
1
Tartu 2025

ISSN 1406-0299
ISBN 978-9916-27-938-0 

DISSERTATIONES 
CHIMICAE  

UNIVERSITATIS 
TARTUENSIS

241

G
U

LN
A

R
A

 Y
U

SIB
O

VA
	

TA
L M

O
F-D

erived M
-N

-C
 Electrocatalysts for O

xygen R
eduction and Evolution R

eactions

GULNARA YUSIBOVA

TAL MOF-Derived M-N-C 
Electrocatalysts for Oxygen Reduction 
and Evolution Reactions



 

DISSERTATIONES CHIMICAE UNIVERSITATIS TARTUENSIS 

241 
  



DISSERTATIONES CHIMICAE UNIVERSITATIS TARTUENSIS 

241 
 
 
 
 
 
 
 

GULNARA YUSIBOVA 
 

TAL MOF-Derived M-N-C Electrocatalysts  
for Oxygen Reduction and  

Evolution Reactions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

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

 
The dissertation is accepted for the commencement of the degree of Doctor 
Philosophiae in Chemistry on June 10, 2025 by the Council of Institute of 
Chemistry, Faculty of Science and Technology, University of Tartu. 

 
Doctoral advisors:    Assoc. Prof. Nadezda Kongi 
   Prof. Kaido Tammeveski 

Institute of Chemistry, University of Tartu 
 

Opponent:  Assoc. Prof. Annukka Santasalo-Aarnio, 
Department of Mechanical Engineering School of 
Engineering, Aalto University, Finland 

 
Commencement:   August 28, 2025 at 13:15 Ravila 14A-1020,  

Tartu (Chemicum) 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 978-9916-27-938-0 (print)  ISBN 978-9916-27-939-7 (pdf) 
 
Copyright: Gulnara Yusibova, 2025 
 
 
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 Clean energy technologies  .................................................................  12 
4.2 Oxygen electrocatalysis  ......................................................................  12 
4.3 Fuel cells  ............................................................................................  14 
4.4 Zinc-air batteries  ................................................................................  15 
4.5 Bifunctional M-N-C electrocatalysts for ZABs  .................................  17 
4.6 M-N-C electrocatalysts for AEMFC  ..................................................  17 
4.7 MOF-derived M-N-C electrocatalysts  ................................................  18 

5.  AIM OF THE STUDY  .............................................................................  19 
6.  EXPERIMENTAL  ...................................................................................  20 

6.1 Materials and equipment  ....................................................................  20 
6.2 Synthesis  ............................................................................................  20 

6.2.1 Synthesis of TAL-derived Co-N-C catalysts  ............................  20 
6.2.2 Synthesis of TAL-derived CoMn-N-C catalysts  .......................  21 
6.2.3 Synthesis of TAL-derived Zn-N-C catalysts  .............................  21 

6.3 Physical characterization  ....................................................................  22 
6.3.1 Nitrogen physisorption measurements  ......................................  22 
6.3.2 Powder X-Ray Diffraction (PXRD) analysis  ............................  22 
6.3.3 X-Ray Photoelectron Spectroscopy (XPS)  ...............................  22 
6.3.4 Microwave Plasma Atomic Emission Spectroscopy (MP-AES)  23 
6.3.5 Scanning Transmission Electron Microscopy (STEM)  ............  23 
6.3.6 Thermogravimetric analysis (TGA)  ..........................................  23 

6.4 Electrochemical assessment  ...............................................................  23 
7. RESULTS AND DISCUSSION  ...............................................................  26 

7.1 TAL-derived Co-N-C electrocatalysts  ...............................................  26 
7.1.1 Morphology and composition of TAL-derived Co-N-C 

catalysts  ....................................................................................  26 
7.1.2 Electrocatalytic activity of TAL-derived Co-N-C catalysts  ......  31 

7.2 TAL-derived CoMn-N-C electrocatalysts  ..........................................  33 
7.2.1 Morphology and composition of TAL-derived CoMn-N-C 

catalysts  ....................................................................................  33 
7.2.2 Electrocatalytic activity of TAL-derived CoMn-N-C catalysts   36 

7.3 TAL-derived Zn-N-C electrocatalysts  ................................................  39 
7.3.1 Morphology and composition of TAL-derived Zn-N-C 

catalysts  ....................................................................................  39 
7.3.2 Electrocatalytic activity of TAL-derived Zn-N-C catalysts  ......  43 



6  

8. SUMMARY  ..............................................................................................  47 
9. REFERENCES  ..........................................................................................  48 
10. SUMMARY IN ESTONIAN  ..................................................................  62 
11. ACKNOWLEDGEMENTS  ....................................................................  63 
PUBLICATIONS  ..........................................................................................  65 
CURRICULUM VITAE  ...............................................................................  105 
ELULOOKIRJELDUS  ..................................................................................  107 
 
  



7  

1. LIST OF ORIGINAL PUBLICATIONS 

This thesis consists of three original articles listed below. The articles are 
referred to in the text by Roman numerals I–III. 

 
I. G. Yusibova, K. Ping, M. Käärik, J. Leis, J. Aruväli, K. Šmits, T. Käämbre, 

V. Kisand, Y. Karpichev, K. Tammeveski, N. Kongi, Optimizing post-
treatment strategies for enhanced oxygen reduction/evolution activity in 
Co–N–C electrocatalyst, International Journal of Hydrogen Energy 82 
(2024) 398–406. https://doi.org/10.1016/j.ijhydene.2024.07.388. 

 
II. G. Yusibova, J.-M. Assafrei, K. Ping, J. Aruväli, P. Paiste, M. Käärik, J. 

Leis, H.-M. Piirsoo, A. Tamm, A. Kikas, V. Kisand, P. Starkov, N. Kongi, 
Bimetallic metal-organic-framework-derived porous cobalt manganese 
oxide bifunctional oxygen electrocatalyst, Journal of Electroanalytical 
Chemistry 930 (2023) 117161. https://doi.org/10.1016/j.jelechem.2023. 
117161. 

 
III. G. Yusibova, J.C. Douglin, I. Vetik, J. Pozdnjakova, K. Ping, J. Aruväli, 

A. Kikas, V. Kisand, M. Käärik, J. Leis, T. Kaljuvee, P. Paaver, S. Oras, 
Ł. Ciupiński, T. Plocinski, M. Konuhova, A.I. Popov, D.R. Dekel, V. 
Ivaništšev, N. Kongi, Pyrolytic Transformation of Zn-TAL Metal–Organic 
Framework into Hollow Zn–N–C Spheres for Improved Oxygen Reduc-
tion Reaction Catalysis, ACS Omega 10 (2025) 15280–15291. https://doi. 
org/10.1021/acsomega.4c11318. 

 
Author’s contribution 
Article I    The author was responsible for doing electrochemical     experiments. 

The author was responsible for the interpretation of all testing results 
and data analysis and was primarily responsible for writing the 
manuscript. 

Article II  The author was responsible for doing electrochemical experiments. 
The author was responsible for the interpretation of all testing results 
and data analysis and was primarily responsible for writing the 
manuscript. 

Article III  The author was responsible for doing electrochemical experiments. 
The author was responsible for the interpretation of all testing results 
and data analysis and was primarily responsible for writing the 
manuscript. 
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2. ABBREVIATIONS AND SYMBOLS 
 

AEM adsorbate evolution mechanism 
AEMFC anion exchange membrane fuel cell 
APS average pore size 
BET Brunauer-Emmett-Teller 
Cdl double-layer capacitance 
Csp specific capacity 
CV cyclic voltammetry 
E0 standard potential 
E1/2 half-wave potential 
ΔE potential gap 
EDX energy-dispersive X-ray spectroscopy 
EES electrochemical energy storage 
Ej=10 potential at 10 mA cm-2 
Eon onset potential 
ESCA electrochemically accessible surface area 
FC fuel cell 
GC glassy carbon 
HAADF high-angle annular dark field 
j current density 
jk kinetic current density 
jd diffusion-limited current density 
K-L Koutecky-Levich 
LOM lattice oxygen-mediated mechanism 
LSV linear sweep voltammetry 
MAB metal-air battery 
M-N-C metal-nitrogen-carbon 
M-Nx metal-coordinated to nitrogen  
MOF metal-organic framework 
MP-AES microwave plasma atomic emission spectroscopy 
n number of electrons transferred per O2 molecule 
η overpotential 
OCV open circuit voltage 
OER oxygen evolution reaction 
ORR oxygen reduction reaction 
PEM proton exchange membrane 
PGMs platinum-group metals 
Pmax peak power density 
PSD pore size distribution  
PXRD powder X-ray diffraction  
RDE rotating disk electrode 
RHE reversible hydrogen electrode 
SBET BET surface area 
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Sdft specific surface area 
SEM scanning electron microscopy 
SHE standard hydrogen electrode 
s-NMR solid-state nuclear magnetic resonance  
STEM scanning transmission electron microscopy  
TAL TalTech–UniTartu Alliance Laboratory 
TGA thermogravimetric analysis 
TGA-DTA thermogravimetric – differential thermal analysis 
Vµ micropore volume 
Vmeso mesopore volume 
Vtot total pore volume 
XPS X-ray photoelectron spectroscopy 
ZAB zinc-air battery 
ZIF zeolitic imidazolate framework 
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3. INTRODUCTION 

The development of renewable energy storage and conversion technologies has 
become increasingly important because of their environmental impact, the deple-
tion of fossil fuels, and rising energy costs. According to the International Energy 
Agency, global energy consumption is growing by about 1% annually [1,2], with 
the transportation area appear as the largest consumer. Despite this, fossil fuels 
still dominate transportation energy use. Since renewables like solar and wind are 
intermittent, efficient energy storage systems are essential [3]. 

Fuel cells (FCs) and metal-air batteries (MABs) are leading alternatives due 
to their high efficiency and sustainability [4,5]. Storing excess renewable energy 
using hydrogen (H2) as an energy carrier, later converted into electricity by FCs, 
is a promising approach. FCs also benefit from quick refueling compared to tradi-
tional batteries. Anion-exchange membrane fuel cells (AEMFCs) are especially 
attractive because of their ability to use non-precious metal catalysts, reducing 
costs compared to proton-exchange membrane counterparts that require platinum 
as a catalyst [4,6,7]. 

Zinc-air batteries (ZABs) offer high energy density (1086 Wh kg-1), low cost, 
as well as improved safety over lithium-ion batteries [8]. Critical to FCs and 
ZABs are the oxygen reduction reaction (ORR) and oxygen evolution reaction 
(OER) [9], due to their slow kinetics and high overpotentials, which decreases 
efficiency [10,11]. While platinum-group metal (PGM) catalysts enhance these 
reactions [12,13], their high cost and limited availability pose challenges for 
widespread use. 

Transition metal-nitrogen-carbon (M-N-C) materials are widely used as oxygen 
electrocatalysts due to their porous structure, high electrical conductivity and 
electrocatalytic activity [14,15]. High-performance M-N-C catalysts exhibit well-
dispersed single-atom sites, various nitrogen moieties, and high specific surface 
area [10,16,17]. They are typically synthesized via pyrolysis of transition metal, 
nitrogen, and carbon precursors, followed by heat-treatment and acid leaching to 
enhance active site exposure and improve mass transport [8,18,19]. The M-Nx 
sites within the carbon matrix are considered as active sites for ORR, with the 
carbon aiding high surface area and electron transfer during ORR and OER 
[14,20,21]. Metal-organic frameworks (MOFs), with their tunable structure and 
high nitrogen content, serve as effective precursors for M-N-C catalysts [22–24]. 

