1 g of platinum 

per kW [45]. Accordingly, 1.9 TW of fuel cells can be produced annually at 

current conditions. Assuming a 100 kW fuel cell per vehicle leads to a yearly 

hydrogen vehicle production rate of 19 million units compared to the 80 million 

motor vehicles produced in 2021 [46]. This results in a maximal market 

penetration of 24% if all the mined platinum was directed to fuel cell 

production. A similar conclusion was reached by Reverdiau et al. [44], who 

demonstrated that a market penetration of 20% or more can only be achieved 

with significant progress in required platinum per power unit and rigorous plati-

num recycling. Alarmingly, the study also demonstrates that without progress in 

these aspects platinum reserves will run out by 2045. Furthermore, platinum is 

highly concentrated with South Africa, Russia, and Zimbabwe as the three 

largest producers raising major geopolitical issues [43]. Clearly, solving these 
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issues is needed for fuel cells to be implemented at a large scale. As a result, 

intense research is being conducted to find alternative catalyst materials to 

platinum to solve the issue of raw material scarcity [29]. 

 

4.2. Making fuel cells better 

4.2.1. Non-platinum group metal oxygen reduction catalysts 

Non-platinum group metal oxygen reduction catalysts are promising alterna-

tives to conventional catalysts. Their main advantage is being composed of 

abundant elements potentially making them significantly more inexpensive than 

platinum-based catalysts [47]. The bulk of an NPGM catalyst is carbon which 

by itself exhibits low activity. Adequate catalytic activity is achieved by modi-

fying the carbon with nitrogen and a transition metal. 

Synthesizing NPGM catalysts can be done via two principal pathways 

(Figure 3) [47]. Pathway #1 starts with carbonizing a carbon precursor into a 

carbon support, which is then decorated with active sites resulting in a catalyst 

analogous to the conventional platinum-based catalyst. With this method, the 

porosity of the catalyst can be precisely controlled by using carbon support 

materials with pre-defined porosities. In pathway #2, the carbon is formed from 

a precursor simultaneously to the active sites, typically in a one-pot method. 

Consequently, the active sites are embedded directly into the carbon network. 

 

 

Figure 3. Graphical depictions of NPGM catalyst synthesis pathway #1 (top) and 

pathway #2 (bottom). 

 

Pathway #1

Carbon 
precursor Carbonization Pyrolysis

Carbon support NPGM catalyst

Pathway #2
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NPGM catalyst

Nitrogen 
precursor
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precursor
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precursor

Nitrogen 
precursor

Metal
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As Gupta et al. demonstrated in 1989 [48], NPGM catalysts can be synthesized 

by pyrolyzing simple compounds acting as sources of carbon, nitrogen, and 

transition metal at a high temperature opening a path for virtually endless com-

binations of precursors. Throughout the years, this approach has been validated 

by many workgroups demonstrating NPGM catalysts obtained with countless 

different precursors. However, the choice of the specific type of precursor 

strongly affects the final performance of the NPGM catalyst [49]. For the 

transition metal, Fe and Co have demonstrated the best results so far with the 

former generally providing higher activity and the latter better stability [50]. For 

the nitrogen precursor, high activity has been obtained with a wider array of 

substances, such as polymers (polyaniline [51]), cyclic molecules (melamine 

[52]), and acyclic compounds (dicyandiamide [53]). It has been discussed that 

these precursors are suitable nitrogen sources due to their structures containing 

delocalized electrons and their low cost [54]. In the present study we use one 

representative of the cyclic class of compounds, 2,2’-bipyridine, and one 

representative of dicyandiamide-like compounds, guanidine carbonate. 

Both pathway #1 and pathway #2 have proven to yield catalysts with 

excellent activity. A survey of the best-performing NPGM catalysts in both 

PEMFCs and AEMFCs using data provided by Akula et al. [55] and Hossen et 

al. [56], respectively, reveals that 6 out of 20 can be categorized as pathway #1 

catalysts with the rest as pathway #2 catalysts. In general, researchers are 

trending towards pathway #2 as understanding of NPGM catalysts has im-

proved significantly over the course of the past decade. Most importantly, it was 

observed that contrary to conventional catalysts where discrete particles provide 

the active sites, specific moieties of nitrogen alone or in combination with a 

transition metal embedded into the carbon matrix constitute the main active 

sites in NPGM catalysts and will be discussed in the following section [57]. The 

ability of a moiety to effectively reduce oxygen and the amount of these 

moieties in a catalyst will be collectively referred to as the intrinsic activity of a 

catalyst in the present work. An additional factor in favor of pathway #2 is 

limiting the number of steps in the synthesis as the economic viability of this 

new type of catalyst needs to be considered. 

 

4.2.2. Improving intrinsic activity 

As discussed above, the intrinsic activity of a catalyst is determined by its 

moieties. Unfortunately for researchers, these moieties are rather difficult to 

study with current methods [58]. Furthermore, there are numerous different 

moieties all with different activities towards the ORR (Figure 4) [57]. The 

nitrogen and the transition metal (M) form M-Nx moieties where the metal can 

be bonded to nitrogen atoms numbering from two up to five. The activity of the 

M-Nx moiety is in turn influenced by its local environment, i.e., the surrounding 

carbon atoms. Several noteworthy authors have proposed that out of all the 

possibilities, the M-N4 moiety provides the highest activity [59–62]. These 
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moieties were only recently directly visualized with advanced microscopy 

techniques by Chung et al. [63]. 

 

 
 

Figure 4. An illustration visualizing some of the possible active sites of a Fe-based 

NPGM catalyst adapted from reference [57]. 

 

Additionally, nitrogen moieties embedded into the carbon matrix without being 

bonded to a transition metal also constitute as active sites (Figure 4). The spe-

cific nature of the nitrogen is commonly analyzed with X-ray photoelectron 

spectroscopy which can deconvolute the sum signal of nitrogen into several 

nitrogen species, such as pyridinic, pyrrolic, graphitic, and nitrogen-oxide 

species. There is still active debate regarding which of these species provides 

the highest activity [64–66]. 

Another complication is that only a few moieties can directly reduce oxygen 

to water through the 4-electron pathway as is the case for platinum (Figure 5, 

Equation 1.1) [57]. Most moieties can reduce oxygen to hydrogen peroxide 

through the 2-electron pathway (Equation 1.2). The hydrogen peroxide can then 

be reduced to water at the same moiety, travel to a neighboring active site 

completing the 2+2-electron pathway (Equation 1.3) or escape the catalyst 

layer. The 4-electron pathway is greatly preferred as escaped hydrogen peroxide 

can damage the catalyst or the other components of the fuel cell leading to a 

short-lived system [67]. Similar principles apply for the alkaline environment, 

where oxygen is reduced to hydroxide ions in the preferred direct 4-electron 

pathway (Equation 2.1). The 2-electron pathway yields a hydroperoxide anion 

(Equation 2.2) which can be reduced further (Equation 2.3) or escape from the 

catalyst layer potentially damaging the system. 
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Figure 5. The 2- and 2+2-electron (top) and 4-electron (bottom) pathways for the 

ORR in acidic (left) and alkaline (right) media. 

 

Improving the intrinsic activity of a catalyst is done by refining the synthesis 

procedure. First, a set of carbon, nitrogen, and metal precursors are chosen 

which lead to decent activity in an R(R)DE test. The synthesis conditions are 

then rigorously optimized, such as varying the amounts of precursors and the 

pyrolysis temperature. For instance, increasing the amount of metal will im-

prove the intrinsic activity of a catalyst only up to a limit as the M-Nx moieties 

will start being replaced by agglomerated metallic particles with lower or no 

activities [68–70]. Additionally, the formation of both the M-Nx and N moieties 

can be influenced by the pyrolysis temperature [71]. For example, according to 

Zhang et al. [72] moieties with considerable activity towards the ORR start 

forming at a minimal temperature of 800 °C. Increasing the temperature 

resulted in more graphitic nitrogen species at the expense of pyridinic nitrogen 

leading to enhanced ORR activity in their case. Contrarily, others have reported 

that moieties with considerable activity can start forming already at a low tem-

perature of 400 °C and a higher temperature may be only required for forming a 

carbon matrix [73]. In general, active catalysts have been obtained by using 

pyrolysis temperatures ranging from 800 to 1100 °C owing to a suitable com-

bination of active moieties and a well-formed carbon matrix [70,74,75]. How-

ever, optimizing these synthesis conditions is highly individual and must be 

done separately for each set of precursors. 

 

4.2.3. Improving porosity 

Next to intrinsic activity, the second critical property of a catalyst is porosity. 

For clarity, the IUPAC definition of pore sizes [76] consisting of micropores 

(below 2 nm), mesopores (2...50 nm), and macropores (above 50 nm) will be 

used in the present work. For NPGM catalysts, porosity has two main purposes 

(Figure 6). The first purpose, identically to conventional Pt-based catalysts, is 

to ensure that the mass transport of reactants and products proceeds at a suf-

ficient rate. As a result, meso- and macroporosity are highly desired properties 

in fuel cell catalysts [17]. The second purpose, unique to NPGM catalysts, is 

Escapes from catalyst layer Escapes from catalyst layer

1. Acidic 2. Alkaline

(1.1)

(1.2)(1.3)

(2.1)

(2.2) (2.3)
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related to the active sites. In 2006, Jaouen et al. [77] examined numerous 

NPGM catalysts and observed that their activity is best correlated with their 

micropore surface area. Several years later researchers reached a conclusion that 

many of the most active moieties discussed in the previous section preferably 

form in micropores [78,79]. Additionally, increasing the SSA of a catalyst 

increases the availability of the active sites otherwise hidden deeper in the 

carbon matrix [80]. 

 

 

 

Figure 6. Graphical depictions of fully microporous (left) and micro-meso-macro-

porous (right) structures for pristine carbon (top) and NPGM catalysts (bottom). 

 

A considerable amount of micropores is almost always formed when synthe-

sizing NPGM catalysts. However, these micropores can be influenced by chan-

ging the synthesis strategy or using special pore formers [81]. For instance, a 

class of state-of-the-art catalysts is synthesized from a zinc-based zeolitic 

imidazolate framework, where the zinc is substituted by either iron or cobalt 

during the synthesis [72]. The result is a highly microporous carbon network 

with abundant active sites due to the distinct structure of the precursor. 

Outside such frameworks, zinc has also garnered attention as a separate pore 

former in the form of ZnCl2. Carbon materials intended for supercapacitors have 

benefited from the ability of zinc chloride to chemically activate carbon pro-

ducing large quantities of micropores [82]. The specifics of the activation pro-

cess have been discussed by Caturla et al. [83]. Besides activation, a specific 

templating effect can also be expected due to the relatively low boiling point of 
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ZnCl2 (732 °C) [84]. Recent reports have provided preliminary evidence that 

using ZnCl2 as a precursor enhances the activity of NPGM catalysts [80,85]. 

Aside from influencing the intrinsic activity, the pyrolysis step greatly 

affects porosity as well. The pyrolysis temperature, heating rate, and duration 

can be finely tuned to achieve the desired porosity [86]. Multi-step pyrolysis 

procedures employing multiple temperatures are also widely used [87]. In 

general, the issue is finding a compromise between the level of graphitization 

and porosity as the former increases and the latter decreases when the pyrolysis 

temperature is raised [88]. 

Another class of state-of-the-art NPGM catalysts, which we use as a 

reference in some parts of the study, is synthesized by combining various 

simple nitrogen-rich compounds, such as nicarbazin, and an iron salt and 

pyrolyzing the mixture [89]. Importantly, silica powders with various particle 

sizes are also added to the mixture to act as hard templates. As a result, catalysts 

with excellent meso- and macroporosity can be obtained. This approach has 

gained considerable traction as other workgroups use other combinations of 

silica or zeolites [90–93]. The main drawback of these hard templates is their 

silicon content requiring HF or extremely concentrated strong bases as leaching 

agents. Alternative hard templates which can be leached with less toxic 

chemicals are needed to improve the feasibility of synthesizing NPGM 

catalysts. While several silicon-free hard templates have been proposed for 

producing porous carbon materials [94,95], only a few publications report using 

them for the specific purpose of NPGM catalysts [96,97]. Furthermore, these 

catalysts are rarely studied as fuel cell cathodes, where their porosity would 

provide invaluable data. 

