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Abbreviations 

  

Ac acetyl 

acac acetylacetonate 

BET Brunauer−Emmett−Teller method 

CNT carbon nanotube 

CO2RR carbondioxide reduction reaction 

CV cyclic voltammetry/cyclic voltammograms 

DABCO 1,4-diazabicyclo[2.2.2]octane 

DCDA dicyandiamide 

DMSO dimethyl sulfoxide 

DAP 2,6-diacetylpyridine 

DAB 3,3′-diaminobenzidine 

EDTMPS sodium ethylenediamine tetra(methylenephosphonicacid) 

FC fuel cell 

FTIR Fourier transform infrared spectroscopy 

GC glassy carbon 

GO graphene oxide 

h hour 

HAADF high-angle annular dark-field 

HER hydrogen evolution reaction 

HMT–PMBI hexamethyl-p-terphenyl poly(benzimidazolium) 

HEDP 1-hydroxyethylidene-1,1-diphosphonic acid 

K–L Koutecky−Levich 

MAB metal–air battery 

Me methyl 

mel melamine 

2-mim 2-methylimidazole 

MNC metal, nitrogen-doped carbon 

M–Nx nitrogen coordinated metal center 

MOF metal–organic framework 

NMR nuclear magnetic resonance 

NP nanoparticle 

NRR nitrogen reduction reaction 

OAc acetate 

OER oxygen evolution reaction 

ORR oxygen reduction reaction 

P123 Pluronic P123 cros-sblock polymer 

PGM platinum group metal 

Ph phenyl 

PPy polypyrrole nanowires 
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PTFE polytetrafluoroethylene 

PVP polyvinylpyrrolidone 

PXRD powder X-ray diffraction  
Py pyridinyl 

RDE rotating disk electrode 

RRDE rotating ring disk electrode 

ref reference 

rGO reduced graphene oxide 

SEM scanning electron microscopy 

SI supporting information 

STEM scanning transmission electron microscopy 

TEM transmission electron microscopy 

THB 1,3,5-tris (4′-hydroxy-5′-formylphenyl) benzene 

TOP trioctylphosphine 

TCPP tetra(4-carboxyphenyl)porphyrin 

UV ultraviolet 

XPS X-ray photoelectron spectroscopy 
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Introduction 

The nexus of electrochemical processes is the use of heterogenous electrocatalyst 
materials. They can and should be tailored with a high level of precision and control to 
broaden their use. 

In this doctoral thesis, I developed and optimized several metal, nitrogen-doped 
carbon (MNC) electrocatalyst materials. These novel materials were derived from 
polycrystalline and amorphous metal–organic frameworks (MOFs), which contained 
various non-platinum group metals such as iron, cobalt, nickel and bismuth for various 
applications including oxygen reduction reaction (ORR), oxygen evolution reaction (OER) 
and hydrogen evolution reaction (HER). In addition, multimetallic systems based on iron 
triad metals have been screened. With the best performing materials in hand, I have 
fabricated single fuel cells and zinc–air batteries. These studies emphasize the use of 
rationally designed organic linkers in electrocatalysis and the potential of this approach 
in energy conversion and storage devices. 

Chapter 1 gives a short overview of MNC materials used for the electrochemical 
conversions of small molecules (CO2, H2O, N2, O2). Chapter 2 focuses on novel iron and 
cobalt based electrocatalysts used in electrochemical reactions such as ORR, OER and 
HER. In Chapter 3, I introduce and electrochemically evaluate multimetallic materials 
developed on the basis of combinations of various iron triad metals (Fe, Co, Ni), which 
were prepared using 1H-benzo[d]imidazole-5,6-diol as an alternative organic ligand. In 
Chaptrer 4, the same linker was used to fabricate optimized MNC materials that 
incorporate Bi(0) nanoparticles for their use in electrochemical reduction of CO2 to 
formate. 
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1  MNC catalyst materials for energy demand 

In this Chapter, I present a concise description of the metal, nitrogen-doped carbon 
(MNC) based materials used in energy conversion and storage devices. I also briefly 
summarize electrochemical conversions that were used to test their performance. 

The EU aims to become climate-neutral by the year 2050, which is in line with the 
Paris Agreement [1] and the EU Green Deal [2]. The ultimate goal of the electrocatalysis 
is to use renewable energy to convert small molecules (H2O, N2 and CO2) into high value 
added products, e.g. methane, alcohols, formic acid and ammonia (Fig. 1) [3–6]. These 
transformations also present us with an opportunity to store energy. For example, 
conversion of water to hydrogen gives rise to hydrogen, which can be used as fuel. 
Although electrochemical conversions are thermodynamically feasible, there are some 
outstanding issues with their long-term performances, which mainly come down to 
optimization of materials and device engineering. In case of the materials used, a special 
attention needs to be drawn to their activity, selectivity for a particular process and 
durability [7]. 