In this work, we focus on a novel class of MOFs developed within our research 
group, known as TAL, which stands for TalTech–UniTartu Alliance Laboratory. 
These materials were specifically designed to serve as tunable and multi-
functional precursors for the preparation of electrocatalysts. The TAL series of 
MOFs incorporate different metal centers and organic linkers, enabling precise 
control over their structural, electronic, and porosity characteristics. This thesis 
systematically investigates the synthesis routes, compositional variations, and 
post-synthetic modification strategies applied to TAL MOFs, with the goal of 
understanding how these parameters influence their transformation into active M-

https://www.zotero.org/google-docs/?NGQtR1
https://www.zotero.org/google-docs/?NJAPmx
https://www.zotero.org/google-docs/?BMfkwo
https://www.zotero.org/google-docs/?hbwzmJ
https://www.zotero.org/google-docs/?r9Erjz
https://www.zotero.org/google-docs/?QglUNT
https://www.zotero.org/google-docs/?achlr5
https://www.zotero.org/google-docs/?0G3lF2
https://www.zotero.org/google-docs/?SLM3K7
https://www.zotero.org/google-docs/?mkIEXB
https://www.zotero.org/google-docs/?zH4fAW
https://www.zotero.org/google-docs/?6NyiJj
https://www.zotero.org/google-docs/?z9ZRHg
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N-C electrocatalysts. Special emphasis is placed on evaluating the electro-
catalytic performance of TAL-derived catalyst materials in ORR and OER. We 
explore the impact of different metal centers (e.g., Co, Mn, Zn) and their com-
binations on the structure-activity relationship, and assess how pyrolysis tem-
perature and post-synthetic treatment conditions affect the final catalyst morpho-
logy, porosity, and active site distribution. This work demonstrates that TAL 
MOFs provide a robust and versatile platform for designing high-performance, 
PGM-free electrocatalysts. Through careful optimization of synthesis and post-
treatment conditions, several TAL-derived catalysts were found to exhibit 
competitive electrocatalytic activity and stability compared to commercial bench-
marks. By integrating various physicochemical and electrochemical characteriza-
tion techniques, this study provides insights into the structural evolution of TAL 
MOFs during pyrolysis and the mechanisms that drive their electrocatalytic 
behavior. 
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4. LITERATURE OVERVIEW 

4.1 Clean energy technologies 
The main issue of the modern world is how to meet the quickly rising global 
energy demands in a manner that is environmentally sustainable. As populations 
grow and economies develop, the global demand for energy continues to increase, 
putting lots of pressure on the existing energy technologies. Conventionally, this 
demand has been met mainly through the usage of fossil fuels such as oil, natural 
gas, and coal. Although these resources have played an important role in ad-
vancing industrialization and improving quality of life, their extraction and com-
bustion have led to severe environmental consequences [25]. These include 
greenhouse gas emissions, air and water pollution, and ecological degradation, 
all of which contribute to climate change and public health risks. 

There is a clear and urgent need to shift the global energy paradigm away from 
fossil fuels toward more sustainable and clean energy alternatives. Transitioning 
to renewable power sources such as hydropower, wind, and solar is essential to 
reduce our environmental footprint, while supporting long-term economic growth. 
One of the most promising approaches within this transition is the development 
of hydrogen-based energy systems. Hydrogen energy technologies, particularly 
hydrogen fuel cells and water electrolyzers, offer a clean and efficient way to 
generate power, as their only by-product is water [26]. These systems have the 
potential to play an important role in decarbonizing sectors such as industry, 
power generation, and transportation. 

Together with hydrogen FCs, clean electrochemical energy storage techno-
logies like metal-air batteries are also gaining attention. MABs rely on metal 
oxidation reactions with oxygen from the air and can offer high energy densities 
and long runtimes, making them suitable for grid storage and electric vehicles. 
FCs and MABs are promising in the pursuit of a sustainable energy future. 
 

4.2 Oxygen electrocatalysis 
The electrochemical reduction of oxygen is a vital reaction with broad importance 
[27]. In addition to its central role in energy production through zinc–air batteries 
and fuel cells, it also supports biological respiration, which is essential for life. 
Under alkaline conditions, the ORR can proceed via two different pathways. One 
of these is the direct 4-electron pathway [27]: 
 
O2 + 2H2O + 4e- →  4O H -   E0 = 0.401 V   (1) 
 
or 2-electron pathway: 
 
O2 + H2O + 2e- →  H O 2

- + OH-  E0 = -0.065 V   (2) 
HO2

- + H2O + 2e- →  3O H -   E0 = 0.867 V,    (3) 

https://www.zotero.org/google-docs/?qtaTr1
https://www.zotero.org/google-docs/?wIBgBN
https://www.zotero.org/google-docs/?eBtvXq
https://www.zotero.org/google-docs/?O3ObXj
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where all standard potential (E0) values are referenced to the standard hydrogen 
electrode (SHE) at 25 °C. 

The ORR is a key process in fuel cells, occurring at the cathode where oxygen 
reacts with protons and electrons to generate water (H2O) [28]. The ORR effi-
ciency greatly affects fuel cell performance, as faster kinetics help to maintain 
high voltage output [10]. However, sluggish ORR kinetics and the formation of 
hydroperoxide (HO2

-) anions can cause voltage losses and reduce efficiency [29]. 
In alkaline media, adsorbed OH- ions hinder O2 chemisorption [30], often 

leading to an outer-sphere pathway where O2 is reduced to superoxide (O2
-) anion 

[31]. This allows for greater flexibility in catalyst design, enabling broader use of 
non-PGMs in alkaline systems compared to acidic ones [32,33]. Improving the 
ORR electrocatalytic activity remains essential for advancing fuel cell techno-
logies toward cleaner and more sustainable applications. 

The oxygen evolution reaction (OER) typically follows two pathways: the ad-
sorbate evolution mechanism (AEM) and the lattice oxygen-mediated mechanism 
(LOM) [33], as shown in Figure 1a and b. In the AEM, the process starts with the 
adsorption of a water molecule onto a metal (M) site, forming OH* through a one-
electron oxidation [34]. This OH* then undergoes proton-electron transfer to form 
O*. Next, an O-O bond forms, producing HOO*, which is oxidized in the final 
step, releasing O2 and regenerating the metal site [33]. 

 

 
Figure 1. Oxygen evolution reaction mechanisms: (a) conventional adsorbate evolution 
mechanism, (b) lattice oxygen release mechanism [35]. 

 
The scaling relations of intermediates in the adsorbate evolution mechanism 
limits OER, with a theoretical overpotential of 0.37 V [33]. In contrast, the lattice-
oxygen-mediated mechanism, where lattice oxygen participates directly, was first 
proposed by Damjanovic and Jovanovic in 1976 [36] and later expanded by 
Binninger et al. in 2015 [37]. In this pathway, O* interacts with lattice oxygen to 
release O2, creating an oxygen vacancy, which is refilled by OH- ions from the 
solution. This mechanism avoids the scaling limitation seen in the adsorbate 
evolution pathway, as HOO* does not form [37]. 

https://www.zotero.org/google-docs/?NYtwue
https://www.zotero.org/google-docs/?WqOxo3
https://www.zotero.org/google-docs/?Jx5V7U
https://www.zotero.org/google-docs/?b6IJhh
https://www.zotero.org/google-docs/?QXMsZX
https://www.zotero.org/google-docs/?u2LBn2
https://www.zotero.org/google-docs/?nSRCO0
https://www.zotero.org/google-docs/?AvSeaC
https://www.zotero.org/google-docs/?YPJGlP
https://www.zotero.org/google-docs/?93V9YU
https://www.zotero.org/google-docs/?QtqBAh
https://www.zotero.org/google-docs/?kvZGi4
https://www.zotero.org/google-docs/?QW2aZi
https://www.zotero.org/google-docs/?UVodBQ
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4.3 Fuel cells  
A fuel cell is a device that directly converts the chemical energy stored in fuel 
into electrical energy. Various types of fuel cells exist, with particular emphasis 
on the H2/O2-fed FC due to its advantages, including low operating temperature 
and a high energy-to-weight ratio [38]. Among hydrogen fuel cells, the proton 
exchange membrane fuel cell (PEMFC) has been highly investigated for decades 
and is generally preferred over the AEMFC [39]. At present, PEMFC technology 
is well established, whereas AEMFCs still require further advancements [40–42]. 
The superior diffusivity of protons (H+) compared to hydroxide ions (OH-) grants 
PEMFCs an edge in achieving higher ionic conductivity [38]. However, despite 
utilizing noble metal-based catalysts, PEMFCs face durability challenges due to 
their acidic environment [43]. 

Conversely, AEMFCs function in an alkaline medium, which allows for the 
use of lower cost, non-noble metal and also metal-free catalysts [4,9]. Research 
has shown that catalyst deactivation, especially due to hydrogen peroxide (H2O2) 
formation, is more significant in acidic conditions than in alkaline ones [44]. Ad-
ditionally, unlike proton exchange membranes (PEMs), anion exchange mem-
branes can be prepared without relying on expensive and hazardous fluorinated 
compounds [45]. The ORR also benefits from more favorable electrochemical 
kinetics in alkaline conditions, reducing the necessity for high catalyst loading 
[46]. Also, the less corrosive nature of alkaline environments broadens the range 
of viable non-noble metal electrocatalysts [47,48]. These combined benefits po-
sition AEMFCs as an attractive alternative for different energy applications, of-
fering an inexpensive, efficient, and green solution in the fuel cell technology 
[4,10,38,45]. 

In an AEMFC, hydrogen (H2) is introduced at the anode, while oxygen (O2) 
is supplied at the cathode. A schematic illustration of an AEMFC is shown in 
Figure 2. Electrochemical reactions take place at the triple-phase boundaries in 
fuel cells. In the presence of water, oxygen at the cathode undergoes reduction, 
generating hydroxide ions (OH-), which migrate through the membrane to the 
anode, where they react with hydrogen to form water. This process results in 
water consumption at the cathode while simultaneously producing water at the 
anode. Consequently, effective water management is essential to prevent cathode 
dehydration and anode flooding [49]. 

During the redox reaction, electrons produced at the anode are collected by 
current collectors and transported to the cathode through external circuits. The 
membrane is specifically designed to facilitate the selective transport of OH- ions. 
Although AEMFCs are now growing in popularity and hold promise for commer-
cialization, this was not the case just a few years ago, as their performance was 
considerably inferior to that of PEMFCs. The significant enhancement in 
AEMFC performance can be attributed to several key factors: (i) the development 
of improved anion exchange membranes, (ii) modifications in operational strate-
gies, and (iii) advancements in catalyst materials [50]. 

 

https://www.zotero.org/google-docs/?SGHZhU
https://www.zotero.org/google-docs/?I5FDfm
https://www.zotero.org/google-docs/?PuV405
https://www.zotero.org/google-docs/?yPwLCD
https://www.zotero.org/google-docs/?6lx1ca
https://www.zotero.org/google-docs/?CRuzq0
https://www.zotero.org/google-docs/?6jcDSN
https://www.zotero.org/google-docs/?L6rvow
https://www.zotero.org/google-docs/?F88K7f
https://www.zotero.org/google-docs/?fGgYJj
https://www.zotero.org/google-docs/?dVrBM0
https://www.zotero.org/google-docs/?5twvZi
https://www.zotero.org/google-docs/?IQfHJj
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Figure 2. Diagram of the AEMFC along with a depiction of water movement [42]. 