Ideally, the hard template should consist of naturally abundant elements. 

One candidate is hydroxyapatite (HA, Ca10(PO4)6(OH)2), which is a naturally 

occurring mineral widely present in bones and teeth. HA has a melting point of 

1100 °C [98] making it a suitable hard template where lower pyrolysis tem-

peratures are used. Nanostructured HA with particle lengths and widths of 

roughly 80 nm and 20 nm, respectively, are widely used in the biomedical field 

owing to its similarity to the HA present in human bones [99,100]. Based on 

these factors, we hypothesize that HA can be used as a hard template to produce 

NPGM catalysts with abundant meso- and macropores. This unique porous 

network is a critical factor for achieving high performance in a fuel cell. 

 

4.2.4. Measuring the performance of NPGM catalysts 

Studying the performance of a novel NPGM catalyst typically follows a 

straightforward route consisting of two main electrochemical analysis methods. 

Firstly, the intrinsic activity of a novel catalyst is screened with the rotating disc 

electrode (RDE) or rotating ring disc electrode (RRDE) methods which observe 

the behavior of the catalyst in acidic or alkaline electrolyte solutions using 

three-electrode experimental setups (Figure 7). 
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Figure 7. Graphical depictions of RDE and RRDE measurement setups and their 

general principles. 

 

Both these methods revolve around a cylindrical electrode which is coated with 

a catalyst and then inserted into an electrochemical measurement cell containing 

an electrolyte solution [101]. The cylindrical electrode can be made from a 

variety of different materials. In ORR measurements, the material of choice is 

often glassy carbon resulting in a glassy carbon disc electrode (GCDE). A 

potential (E) where no electrochemical processes occur is then applied between 

the catalyst-coated GCDE, i.e., the working electrode (WE), and a reference 

electrode. Next, the potential is scanned at a fixed scan rate towards lower 

values until the ORR starts, i.e., the absolute current measured between the WE 

and a counter electrode increases. At this stage, it is mandatory to account for 

the current produced by charged electrolyte particles moving in the electric 

field, i.e., the background current. Depending on how soon the ORR starts 

occurring, a preliminary decision can be made regarding the intrinsic activity of 

a catalyst. Concurrently to the electrical measurements, the WE is rotated at 

fixed rotation rates to establish specific hydrodynamic conditions near the WE. 

The result is an ORR polarization curve with a distinct shape as depicted in 

Figure 7. 

Many parameters can be extracted from the polarization curve to compare 

various catalysts to each other. The most common parameters are the onset 

potential (Eonset) defined as the WE potential at a current density (j) of 

−0.1 mA cm
−2

, and the half-wave potential (E1/2) defined as the WE potential at 

a current density value corresponding to half of the current density value at the 

diffusion-limited region. For catalysts with sufficient activity, a more detailed 

parameter can be calculated called mass activity (MA) at 0.9 V vs. RHE, which 
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is obtained by dividing the current density at 0.9 V vs. RHE by the catalyst 

loading. Obtaining polarization curves at various rotation rates is central to the 

Koutecký-Levich analysis which gives information about the number of 

electrons (nK-L) participating in the ORR (discussed in 4.2.2.) [102]. The value 

of nK-L can be calculated according to Formula 1: 

 
1

𝐼
=

1

𝐼𝑘
+

1

𝐼𝑑
=

1

𝐼𝑘
+

1

0.62∗𝑛𝐾‐𝐿∗𝐹∗𝑆∗𝐷
2
3∗𝜈

−
1
6∗𝐶

∗ 𝜔−
1

2,   [1] 

 

where I, Ik, and Id are the measured, kinetic, and diffusion-limited currents, 

respectively, F is the Faraday constant, S is the electrode area, D and ν are the 

diffusion coefficient and kinematic viscosity of the solution, respectively, C is 

the concentration of oxygen in the solution, and ω is the rotation rate. Since all 

variables besides nK-L have known values, the value of nK-L can be extracted 

from the slope of an I
−1

 vs. ω
−1/2

 plot. 

A more direct way of investigating the number of participating electrons is 

the RRDE method where the WE is additionally surrounded by a Pt ring 

electrode [103]. The measurement proceeds similarly to the description above 

but with a separate fixed potential applied to the Pt ring. As a result, the 

hydrogen peroxide produced by the catalyst which is not reduced further and 

escapes the catalyst layer is oxidized at the Pt ring electrode. Therefore, the 

magnitude of the current gives direct information about the number of electrons 

participating in the ORR. The fact that some of the produced hydrogen peroxide 

bypasses the Pt ring electrode and escapes into the bulk electrolyte solution is 

accounted for by the collection efficiency of the Pt ring electrode. As a result, 

the peroxide yield (x H2O2), which is inversely correlated to the number of 

participating electrons, can be calculated according to Formula 2 [104]: 

 

𝑥 𝐻2𝑂2 =
200∗

𝐼𝑟𝑖𝑛𝑔

𝐼𝑑𝑖𝑠𝑐

𝑁+
𝐼𝑟𝑖𝑛𝑔

𝐼𝑑𝑖𝑠𝑐

,     [2] 

 

where Idisc and Iring are the disc and ring currents, respectively, and N is the 

collection efficiency. 

In acidic conditions, reaching the benchmark set by platinum is an extremely 

difficult task. Currently, the best NPGM catalysts exhibit Eonset values upwards 

of 0.98 V vs. RHE [73,105,106], while conventional Pt-based catalysts exhibit 

current values higher than the −0.1 mA cm
−2

 defined for finding Eonset values 

already at 1.0 V vs. RHE [107]. In contrast, several workgroups have demon-

strated NPGM catalysts with activity more comparable to platinum in alkaline 

conditions. Here, Eonset values near 1.00 V vs. RHE have been demonstrated by 

several research groups [108–111]. However, it is crucial to consider that these 

excellent results have been obtained with NPGM catalyst loadings several 

factors higher than what is used for Pt-based catalysts. 
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While RDE and RRDE are well-established methods for obtaining in-

valuable information about the intrinsic activity of a catalyst, the obtained 

results are not necessarily indicative of performance in a fuel cell where 

porosity is a far more critical parameter. A recent publication has clearly 

demonstrated that relying only on R(R)DE when investigating novel catalysts 

may lead to erroneous conclusions [112]. Thus, the most promising catalysts 

need to be studied as cathodes in two-electrode fuel cell setups to analyze how 

they perform in conditions more comparable to practical applications. 

Contrary to R(R)DE, two-electrode fuel cell experiments are much more 

complex (Figure 8). Preparing the catalyst into an MEA is a more intricate 

process than coating a GCDE and in the measurement itself there are a 

significantly larger number of parameters that need to be considered. Fabri-

cating an MEA can be done by two routes [113]. The first involves coating the 

catalyst directly onto the membrane resulting in a catalyst-coated membrane 

(CCM). In the second route, the catalyst is coated onto a GDL resulting in a gas 

diffusion electrode (GDE). A membrane is then inserted between the two GDEs 

and the structure is usually hot-pressed together to ensure sufficient contact 

between the catalyst layers and the membrane. The GDE route is more com-

monly used for NPGM catalysts because large catalyst loadings upwards of 

4.0 mg cm
−2

 are needed for satisfactory performance [114]. Thick catalyst layers 

require substrates with sufficient mechanical stiffness which the thin membrane 

cannot provide. 

 

 

Figure 8. A simplified schematic of a two-electrode fuel cell measurement setup. 

 

The MEA is inserted alongside other components (mentioned in section 4.1.2) 

into a single cell hardware which is connected to the required measurement 

devices. H2 and O2 are then supplied to the anode and cathode, respectively, 

resulting in a specific voltage (U) between the electrodes known as the open-

circuit voltage. As current is drawn from the cell through an external circuit, the 
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voltage drops considerably due to kinetic losses. After overcoming the initial 

drop, the voltage decreases at a slower rate as ohmic losses related to the 

transport of electrons and ions dictate the behavior of the cell. The influence of 

a third type of voltage loss related to the transport of reactants and products 

known as mass transport losses becomes a more critical factor the larger the 

drawn current. Ultimately, the voltage of the cell drops rapidly once a certain 

current is reached as the cell cannot support faster mass transport. The result is a 

climbing power-current density curve (P, j) which drops off after reaching a 

maximum value known as the peak power density (PPD). 

Optimizing the operating conditions of a fuel cell, i.e., cell temperature, gas 

flow rates, gas humidification degrees, and gas pressures, is critically important 

to minimize the voltage losses stemming from suboptimal transport of electrons, 

ions, reactants, and product [19]. The transport of these species severely 

depends on the management of water inside the cell. Too little water will dry out 

the membrane and ionomer leading to restricted ionic conductivity. Too much 

water will flood the cell blocking the formation of TPBs needed for the electro-

chemical reactions to occur. Carefully managing the amount of water and its 

locality inside the cell is the subject of many recent fuel cell studies, especially 

regarding AEMFCs [115–117]. 

In fuel cell experiments, obtaining results comparable to platinum is a much 

more difficult task in both acidic and alkaline conditions in comparison to 

R(R)DE experiments. Even state-of-the-art NPGM catalysts exhibit con-

siderably lower performance than conventional platinum catalysts [118]. An 

excellent example of this was demonstrated by Akula et al. [55] who studied 

several state-of-the-art NPGM catalysts in both RDE and fuel cell experiments. 

In their study, the best NPGM catalyst exhibited an E1/2 value only 40 mV lower 

than a conventional platinum-based catalyst in RDE testing. In a PEMFC test, 

however, the NPGM catalyst was competitive with the Pt-based catalyst only at 

very low overpotentials. Major differences in performances appeared once more 

current was drawn from the cells leading to a PPD value of 837 mW cm
−2

 for 

the NPGM catalyst compared to >1000 mW cm
−2

 (data cut off before reaching 

true PPD) for the Pt catalyst. In contrast, a similar state-of-the art NPGM 

catalyst exhibited a PPD value of 2050 mW cm
−2

 in an AEMFC test repre-

senting the highest performance to date for NPGM catalysts in fuel cells [119]. 

However, improvements especially regarding AEMFCs are still expected in the 

following years due to focused research and rising technological maturity [120]. 
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4.3. Valorizing abundant local resources 

4.3.1. Catalysts from biomass 

NPGM catalysts can be synthesized from a virtually unlimited array of 

precursors as long as they include sources of carbon, nitrogen, and a transition 

metal. Many researchers turn to industrial organic chemistry to find inexpensive 

carbon- and nitrogen-rich compounds. Another option is to utilize naturally 

abundant resources as precursors. A great example of this are coconut husks, 

which are one of the key raw materials used to produce activated carbon [121]. 

The main advantages of this approach are the abundancy, extremely low-cost, 

and high carbon content of biomass [122]. Additionally, biomass is a re-

markably flexible source as it can be converted into carbons with vastly distinct 

structures by modifying the synthesis strategy [123]. 

Biomass-derived NPGM catalysts have exhibited promising results in both 

R(R)DE screening tests as well as fuel cell experiments. Out of all possible 

biomass precursors, lignocellulosic biomass has been considered as the most 

accessible [124]. Lignin has been successfully used as a carbon source for 

synthesizing catalysts based on noble metals [125], inexpensive transition 

metals [126] or even no metals [127]. The feasibility of using lignin as a 

precursor was validated by Shen et al. [128] who achieved an excellent PPD 

value of 779 mW cm
−2

 in a PEMFC single cell test utilizing a lignin-derived 

catalyst. 