 
4.4 Zinc-air batteries 

Since the 19th century, metal-air batteries have seen significant advancements 
[51]. The Zn-air battery (ZAB) was commercialized soon after carbon-based gas 
diffusion electrodes were introduced [52], initially for hearing aids and later for 
energy storage applications [53]. Despite extensive research, ZABs still encoun-
ter low power density, limited stability, and low discharge voltage plateaus be-
cause of high overpotential at the air electrode, caused by sluggish ORR and OER 
kinetics [54]. Developing a low-cost bifunctional ORR/OER catalyst is important 
to improving ZAB performance [11], demanding active sites for both reactions. 
OER is constrained by HOO* and O* formation, while ORR is limited by OH* 
and O2 reduction steps [32]. 

Structurally, ZABs consist of an anode, electrolyte, and cathode (Figure 3). 
During discharge, O2 diffuses to the cathode, at which proceeds the ORR (Eq. 4) 
generating OH⁻. When charging, OER occurs (Eq. 5), supplying electrons for 
Zn2+ reduction. At the anode, Zn reacts with OH-, forming zincate ions (Zn(OH)4

2-) 
and releasing electrons (Eq. 6). Zn(OH)4

2- then decomposes into ZnO (Eq. 7), 
which is reduced back to Zn during charging (reverse of Eq. 8). Ion transport is 
facilitated by the electrolyte, while the ORR and OER kinetics at the cathode 
determine the ZAB efficiency and stability. Due to slow reaction kinetics, highly 
active and durable bifunctional electrocatalysts are essential to enhance perfor-
mance, stability, and recyclability [55]. 

 

https://www.zotero.org/google-docs/?VfMj5z
https://www.zotero.org/google-docs/?VJVJch
https://www.zotero.org/google-docs/?40eoKN
https://www.zotero.org/google-docs/?d65fNl
https://www.zotero.org/google-docs/?9uV1SO
https://www.zotero.org/google-docs/?G7RXDQ
https://www.zotero.org/google-docs/?HiUBqk
https://www.zotero.org/google-docs/?cVTzJL
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Figure 3. Schematic diagram of ZAB [56]. 

 
Cathode discharge:  
 

O2 + 2H2O + 4e- �  4O H -     (4) 
 
Cathode charge:  
 

4OH- �  O 2 + 2H2O + 4e-     (5) 
 
Anode:  
 

Zn + 4OH- �  Z n(O H )4
2- + 2e-     (6) 

Zn(OH)4
2- �  Z nO  + H 2O + 2OH-    (7) 

 
Overall: 2Zn + O2 �  2Z nO       (8) 
 
In ZABs, Zn dendrite formation, cathode flooding, and electrolyte evaporation 
are key issues, but the primary challenge is the sluggish ORR and OER kinetics, 
affecting the ZAB efficiency and stability [57]. Understanding their pathways is 
crucial, as the ORR in alkaline conditions follows two distinct pathways [58]. 
 

 
 
 
 
 
 
 

https://www.zotero.org/google-docs/?8rATBU
https://www.zotero.org/google-docs/?bpBpbV
https://www.zotero.org/google-docs/?A0aRrV
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4.5 Bifunctional M-N-C electrocatalysts for ZABs 
Currently, state-of-the-art catalysts mainly rely on PGMs for high ORR and OER 
activity [59]. While effective, PGMs face challenges due to high cost, scarcity, 
and limited durability, restricting their large-scale use in energy storage and 
conversion systems. As alternatives, non-PGM catalysts have gained significant 
attention [60]. Among them, transition metal-nitrogen-doped carbon catalysts 
appear as distinctive, offering comparable ORR/OER performance and high 
electrochemical stability [61,62]. They are also more affordable, using abundant 
metal, nitrogen, and carbon sources [63] This versatility enables tailored design 
through careful selection of precursors, optimized synthesis method, and post-
treatment to enhance performance [63]. 

The ORR activity of M-N-C catalysts originates from the synergy of different 
active sites, mainly (i) nitrogen-coordinated transition metal (M-Nx) centers 
[48,64,65] and (ii) nitrogen functional groups like pyridinic-N and pyrrolic-N 
[66,67]. M-Nx sites enhance O–O bond cleavage through metal centers inter-
acting with O2’s π*-orbitals via empty dz2 orbitals [68], with electrocatalytic 
activity following Fe2+ > Co2+ > Mn2+ > Cu2+ [69]. 

 
 

4.6 M-N-C electrocatalysts for AEMFC  
The ORR in alkaline media is more complex than in acidic conditions due to both 
inner- and outer-sphere electron transfer reactions [31]. However, this complexity 
allows a wider range of non-precious metal catalysts to effectively catalyze the 
ORR. M-N-C catalysts (M = Fe, Co, Mn, Cu) have demonstrated superior ORR 
activity in alkaline environments compared to acidic ones [9,70]. 

The peak power density (Pmax) of AEMFCs using Fe-N-C cathode catalysts 
has significantly improved, increasing from 0.107 W cm-2 in 2015 to 1.44 W cm-2 
in 2020 [4,71]. Ren et al. found that altering Fe-N-C cathode layer thickness 
affects Pmax, ranging from 0.287 to 0.450 W cm-2 as catalyst loading increased 
from 1 to 2 mg cm-2, respectively [72]. Khan et al. developed Cr and Mn-based 
catalysts, achieving a Pmax of 309 mW cm-2 and a current density of 610 mA cm-2 
in AEMFCs [73]. Lilloja et al. synthesized a CoFe-N-CDC/CNT catalyst, which 
reached an impressive Pmax of 1120 mW cm-2 [74]. Woo et al. used a silica 
coating-mediated approach to create Fe and N co-doped carbon catalysts, with 
the Fe-S-Phen-CNT catalyst attaining a Pmax of 635 mW cm-2 [75]. 

No single transition metal-based catalyst stands out as the best for AEMFCs; 
however, several bimetallic catalysts have demonstrated impressive fuel cell per-
formance. It is important to consider that, in addition to choosing the anion ex-
change membrane, factors such as the preparation of the membrane-electrode as-
sembly and different test conditions, like gas flow rates, backpressure, gas hu-
midity, and fuel cell temperature, have a significant impact on the AEMFC per-
formance [76]. 
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4.7 MOF-derived M-N-C electrocatalysts 

Various innovative methods for designing highly dispersed active site catalysts 
for bifunctional applications have been explored. Among these, MOF-derived M-
N-C catalysts offer tunable functionalities, diverse morphologies, and promising 
chemical and mechanical stabilities [77–79]. MOFs serve as precursors for M-N-
C catalysts, allowing for tailored pore structure and providing a higher density of 
active sites and improved mass transfer [80–82]. Recent simulations and experi-
ments offer that introducing a secondary transition metal can improve bifunc-
tional electrocatalytic performance by modifying the coordination environment 
of active centers on the catalyst surface [83–85]. However, achieving precise 
control over synthesis remains challenging due to complex chemical and morpho-
logical changes during MOF pyrolysis [15]. Latest investigations have begun 
exploring the relationship between pyrolysis temperature and catalyst properties. 
Huang et al. studied the evolution of ZIF-8 and ZIF-67 into catalyst materials, 
finding that metallic particle formation impacted active site density and electro-
catalytic performance [86]. Xia et al. noted that carbon materials derived from 
ZIFs at high temperatures (≥900 °C) can retain significant Zn-Nx moieties [87]. 
Further research is needed to improve control and consistency in catalyst per-
formance [63,88,89]. 

Compared to iron and cobalt, manganese-based electrocatalysts show lower 
ORR and OER activity [90], but manganese aids in the graphitization of carbon-
based catalysts, enhancing stability and corrosion resistance [91–93], and it also 
alters dioxygen adsorption kinetics [94]. Manganese has several advantages, in-
cluding low toxicity, environmental friendliness, low cost, and high abundance 
in natural ores [91,95]. To improve the ORR/OER kinetics on manganese, second 
transition metals can be used for doping or co-doping M-N-C catalysts [96–98]. 
Recently, Chen et al. showed that intercalating Co ions into the interlayer of d-
MnO2 significantly boosts bifunctional oxygen electrocatalytic activity and sta-
bility [96]. Lu and al. pyrolyzed a Co/Mn bimetallic MOF (Co/Mn-MIL-100), 
creating a synergetic heterostructure of MnO/Co/porous graphitic carbon with 
promising bifunctional oxygen electrocatalysis performance [99]. Liu et al. 
linked the high efficiency of cobalt–manganese mixed oxide-based bifunctional 
electrocatalysts to the synergistic effect between non-spinel CoO and MnO [100]. 
Sugawara et al. studied how metal coordination fashion influences ORR/OER 
activities among different Co-Mn bimetallic oxides, confirming that layer-type 
Co-Mn oxides show the highest ORR/OER-specific activities [101]. 

Additionally, Zn-based M-N-C electrocatalysts are notably resistant to 
Fenton-like reactions, which helps them maintain strong durability in challenging 
conditions [102]. Ye et al. synthesized nitrogen-doped carbon from Zn-MOF-74 
pyrolyzed at 1000 °C, achieving an ORR onset potential of 1.02 V and a half-
wave potential (E1/2) value 0.90 V [103]. Furthermore, ZIF-8 has been utilized as 
a template for creating core-shell ZIF-8@ZIF-67 structures, resulting in the for-
mation of cobalt nanoparticles, as reported by Pan and Liu [104,105]. 
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5. AIM OF THE STUDY 

The primary objective of this PhD thesis was to prepare and evaluate novel 
TAL-derived M-N-C electrocatalysts for their potential application as electrode 
materials in anion-exchange membrane fuel cells and zinc–air batteries. A key 
aim was to identify relationships between synthesis strategies, material struc-
tures, and electrocatalytic performance. The thesis is organized into five main 
sections: 

1. Synthesis of a range of M-N-C materials, including cobalt, zinc, man-
ganese and bimetallic cobalt-manganese materials, derived from TAL 
metal–organic framework precursors. 

2. Thorough physicochemical and electrochemical characterization of the 
synthesized materials in order to study their structural, morphological, 
and electronic properties relevant to electrocatalysis. 

3. Optimization of the pyrolysis and acid-leaching protocols, with the 
goal of enhancing the exposure of active sites and improving the over-
all performance of the catalysts. 

4. Evaluation of the oxygen reduction reaction and oxygen evolution re-
action activities of the developed materials in practical electrochemical 
energy systems, specifically in zinc-air battery and anion-exchange 
membrane fuel cell. 

5. Establish clear structure-activity relationships that contribute to a 
deeper understanding of the factors influencing the electrocatalytic per-
formance of the catalyst materials. 
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6. EXPERIMENTAL 

6.1 Materials and equipment 
The following reagents were used as received without further purification: 
cobalt(II) chloride hexahydrate (CoCl2·6H2O), 1H-benzo[d]imidazole-5,6-diol, 
aqueous ammonia solution (NH3), N,N-dimethylformamide (DMF), ethanol 
(EtOH), isopropanol (C3H7OH), zinc chloride (ZnCl2), manganese(II) chloride 
tetrahydrate (MnCl2·4H2O), nitric acid (HNO3), sulfuric acid (H2SO4), hydro-
chloric acid (HCl), and a nitric–sulfuric acid mixture (HNO3 + H2SO4). Ultrapure 
water (18.2 MΩ·cm), obtained from a Milli-Q purification system (Millipore, 
Inc.), was used in the preparation of all aqueous solutions. Where specified, 
deionized water was also used. A tubular furnace (Carbolite Gero EST 12/300B) 
was employed to carry out the post-synthetic pyrolysis of synthesized materials. 
 
 

6.2 Synthesis 
1H-Benzo[d]imidazole-5,6-diol ligand was synthesized following a previously 
reported method [106–108]. Specifically, 1H-benzo[d]imidazole-5,6-diol (7.79 g, 
43.7 mmol, 1.0 equivalent) was added to 48% HBr solution (50 mL) and stirred 
at 120 °C. After 4 h, the reaction mixture was cooled to 0 °C, and the resulting 
precipitate was collected, washed with petroleum ether, and dried to yield a color-
less solid (4.59 g, 30.6 mmol, 70%). (1 H NMR (400 MHz, dimethyl sulfoxide 
(DMSO)) δ 9.75 (s, 2H), 9.25 (s, 1H), 7.12 (s, 2H). 13C NMR (100 MHz, DMSO) 
δ 146.4, 136.9, 123.7, 98.4).  
 

6.2.1 Synthesis of TAL-derived Co-N-C catalysts 

Co-700Lx, Co-800Lx, Co-900Lx, and Co-1000Lx (x = 1 … 8): CoCl2·6H2O 
(3.96 g, 16.64 mmol, 1.0 equivalent) was added to a solution of 1H-benzo-
[d]imidazole-5,6-diol (5.00 g, 33.30 mmol, 2.0 equivalents) in a solvent mixture 
containing 25% aqueous ammonia, dimethylformamide, ethanol, and water 
(4:10:10:15 volume ratio). The reaction mixture was stirred at room temperature 
for 24 h, then filtered and dried, yielding 6.28 g of TAL-2 precursor material. 
TAL-2 underwent post-synthetic modification via flash pyrolysis under a nitrogen 
atmosphere for 2 h at four different temperatures: 700, 800, 900, and 1000 °C. The 
resulting pyrolyzed samples (Co-700, Co-800, Co-900, and Co-1000) were then 
subjected to acid leaching using eight different protocols, all employing 0.5 M 
acid solutions. Specifically, the samples were treated with 0.5 M nitric acid, 
sulfuric acid, hydrochloric acid, or a combination of nitric and sulfuric acids. 
These suspensions were stirred under two sets of conditions: 5 h at 80 °C (L1-
L4) and 8 h at 50 °C (L5-L8). After acid leaching, the samples were filtered and 
re-pyrolyzed under an inert atmosphere for 2 h at the same temperature. For 
comparison, control samples (Co-700, Co-800, Co-900, and Co-1000) were left 
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untreated. This post-treatment process generated 36 distinct Co–N–C catalyst 
samples, each exhibiting unique properties (Figure 4). 
 

 
Figure 4. Preparation of TAL-2-derived Co-N-C catalyst materials [109]. 

 

6.2.2 Synthesis of TAL-derived CoMn-N-C catalysts 

TAL-4, a manganese-based MOF, was synthesized by adding MnCl2·4H2O  
(20.2 mmol, 1.0 equivalent) to a solution of 1H-benzo[d]imidazole-5,6-diol  
(40.4 mmol, 2.0 equivalents) in a 25% aqueous mixture of NH3, DMF, ethanol, 
and water (4:10:10:15; 50 mL). The mixture was stirred at room temperature for 
24 h, then filtered, washed with ethanol, and dried overnight at 60 °C. 

TAL-42, a mixed-metal Mn/Co-based MOF, was prepared by adding 
MnCl2·4H2O (10.1 mmol, 1.0 equivalent) and CoCl2·6H2O (10.1 mmol, 1.0 equi-
valent) to a similar solution containing 1H-benzo[d]imidazole-5,6-diol (41.4 mmol, 
4.0 equivalents). The reaction mixture was stirred at room temperature for 24 h, 
followed by filtration, ethanol washing, and drying overnight at 60 °C.  

TAL-4/TAL-2 was synthesized by mixing of TAL-4 with the previously 
reported cobalt-based MOF TAL-2 [108] and sonicated in isopropanol for 2 h. 
The resulting mixture was then dried overnight at 60 °C. All three MOFs (TAL-
4, TAL-42, and TAL-4/TAL-2) were subjected to pyrolysis at 900 °C under a 
nitrogen atmosphere for 2 h, with rapid heating and cooling. The pyrolyzed 
materials were then acid-etched in 0.5 M H2SO4 by stirring for 8 h at 50 °C. After 
filtration, the samples underwent a second pyrolysis step at 900 °C under nitrogen 
for 2 h. The final catalyst powders were labeled as TAL-4-900, TAL-42-900, and 
TAL-4/TAL-2-900, respectively. 

 
6.2.3 Synthesis of TAL-derived Zn-N-C catalysts 

The Zn-TAL MOF was synthesized by dissolving ZnCl2 (1.38 g, 10.1 mmol,  
0.5 equivalent) in a solution of 1H-benzo[d]imidazole-5,6-diol (3.0 g, 20.2 mmol, 
2.0 equivalents) in a solvent mixture of 25% aqueous NH3, dimethylformamide 
(DMF), ethanol, and water (4:10:10:15; 50 mL). The mixture was stirred at room 
temperature for 24 h, after which the solid product was filtered, washed with 
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ethanol, and dried at 60 °C for 12 h. The dried Zn-TAL was then subjected to 
pyrolysis under a nitrogen atmosphere for 1 h at four different temperatures (700, 
800, 900, and 1000 °C) with a heating rate of 20 °C min-1. The pyrolyzed samples 
were subsequently acid etched using 3 M HCl for 12 h at room temperature to 
remove residual zinc and generate hollow, porous structures. However, acid treat-
ment can introduce Cl- ions and other residual species into the carbon matrix, 
potentially influencing catalyst stability and performance [109]. To eliminate 
these residues and further enhance material properties, the etched materials 
underwent a second pyrolysis step (re-pyrolysis). This additional treatment en-
sured complete acid removal, promoted structural reorganization, improved con-
ductivity, optimized nitrogen coordination, and stabilized active sites [110,111]. 
Following this process, the acid-etched materials were filtered, washed with 
deionized water, and re-pyrolyzed. The final Zn-N-C catalyst powders were 
designated as Zn-TAL-700, Zn-TAL-800, Zn-TAL-900, and Zn-TAL-1000, 
corresponding to their respective pyrolysis temperatures. 
 
 

6.3 Physical characterization 

6.3.1 Nitrogen physisorption measurements 

Low-temperature N2 adsorption analysis was conducted using a NOVAtouch 
LX2 (Quantachrome Instruments) to evaluate the textural properties of the pre-
pared materials, including BET surface area (SBET), total pore volume (Vₜₒₜ), specific 
surface area (SDFT), micropore volume (Vμ), and pore size distribution (PSD). Be-
fore measurement, all samples were degassed under vacuum at 300 °C for 12 h. 
  

6.3.2 Powder X-Ray Diffraction (PXRD) analysis 

Powder X-ray diffraction (PXRD) analysis was conducted using a Bruker D8 Ad-
vance diffractometer equipped with a Ni-filtered Cu Kα radiation source and a 
LynxEye line detector. The catalysts were examined in a 2θ range of 3° to 93°, 
with a scanning step size of 0.013° 2θ and a counting time of 356 seconds per 
step. 
  

6.3.3 X-Ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) analysis was performed using a PHI-
TFA XPS spectrometer (Physical Electronics, Inc.), equipped with a mono-
chromatic Al Kα X-ray source under high vacuum (10-9 mbar). Narrow multiplex 
scans of the peaks were acquired with a pass energy of 23.5 eV, a step size of 
0.25 eV, and a take-off angle of 45° relative to the sample surface. To neutralize 
surface charge, a low-energy electron gun was utilized. The collected spectra 
were analyzed using Multipak v8.0 (Physical Electronics, Inc., Chanhassen, MN, 
USA). 
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6.3.4 Microwave Plasma Atomic Emission Spectroscopy (MP-AES) 

Microwave plasma–atomic emission spectroscopy (MP-AES) analysis was 
conducted using an Agilent 4210 MP-AES. The analytical wavelengths were set 
to 371.993 nm for Fe and 340.512 nm for Co. Catalyst samples (10 mg) were 
digested in a microwave system (Anton Paar Multiwave PRO) using a mixture of 
2 mL H2O2 and 4 mL HNO3 in NXF100 vessels (PTFE/TFM liner) at 230 °C 
under pressures ranging from 45 to 50 bar. The digested samples were then 
diluted with 2% HNO3 to achieve a metal concentration of 5 mg L-1. 
  

6.3.5 Scanning Transmission Electron Microscopy (STEM) 

A double-corrected and monochromated Themis Z scanning transmission 
electron microscope (STEM) (ThermoFisher Scientific-TFS) was used for 
imaging, operating at 300 kV in high-angle annular dark-field (HAADF) STEM 
mode. The beam convergence angle was approximately 24.0 mrad, and a probe 
current of 50 pA was applied for STEM imaging. Energy-dispersive X-ray 
spectroscopy (STEM-EDS) mapping was performed using a Dual X EDS system 
(Bruker) with two large-area detectors, covering 1.76 steradians, and utilizing a 
probe current of 100 pA for over one hour. Data acquisition and analysis were 
carried out using Velox software. 
  

6.3.6 Thermogravimetric analysis (TGA) 

Thermogravimetric–Differential Thermal Analysis (TG-DTA) was performed 
using a Setaram Labsys Evo 1600 thermo-analyzer in an argon atmosphere. 
Samples (6.0–6.9 mg) were placed in a standard 100 µL crucible and subjected 
to thermal analysis under a gas flow rate of 20 mL min-1. Initially, the temperature 
increased to 300 °C at a heating rate of 10 °C min-1 under non-isothermal condi-
tions, followed by an isothermal hold at 300 °C for 1 h. Subsequently, the tem-
perature was further raised to 800 °C at the same heating rate and maintained at 
800 °C for an additional hour.  
 
 

6.4 Electrochemical assessment 
Catalyst ink preparation 
Electrocatalyst inks were formulated by mixing 5 mg of catalyst powders with 
495 μL of isopropanol and 5 μL of Nafion ionomer solution (5 wt.%, Sigma-
Aldrich). To ensure uniform dispersion, the suspensions were sonicated for  
10 min. 
 
Electrode modification 
The catalyst suspensions were applied to alumina-polished glassy carbon (GC) 
electrodes in five 2 μL increments (totaling 10 μL) to achieve a material loading 
of 0.5 mg cm-2. 
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Electrochemical measurements 
The electrocatalysts were evaluated using a standard three-electrode electro-
chemical cell system connected to an Autolab PGSTAT128N potentiostat/ galva-
nostat (Metrohm Autolab B.V., The Netherlands) and operated via Nova 2.1.4 
software. A GC rotating disk electrode (5 mm in diameter) functioned as the 
working electrode, while the reference and counter electrodes were a silver-silver 
chloride (Ag/AgCl) electrode and a GC rod, respectively. The alkaline electrolyte 
solution was prepared by dissolving 2.8 g of KOH (purity ≥99.998%, Sigma-
Aldrich) in 500 mL of Milli-Q water. Prior to use, the electrolyte was either 
saturated with pure O2 (99.999%, Linde Gas) or purged with Ar gas (99.999%, 
Linde Gas) to remove oxygen. Cyclic voltammetry (CV) curves were recorded in 
an Ar-saturated electrolyte at scan rates of 50 mV s-1 and 10 mV s-1. Additionally, 
the samples underwent potential cycling in an Ar-saturated solution to assess the 
electrochemical double-layer capacitance. The modified electrodes were sub-
jected to cycling at scan rates of 10, 20, 30, 40, and 50 mV s-1. Cathodic and 
anodic current density values were extracted from the measured data at non-
Faradaic potentials. The ORR polarization curves were measured in an O2-
saturated 0.1 M KOH electrolyte at a scan rate of 10 mV s-1 across different 
electrode rotation speeds (360, 610, 960, 1600, 1900, and 3100 rpm). Sub-
sequently, the OER activity was examined in an Ar-saturated 0.1 M KOH electro-
lyte with a scan rate of 10 mV s-1. An 85% iR compensation was applied to all 
electrochemical data where necessary. Potentials were then converted to the 
reversible hydrogen electrode (RHE) scale using Eq. 9:  
 
EAg/AgCl = ERHE – 0.966 (ERHE = EAg/AgCl + 0.0591 pH + E0

Ag/AgCl (0.209))  (9) 
 
The key ORR kinetic parameters, including onset potential, half-wave potential, 
kinetic current density (jk), diffusion-limited current density (jd), the number of 
electrons transferred per O2 molecule (n), and Tafel slope values, were derived 
from the rotating disk electrode (RDE) data. The RDE data was analyzed using 
the Koutecky-Levich (K-L) equation [112]. 