4.3.2. Estonian peat 

While active NPGM catalysts can be synthesized from basically any biomass, it 

is critically important to consider the availability of such resources. For 

example, coconut trees do not grow in Estonia and thus importing coconut 

husks to produce NPGM catalysts is nonsensical. Minimizing contributions to 

climate change through the emissions-heavy shipping industry is a part of the 

European Green Deal [129]. Consequently, novel materials including NPGM 

catalysts need to be sourced from local precursors as much as possible. 

In Estonia, a potential biomass material is peat which is “…the second most 

attractive and mined natural resource after oil shale (in Estonia)” according to 

the Estonian Peat Association [130]. Peat is an accumulation of decayed organic 

matter (Figure 9a) covering roughly 22.3% of the total landmass of Estonia 

[15]. Similarly to other plants, peat is mainly composed of lignin and cellulose 

[131] leading to a cellular structure common for organic matter (Figure 9b). 
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Figure 9. (a) Blended and dried peat in the middle of pulverization. (b) Scanning 

electron microscopy image of peat. 

 

Peatlands can be loosely categorized as pristine and drained peatlands. While 

pristine peatlands are carbon sinks, drained peatlands can ultimately become net 

carbon emitters of CO2 and CH4 as the peat starts decomposing more rapidly 

[132]. Unfortunately, a large amount (~65%) of the peatlands in Estonia have 

been drained and destroyed as the result of human activities [133]. These 

peatlands have to be either restored by re-wetting [134] or the peat utilized 

[135]. 

At the present time, peat is mainly utilized in horticulture and as a source of 

heat [15]. The former application requires lightly decomposed peat while well-

decomposed peat can only be used in the latter application. The well-de-

composed peat could instead be converted into a significantly more valuable 

product in the form of an advanced functional material for electrochemical 

devices. Our research group has recently demonstrated the feasibility of this 

idea in the field of supercapacitors [136] and batteries [137]. Therefore, we 

hypothesize that well-decomposed peat can also be converted into highly active 

NPGM catalysts. The knowledge gained in this study can be used to develop a 

value-added product opening up the exponentially increasing market of fuel 

cells for peat [16]. Currently, 573 million tons of peat deposits are available for 

industrial mining in Estonia alone [130].  

200 μm

(b)(a)
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5. RESEARCH AIM AND HYPOTHESES 

Stemming from the discussion above, the widespread adoption of fuel cells 

requires developing replacements to conventional platinum-based catalysts that 

exhibit sufficiently high intrinsic activity as well as porosity and are produced 

from inexpensive resources. As a result, a general research aim was framed for 

this thesis: 

 Develop novel non-platinum group metal oxygen reduction catalysts 

with high intrinsic activity and superior porosity by valorizing naturally 

abundant local resources. 

The research aim was used as a guiding principle to direct this study towards a 

more focused target which was formulated into a hypothesis: 

 Abundant Estonian peat can be converted into active non-platinum 

group metal oxygen reduction catalysts with superior porosity and 

excellent fuel cell performance using a suitable synthesis strategy. 
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6. EXPERIMENTAL 

6.1. Synthesis of peat-derived carbon catalysts 

The peat used in this work was obtained from a nearby peatland (Möllatsi, 

Estonia). Before further processing, the peat was pre-treated by mixing it with 

water and homogenizing in a blender. The mixture was dried and pulverized 

with a mortar and pestle. Modifying the peat into NPGM catalysts proceeded 

through pathway #1 and pathway #2 in publications I-III and IV, respectively. 

Pathway #1 consisted of first carbonizing the peat into carbon support 

materials under various conditions and then activating the peat-derived carbon 

(PDC) support materials with cobalt and nitrogen. The carbonization procedures 

can be classified into three groups: direct carbonization, chemical activation, 

and multi-step pyrolysis. In the direct carbonization, the peat was pyrolyzed for 

3 h at 800 °C in a flow of Ar (AGA, 99.999%, 200 ml min
−1

) resulting in a 

carbon yield of roughly 35% and a material denoted as PDC-1. In the chemical 

activation step group, the peat was mixed with one of three activator com-

pounds, KOH, ZnCl2 or FeCl3 (1:4 ratio of peat:activator by weight), pyrolyzed 

for 2 h at 700 °C in a flow of Ar and washed with 1 M HCl to obtain PDC-2, 

PDC-3, and PDC-4, respectively, depending on the used activator. In the multi-

step pyrolysis group, the peat was first pyrolyzed for 3 h at 450 °C in Ar, then 

washed with 20 wt% KOH and 50 wt% HCl solutions to obtain PDC-5. The 

powder was pyrolyzed a second time for 2 h at 1000 °C in Ar to obtain PDC-6. 

The PDCs were then modified with cobalt and nitrogen through a dry ball-

milling method by mixing 300 mg of a PDC with 74 mg of Co(NO3)3∙6H2O 

(Sigma-Aldrich, ≥99.0%) and 80 mg of 2,2’-bipyridine (Sigma-Aldrich, 

ReagentPlus
®
, ≥99%). The mixture was ball-milled (FRITSCH Pulverisette 6) 

in a zirconia crucible containing 5 zirconia balls (20 mm diameter) for 2 h at 

300 rpm. Finally, the powder was pyrolyzed for 1.5 h at 800 °C in Ar to obtain 

NPGM catalysts denoted as Co-N/PDC-x, where x is determined by which of 

the PDCs obtained in the previous paragraph was used as the carbon support. 

An overview of the main synthesis conditions of the materials acquired through 

pathway #1 and their designations in publications I–III are given below in Table 

1. 
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Pathway #2 consisted of carbonizing the peat together with the metal and 

nitrogen sources to directly embed the active sites into the carbon matrix. The 

baseline catalyst, denoted as Fe-N-PDC-1, was obtained by mixing 3 g of peat 

with 1 g of guanidine carbonate (Sigma-Aldrich, 99%), 0.1 g of Fe(NO3)3∙9H2O 

(ACS reagent, Sigma-Aldrich, ≥98%), and 2 g of ZnCl2 (anhydrous, ACS 

reagent, Sigma-Aldrich, ≥97%). A step-by-step mixing procedure consisting of 

ball-milling (15 min grinding cycles, 25 WC balls with a diameter of 10 mm, 

FRITSCH Pulverisette 6), mixing with a high-shear mixer (S10N-10G 

dispersing tool, IKA), and sonicating for 30 min, 1 h, and 30 min, respectively, 

was used to homogenize the mixture. In contrast to the previous ball-milling 

procedure used for the pathway #1 catalysts, isopropyl alcohol (IPA, 99.0%, 

Sigma-Aldrich) was also added to the dry mixture to enhance the efficiency of 

the milling step. After drying the mixture overnight at 80 °C, the powder was 

pyrolyzed for 1 h at 800 °C in Ar followed by washing with 1 M HNO3 for 8 h 

at 80 °C and a final pyrolysis conducted at identical conditions to the first 

pyrolysis. Fe-N-PDC-2 and Fe-N-PDC-3 were synthesized analogously but 

with a doubled amount of either the Fe precursor or ZnCl2, respectively. The 

next two catalysts were synthesized by taking Fe-N-PDC-3 as a new baseline, 

but with elevated pyrolysis temperatures of 900 °C and 1000 °C for Fe-N-PDC-

4 and Fe-N-PDC-5, respectively. 

The final catalyst, Fe-N-PDC-6, was synthesized using a doubled amount of 

both Fe precursor and ZnCl2 and a pyrolysis temperature of 1000 °C with the 

inclusion of 4 g of acicular hydroxyapatite (HA, Ca10(PO4)6(OH)2, ≥96%, 

60±10 nm particle size, Sigma-Aldrich) before the homogenization step as a 

hard template. The ball-milling was conducted in a zirconia crucible with 250 

zirconia balls with a diameter of 5 mm to avoid contamination with WC. An 

overview of the main synthesis conditions of the catalysts obtained through 

pathway #2 and their designations in publication IV are given below in Table 2. 

A state-of-the-art NPGM catalyst material (PMF-12704, Pajarito Powder) 

denoted as Fe-N-C-comm was used as a reference. 
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6.2. Physical characterization methods 

A wide array of physical characterization methods was used to analyze the 

various properties of the synthesized materials. 

 High-resolution scanning electron microscopy (HR-SEM) measurements [I-

IV] were performed with a Zeiss Merlin microscope by depositing the 

samples onto a copper sample holder covered with carbon tape. SEM 

energy-dispersive X-ray spectroscopy (SEM-EDS) [I-IV] were performed 

with a Bruker EDX-XFlash
®
 6/30 detector. Accelerating voltages of 2 kV 

and 8 kV were used for the HR-SEM and SEM-EDS measurements, respec-

tively. The elemental compositions of the samples were obtained using a 

P/B-ZAF standardless mode. 

 Transmission electron microscopy (TEM) measurements [I-IV] were 

performed with a JEOL JEM-2100 microscope utilizing a working voltage of 

200 kV. 

 Low-temperature sorption measurements were performed with Micro-

meritics ASAP 2020 and 3Flex devices using nitrogen [I-IV] and argon [III] 

as the gas probes at the boiling temperatures of nitrogen (-195.8 °C) and 

argon (-185.8 °C), respectively. The specific surface area values were 

calculated according to the Brunauer-Emmett-Teller multipoint theory (SBET) 

and the pore volume values (VTOT) were calculated from the isotherm data at 

a relative pressure of 0.95. Specific surface area (SDFT) and pore volume 

(VDFT) values were also extracted from the pore size distribution data calcu-

lated according to the two-dimensional non-local density functional theory 

for carbon materials with a heterogeneous surface (2D-NLDFT-HS) using 

SAIEUS software. 

 Mercury intrusion porosimetry measurements [IV] were performed with a 

Micromeritics AutoPore IV device in the pressure range from 0.01 to 

410 MPa. 

 Laser diffraction measurements [III, IV] were performed with a Microtrac 

BLUEWAVE particle size analyzer by suspending the samples in IPA and 

sonicating the mixture for 15 min. 

 X-ray diffraction (XRD) measurements [I-IV] were performed with a Bruker 

D8 Advanced diffractometer using a Ni filtered Cu Kα X-ray source with a 

wavelength of 1.5406 Å. Data analysis was performed with Topas software. 

 X-ray photoelectron spectroscopy (XPS) measurements were performed with 

a SCIENTA SES 100 spectrometer equipped with a Thermo XR3E2 X-ray 

tube [I-III] and a Thermo Scientific Nexsa system [IV]. Data analysis was 

performed with Casa XPS [I-III] and SPANCF [IV] softwares. 

 X-ray absorption spectroscopy (XAS) measurements [IV] were performed at 

the FinEstBeAMS beamline at the MaxIV synchrotron using a total electron 

yield mode. 

 Raman spectroscopy measurements [I, II] were performed with a Renishaw 

inVia spectrometer using a 514 nm laser line. Data analysis was performed 

with OriginPro 2016 software. 
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6.3. Electrochemical activity screening 

In publications I-III, the rotating disc electrode (RDE) method was used to 

screen the activity of the synthesized carbon materials. The materials were 

prepared into suspensions by mixing a carbon powder with IPA, Milli-Q
®
 water, 

and Nafion™ ionomer (D521 dispersion, Ion Power) in a cooled ultrasonic bath 

for 1 h. The suspensions (1:4 ratio of IPA:water by weight, 1:3 ratio of 

ionomer:catalyst by weight) were drop-casted in one 9 µl aliquot onto glassy 

carbon disc electrodes (GCDE, 5 mm diameter), which were polished 

beforehand with an alumina slurry (MicroPolish™ Alumina, 0.3 μm, Buehler), 

resulting in target catalyst loadings of 0.8 mg cm
−2

. Prior to the measurements, 

all the required glassware were washed with a mixture of H2SO4 and H2O2 

heated to 80 °C and then rinsed with deionized water and Milli-Q
®
 water. The 

0.1 M acidic [II] and alkaline [I, III, IV] working solutions were prepared from 

67-72% HClO4 (Sigma-Aldrich) and KOH pellets (99.99%, Sigma-Aldrich). A 

three-electrode setup consisting of a GCDE coated with the catalyst as the 

working electrode, a carbon rod as the counter electrode, and a different 

reference electrode depending on the electrolyte solution (saturated calomel 

electrode [II], Hg/HgO/0.1 M KOH [I, III] or reversible hydrogen electrode 

(RHE) [IV]. All measured potentials were converted to the RHE scale. 