   (10) 
 
In the equation above, the current densities (in mA cm-2) are defined as follows: 
j represents the measured current density, jk denotes the kinetic current density, 
and jd refers to the diffusion-limited current density. The remaining parameters 
are specified as follows: ω is the electrode rotation rate (rad s-1), n is the number 
of electrons transferred per oxygen molecule, F is the Faraday constant  
(96,485 C mol-1) [113], Cb is the oxygen concentration in 0.1 M KOH (1.2 ×  
10-6 mol cm-3), DO2 is the diffusion coefficient of O2 (1.9 × 10-5 cm2 s-1 in 0.1 M 
KOH), and υ represents the kinematic viscosity of the solution (0.01 cm2 s-1) [114].  
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The overall oxygen electrode bifunctional activity was determined as the 
potential difference (ΔE) between the ORR half-wave potential and the OER 
potential at a current density of 10 mA cm-2 (Ej=10), given by:  
 
ΔE = Ej=10 – E1/2        (11) 
 
Assembly of zinc-air battery 
ZAB tests were performed using an in-house single-cell battery in a two-electrode 
setup, constructed with a stacked plate arrangement. The air cathode was made 
from a nickel mesh, which served as the current collector, and a carbon paper gas 
diffusion layer (Sigracet BB39). The catalyst ink was applied to the cathode layer 
via hand-brush coating, with a loading of 2 mg cm-2. Zinc foil (99%) was used as 
the anode, and the electrolytes consisted of a 6 M KOH solution containing and 
0.2 M Zn(CH3COO)2. The catalyst inks were formulated by mixing 7 mg of 
catalyst, 20 µL of 5% Nafion ionomer solution (Sigma-Aldrich), 0.2 mL of 
MilliQ water, and 0.6 mL of ethanol, and stirring for 1.5 h. Commercial PtRu/C 
(Pt – 50 wt.%, Ru – 25 wt.%) was used to prepare the benchmark PtRu catalyst 
ink. Galvanostatic tests were conducted using a potentiostat/galvanostat (Autolab 
PGSTAT204). 
 
Anion exchange membrane fuel cell testing 
To demonstrate the practical application in an anion exchange membrane fuel cell 
(AEMFC), the Zn-TAL-1000 electrocatalyst was prepared as a cathode using 
procedures similar to those outlined in previous publications [74,115,116]. The 
cathode and anode were loaded with 1 mgZn/TAL-1000 cm-2 and 0.6 mgPtRu cm2, 
respectively, and a high-density polyethylene (HDPE)-based anion exchange 
membrane was employed. The AEMFC was tested in a Scribner Associates 850E 
test station at a cell temperature of 60 °C, with the anode humidifier set to 54 °C 
and the cathode humidifier at 56 °C. The gas flow rates for both hydrogen and 
oxygen were kept at 1 standard liter per minute (SLPM), with a back-pressure of 
100 kPag. The polarization curve was measured by scanning from an open-circuit 
voltage (OCV) of approximately 1 V to 0.1 V at a scan rate of 10 mV s-1. 
  

https://www.zotero.org/google-docs/?iHLiu5
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7. RESULTS AND DISCUSSION 
 

7.1 TAL-derived Co-N-C electrocatalysts 

7.1.1 Morphology and composition of TAL-derived  
Co-N-C catalysts 

The morphology of all 36 samples was initially examined using scanning trans-
mission electron microscopy. Representative STEM images (Figure 5a) reveal 
that the synthesized Co-N-C samples consist mostly of cobalt nanoparticles 
uniformly dispersed within the carbon matrix. The average metal particle size 
for each sample, determined from the STEM images, is presented in Figure 5b. 
The smallest particle size (16 nm) was observed in sample Co-800L7, which was 
pyrolyzed at 800 °C and subsequently leached with HCl at 50 °C for 8 h. In 
contrast, the largest particle size (50 nm) was found in the non-leached sample 
Co-1000L8. A clear trend was observed in samples pyrolyzed at 700-900 °C, 
where acid leaching, particularly under the L7 conditions, resulted in the smal-
lest particle sizes. 
 

 
Figure 5. (a) Representative high-angle annular dark-field (HAADF) STEM images of 
selected samples; (b) an average cobalt particle size calculated from STEM images [109]. 

https://www.zotero.org/google-docs/?44JHjb
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PXRD analysis was conducted to examine the crystallographic structure of TAL-
2-derived materials, with patterns shown in Figure 6. The results confirmed the 
presence of graphitic carbon, metallic cobalt, and hexagonal cobalt. Co-700L2 
and Co-700L4 contained cobalt sulfide (Co9S8), likely due to sulfuric acid in the 
leaching process, indicating that 700 °C was insufficient to remove acid im-
purities. Higher temperatures increased coarse graphite, metallic cobalt content, 
while reducing hexagonal cobalt. The 26° XRD peak (002 plane) suggested strong 
graphitization, supported by Raman spectroscopy (Figure 7). Peaks at 44.1°, 51.3°, 
and 75.7° correspond to metallic cobalt (PDF #15-0806) [117] (Figure 6). At high 
temperatures, cobalt ions catalyzed ligand transformation into graphitized carbon, 
enhancing electroconductivity [118]. 
 
 

 
Figure 6. PXRD patterns of all TAL-2-derived catalysts: ♦ C Hexagonal (PDF 
00_058_1638); ♦ Metallic Co (PDF 00_015_0806); ♦ Co Hexagonal (PDF 
04_001_3273); ♦ Co9S8 Cubic (PDF 00_056_0002) [109]. 
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Figure 7. ID/IG ratios for various Co-N-C electrocatalyst materials obtained from Raman 
spectroscopy study [109]. 

 
Nitrogen physisorption analysis was performed to assess the textural properties 
of the prepared materials and the effects of post-treatment. The specific surface 
area and total pore volume varied across the Co–N–C catalysts (Figure 8). Non-
leached samples (Co-700, Co-800, Co-900, and Co-1000) had the lowest surface 
area (300–500 m2 g-1) and pore volume (0.3–0.5 cm3 g-1). In contrast, samples 
leached in a nitric and sulfuric acid mixture for 5 h at 80 °C showed significantly 
higher surface areas, with Co-800L4 reaching 908 m2 g-1, the highest among 
them. This increase is attributed to impurity removal and additional pore forma-
tion, highlighting the effectiveness of pyrolysis at 800 °C combined with acid 
leaching. 
 

https://www.zotero.org/google-docs/?7sSKf4
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Figure 8. Specific surface area and volume of micropores obtained for Co-N-C samples 
post-treated at different conditions [109]. 

 
X-ray photoelectron spectroscopy (XPS) analyzed the chemical composition and 
surface states of all samples (Figure 9), confirming the presence of C, N, Co, and 
O. Carbon content increased with pyrolysis temperature, while surface nitrogen 
content decreased from 15 to 2.5 at.%. Bisen et al. reported that ~9 at.% N en-
hances Co-N-C electrocatalysts by improving ORR onset potential and exchange 
current density [119]. Samples L1-L4 had lower Co and O content than L5-L8, 
indicating more effective high-temperature leaching (Figure 9). 

High-resolution XPS spectra (Figure 10) revealed sp2 and sp3 carbon (Figure 
10a). Co-1000 (non-leached) had the highest sp2 (79%) and lowest sp3 (5%) 
carbon content. Higher pyrolysis temperatures favored the formation of carbon 
graphitic structures, disrupting π conjugation and enhancing ORR electrocata-
lysis [120]. The presence of sp3 carbon improved ORR and OER activity [121]. 

Pyridinic and pyrrolic nitrogen content decreased with pyrolysis temperature 
(Figure 10b), shifting toward graphitic-N, which improves electrical conductivity 
and stability [122]. Figure 10c shows four oxygen species, with Co-700L2 having 
the highest COOH (5.01%). 

Co3p XPS analysis (Figure 10d) confirmed Co2+, Co3+, and Co0 in all samples. 
Higher-temperature leaching (L1-L4) reduced Co surface concentration to <0.1 
at.%, enhancing active sites. The synergistic effect of cobalt oxides and metallic 
cobalt contributed to bifunctional electrocatalytic activity [78,123]. 

 
 

https://www.zotero.org/google-docs/?JAd5DM
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Figure 9. Surface elemental composition of Co-N-C electrocatalyst materials obtained 
from XPS analysis (at.%) [109]. 

 

 
Figure 10. The relative surface concentration of (a) carbon, (b) nitrogen, (c) oxygen, and 
(d) cobalt species in Co-N-C samples obtained from XPS data [109]. 

https://www.zotero.org/google-docs/?3TC53u
https://www.zotero.org/google-docs/?nvJvE4
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7.1.2 Electrocatalytic activity of TAL-derived Co-N-C catalysts 

The electrocatalytic activity of 36 Co-N-C samples was assessed for the ORR and 
OER in 0.1 M KOH solution. Using the rotating disk electrode (RDE) technique, 
the ORR polarization curves were recorded between -0.2 and 1.1 V vs. RHE. 
Among all catalysts, Co-900L3 showed the highest ORR activity (Eon = 0.97 V, 
E1/2 = 0.85 V), comparable to Pt/C (E1/2 = 0.85 V, Eon = 0.98 V) (Table 1) and 
superior to most Co-N-C catalysts [20,124,125]. Interestingly, its activity was not 
solely linked to morphology or nitrogen content, suggesting a synergistic effect 
of multiple factors rather than any single property (Figure 11a). 

Tafel analysis (Figure 11b) showed that Co-900L6 had the lowest Tafel slope 
(-43 mV dec-1), outperforming Co-700L5 (-46 mV dec-1), Co-900L5 (-47 mV dec-1), 
and Co-900L3 (-52 mV dec-1), and surpassing previous materials such as 3D Co-
N-C NN-800 (-83 mV dec-1) [126] and Co3O4/HNCP-40 (-69 mV dec-1) [127], 
indicating better ORR kinetics. Increased cathodic current at higher rotation 
speeds (360-3100 rpm) (Figure 11c) confirmed enhanced mass transport, with 
Co-900L3’s high BET surface area (728 m2 g-1) improving catalytic site 
accessibility. Koutecky-Levich (K-L) analysis (Figure 11d) showed a four-
electron reduction pathway. 

For OER activity, catalysts were tested in Ar-saturated 0.1 M KOH (Figure 
11e). Co-900L5 exhibited a current density of 10 mA cm-2 at 1.56 V (Ej=10), 
outperforming RuO2 (Ej=10 = 1.69 V). Other samples also performed well, 
including Co-700L5 (Ej=10 = 1.58 V), Co-900L6 (Ej=10 = 1.61 V), and Co-900L3 
(Ej=10 = 1.62 V). The high OER performance of Co-900L5 is attributed to its CoO 
and Co3O4 nanoparticles (~18 nm). 