The measurements were performed with a Pine Instrumental Company 

rotator and a Gamry Instruments Reference 600™ potentiostat controlled with 

Gamry Instruments Framework software. As a first step, the RDE was condi-

tioned by scanning in a potential range from 1.2 to 0.25 V vs. RHE at a 

potential scan rate of 10 mV s
−1

 for 15 cycles. The polarization curves were 

measured in an O2-saturated solution at a potential scan rate of 10 mV s
−1

 at 

electrode rotation rates ranging from 500 to 3000 rpm. The measured current 

values were corrected with the background current values and against the ohmic 

drop by using the electrolyte resistance value determined with electrochemical 

impedance spectroscopy to obtain the corrected current density values (jc). 

In publication IV, the rotating ring disc electrode (RRDE) method was used 

to screen the activity and selectivity of the synthesized catalysts otherwise 

identically to the method described above but with a few differences. The 

catalysts were prepared into suspensions similarly but in a more diluted manner 

resulting in lower target catalyst loadings of 0.3 mg cm
−2

. Additionally, the 

RRDE (5 mm diameter) was coated by drop-casting the suspension in three 3 µl 

aliquots. The measurements were conducted with a Pine rotator and a Metrohm 

Autolab PGSTAT302 potentiostat equipped with a BA module and Nova 1.11 

software. Prior to measuring every polarization curve, the Pt ring was activated 

by scanning from 1.4 to 0.025 V vs. RHE at a potential scan rate of 50 mV s
−1

 

for 20 cycles. During the measurements, the Pt ring was held at a constant 

potential of 1.2 V vs. RHE. Formula 2 was used to calculate the hydrogen 

peroxide yield from the acquired measurement data with a collection efficiency 

of 0.249 determined previously. 
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6.4. Fuel cell experiments 

The PEMFC measurements [II] were performed by first preparing the catalysts 

into gas diffusion electrodes (GDE). The cathode GDEs were fabricated by 

drop-casting the catalyst suspensions onto gas diffusion layers (GDL, Sigracet 

25 BC, FuelCellStore) in 200 µl aliquots until a catalyst loading of 

4.0±0.1 mg cm
−2

 was reached. The suspensions were prepared according to the 

procedure described above but with an ionomer to catalyst ratio of 1.75:1. 

Between aliquots, the suspensions were allowed to dry in ambient conditions. 

The anode GDEs with a catalyst loading of 1.0±0.1 mg cm
−2

 were fabricated by 

coating 60 wt% Pt/Vulcan (FuelCellStore) onto GDLs (Sigracet 25 BC, 

FuelCellStore) with an ultrasonic spray coating method [138]. The GDEs were 

hot-pressed together with a PEM (Nafion™ HP, FuelCellStore) at 135 °C for 

2 min utilizing a pressure of 4.9 MPa resulting in an MEA with an active area of 

5 cm
2
. The MEAs were inserted into a single cell measurement hardware which 

was connected to a potentiostat (PGSTAT302N, BOOSTER20A, Autolab, 

Metrohm) and a humidification system (Fuel Cell Technologies Inc.). Fully 

prehumidified O2 and H2 were directed to the cathode and anode, respectively, 

at a flow rate of 200 ml min
−1

 and a backpressure of 100 kPa. The polarization 

curves were measured galvanostatically at a cell temperature of 80 °C by 

increasing the current density in 40 mA cm
−2

 steps at 1 min intervals. 

The AEMFC measurements were performed according to two different 

procedures. In publication [III], the catalysts were prepared into suspensions as 

per previous instruction but with an anion exchange ionomer (Fumion FAA-3-

SOLUT-10, FuMA-Tech, FuelCellStore) instead of a Nafion™ ionomer, an 

ionomer to carbon ratio of 0.9:1, and an additional 1 h of mechanical mixing 

before the sonication step. The suspensions were drop-casted onto 5 cm
2
 GDLs 

(Freudenberg H23C3, FuelCellStore) heated to 50 °C until a cathode catalyst 

loading of 4.0±0.1 mg cm
−2

 was reached. The anodes with a catalyst loading of 

0.67±0.1 mg cm
−2

 were fabricated via the CCM method by spray-coating an 

AEM (FAA-3-50, FuMA-Tech, FuelCellStore) with a commercial PtRu catalyst 

(60% PtRu on Ketjenblack EC-300J, FuelCellStore) according to a previously 

published guideline [139]. The components were then submerged in a 1 M 

KOH solution overnight converting the membrane and ionomer into the 

hydroxide-conducting form. After rinsing the components with Milli-Q
®
 water, 

they were assembled in a single cell measurement hardware and connected to 

the same measurement station described above. O2 and H2 were humidified at 

58 °C and directed to the cell at a flow rate of 50 ml min
−1

. The polarization 

curves were measured galvanostatically at a cell temperature of 60 °C by 

increasing the current density in 20 mA cm
−2

 steps at 15 s intervals. 

In publication [IV], the GDEs were prepared using a procedure adapted 

from a method developed by Mustain et al. [108,140]. The cathode catalyst 

suspensions were prepared by pestling 563 µl of ionomer (Pention-D34-5wt%, 

FuelCellStore) and 12.23 mg of polytetrafluoroethylene (PTFE, Ultraflon MP-

25, FuelCellStore) in a mortar for 10 min to break up the larger agglomerates. 
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Then, 75 mg of an NPGM catalyst and 37.5 mg of non-catalyzed carbon 

(Vulcan XC-72R, FuelCellStore) were added to the mixture and pestled for an 

additional 10 min to incorporate the ionomer and PTFE into the catalyst and 

carbon powder. Finally, 0.5 ml of Milli-Q
®
 water and 3.25 ml of IPA were 

pestled together with the mixture until a homogeneous suspension was reached. 

The suspension was sonicated in a cooled ultrasonic bath for 1 h and then spray-

coated onto GDLs (Toray TGP-H-060, FuelCellStore) heated to 50 °C using a 

Hansa 681 airbrush. The anode GDEs were prepared analogously but with 

900 μl of ionomer (Pention-D72-5wt%, FuelCellStore), 12 mg of PTFE, 150 mg 

of a PtRu catalyst (60% PtRu on Ketjenblack EC300-J, FuelCellStore), 75 mg 

of non-catalyzed carbon, 1 ml of Milli-Q
®
 water, and 9 ml of IPA. The target 

catalyst loadings for both the cathode and anode GDEs were 1.0±0.1 mg cm
−2

. 

The GDEs with an active area of 5 cm
2
 and an AEM (Xion AEM-Pention-72-

15CL-20um, Xergy Inc., FuelCellStore) affixed between PTFE subgaskets were 

hydrated in Milli-Q
®
 water for 20 min. The components were then transferred to 

a 1 M KOH solution, which was refreshed every 20 min, for a total of 1 h. After 

the membrane and ionomer were converted to the hydroxide-conducting form, 

the components were assembled in a single cell measurement hardware with 

suitable PTFE gaskets resulting in a cell compression of 20-30%. The cell was 

connected to the measurement station described above. O2 and H2 were 

humidified at temperatures separately optimized during the measurement 

process [119] and directed to the cell at flow rates of 1000 and 500 ml min
−1

, 

respectively. The polarization curves were measured at a potential scan rate of 

10 mV s
−1

 at cell temperatures of 65 °C and 80 °C. 
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7. RESULTS AND DISCUSSION 

7.1. Peat-derived carbon as a catalyst support 

The first peat-derived carbon support, PDC-1 [I, II], was obtained by simply 

carbonizing the peat at a temperature of 800 °C without any additional 

treatment. A simple and straightforward carbonization procedure was chosen for 

the first test to get a general overview of the feasibility of using peat as a carbon 

source. The carbonization yielded a PDC which consisted of large grains and 

exhibited moderate microporosity with limited mesoporosity (Figure 10a). 

Additionally, it was clear that without acid-leaching any PDC will contain a 

significant amount of calcium in the form of portlandite (Ca(OH)2), which is 

also visible on the carbon grains, and a plethora of other impurities (Figure 

10b). These elements are naturally present in peat and are thus expected 

additives [141]. In an RDE experiment conducted in acidic media, the PDC 

exhibited a surprisingly high Eonset value of 0.59 V vs. RHE (analyzed in the 

next section). These results strongly suggested that while peat is worthy of 

further study the carbonization procedure needs to be focused on to obtain 

PDCs with more suitable properties. 

 

 

 

Figure 10. (a) HR-SEM image, (a inset) pore size distribution, and (b) SEM-EDS 

spectra for PDC-1. 

 

7.1.1. Modifying the properties of peat-derived carbon 

Continuing the analysis, several PDCs with widely different morphological and 

structural characteristics were synthesized with two main carbonization 

strategies in addition to the basic procedure used in the previous section [II]. 

The first additional method involved using chemical activation via either KOH, 

ZnCl2, or FeCl3 at 700 °C to enhance the porosity of the resulting PDCs. The 

second method utilized a multi-step pyrolysis procedure involving an initial 

pyrolysis at 450 °C to form a crude carbon network and a second pyrolysis at 

1000 °C to fully carbonize the structure. 
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The pristine PDCs were first subjected to rigorous analysis with various 

physical characterization methods. While noticeable differences can be 

observed between all the PDCs, the most distinct structure was obtained with 

KOH as an activating agent (Figure 11a, b). KOH reacts directly with the 

carbon leading to a sponge-like structure, which has been noted in the synthesis 

of other carbon materials as well [82]. Distinct differences in the microstructure 

of the PDCs were detected using Raman spectroscopy (Figure 11c). According 

to the D band and G band intensity ratio (ID/IG) and the width of the D band 

obtained by fitting the data, there is a clear correlation between the pyrolysis 

temperature and the graphitization degree of the PDCs. More specifically, a 

higher pyrolysis temperature yields carbons with higher ID/IG and smaller D 

band width values indicating more extensive graphitization. Only PDC-6 

exhibited an abnormal graphitization degree despite a higher pyrolysis 

temperature of 1000 °C compared to the 700 °C and 800 °C used to pyrolyze 

the more graphitic PDCs. This can be attributed to the multi-step nature of the 

pyrolysis procedure used for PDC-6 where the initial pyrolysis at 450 °C 

formed local graphitic domains [137] and the second pyrolysis at 1000 °C 

managed to only reorganize the existing graphitic domains. 

Figure 11. HR-SEM images for (a) PDC-3 and (b) PDC-2. (c) Raman spectra and 

(inset) D and G band fitting results for the PDCs. 

 

The synthesized PDCs exhibited widely different porosities ranging from 

7 m
2
 g

−1
 for PDC-5 to 2450 m

2
 g

−1
 for the KOH-activated PDC-2 (Figure 12). 

In general, the pore-generating effect of the activating agents was confirmed in 
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the case of the PDCs illustrated by their larger SBET values. Additionally, using 

ZnCl2 as the activating agent specifically yielded a PDC (PDC-3) with a 

considerable degree of mesoporosity as indicated by the VMICRO/VDFT value, 

which describes the proportion of micropore volume (pores with widths up to 

2 nm) out of the total volume of pores with widths up to 30 nm. As a side note, 

this parameter will be used to describe the micro- or mesoporosity of the 

following peat-based materials as well. Accordingly, carbonizing peat should 

involve an activating agent if high porosity is desired. Importantly, the issue of 

impurities was largely solved by including a leaching step in the synthesis as the 

Ca content was reduced below the limits of detection of the SEM-EDS and XPS 

methods [II]. 