Tafel slope obtained for Co-900L5 (274 mV dec-1) was comparable to RuO2 
(166 mV dec-1) and lower than Co-700L5 (309 mV dec-1), Co-900L6 (334 mV 
dec-1), and Co-900L3 (343 mV dec-1) (Figure 11f), confirming favorable OER 
kinetics. The bifunctional oxygen electrode activity (ΔE = Ej=10 - E1/2) was lowest 
for Co-700L5 and Co-900L5 (0.74 V). This is attributed to their high porosity 
and the coexistence of Co, CoNx, CoO, Co3O4, and pyridinic-N [78,128–131]. 
 

 
Table 1. Summary of electrochemical kinetic parameters of the ORR nad OER obtained 
for most active bifunctional electrocatalysts in 0.1 M KOH solution. 

Electrocatalyst E1/2 

(V) 

Eon 

(V) 

Ej=10(V) ΔE 
(V) 

n ηOER 

(V) 

Tafel 
slope 
ORR 
(mV 
dec-1) 

Tafel 
slope 
OER 
(mV 
dec-1) 

Co-700L5 0.84 0.93 1.58 0.74 4.0 0.35 -46 309 
Co-900L5 0.82 0.91 1.56 0.74 3.9-4.0 0.33 -47 274 
Co-900L6 0.86 0.93 1.61 0.75 3.9-4.0 0.38 -43 334 
Co-900L3 0.85 0.97 1.62 0.77 4.0 0.39 -52 343 

Pt/C+ RuO2 0.85 0.98 1.69 0.84 4.0 0.46 -60 166 

https://www.zotero.org/google-docs/?81ys9h
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This study optimizes Co-N-C catalysts through post-synthetic treatments, ad-
justing pyrolysis temperatures and acid-leaching conditions. Structural and 
electrochemical analyses revealed that acid-leaching at 50 °C minimized 
particle size, while 80 °C increased surface area. XPS showed that pyrolysis at 
700 °C enhanced pyridinic and pyrrolic nitrogen content. Co-700L5 and Co-
900L5 exhibited superior bifunctional ORR/OER performance (ΔE = 0.74 V) 
due to their porous structure and rich cobalt-nitrogen species.  
 

 
Figure 11. (a) ORR polarization curves recorded for Co-700L5, Co-900L5, Co-900L6, 
and Co-900L3 and Pt/C catalysts materials in O2-saturated 0.1 M KOH at 1600 rpm and 
a scan rate of 10 mV s-1; (b) Tafel plots for ORR obtained for Co-700L5, Co-900L5, Co-
900L6, and Co-900L3 catalysts; (c) ORR polarization curves recorded for Co-900L3 at 
different rotation rates; (d) K–L plots for ORR obtained for Co-900L3 modified GC 
electrode (Inset: n as a function of potential); (e) OER polarization curves in Ar-saturated 
0.1 M KOH; ν = 10 mV s-1. (f) Tafel plots for OER [109]. 

https://www.zotero.org/google-docs/?9UeZgU
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7.2 TAL-derived CoMn-N-C electrocatalysts 

7.2.1 Morphology and composition of TAL-derived CoMn-N-C 
catalysts 

First, morphology of TAL-4-900, TAL-42-900, and TAL-4/TAL-2-900 powders 
was analyzed using STEM. Both bimetallic samples showed a uniform distribu-
tion of metallic nanoparticles in the carbon matrix (Figure 12a,d). HR-STEM 
revealed that TAL-42-900 contained larger clusters of metallic Co (200) and 
MnO (220) (Figure 12c), while TAL-4/TAL-2 featured metallic Co (111) 
particles (~18 nm) (Figure 12d). EDS elemental mapping confirmed the even dis-
tribution of cobalt, manganese, oxygen, and nitrogen (Figure 12g,h). The map-
ping images of TAL-4/TAL-2-900 suggest a chemical reaction between the TAL-
2 and TAL-4 precursors due to the dispersion of those metals as distinct particles.  

STEM results are consistent with XRD data (Figure 13a), confirming that both 
TAL-42-900 and TAL-4/TAL-2-900 samples primarily contain MnO (JCPDS 
No. 04-023-6798) and metallic Co (JCPDS No. 01-071-4651). Peaks at 44.2°, 
51.5°, and 75.9° indicate metallic Co formation [132], while those at 34.9°, 40.6°, 
58.7°, 70.2°, and 73.8° confirm the presence of manganese oxide. 
 

 

 
Figure 12. (a,d) Bright-field STEM micrographs of TAL-42-900 and TAL-4/TAL-2-900 
electrocatalysts; (b,e) particle size distribution; (c,f) HR-STEM images and (g,h) 
HAADF-STEM images and EDX mapping of TAL-42-900, and TAL-4/TAL-2-900 
samples [106]. 

https://www.zotero.org/google-docs/?gj9EQk
https://www.zotero.org/google-docs/?l6T5sP
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Figure 13. (a) XRD patterns, (b) N2 physiosorption isotherms and (c) pore size distri-
bution of TAL-4-derived samples [106]. 

 
N2 physisorption analysis showed that all samples exhibited Type-IV isotherms 
with H4 hysteresis loops (Figure 13b), indicating dominant micro- and meso-
porosity (Figure 13c), which supports efficient mass transport. The BET surface 
areas of TAL-4-900, TAL-42-900, and TAL-4/TAL-2-900 were 268, 354, and 
382 m2 g-1, respectively (Table 2). 
 
Table 2. Textural properties of TAL-4-900, TAL-42-900, and TAL-4/TAL-2-900 [106]. 

Electrocatalyst SBET (m2 g-1) SDFT (m2 g-1) Vtot (cm3 g-1) Vµ (cm3 g-1) 

TAL-4-900 268 252 0.43 0.05 

TAL-42-900 354 351 0.53 0.06 

TAL-4/TAL-2-900 382 348 0.51 0.08 

 
 
XPS analysis (Figure 14a) confirmed the presence of Mn, Co, C, N, and O in both 
bimetallic catalysts. Both TAL-42-900 and TAL-4/TAL-2-900 materials had 1.1 
at% nitrogen (Table 3), with N 1s spectra showing graphitic, pyrrolic, and pyri-
dinic nitrogen species (Figure 14d). Notably, TAL-42-900 also exhibited M-Nx 
(399.2 eV) and oxidized-N (404.5 eV) species (Figure 14e), suggesting atomic-
ally dispersed active sites [133–135]. 

Co 2p XPS spectra (Figure 14b) revealed metallic Co and Co-O-Mn species 
[99,136], supported by STEM-EDX analysis (Figure 12g-h). Mn 2p spectra in-
dicated Mn2+ and Mn3+ states (Figure 14c), with strong MnO/Co interfaces en-
hancing the ORR/OER activity [99]. TAL-42–900 had the highest Mn surface 
content (0.3 at%) and lower bulk Co content (0.369 wt%) compared to TAL-
4/TAL-2-900 (0.641 wt%). 

https://www.zotero.org/google-docs/?qcXG8I
https://www.zotero.org/google-docs/?KcLkhy
https://www.zotero.org/google-docs/?z6Qqt7
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Figure 14. (a) XPS survey spectra; (b, c, d) deconvoluted high-resolution spectra of Co 
2p, Mn 2p, and N 1s for TAL-4-900, TAL-42-900, and TAL-4/TAL-2-900; (e) distribu-
tion of various nitrogen species on the catalyst surfaces [106]. 

 
Table 3. The elemental composition of TAL-4-900, TAL-42-900, and TAL-4/TAL-2-900 
catalysts, analyzed using XPS, and the bulk metal content determined via MP-AES [106]. 

Electrocatalyst Surface elemental composition (at%) Bulk metal 
composition 
(wt%) 

 C O N Mn Co Si Co Mn 

TAL-4-900 96.4 2.3 0.6 0.2 0 0.4 0 1.101 

TAL-42-900 95.9 2.2 1.1 0.3 0.1 0.5 0.369 1.202 

TAL-4/TAL-2-900 95.7 2.5 1.1 0.1 0.1 0.5 0.641 0.835 

 
 
 
 
 
 

https://www.zotero.org/google-docs/?HyG2SN
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7.2.2 Electrocatalytic activity of TAL-derived CoMn-N-C catalysts 

The electrocatalytic performance of TAL-4-900, TAL-42-900, and TAL-4/TAL-
2-900 catalysts was evaluated as bifunctional ORR and OER activity, alongside 
with commercial Pt/C and RuO2 benchmarks. Cyclic voltammetry (CV) in Ar- 
and O2-saturated 0.1 M KOH (scan rate: 10 mV s-1) revealed clear ORR peaks 
around 0.80 V vs. RHE for all three catalysts (Figure 15). Electrochemical impe-
dance spectroscopy showed that the material TAL-42-900 had a lower charge-
transfer resistance (48 Ω) compared to TAL-4/TAL-2-900 (66 Ω), indicating 
improved conductivity. 

ORR polarization curves (-0.2 to 1.1 V vs RHE, Figure 16a) recorded at 1600 
rpm showed that TAL-42-900 had the highest ORR onset (0.93 V vs. RHE) and 
half-wave potential (E1/2 = 0.84 V vs. RHE), only 10 mV below commercial Pt/C 
(0.85 V vs. RHE). This superior ORR performance is attributed to a hetero-
geneous MnO/Co surface and the presence of pyridinic and M-Nx active sites 
[135,137,138]. 

 
 

 
Figure 15. CV curves obtained for (a) TAL-4-900, (b) TAL-42-900, and (b) TAL-4/TAL-
2-900 catalysts in O2-saturated (red line) or Ar-saturated (black line) 0.1 M KOH solution 
[106]. 

 

https://www.zotero.org/google-docs/?8aRzp9
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Figure 16. (a) ORR polarization curves of all catalysts recorded in O2-saturated 0.1 M 
KOH at 1600 rpm; (b) Tafel plots for ORR derived from RDE data; (c) ORR polarization 
curves of TAL-42-900 at different rotation rates; (d) Koutecky-Levich plots obtained for 
TAL-42-900 (inset: electron transfer number n calculated via the K-L equation); (e) OER 
polarization curves recorded in Ar-saturated 0.1 M KOH at 1600 rpm; (f) Corresponding 
OER Tafel plots [106]. 

 
 
  

https://www.zotero.org/google-docs/?lZ74pN
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RDE measurements show that the ORR is kinetically controlled between 0.88–
1.0 V vs. RHE and becomes diffusion-limited below 0.8 V vs. RHE. Koutecky-
Levich (K-L) analysis (Figure 16c) for TAL-42-900 at varying rotation speeds 
was used to determine the number of electrons transferred per O₂ molecule, con-
firming a dominant 4e- pathway. Tafel analysis (Figure 16b), with TAL-42-900 
showing the lowest slope value (-45 mV dec-1), indicating faster ORR kinetics, 
consistent with previously reported Mn-N-C and Co/Mn-N-C catalysts [99,139–
141]. 

For OER, linear sweep voltammetry (LSV) was performed in Ar-saturated  
0.1 M KOH at 1600 rpm (Figure 16e). TAL-42-900 reached 10 mA cm-2 at 1.64 V 
vs RHE, with a lower overpotential (0.41 V) than TAL-4-900, TAL-4/TAL-2-
900, and RuO2 (0.48, 0.45, and 0.46 V, respectively). A steeper current increase 
at higher potentials further confirmed its superior electrocatalytic activity. OER 
Tafel plots (Figure 16f) showed TAL-42-900 with the lowest slope, reflecting 
faster kinetics, characteristic of a 4e- process involving OH- adsorption followed 
by O2 evolution [136,142]. 

Overall bifunctional performance was assessed, with TAL-42-900 exhibiting 
the lowest value (0.80 V), outperforming even the Pt/C + RuO2 hybrid (Table 4). 
Functionally, Co in the catalyst enhances the ORR kinetics by facilitating electron 
transfer and acting as active sites via Co2+/Co3+ species [96,143]. MnO primarily 
supports OER by promoting water oxidation [144]. The presence of both Mn2+ 
and Mn3+ creates oxygen vacancies, improving conductivity and intermediate 
adsorption, thereby enhancing bifunctional activity through Co-MnO synergy 
[145]. 
 
 
Table 4. Summary of electrochemical kinetic parameters [106]. 

Electrocatalyst E1/2 
(V) 

Eon (V) Ej=10 OER 
(V) 

ΔE 
(V) 

n ηOER (V) Tafel 
slope 
ORR 
(mV 
dec-1) 

Tafel 
slope 
OER 
(mV 
dec-1) 

TAL-4-900 0.80 0.91 1.71 0.91 3.5 0.48 -54 136 

TAL-42-900 0.84 0.93 1.64 0.80 4.1 0.41 -45 71 

TAL-4/TAL-2-
900 

0.83 0.92 1.68 0.85 3.5 0.45 -47 116 

Pt/C+ RuO2 0.85 0.98 1.69 0.84 4.0 0.46 -60 166 
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Next, a Zn-air battery using TAL-42-900 or Pt-Ru/C (2 mg cm-2) as air electrodes 
was assembled (Figure 17c). TAL-42-900 showed superior ZAB performance with 
a peak power density of 155 mW cm-2 vs 140 mW cm-2 for Pt-Ru/C (Figure 17a). 
Charge-discharge cycling at 5 mA cm-2 yielded 1.21 V (discharge) and 2.07 V 
(charge), achieving 58% efficiency and 17 h of stable operation (Figure 17b). Pt-
Ru/C showed lower power density (139 mW cm-2) and poorer durability 
[146,147]. A 1H-benzo[d]imidazole-5,6-diol ligand enabled uniform Co/Mn in-
corporation.  
 
 

 
Figure 17. (a) Polarization and power density curves of the ZABs with TAL-42-900 and 
Pt-Ru/C air electrodes; (b) Discharge and charge voltage cycling profiles for the re-
chargeable ZABs; (c) Zinc-air battery assembly [106]. 

 
7.3 TAL-derived Zn-N-C electrocatalysts 

7.3.1 Morphology and composition of TAL-derived Zn-N-C 
catalysts 

Choosing the right ligand is vital in catalyst precursor design, as it influences 
electrocatalytic activity, selectivity, and electrochemical stability of the catalysts 
[102,148]. Here, 1H-benzo[d]imidazole-5,6-diol was used for its C/N-rich struc-
ture and multidirectional coordination ability. SEM showed the unpyrolyzed Zn-
TAL formed hollow spheres (~140–160 nm), which shrank to 100–120 nm and 
then 60–100 nm upon pyrolysis (Figure 18), while retaining structural integrity. 
No Zn aggregation was observed, consistent with PXRD analysis. 

EDS mapping (Table 5) confirmed presence Zn, O, N, and C in the Zn-TAL 
catalysts. With increasing pyrolysis temperature, Zn content dropped from 3.87 
to 0.20 at.%, while carbon content rose from 71.44 to 94.65 at.%, aligning with 
reports on Zn evaporation during high-temperature pyrolysis above 1000 °C. 

https://www.zotero.org/google-docs/?EZtkvU
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https://www.zotero.org/google-docs/?pTJf2X
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Figure 18. SEM images (secondary electrons imaging mode) of Zn-TAL-700, Zn-TAL-
800, Zn-TAL-900 and Zn-TAL-1000 samples [149]. 

 

Table 5. Elemental composition (at.%) of Zn-TAL-raw, Zn-TAL-700, Zn-TAL-800, Zn-
TAL-900, and Zn-TAL-1000 materials determined by SEM-EDX [149]. 

Electrocatalyst C N Zn O Cl 

Zn-TAL raw 71.44± 0.36 17.30±0.17 3.87±0.03 7.20±0.07 0.19±0.02 

Zn-TAL-700 82.30±0.46 9.79±0.16 3.41±0.03 3.66±0.06 0.84±0.03 

Zn-TAL-800 86.41±0.40 11.67±0.14 1.71±0.02 N/A 0.21±0.02 

Zn-TAL-900 94.11±0.43 4.57±0.10 1.02±0.01 0.30±0.02 N/A 

Zn-TAL-1000 94.65±0.43 5.15±0.10 0.20±0.01 N/A N/A 

 
 
X-ray diffraction analysis (Figure 19a) confirmed that all four pyrolyzed samples 
mainly consisted of amorphous carbon, with no detectable Zn-related peaks. This 
still suggests that residual Zn may be atomically dispersed and nitrogen-co-
ordinated. Diffraction peaks at 26.2° and 44.2° correspond to the (002) and (100) 
planes of graphitic carbon (PDF 01-077-7164) [150,151]. While peak positions 

https://www.zotero.org/google-docs/?A93VBx
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https://www.zotero.org/google-docs/?jfK0Qx
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were consistent, the (100) peak intensity slightly increased with pyrolysis tempe-
rature, indicating improved crystallinity, whereas the (002) peak intensity de-
creased, suggesting reduced crystallite size or a structural phase change due to 
heating. 
 

 
Figure 19. (a) X-ray diffraction patterns, (b) pore size distribution curves, and (inset) 
nitrogen adsorption–desorption isotherms for Zn-TAL samples [149] 

 
N2 physisorption analysis (Figure 19b) was used to determine specific surface 
area and pore size distribution of the synthesized electrocatalysts. All samples 
showed Type-IV isotherms with H4 hysteresis loops at P/P0 > 0.4, indicating the 
presence of micro- and mesopores [152]. As pyrolysis temperature increased, a 
sharper N2 uptake at low relative pressures was observed. Pore size distribution 
confirmed dominant microporosity and mesopores mainly between 3-4 nm. Zinc 
acted as a morphology-directing agent during pyrolysis [153,154], with specific 
surface area increasing significantly from 100 to 746 m2 g-1. This enhanced poro-
sity contributed to more active sites, boosting the ORR performance. Key para-
meters (SDFT, Vμ, Vtot) are listed in Table 6. 
 
Table 6. Textural properties of Zn-TAL-derived samples. 

Electrocatalyst SBET (m2 g-1) SDFT (m2 g-1) Vtot (cm3 g-1) Vµ (cm3 g-1) 
Zn-TAL-700 103 100 0.17 0.03 
Zn-TAL-800 414 475 0.40 0.14 
Zn-TAL-900 584 715 0.37 0.23 
Zn-TAL-1000 615 746 0.40 0.24 

 
 
XPS analysis (Figure 20a) confirmed the presence of C, N, O, and Zn on the 
surface of all electrocatalysts, indicating incomplete Zn evaporation during pyro-
lysis. As shown in Table 7, surface Zn content decreased from 9.53 to 0.44 at.% 
with increasing pyrolysis temperature (700-1000 °C). Chlorine residues were 

https://www.zotero.org/google-docs/?sfqbUA
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detected at 700 and 800 °C but disappeared at higher temperatures. Surface 
carbon content increased steadily, reaching 94.37 at.% at 1000 °C, indicating en-
hanced graphitization and potential for improved catalyst stability. 

Deconvoluted N 1s spectra (Figures 20b) showed pyridinic (398.3 eV), pyrrolic 
(400.6 eV), graphitic (401.8 eV), oxidized (403.7 eV), and M-Nx (399.6 eV) nitro-
gen species.  

Structural transformations in the carbon matrix were supported by XRD ana-
lysis, where a rise in the (1 0 0) peak and drop in (0 0 2) intensity reflected en-
hanced graphitization and disorder from nitrogen doping. This dual effect im-
proves electrical conductivity, stability, and active site exposure, key for electro-
catalytic performance. 

 
 

 
Figure 20. (a) XPS survey spectra obtained for Zn-TAL derived electrocatalysts; (b) the 
bar plot of the various types of nitrogen species and their atomic percentage; (c) 
Deconvoluted Zn 2p XPS spectra of Zn-TAL-700, Zn-TAL-800, Zn-TAL-900, and Zn-
TAL-1000 samples [149]. 

 
The M-Nx XPS peak at 398.95 eV was detected only in samples pyrolyzed at 700, 
800, and 1000 °C, with its surface content decreasing from 1.7 at. % to 0.04 at. 
% at 1000 °C. At 700-800 °C, pyridinic nitrogen dominated (~56%), but at 
1000 °C, it dropped to 31%, while pyrrolic nitrogen increased from 22% to 39% 
(Figure 20b). Pyridinic and M-Nx species are recognized as ORR active sites 
[155], and studies show pyridinic and graphitic N contribute ~50% and 30% of 
the ORR activity, respectively [156,157]. 
 

Table 7. Surface elemental composition of Zn-TAL-700, Zn-TAL-800, Zn-TAL-900, 
and Zn-TAL-1000 samples (at. %) obtained from XPS analysis [149]. 

Electrocatalyst C N O Cl Zn 
Zn-TAL-700 68.52 94.37 5.3 1.25 9.53 
Zn-TAL-800 76.66 12.82 4.42 0.42 5.68 
Zn-TAL-900 85.54 8.38 3.53 0 2.55 

Zn-TAL-1000 94.37 2.96 2.22 0 0.44 
 

https://www.zotero.org/google-docs/?z6i4UL
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In Zn-TAL-900, Zn-Nx species were absent despite 2.55 at.% Zn. This may be 
due to Zn forming ZnO or Zn-O-N species at 900 °C, supported by the observed 
NO-related nitrogen peaks. Zn likely interacts with residual oxygen or matrix 
defects, preventing stable Zn-Nx formation. At this temperature, Zn-Nx sites may 
begin to destabilize before Zn evaporation becomes significant at 1000 °C. 

High-resolution Zn 2p XPS spectra (Figure 20c) showed spin–orbit splitting 
(~23 eV) with 2p3/2 at 1021.9 eV and 2p1/2 at 1045 eV. As pyrolysis temperature 
increased, Zn surface content declined, aligning with MP-AES results. Zn-TAL-
1000 had the lowest Zn content (0.23 wt%) compared to Zn-TAL-700, -800, and 
-900 (1.43, 1.10, and 0.58 wt%, respectively). This Zn loss trend was consistently 
observed across EDS, XPS, and MP-AES, reflecting their different analysis depths. 

 
7.3.2 Electrocatalytic activity of TAL-derived Zn-N-C catalysts 

The ORR activity of the synthesized electrocatalysts was evaluated against com-
mercial Pt/C. Cyclic voltammetry in 0.1 M KOH (Ar or O2-saturated, 10 mV s-1) 
revealed clear ORR peaks for all samples, with the reduction peak shifting to  
0.84 V vs RHE as pyrolysis temperature increased from 700 °C to 1000 °C, in-
dicating improved electrocatalytic performance (Figure 21). 
 