 

 

Figure 12. Pore size distributions, (inset) SBET, and VMICRO/VDFT values for the PDCs. 

 

All the abovementioned differences in morphological and structural charac-

teristics emerge as majorly dissimilar electrochemical activity towards the ORR 

in RDE experiments conducted in acidic media (Figure 13a). The lowest Eonset 

value was obtained with PDC-5 most likely due to a severely underdeveloped 

carbon network as a result of the low pyrolysis temperature of 450 °C. 

Pyrolyzing this PDC a second time at a temperature of 1000 °C completed the 

carbonization of peat as demonstrated by the significantly higher Eonset value for 

PDC-6. A similar Eonset value was obtained for the KOH-activated PDC-2. In 

contrast, using ZnCl2 as the activator (PDC-3) provided a carbon support with 

remarkably enhanced activity. The source of some of this activity could be 

related to the ~2 wt% of nitrogen present in the sample according to the SEM-

EDS data. As discussed above in section 4.2.2., nitrogen atoms embedded into 

the carbon matrix act as active sites with performance depending on their 

specific configuration even without being bonded to a transition metal. 

However, nitrogen was also present in PDC-2 and PDC-5 which are clearly not 

as active as PDC-3. Therefore, the high activity of PDC-3 can most likely be 

attributed to structural properties caused specifically by ZnCl2. An additional 
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measurement was conducted for PDC-1, but in a 0.1 M KOH solution (Figure 

13b). In the alkaline environment, the PDC exhibited a much higher Eonset value 

of 0.80 V vs. RHE clearly indicating that catalyzing the ORR is simpler in 

alkaline than acidic media. 

 

 

Figure 13. ORR polarization curves and (inset) Eonset values measured (a) for the 

PDCs in 0.1 M HClO4 and (b) for PDC-1 in 0.1 M HClO4 and 0.1 M KOH at 

2000 rpm using a potential scan rate of 10 mV s
−1

. 

 

7.2. Synthesizing NPGM catalysts from PDCs via  

pathway #1 

The PDCs obtained in the previous section were converted into Co-N/PDC 

catalysts via pathway #1 [I, II, III]. The facile synthesis procedure involved 

ball-milling the carbon supports with cobalt and nitrogen sources and then 

pyrolyzing the mixtures at 800 °C. The synthesis procedure was identical for 

each catalyst to study the influence of the carbon support on the final physical 

and electrochemical properties of the catalysts. 

 

7.2.1. Investigating the catalysts physical properties 

Modifying the PDCs with Co and N via pathway #1 lead to structures that were, 

in general, much more similar to each other due to the homogenization effect of 

the ball-milling step. For example, PDCs with both high and low porosity were 

ultimately converted into Co-N/PDCs with moderate porosity ranging from 240 

to 590 m
2
 g

−1
 (Figure 14a). The porosity emerged predominantly as micropores 

as even the high mesoporosity noted for PDC-3 (Figure 12) was noticeably 

decreased after the modification process. However, using activating agents still 

provided PDC catalysts with superior porosity. Raman spectroscopy measure-

ments conducted for some PDC catalysts demonstrated that the modification 

process involving a pyrolysis at 800 °C produced structures that were more 

graphitic compared to the initial PDCs [II]. 
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Figure 14. (a) Pore size distributions, (a inset) SBET, and VMICRO/VDFT values for the 

Co-N/PDCs. (b) Pore size distributions, (b inset) SBET, and VTOT values for Co-

N/PDC-3 measured using N2 or Ar as the gas probe. 

 

An important factor in the measurement of porosity with low-temperature 

sorption is the choice of gas probe. NPGM catalysts are usually studied with 

nitrogen as the gas probe due to the low cost and availability of liquid nitrogen 

[58]. However, nitrogen molecules might interact with the plethora of surface 

functionalities present in these materials leading to erroneous conclusions 

regarding porosity and pore size distributions [142,143]. Instead, argon is an 

alternative gas probe which is significantly less prone to interacting with 

functionalities due to not having a quadrupole moment contrary to nitrogen 

[76]. As a result, a number of the Co-N/PDCs were additionally analyzed with 

low-temperature argon sorption which, surprisingly, provided similar SBET and 

Vtot values, and pore size distributions compared to the results obtained with 

nitrogen as the gas probe. Comparative pore size distributions and porosity 

characteristics are given as an example for Co-N/PDC-3 in Figure 14b. There-

fore, nitrogen was kept as the gas probe in future measurements as the method 

provides sufficiently reliable porosity data. 

The Co-N/PDCs were then analyzed in terms of their elemental and 

chemical compositions. The SEM-EDS data demonstrated that all the Co-

N/PDCs contain somewhat varying amounts of cobalt and nitrogen (Table 3). 

However, the need for an acid-washing procedure was once again evident. 

While the SEM-EDS data confirmed that the modification procedure was 

successful, metallic Co and CoO particles were observed in both TEM and 

XRD analyses (Figure 15) [II]. These particles, which are encapsulated by 

varying numbers of carbon layers, can potentially boost the overall activity of a 

NPGM catalyst [144] but are typically unwanted for ORR catalysts. More 

specifically, such particles form at the expense of highly coveted M-Nx moieties 

preventing an NPGM catalyst from reaching its full potential. It has also been 

reported that these metallic particles are highly unstable in acidic conditions 

during fuel cell operation [57]. As a result, an acid-leaching step is commonly 
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conducted after the pyrolysis step to improve the synthesis strategy by removing 

these unwanted species. 

 

Table 3. Elemental compositions (wt%) of the Co-N/PDCs measured using SEM-

EDS. 

Catalyst C O N Co Ca 

Other elements 

(<1 wt%) 

Co-N/PDC-1 68 15 2.8 3.1 8.4 Si, S, Mg, Al, Cl 

Co-N/PDC-2 84 6 5.8 3.0 - Si, Cl 

Co-N/PDC-3 74 14 3.4 5.9 - Al, Cl, S 

Co-N/PDC-4 70 14 4.5 3.5 - Fe*, S 

Co-N/PDC-5 78 11 5.5 4.6 - Si, Al 

Co-N/PDC-6 81 9.7 4.1 3.6 - Si, Al, Cl 

*The concentration of Fe was 8.1 wt% 

 

 

 

Figure 15. TEM images for (a) Co-N/PDC-1, (b) Co-N/PDC-3, and (c) Co-N/PDC-6. 

 

The chemical structures of the Co-N/PDC catalysts were analyzed in more 

detail with XPS. Even though the PDCs were subjected to an identical 

modification procedure (with Co and N) the catalysts exhibited slightly different 

nitrogen contents of 1.5, 2.1, and 2.4 at% for Co-N/PDC-1, Co-N/PDC-6, and 

Co-N/PDC-3, respectively [II]. Certain differences were also observed in the 

deconvoluted N1s spectra of the catalysts as Co-N/PDC-3 exhibits a distinct 

second peak at higher binding energy values, which is not as developed for Co-

N/PDC-1 and Co-N/PDC-6 (Figure 16a, b, c). Furthermore, a survey of the C1s 

region revealed that the PDCs also contain different amounts of carbon-oxygen 

functionalities which can be considered as defects (Figure 16d). Serov et al. 

[145] proposed that in acidic conditions these parameters, i.e., nitrogen and 

defect concentrations, correlate with ORR activity. Among the studied Co-

N/PDCs, the material synthesized with ZnCl2 as an activating agent, Co-

N/PDC-3, comprised the highest amount of nitrogen and defects in the carbon 

matrix. Analyzing the speciation of cobalt failed most likely due to the en-

capsulation of the metallic particles as demonstrated above by TEM. 
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Figure 16. Deconvoluted N1s spectra for (a) Co-N/PDC-1, (b) Co-N/PDC-3, and (c) 

Co-N/PDC-6, and (d) the relative content of carbon species in the Co-N/PDCs 

measured with XPS. 

 

7.2.2. Electrochemical performance in acidic and  

alkaline solutions 

The Co-N/PDCs were then studied as ORR catalysts in acidic [II] and alkaline 

conditions [I, III]. As discussed in the literature overview, reaching the activity 

of a conventional platinum-based catalyst in acidic media is an extremely 

difficult task which even state-of-the-art NPGM catalysts struggle with. Despite 

identical modification procedures, the synthesized Co-N/PDC catalysts exhibit 

widely different ORR performances in 0.1 M HClO4 with Eonset values ranging 

from 0.72 V vs RHE for Co-N/PDC-5 to 0.80 V vs RHE for Co-N/PDC-3, the 

catalyst synthesized with ZnCl2 as an activating agent (Figure 17a, Table 4). 

Generally, using a more active PDC support provided a more active Co-N/PDC 

catalyst. These results support the notion that in the case of NPGM catalysts the 

local environment, i.e., the structure of the carbon matrix, around an active 

moiety influences the performance of that moiety. Therefore, attention must also 

be given to engineering suitable carbon networks in addition to pursuing 

moieties with the highest activity. 
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Figure 17. ORR polarization curves measured for the Co-N/PDCs at a catalyst 

loading of 0.8 mg cm
−2

 in (a) 0.1 M HClO4 at 2000 rpm and (b) 0.1 M KOH at 

1500 rpm using a potential scan rate of 10 mV s
−1

. 

 

As expected, switching to a 0.1 M KOH solution provided significantly 

improved results (Figure 17b, Table 4). The Eonset value of every Co-N/PDC 

catalyst was boosted by almost 100 mV with respect to the results obtained in 

acidic conditions. As a result, the highest Eonset value of 0.89 V RHE was 

measured for the ZnCl2-based catalyst, Co-N/PDC-3. Due to their enhanced 

performance and well-established current plateaus in the diffusion-limited 

region, Koutecký-Levich analysis was used to calculate the number of electrons 

(nK-L) transferred during the ORR (Table 4). According to the analysis, the 

materials catalyze the ORR through a partial 2+2-electron pathway as indicated 

by average nK-L values between 3.1 and 3.6. This can partly be attributed to the 

abundant metallic particles present in the Co-N/PDC catalysts as demonstrated 

by TEM and XRD methods [II]. Therefore, the synthesis strategy must be im-

proved to incorporate more active sites into the catalysts which promote the 

direct 4-electron pathway. Furthermore, the catalyst layers on the electrodes are 

not ideal thin-films as required by the RDE analysis method resulting in very 

rough estimations for the nK-L values. 

 

Table 4. Eonset values measured in 0.1 M HClO4 and 0.1 M KOH for the Co-N/PDCs 

and their nK-L values calculated from the RDE data measured in 0.1 M KOH. 

Catalyst 

0.1 M HClO4 0.1 M KOH 

Eonset 

(V vs. RHE) 

Eonset 

(V vs. RHE) nK-L 

Co-N/PDC-1 0.76 0.86 3.2 

Co-N/PDC-2 0.75 0.82 - 

Co-N/PDC-3 0.80 0.89 3.6 

Co-N/PDC-4 - 0.89 3.4 

Co-N/PDC-5 0.72 0.81 - 

Co-N/PDC-6 0.77 0.85 3.1 
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The array of activities and the data obtained from physical characterization 

supports the idea proposed by Serov et al. [145] that a higher content of 

nitrogen and defects in the carbon matrix results in enhanced performance. An 

exception must be made for Co-N/PDC-1, which exhibited abnormally high 

ORR activity in alkaline media. However, the catalyst synthesized with ZnCl2 

as an activating agent exhibits clearly superior intrinsic activity compared to the 

other materials which cannot be explained only by the differences observed in 

XPS. The beneficial effect of ZnCl2 on the ORR activity of NPGM catalysts has 

been previously observed as well. For example, Ratso et al. [85] demonstrated 

how enhanced performance in a PEMFC can be obtained by increasing the 

amount of ZnCl2 used in the synthesis procedure. The impact of ZnCl2 on the 

results of both PEMFC and AEMFC experiments is discussed in the following 

sections. 

 

7.3. Pathway #1 catalysts as fuel cell cathodes 

As mentioned in the literature overview in section 4.2.4., RDE is an excellent 

screening tool to rapidly benchmark the intrinsic activity of NPGM catalysts. In 

contrast, studying the importance of morphology, such as porosity, is a much 

more difficult task, although not entirely impossible [146]. Hence, fabricating 

the catalysts into fuel cell cathodes and studying them in a single cell setup is 

critically important. While fuel cell tests are in general more important than 

RDE experiments, they are also substantially more difficult as both fabricating 

the electrodes and measuring the single cells are complex procedures with many 

parameters to consider. 

 

7.3.1. PEMFC performance 

Two best-performing Co-N/PDC catalysts were studied as PEMFC cathodes 

[II]. Acidic media was chosen for the first test because the ability to construct 

and measure PEMFC single cells, including those based on NPGM catalysts, 

has been previously demonstrated by our workgroup [147,148] and is thus a 

more reliable starting point. Additionally, PEMFC technology is more mature 

than AEMFC technology due to the existence of a well-developed commercial 

membrane in Nafion™. 

Similarly to the RDE measurements, the Co-N/PDCs exhibit widely 

different performances reaching almost a two-fold difference in peak power 

density (PPD) values (Figure 18). The catalyst based on ZnCl2, Co-N/PDC-3, 

consistently outperformed the catalyst based on multi-step pyrolysis, Co-

N/PDC-6, throughout the entire measured current density range. This can be 

attributed to several factors. Firstly, Co-N/PDC-3 contains a larger amount of 

nitrogen and defects in the carbon matrix, both of which have been proposed as 

sources of activity [145]. Secondly, an SSA value roughly twice as large was 

observed for the ZnCl2-based catalyst. The PPD value of 210 mW cm
−2

 

obtained for the best Co-N/PDC catalyst also marked a significant improvement 
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over our workgroups previous attempts at utilizing NPGM catalysts as PEMFC 

cathodes [148]. Despite these advances, an identical PEMFC test with a state-

of-the-art NPGM catalyst as the cathode provided superior performance with a 

PPD value of roughly 400 mW cm
−2

 (data not shown). 

 

 

Figure 18. Polarization (dashed lines) and power density (solid lines) curves and the 

PPD values measured for the Co-N/PDCs in a PEMFC experiment. Measurement 

conditions: cathode catalyst: Co-N/PDC, 4.0 mg cm
−2

; anode catalyst: 60 wt% 

Pt/Vulcan, 1.0 mg cm
−2

; membrane: Nafion™ HP; cell temperature: 80 °C; oxygen/ 

hydrogen dew points, flow rates, and backpressures: 80/80 °C, 200/200 ml min
−1

, 

100/100 kPa. 

 

7.3.2. AEMFC performance 

While not as technologically mature as PEMFCs, AEMFCs present a unique 

opportunity to utilize NPGM catalysts in milder conditions and thus should be 

rigorously studied. The need for alkaline conditions is clearly illustrated by the 

RDE experiments discussed above in section 7.2.2. where a positive shift in 

Eonset values of ~100 mV was observed for every Co-N/PDC catalyst when 

switching from acidic to alkaline media. Fortunately, at the time there were a 

couple of AEM and ionomer products available despite their limited 

performance in fuel cells [139,149]. Our workgroup decided on using a FuMA-

Tech membrane and ionomer as well as an increased sample size of four Co-

N/PDC catalysts [III]. 

The performance of the Co-N/PDCs in AEMFC tests could be clearly 

categorized (Figure 19a). Three of the less-active catalysts, Co-N/PDC-1, Co-

N/PDC-4, and Co-N/PDC-6, performed almost identically at low current 

densities. One by one, the performances of the catalysts fell off as severe mass-

transport limitations emerged once larger current densities were reached. We 

concluded that the intrinsic activities of these catalysts must be similar and the 
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differences in PPD values can be attributed to catalyst morphology as discussed 

below. 

In contrast, the performance of the ZnCl2-based catalyst, Co-N/PDC-3, was 

clearly higher owing to its superior intrinsic activity evident from the RDE 

measurements. Both these results and the data obtained in PEMFC tests 

strongly suggest that ZnCl2 helps form pores which are suitable for the active 

sites of an NPGM catalyst. The performance of Co-N/PDC-3 was also 

comparable to other NPGM catalysts presented in the literature when FuMA-

Tech membranes were used to fabricate the MEAs [150–152]. 

 

Figure 19. (a) Polarization (dashed lines) and power density (solid lines) curves 

measured for the Co-N/PDCs in an AEMFC experiment. Measurement conditions: 

cathode catalyst: Co-N/PDC, 4.0 mg cm
−2

; anode catalyst: 60 wt% PtRu/Ketjen-

black, 0.67 mg cm
−2

; membrane: FAA-3-50; cell temperature: 60 °C; oxygen/hydro-

gen dew points, flow rates, and backpressures: 58/58 °C, 50/50 ml min
−1

, 0/0 kPa. (b) 

Volumetric particle size distributions measured for the Co-N/PDCs using laser 

diffraction. 

 

Another important aspect of catalyst morphology next to porosity is the size of 

the particles. Analyzing the catalysts with laser diffraction demonstrated that the 

powders are quite inhomogeneous and consist of medium- and large-sized 

particles (Figure 19b). Interestingly, we observed a direct inverse correlation 

between the median volumetric particle sizes (Dv50) of the catalyst powders 

and their PPD values in the AEMFC test (Figure 20). Additionally, higher PPD 

values were provided by catalysts with more uniform particle size distribution. 

An explanation for this phenomenon requires examining the structure of the 

catalyst layer (Figure 2). The ORR can only proceed at the TPB where oxygen, 

an active site, and the ionomer converge. Therefore, an extensive interconnected 

ionomer network is required for high performance. A catalyst powder with large 

and unevenly sized particles can more easily assemble into a dense packed layer 

where a suitable ionomer network cannot form. In such an agglomerated 
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catalyst layer many of the active sites are not connected to the ionomer 

rendering them useless. This logic is supported by the morphology of 

conventional platinum-based catalysts which consist of significantly smaller 

and much more homogeneous carbon support particles (data not shown). 

Besides median particle sizes, the PPD values obtained for the catalysts also 

correlated with their SBET values and nitrogen content measured with XPS 

(Figure 20). 

 

 

Figure 20. Correlations between peak power density (PPD) and median particle size 

by volume (Dv50), specific surface area (SBET), and nitrogen content measured with 

XPS for the Co-N/PDCs. 

 

Despite a more suitable environment, the PPD achieved with the ZnCl2-based 

catalyst, Co-N/PDC-3, was roughly four times lower than the PPD reached in a 

PEMFC test. Much of this can be attributed to the technological maturity of the 

two membranes used to fabricate the MEAs. For instance, the specific 

conductivity of the proton-conducting Nafion™ is roughly two times higher 

than the conductivity of the hydroxide-conducting FAA-3-50 membrane [153]. 

Additionally, the two membranes have significantly different thicknesses of 

20 μm and 50 μm for Nafion™ HP and FAA-3-50, respectively, leading to 

further ohmic losses. Therefore, improvements in single cell performance can 

certainly be expected by using a more advanced AEM, which we demonstrate in 

the final section. 
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7.4. Improving performance via synthesis pathway #2 

Overall, the performance of the PDC catalysts synthesized so far is encouraging 

but improvements are still needed regarding both intrinsic activity and porosity 

to reach the performance of the commercial state-of-the-art NPGM catalyst. As 

a result, the synthesis strategy was redesigned from an approach based on 

pathway #1 to an approach based on pathway #2 [IV]. More specifically, the 

peat was carbonized together with the metal salt and nitrogen source instead of 

first synthesizing a carbon support material which was then modified with 

active sites. Through this change the active sites should be more effectively 

distributed in the carbon matrix (see section 4.2.1.). The metal was switched 

from cobalt to iron since the following sections focus exclusively on alkaline 

conditions where iron tends to provide superior results according to the 

literature [50]. Additionally, guanidine carbonate, a small and inexpensive 

nitrogen-rich compound, was used as a new nitrogen source. ZnCl2 was also 

included as a chemical activator and template because using it provided the best 

results in the previous sections. A commercial state-of-the-art NPGM catalyst 

denoted as Fe-N-C-comm in both the text and in publication [IV] is used as a 

reference material where relevant in the analysis. 

 

7.4.1. Enhancing intrinsic activity through synthesis 

optimization 

The following section focuses on varying the parameters of the redesigned 

synthesis strategy to enhance both the intrinsic activity and porosity of the PDC 

catalysts [IV]. The variations can be divided into two series with the first 

varying the amount of either Fe or ZnCl2 and the second varying the pyrolysis 

temperature. The baseline catalyst, Fe-N-PDC-1, consisted of fairly large and 

unevenly sized carbon particles similarly to the previous PDC catalysts. 

However, the Fe-N-PDC-1 exhibited a significantly higher SSA value of 

950 m
2
 g

−1
 (Figure 21) owing to abundant microporosity generated by ZnCl2. 

Unfortunately, the mesoporosity present in the pristine ZnCl2-based PDC-3 was 

not obtained for the new catalyst due to suboptimal synthesis conditions. The 

elemental composition of the new catalyst Fe-N-PDC-1 as determined by SEM-

EDS comprised of a substantial amount of nitrogen (8.7 wt%), and smaller 

amounts of iron (1.0 wt%) and residual zinc (0.5 wt%) in addition to carbon and 

oxygen [IV]. 

 



50 

 

Figure 21. Pore size distributions, (inset) SDFT values, and VMICRO/VDFT values for the 

Fe-N-PDCs. 

 

In the RRDE experiments conducted in alkaline media, the baseline PDC 

catalyst, Fe-N-PDC-1, already exhibited enhanced intrinsic activity indicated by 

its slightly higher Eonset value (0.90 vs. 0.89 V vs. RHE) at a significantly lower 

catalyst loading (0.3 vs. 0.8 mg cm
−2

) compared to the previous best result 

obtained with Co-N-PDC-3 (Figure 22a). However, a fairly high peroxide yield 

of 53% was calculated using Formula 2 corresponding to a low electron transfer 

number of 3.1 compared to the 3.6 achieved with Co-N-PDC-3. Some part of 

the disparity can be assigned to the different methodologies used to calculate 

these values with direct measurement via RRDE and estimation via Koutecký-

Levich analysis for the former and latter results, respectively. In a brief analysis 

of similar peat-based Fe-N-C catalysts, we demonstrated that the Koutecký-

Levich analysis tends to overestimate the electron transfer number [154]. A 

more significant portion of the difference can be attributed to the catalyst 

loadings as peroxide has a larger probability to be reduced further before 

escaping into the bulk electrolyte in a thicker catalyst layer compared to a 

thinner one [155]. 
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Figure 22. (a) ORR polarization curves and (b) peroxide yield measured for Fe-N-

PDC-1...3 and Fe-N-C-comm at a catalyst loading of 0.3 mg cm
−2

 in 0.1 M KOH at 

1600 rpm using a potential scan rate of 10 mV s
−1

. 