 

 
Figure 21. CV curves recorded for (a) Zn-TAL-700, (b) Zn-TAL-800, (c) Zn-TAL-900, 
and (d) Zn-TAL-1000 catalysts in Ar- (dashed line) and O2-saturated (solid line) 0.1 M 
KOH [149]. 

https://www.zotero.org/google-docs/?6snqEk
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To assess catalyst activity, the electrochemical active surface area (ECSA) was 
estimated by measuring the double-layer capacitance (Cdl) from CV scans at 
different sweep rates (40-200 mV s-1) in an argon-saturated electrolyte at non-
Faradaic potentials (0.92-1.00 V vs RHE). Cdl was determined from the slope of 
current density vs. scan rate (Figure 22e), and ECSA was calculated using the 
equation ECSA = Cdl / Cs, with Cs = 0.040 mF cm-2. Zn-TAL-1000 showed the 
highest ECSA (57.5 cm2), followed by Zn-TAL-900 (52.5 cm2), Zn-TAL-700 
(12.5 cm2), and Zn-TAL-800 (10 cm2), reflecting differences in porosity and active 
site accessibility. 

Rotating disk electrode (RDE) tests confirmed that Zn-TAL-1000 exhibited 
superior ORR activity, with an onset potential of 0.98 V and a half-wave potential 
of 0.84 V – only 10 mV below Pt/C (Figure 22a) (Table 8). Tafel slopes (~61 mV 
dec-1) and a high limiting current density of 5.15 mA cm-2 further supported this 
performance (Figure 22b). Koutecky–Levich plots derived from RDE polariza-
tion curves at various rotation rates (Figure 22c,d) showed good linearity, sug-
gesting the first-order kinetics. The electron transfer number (n) was ~3.5, close 
to Pt/C’s 4.0, indicating a dominant four-electron ORR pathway. 

 
Table 8. ORR parameters obtained for Zn-N-C and Pt/C catalysts in 0.1 M KOH. 

Electrocatalyst E1/2 

(V) 
Eon 

(V) 
n Tafel slope 

(mV dec-1) 
Cdl  

(mF cm-2) 
ECSA 
(cm2) 

Zn-TAL-700 0.64 0.76 1.12 -64 0.5 12.5 
Zn-TAL-800 0.73 0.82 2.37 -53 0.4 10 
Zn-TAL-900 0.79 0.89 2.46 -51 2.1 52.5 
Zn-TAL-1000 0.84 0.98 3.45 -53 2.3 57.5 

Pt/C 0.85 0.98 4.00 -61 N/A N/A 
 
 
The high ORR activity of Zn-TAL-1000 is attributed to its N-doped carbon 
matrix, atomically dispersed Zn, and hierarchical porosity, which enhance both 
intrinsic electrocatalytic activity and mass transport. XPS analysis confirmed the 
presence of pyridinic, pyrrolic, and graphitic N, especially pyridinic N, known 
for ORR activity [66,158,159]. Zn likely contributes through Zn-Nx and Zn-N4-
O sites, which facilitate *OH adsorption and lower reaction barriers [102,160]. 
High-temperature pyrolysis promotes Zn evaporation, forming porous structures, 
while residual Zn at lower temperatures may exist as ZnO or Zn-O-N (e.g., in Zn-
TAL-900), potentially reducing electrocatalytic activity [161]. 

Stability tests over 5000 potential cycles (0.6-1.0 V vs RHE, 50 mV s-1, 0.1 M 
KOH, O2-saturated) showed Zn-TAL-1000 retained ORR activity (Figure 22f), 
supporting Zn site stability, as predicted by DFT studies citing strong Zn binding 
energies and N-induced electron withdrawal effects [162]. 

In AEMFC testing at 60 °C with a PtRu/C anode, the Zn-TAL-1000 cathode 
achieved a peak power density of 553 mW cm-2 and current density of ~1500 mA 
cm-2 (Figure 23), highlighting its promise for fuel cell applications. 

https://www.zotero.org/google-docs/?2ZUlV7
https://www.zotero.org/google-docs/?SQXzpT
https://www.zotero.org/google-docs/?eJOmI0
https://www.zotero.org/google-docs/?X1CkEL
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Figure 22. (a) ORR polarization curves comparing all Zn-TAL-derived catalysts with 
commercial Pt/C in O2-saturated 0.1 M KOH at 1600 rpm; (b) ORR Tafel plots derived 
from RDE data; (c) ORR polarization curves recorded for Zn-TAL-1000 at various 
electrode rotation speeds; (d) Koutecky-Levich plots constructed from Zn-TAL-1000 
RDE data (inset: calculated electron transfer number, n); (e) Charging current density 
versus scan rate plots for all Zn-TAL samples; (f) ORR polarization curves for Zn-TAL-
1000 before and after 5000 potential cycles between 0.6 and 1.0 V vs. RHE in O2-saturated 
0.1 M KOH at a scan rate of 10 mV s-1 and electrode rotation speed of 1600 rpm [149]. 

https://www.zotero.org/google-docs/?FxCZM5
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Figure 23. Polarization curve (empty symbols, Y1 axis) and power density curve (filled 
symbols, Y2 axis) of an H2-O2 AEMFC with Zn-TAL-1000 cathode catalyst [149]. 

  

https://www.zotero.org/google-docs/?bJoZoG
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8. SUMMARY 

In response to the growing need for sustainable energy storage and conversion 
technologies, this thesis has explored the development of efficient, cost-effective, 
and scalable electrocatalysts derived from metal-organic frameworks (MOFs) for 
use in next-generation polymer electrolyte fuel cells (FCs) and metal–air batteries 
(MABs). These technologies rely heavily on the oxygen reduction reaction (ORR) 
and the oxygen evolution reaction (OER), whose sluggish kinetics present a key 
bottleneck. To address this, we focused on developing platinum-group metal 
(PGM)-free electrocatalysts based on transition metal–nitrogen–carbon (M–N–
C) materials. A novel family of MOFs, referred to as TAL (TalTech–UniTartu 
Alliance Laboratory), was central to this work. These materials were specifically 
designed within our research group to serve as tunable and multifunctional pre-
cursors for M–N–C catalysts. By varying the metal centers (Co, Mn, Zn) and 
synthetic protocols, the TAL series enabled systematic control over porosity, 
electronic structure, and nitrogen coordination, allowing us to tailor catalyst 
properties at the molecular level. Through a combination of strategic synthesis, 
pyrolysis optimization, and post-synthetic treatments, we successfully developed 
Co–N–C, MnCo–N–C, and Zn–N–C catalysts with high ORR and OER activity 
in alkaline media. Co–N–C catalysts derived from TAL-2 showed bifunctional 
activity strongly influenced by pyrolysis temperature and acid-leaching, with Co-
700L5 and Co-900L5 achieving low ΔE values and optimal structural features. 
The Mn/Co bimetallic system (TAL-42-900) benefited from synergistic inter-
actions, high mesoporosity, and well-dispersed M–Nx active sites, leading to 
exceptional performance in both half-cell and zinc–air battery configurations. 
The Zn–N–C catalyst retained its hollow, porous morphology after pyrolysis, 
delivering a half-wave potential (E1/2) of 0.84 V vs. RHE for ORR, comparable 
to commercial Pt/C, and demonstrated high durability and performance in an 
anion-exchange membrane fuel cell (AEMFC), achieving power densities above 
550 mW cm-2. Overall, this thesis establishes the TAL MOF series as a flexible 
platform for the rational design of high-performance M–N–C catalysts. The 
insights gained into structure–activity relationships, active site formation, and 
electrocatalytic mechanisms provide a strong foundation for further development 
of PGM-free catalyst materials. Results of this work contribute to the transition 
toward clean and efficient electrochemical energy systems by advancing the 
practical applicability of MOF-derived electrocatalysts in renewable energy 
storage and conversion devices. 
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10. SUMMARY IN ESTONIAN  

TAL MOF-põhised M-N-C elektrokatalüsaatorid hapniku 
redutseerumis- ja eraldumisreaktsioonideks 

Kuna vajadus jätkusuutlike energiasalvestus- ja muundamistehnoloogiate järele 
järjest kasvab, keskendub käesolev doktoritöö tõhusate, kuluefektiivsete ja ska-
leeritavate elektrokatalüsaatorite arendamisele, mis on saadud metall-orgaaniliste 
raamistike (MOF) põhjal ja mõeldud uue põlvkonna kütuseelementide (FC) ning 
metall-õhk akude (MAB) jaoks. Need tehnoloogiad sõltuvad suuresti hapniku 
redutseerumis- (ORR) ja eraldumisreaktsioonidest (OER), mille peamine piirav 
tegur on aeglane kineetika. Selle probleemi ületamiseks keskenduti väärismetalli-
vabade elektrokatalüsaatorite väljatöötamisele, mis põhinevad siirdemetall–
lämmastik–süsinik (M–N–C) materjalidel. Töö keskmes on uudne MOF-pere-
kond nimega TAL (TalTech–UniTartu Alliance Laboratory), mis töötati välja meie 
uurimisrühmas spetsiaalselt disainitud ja multifunktsionaalsete M–N–C katalüsaa-
tori lähteainete loomiseks. Siirdemetallide (Co, Mn, Zn) ja sünteetiliste meetodite 
varieerimine võimaldas TAL-seeria materjalide süsteemset kontrolli poorse 
struktuuri, elektrooniliste omaduste ja lämmastikusideme konfiguratsiooni üle 
ning katalüsaatorite omaduste täppishäälestust molekulaarsel tasemel. Strateegi-
lise sünteesi, pürolüüsi optimeerimise ja järeltöötluse kombineerimisel õnnestus 
välja töötada kõrge ORR-i ja OER-i aktiivsusega Co–N–C, MnCo–N–C ja Zn–
N–C katalüsaatorid aluselise keskkonna jaoks. TAL-2-st saadud Co–N–C mater-
jalid näitasid kõrget bifunktsionaalset elektrokatalüütilist aktiivsust, mida mõju-
tas tugevalt pürolüüsitemperatuur ja happetöötlemine; parimateks osutusid Co-
700L5 ja Co-900L5 materjalid, millel olid madal ΔE väärtus ja optimeeritud 
struktuursed omadused. Mn/Co bimetalse materjali (TAL-42-900) suurepäraseid 
omadusi põhjustasid metallide sünergiline toime, kõrge mesopoorsus ja disper-
geeritud M–Nx aktiivsed tsentrid, saavutades silmapaistvaid tulemusi nii pool-
rakus kui ka tsink–õhk akus. Zn-N-C katalüsaator säilitas pärast pürolüüsi oma 
õõnsa, poorse morfoloogia ja näitas ORR-i puhul poollainepotentsiaali (E1/2) 0,84 V, 
mis on võrreldav kommertsiaalse Pt/C-ga. Lisaks ilmnes selle katalüsaatori puhul 
suurepärane vastupidavus ja jõudlus anioonivahetusmembraaniga kütuseelemen-
dis (AEMFC), saavutades suure võimsustiheduse (550 mW cm⁻2). Kokkuvõttes 
kinnitab doktoritöö TAL-MOF-seeria sobivust kui paindlikku platvormi kõrge 
jõudlusega M-N-C katalüsaatorite ratsionaalseks disainiks. Saadud teadmised 
struktuuri ja aktiivsuse seoste, aktiivsete tsentrite moodustumise ja elektrokata-
lüütiliste mehhanismide kohta loovad tugeva aluse väärismetallivabade katalü-
saatormaterjalide edasiseks arendamiseks. Doktoritöö tulemused toetavad üle-
minekut puhastele ja tõhusatele elektrokeemilistele energiasüsteemidele, eden-
dades MOF-põhiste elektrokatalüsaatorite praktilist kasutuselevõttu taastuv-
energia salvestamise ja muundamise seadmetes. 
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