 

In the first series, increasing the amount of Fe for Fe-N-PDC-2 did not produce 

any noticeable changes in the physical properties. Doubling the amount of 

ZnCl2, however, yielded a material, Fe-N-PDC-3, with a certain degree of 

mesoporosity (Figure 21). Despite only small changes in the physical pro-

perties, increasing the amount of either precursor enhanced the ORR activity by 

20 mV in the RRDE tests (Figure 22a and Table 5). Considerably lower 

peroxide yields compared to the baseline catalyst (Figure 22b) were observed 

for both Fe-N-PDC-2 and Fe-N-PDC-3 as well. For the catalyst Fe-N-PDC-3 

with a doubled amount of ZnCl2, these improvements were attributed to the 

enhanced porosity created by the template. A larger amount of highly active 

moieties can form in the micropores and more of the active sites are available 

on the enlarged surface. Similar tendencies have been demonstrated by other 

authors [77,80]. 

 

Table 5. Electrochemical activity and selectivity descriptors for Fe-N-PDC-1…5, Fe-

N-PDC-HA, and Fe-N-C-comm measured with the RRDE method in 0.1 M KOH. 

Catalyst 

Eonset 

(V vs. RHE) 

x H2O2 at 0.5 V 

(%) 

MA at 0.9 V 

(A g
−1

) 

Fe-N-PDC-1 0.90 53 0.2 

Fe-N-PDC-2 0.92 38 0.9 

Fe-N-PDC-3 0.92 44 0.7 

Fe-N-PDC-4 0.94 33 1.9 

Fe-N-PDC-5 0.94 45 2.6 

Fe-N-PDC-HA 0.96 14 4.1 

Fe-N-C-comm 0.94 6 2.9 
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In the second series (Fe-N-PDC-3…5), raising the pyrolysis temperature in 

100 °C intervals up to 1000 °C provided only minimal changes in the structural 

characteristics. Conversely, a higher pyrolysis temperature led to a decreased 

retention of nitrogen and zinc due to their higher volatility at higher tempera-

tures [IV]. Similar behavior has been commonly observed for NPGM catalysts 

utilizing zinc in the synthesis procedure [70,72]. Importantly, while a higher 

amount of nitrogen might be desired for better activity, as discussed in our 

previous analysis, it is not always the case. Zhang et al. [72] demonstrated that 

the form of the nitrogen is more important than the overall amount. In their 

analysis, raising the pyrolysis temperature from 800 °C to 1100 °C shifted the 

nitrogen from mainly a pyridinic form towards a more graphitic form according 

to detailed N1s region XPS spectra. The shift in nitrogen form was proposed as 

one explanation for enhanced ORR activity when the pyrolysis steps were 

conducted at higher temperatures. The same principles are valid for the second 

series of PDC catalysts (Figure 23a, b, c). 

 

Figure 23. Deconvoluted N 1s XPS spectra for (a) Fe-N-PDC-HA, (b) Fe-N-PDC-5, 

and (c) Fe-N-PDC-1 along with the respective pyrolysis temperatures used in their 

synthesis. (d) N 1s XAS spectra for Fe-N-PDC-1, Fe-N-PDC-5, and Fe-N-PDC-HA. 

 

More specifically, increasing the pyrolysis temperature up to 1000 °C provided 

a catalyst, Fe-N-PDC-5, with a larger amount of graphitic nitrogen, Fe-Nx 

moieties, and a 20 mV more positive Eonset value (Figure 24 and Table 5). The 

N 1s data measured with XAS also demonstrate that the catalysts synthesized at 

a higher temperature contain a larger amount of graphitic nitrogen (Figure 

23d). For highly active NPGM catalysts, an additional activity descriptor 

known as mass activity (MA), which is defined as the current produced per 

gram of catalyst at 0.9 V vs. RHE, is used to scrutinize the intrinsic activity of 

catalysts in more detail. Calculating this parameter (Table 5) indicated that the 

ORR activity of Fe-N-PDC-5, which was pyrolyzed at 1000 °C, exhibits MA 

(2.6 A g
−1

) approaching that of Fe-N-C-comm (2.9 A g
−1

), a reference state-of-

the-art NPGM catalyst. Overall, optimizing the synthesis conditions was 
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successful in enhancing intrinsic activity by generating better active sites but 

fell short in enhancing porosity. 

Figure 24. (a) ORR polarization curves and (b) peroxide yield measured for Fe-N-

PDC-3...5 and Fe-N-C-comm at a catalyst loading of 0.3 mg cm
−2

 in 0.1 M KOH at 

1600 rpm using a potential scan rate of 10 mV s
−1

. 

 

7.4.2. Superior porosity with hydroxyapatite 

As the next step, a novel PDC catalyst was synthesized by employing the 

knowledge gained in the previous section. As a result, the amounts of both iron 

and ZnCl2 were doubled and the pyrolysis steps were conducted at 1000 °C. 

Additionally, we utilized hydroxyapatite (HA) as a hard template to enhance the 

porosity of the PDC catalysts. The used HA is an acicular nanopowder mainly 

composed of calcium and phosphorous with particles sized roughly 80 nm and 

20 nm in length and width, respectively (Figure 25a). These particles were 

easily leached out with less toxic 1 M HNO3 compared to the HF needed for 

leaching silicon-based hard templates. The result was Fe-N-PDC-HA, a PDC 

catalyst with significantly smaller and more evenly sized particles as HA 

inhibited the carbon grains from fusing together and forming larger grains at the 

elevated pyrolysis temperature. The major differences in particle size distri-

butions are evident qualitatively from the HR-SEM images (Figure 25b, c), and 

quantitatively from the results obtained with laser diffraction measurements 

(Figure 25b, c insets). 

 

 

Figure 25. HR-SEM images for (a) HA, (b) Fe-N-PDC-1, and (c) Fe-N-PDC-HA. 

Insets demonstrate particle size distributions measured using laser diffraction. 
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Importantly, leaching the HA hard template produced a unique network of pores 

and interparticle cavities which were studied in more detail with low-tempe-

rature N2-sorption and mercury intrusion porosimetry methods. The N2-sorption 

analysis (Figure 26a) indicated that Fe-N-PDC-HA contains only a modest 

amount of mesopores ranging from 3 to 20 nm. However, pores larger than 

30 nm, which is where the main templating effect of the HA particles should be 

expected, are outside the range of the used pore size distribution modeling 

method. A more suitable method for analyzing larger pores, mercury intrusion 

porosimetry, confirmed the templating effect of HA as the catalyst contains 

abundant pores ranging from 10 to 80 nm as well as from 80 to 3000 nm 

(Figure 26b). These pores can be attributed to individual HA nanoparticles and 

HA agglomerates added into the synthesis mixture, respectively. The results 

clearly demonstrate how superior meso- and macroporosity can be obtained in 

Fe-N-PDC-HA by using HA as a hard template since such meso- and macro-

porosity is extremely limited for the catalyst synthesized without HA, Fe-N-

PDC-1. 

 

Figure 26. Pore size distributions and (a inset) VMICRO/VDFT values obtained for Fe-N-

PDC-1, Fe-N-PDC-HA, and Fe-N-C-comm using (a) low-temperature N2 sorption 

and (b) mercury intrusion porosimetry. 

 

Besides changes in morphology, using HA as a hard template also provided 

certain modifications in the chemical composition of the catalyst compared to 

the materials synthesized in the previous section. For instance, phosphorous was 

incorporated into the structure of Fe-N-PDC-HA as evidenced by SEM-EDS 

data [IV]. Analyzing the catalyst with TEM and XRD methods (Figure 27) 

reveal that the phosphorous is present in the form of Fe2P particles. Data about 

whether Fe2P particles provide adequate ORR activity is a subject only recently 

raised [156–158]. However, XPS and XAS measurements indicate that the form 

of nitrogen in Fe-N-PDC-HA is similar to the previous catalyst pyrolyzed at 

1000 °C, Fe-N-PDC-5, due to their identical pyrolysis conditions (Figure 23). 
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Figure 27. (a) TEM image for Fe-N-PDC-HA, (b) magnified TEM image of the 

highlighted area, and (c) XRD pattern for Fe-N-PDC-HA with (c inset) a magnified 

pattern demonstrating the peaks corresponding to Fe2P. 

 

According to the RRDE experiments, utilizing improved synthesis conditions 

and including HA as a hard template produced a catalyst with exceptional ORR 

activity (Figure 28a). An Eonset value of 0.96 V vs. RHE and an MA value of 

4.1 A g
−1

 was achieved for Fe-N-PDC-HA (Table 5). The result represents an 

improvement over the reference NPGM catalyst (Fe-N-C-comm) which 

exhibited respective values of 0.94 V vs. RHE and 2.9 A g
−1

. A stark improve-

ment in the peroxide yield (Figure 28b, Table 5) was observed as well for the 

HA-based catalyst compared to the previously synthesized PDC catalysts. The 

next step was validating the excellent activity achieved in the RRDE screening 

tests in a more relevant AEMFC experiment. 

 

Figure 28. (a) ORR polarization curves and (b) peroxide yield measured for Fe-N-

PDC-HA and Fe-N-C-comm at a catalyst loading of 0.3 mg cm
−2

 in 0.1 M KOH at 

1600 rpm using a potential scan rate of 10 mV s
−1

. 

 

7.3.3. High-performance AEMFC 

In recent years, constructing AEMFC single cells has become more manageable 

due to the emergence of several promising commercial hydroxide exchange 
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research groups. We opted to use a 20 μm thin membrane and two ionomers 

produced by Xergy Inc. as these components have provided record-breaking 

AEMFC performance with conventional platinum-based catalysts [159]. Addi-

tionally, a redesigned electrode formation method developed by Mustain et al. 

[108,140] was used to accommodate the new membrane and ionomer technology. 

AEMFC measurements were conducted with three of the PDC catalysts 

synthesized using the improved strategy involving pathway #2 and the reference 

NPGM catalyst. The selection included the baseline PDC catalyst (Fe-N-PDC-

1), the catalyst synthesized using an elevated pyrolysis temperature of 1000 °C 

(Fe-N-PDC-5), and the catalyst synthesized with the improved conditions and 

HA as a hard template (Fe-N-PDC-HA). 

The results clearly demonstrate recent breakthroughs in the field of 

AEMFCs as performances an order of magnitude higher were obtained with the 

new electrode fabrication technique (Figure 29) over the one utilized previously 

for the pathway #1 catalysts (Figure 19a). While the two catalysts synthesized 

without HA, Fe-N-PDC-1 and Fe-N-PDC-5, exhibited considerably different 

activities in RRDE tests, differences in AEMFC performance are not as evident. 

More specifically, the catalyst pyrolyzed at a higher temperature generates 

higher current densities at high cell voltages (over 0.8 V) due to its higher 

intrinsic activity. At lower cell voltages, however, the higher intrinsic activity of 

this catalyst cannot be fully utilized due to mass-transport limitations arising 

from extremely limited meso- and macroporosity. As a result, only marginally 

different PPD values of 520 and 480 mW cm
−2

 were achieved for Fe-N-PDC-5 

and Fe-N-PDC-1, respectively. 

Figure 29. Polarization (dashed lines) and power density (solid lines) curves mea-

sured for the Fe-N-PDCs in an AEMFC experiment. Measurement conditions: 

cathode catalyst: Fe-N-PDC, 1.0 mg cm
−2

; anode catalyst: 60 wt% PtRu/Ketjen-

black, 1.0 mg cm
−2

; membrane: Xion AEM-Pention-72-15CL-20um; cell tempera-

ture: 65 °C; oxygen/hydrogen dew points, flow rates, and backpressures: 63/58 °C, 

1000/500 ml min
−1

, 100/100 kPa. 
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In contrast, the PDC catalyst synthesized with HA as a hard template, Fe-N-

PDC-HA, demonstrated an almost two-fold increase in performance over the 

previous two catalysts reaching a PPD value of 840 mW cm
−2

 (Figure 29). 

Both intrinsic activity and porosity contribute to such a significant improve-

ment. Firstly, the used synthesis conditions lead to the formation of moieties 

with higher activities according to XPS and XAS measurements (Figure 23). 

Secondly, the unique network of pores and cavities (Figure 26) improves the 

availability of the active sites and severely improves the mass-transport 

properties of the catalyst. 

Finally, additional measurements were made at an elevated cell temperature 

of 80 °C to compare the best-performing catalyst, Fe-N-PDC-HA, to the 

reference state-of-the-art NPGM catalyst, Fe-N-C-comm (Figure 30). The two 

catalysts exhibit identical performance at cell voltages above 0.6 V confirming 

the excellent activity of Fe-N-PDC-HA. Below 0.6 V the polarization curves 

diverge as mass-transport limitations emerge later for the reference catalyst. 

This was attributed to the differences in porosity as Fe-N-PDC-HA contains 

only a limited number of pores between 3 and 10 nm (Figure 26). In contrast, 

the reference catalyst has a continuous pore size distribution ranging from 

micropores to macropores. A hierarchical pore network such as this has been 

proposed as a critical factor in fully utilizing NPGM catalysts in fuel cells [160–

164]. Therefore, another performance boost should be expected if more pores 

between 3 and 10 nm could be generated in the catalyst by optimizing the 

amounts of the used templates, ZnCl2 and HA. 

 

 

Figure 30. Polarization (dashed lines) and power density (solid lines) curves 

measured for Fe-N-PDC-HA and Fe-N-C-comm in an AEMFC experiment. 

Measurement conditions: cathode catalyst: Fe-N-PDC-HA or Fe-N-C-comm, 

1.0 mg cm
−2

; anode catalyst: 60 wt% PtRu/Ketjenblack, 1.0 mg cm
−2

; membrane: 

Xion AEM-Pention-72-15CL-20um; cell temperature: 80 °C; oxygen/hydrogen dew 

points, flow rates, and backpressures: 77/71 °C, 1000/500 ml min
−1

, 100/100 kPa. 
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Overall, Fe-N-PDC-HA can be categorized as a high-performing AEMFC 

catalyst. In a recent review, Hossen et al. [56] provided a thorough overview of 

NPGM catalysts in alkaline media and noted that only 13 catalysts have 

exceeded the 1000 mW cm
−2

 PPD threshold in an AEMFC experiment. The 

PPD of 1060 mW cm
−2

 obtained here places the synthesized Fe-N-PDC-HA 

catalyst among those highly active catalysts validating the synthesis approach 

we presented in this work. 
 

7.5. Conclusions 

A summary of the progress in developing NPGM ORR catalysts from peat 

throughout this study is presented in Figure 31. The performance of the PDC 

catalysts in the three-electrode setup as demonstrated by the Eonset value was 

improved by systematically improving the synthesis strategy. Namely, a 

noticeable increase in activity was observed when switching from synthesis 

pathway #1 to pathway #2 and optimizing the synthesis conditions. Addi-

tionally, including ZnCl2 in the synthesis mixture as an activating agent and 

pore former had a clear beneficial effect on the ORR activity. Progress in the 

PPD values obtained in AEMFC experiments were achieved by utilizing im-

proved AEM technology and, importantly, enhancing the meso- and macro-

porosity of the catalysts via hard templating with HA. It can be concluded that 

the hypothesis established at the beginning of the study was proven as naturally 

abundant peat was converted into a highly active and porous NPGM ORR 

catalyst with excellent AEMFC performance. This was accomplished with well-

decomposed peat, which is currently only used in low-value applications and is 

a net emitter of carbon. The results of this thesis provide valuable information 

towards achieving the research aim of developing novel NPGM ORR catalysts 

by valorizing naturally abundant local resources with the end goal of replacing 

conventional platinum-based catalysts. 

 

Figure 31. A summary of the Eonset values measured with R(R)DE in 0.1 M KOH (left 

axis) and PPD values in AEMFC experiments (right axis) for the PDC catalysts 

synthesized via pathway #1 [I,III] (left) and pathway #2 [IV] (right). 
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8. SUMMARY 

In this study, naturally abundant Estonian well-decomposed peat was modified 

into non-platinum group metal (NPGM) oxygen reduction reaction (ORR) 

catalysts via two principal synthesis pathways. The obtained materials were 

rigorously analyzed with a wide selection of physical and electrochemical 

characterization methods. Scrutinizing the data led to several findings on how 

the performance of the catalysts depends on their physical properties. 

Synthesis pathway #1 consisted of first carbonizing the peat into carbon 

support materials utilizing various activating agents or multi-step pyrolysis and 

then modifying the carbon supports with Co and N. The analysis demonstrated 

that the specifics of the carbonization procedure have a major impact on final 

properties of the materials, both physical and electrochemical. For example, the 

inclusion of an activating agent yielded carbon networks with higher porosity. 

Importantly, ZnCl2 as an activator seemed to generate certain changes in the 

catalysts nanostructure leading to enhanced ORR performance. The ZnCl2-

based NPGM catalyst exhibited the highest ORR activity in both acidic and 

alkaline media as well as both three-electrode rotating disc electrode and two-

electrode fuel cell experiments. Furthermore, higher anion exchange membrane 

fuel cell (AEMFC) performances were reached with catalyst layers consisting 

of smaller-sized catalyst particles. Analyzing the results obtained with the 

pathway #1 catalysts led to the conclusion that using ZnCl2 in the synthesis as 

an activating agent boosts the ORR performance of a peat-derived carbon 

catalyst. 

Synthesis pathway #2 consisted of carbonizing the peat together with 

sources of Fe and N in a one-pot method. ZnCl2 was additionally included as an 

activating agent due to its positive impact noted in the synthesis pathway #1 

section. Changing the synthesis strategy yielded an NPGM catalyst with 

enhanced activity compared to the previous materials. Further improvements 

were obtained through optimizing the synthesis conditions by increasing the 

amounts of Fe and ZnCl2, and increasing the pyrolysis temperature from 800 to 

1000 °C. The enhanced ORR activity of the improved catalysts was attributed to 

a larger number of micropores and an increased proportion of Fe-Nx and 

graphitic nitrogen species. However, the progress in activity was not realized in 

AEMFC experiments due to the limited meso- and macroporosity of the 

catalysts. 

The limited meso- and macroporosity was solved by including a hydro-

xyapatite (HA) hard template in the synthesis mixture. Removing the calcium- 

and phosphorous-based HA nanoparticles sized roughly 20 nm in width and 

80 nm in length by acid washing with 1 M HNO3 resulted in a catalyst material 

with a unique porous structure consisting of abundant meso- and macropores. 

Improving the porosity was crucial in increasing the availability of the active 

sites and facilitating the mass transport of reactants and products in the 

electrode structure. The result was an excellent peak power density value of 
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1060 mW cm
−2

 in an AEMFC experiment. Notably, using HA as a hard template 

allows circumventing the extremely toxic HF needed for leaching silica-based 

hard templates commonly used for obtaining meso- and macroporosity in state-

of-the-art NPGM catalysts. 

In conclusion, the results of this thesis demonstrated how to synthesize 

active and porous NPGM catalysts from abundant well-decomposed peat by 

tuning their physical and electrochemical properties through improving the 

synthesis method. As a result, a strategy for valorizing low-value peat into 

advanced functional materials for fuel cell applications was obtained.  
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10. SUMMARY IN ESTONIAN 

Eestimaise turba väärindamine plaatina-vabadeks hapniku 

redutseerumise katalüsaatoriteks 

Käesolevas töös valmistati kahe sünteesimetoodiga looduslikust eestimaisest 

hästilagunenud turbast mitte-väärismetalli tüüpi (NPGM) hapniku redutseerumis-

reaktsiooni (ORR) katalüsaatorid. Saadud materjale uuriti erinevate füüsikaliste 

ja elektrokeemiliste karakteriseerimismeetoditega. Andmete analüüsist selgusid 

mitmed seosed katalüsaatorite aktiivsuse ja füüsikaliste omaduste vahel. 

Sünteesimetoodika #1 puhul karboniseeriti turvas esmajoones süsinikalus-

materjaliks kasutades erinevaid aktiveerivaid aineid või mitmesammulist püro-

lüüsi. Seejärel modifitseeriti süsinikalusmaterjale koobalti ja lämmastikuga ja 

saadi NPGM katalüsaatorid. Töös näidati, et karboniseerimise tingimused mõju-

tasid oluliselt materjalide füüsikalisi ja elektrokeemilisi omadusi. Kui süsiniku 

sünteesil kasutati aktiveerivaid aineid (ZnCl2, FeCl3, KOH), saadi suurema 

poorsusega materjalid. NPGM katalüsaatorite puhul saavutati kõrgeim aktiivsus 

nii happelises kui ka aluselises keskkonnas nii kolme-elektroodses pöörleva 

ketaselektroodi kui ka kahe-elektroodses kütuseelemendi katses just katalüsaa-

toriga, kus süsinikalusmaterjali sünteesil kasutati aktiveeriva ainena ZnCl2-i. Li-

saks leiti, et elektroodide korral, mis koosnesid väiksematest katalüsaatorite 

osakestest, saavutati anioonivahetusmembraaniga kütuseelemendi (AEMFC) 

katses kõrgem aktiivsus. Järelikult on NPGM katalüsaatorite sünteesimisel 

ZnCl2 kasutamine aktiveeriva ainena õigustatud. 

Sünteesimetoodika #2 puhul karboniseeriti turvas koos raua ja lämmastiku 

allikaga. Lisaks kasutati eelmise osa tulemustele tuginedes aktiveeriva ainena 

ZnCl2-i. Vahetatud sünteesimetoodikaga saadi NPGM katalüsaator, mille aktiiv-

sus oli kõrgem võrreldes eelmise metoodikaga saadud katalüsaatoritega. 

Sünteesimetoodikas tõsteti rauda sisaldava lähteaine ja ZnCl2 koguseid ning 

pürolüüsitemperatuuri 800 °C pealt 1000 °C–ni, mille tagajärjel saavutati veelgi 

kõrgema ORR aktiivsusega NPGM katalüsaatorid. Kõrgem aktiivsus kolme-

elektroodses süsteemis seostati suurema mikropoorsuse ja Fe-Nx ning nn 

grafiitse lämmastiku osakaaluga materjalis. Samas ei avaldunud kõrgem aktiiv-

sus kahe-elektroodses AEMFC katses materjalide vähese meso- ja makropoor-

suse tõttu. 

Poorsuse suurendamiseks lisati sünteesi lähteainete hulka peamiselt kaltsiu-

mist ja fosforist koosnevat hüdroksüapatiiti (HA), mis käitus kui “kõva” poori-

moodustaja. Töös kasutati HA nanoosakesi, mille laius oli ligikaudu 20 nm ja 

pikkus 80 nm. HA-st poorimoodustaja eeliseks on see, et selle eemaldamiseks 

materjalist ei pea kasutama ohtlikku HF-i, mida vajavad tavapärased räni sisal-

davad meso- ja makropooride moodustajad. Pärast 1 M HNO3 happelahusega 

pesemist, mis eemaldas materjalist HA, tekkis ainulaadse struktuuriga NPGM 

katalüsaator, mille struktuuris oli palju meso- ja makropoore. AEMFC katses 

saadi uue materjaliga suurepärane tulemus maksimaalse võimsustihedusega 
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1060 mW cm
-2

. Poorsuse suurendamise tagajärjel paranes katalüsaatoris aktiiv-

tsentrite kättesaadavus ja lähteainete ning saaduste massitransport. 

Käesolevas töös näidatakse, kuidas sünteesida hästilagunenud turbast ORR 

suhtes aktiivseid ja poorseid NPGM katalüsaatoreid ja kuidas täiustada sünteesi-

metoodikat, et saavutada katalüsaatoritele vajalikke füüsikalisi ja elektro-

keemilisi omadusi. Töö tulemusena saadi eeskiri madala väärtusega kasutuseta 

ja keskkonda saastavaid gaase eritava maavara väärindamiseks kõrgtehnoloogi-

liseks materjaliks kütuseelemendi rakenduse jaoks.  
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