 

 

Figure 1. Electrochemical conversions as the engine for circular economy. Figure adapted with 
permission from Pavel Starkov (the author). 

 
Metal-containing nitrogen-doped carbon materials are relatively inexpensive; 

however, they may often lack chemical stability and require rounds of optimization to be 
directly employed in the large-scale applications (Table 1) [8–12]. Availability of various 
fabrication routes helps finetune the underlying materials through changing several 
chemical and physical properties, e.g. their conductivity, stability, porosity and surface 
morphology. 
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Table 1 Comparison of various parameters for trifunctional ORR/OER/HER catalysts. 

entry catalyst precursors 
catalyst 
loading 
mg cm −2 

ORR 
E1/2 @−3 mA cm–

2 @1600 rpm 

OER 
E10 @10mA 
cm–2 @1600 

rpm 

ΔE 

HER 
–E–10 @10 mA
cm–2 @1600

rpm 

reference 

cobalt-based materials 

1 Co/MMCs PPy + carbon fibers + CoCl2 0.22 
0.84 

(1 M KOH) 
1.41 

(1 M KOH) 
0.57 

0.086 
(1 M KOH) 

[13] 

2 Co/CNFs (1000) Co foil + melamine 0.3 
0.896 

(0.1 M KOH) 
1.55 

(1 M KOH) 
0.65 

0.19 
(1 M KOH) 

[14] 

3 
Co2B/Co/N-B-

C/B4C 
B4C + Co(OAc)2 + melamine 0.127 

0.83 
(0.1 M KOH) 

1.53 
(0.1 M KOH) 

0.70 
0.22 

(0.1 M KOH) 
[15] 

4 CoT@NC NH4@Zn3OH(PzC)3 0.2 
0.86 

(0.1 M KOH) 
1.58 

(1 M KOH) 
0.72 

0.209 
(1 M KOH) 

[16] 

5 Co4N@NC-2 ZIF-67 0.3 
0.84 

(0.1 M KOH) 
1.52 

(0.1 M KOH) 
0.68 

0.283 
(1 M KOH) 

[17] 

6 Co@N-C-800 THB + Co(OAc)2 0.36 
0.85 

(0.1 M KOH) 

1.58 

(1 M KOH) 
0.73 

0.292 

(0.5 M H2SO4) 
[18] 

7 TAL-2-900 CoCl2 + L1 0.50 
0.85 

(0.1 M KOH) 
1.60 

(0.1 M KOH) 
0.75 

0.264 
(1 M KOH) 

0.289 
(0.5 M H2SO4) 

[19] 

8 Co@N-CNTF Co(OAc)2 + adenine 0.28 
0.81 

(0.1 M KOH) 

1.58 

(1 M KOH) 
0.77 

0.26 

(1 M KOH) 
[20] 

9 Co/NGC-3 g-C3N4 + glucose + ZIF-67 0.20 
0.85 

(0.1 M KOH) 
1.636 

(0.1 M KOH) 
0.786 

0.293 
(0.1 M KOH) 

[21] 

10 D–Co@CNG GO + Co(NO3)2 + Zn(NO3)2 + 2-MIM 0.20 
0.81 

(0.1 M KOH) 
1.60 

(1 M KOH) 
0.79 

0.205 
(1 M KOH) 

[22] 

11 
Co/CoO@Co–N-C-

800 
shrimp-shell + Co(NO3)2 + pyrrole 0.305 

0.854 
(0.1 M KOH) 

1.664 
(0.1 M KOH) 

0.81 
0.376 

(0.1 M KOH) 
(@20 mA cm-2) 

[23] 

12 Co2P Co(acac)2 + TOP 0.2 
0.839 

(0.1 M KOH) 
1.51 

(1 M KOH) 
0.671 

0.075 
(1 M KOH) 

[24]
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13 CoP NPs/CNSs Co(OAc)2 + melamine + phytic acid 0.25 
0.88 

(0.1 M KOH) 
1.58 

(1 M KOH) 
0.7 

0.115 
(1 M KOH) 

[25] 

14 Co2P/CoNPC ZIF‐67 + red phosphorus 0.39 
0.843 

(0.1 M KOH) 
1.556 

(1 M KOH) 
0.713 

0.28 
(1 M KOH) 

[26] 

15 Co2P/NPG–900 CoPc(NH2)4 + GO + Cl6N3P3  0.254 
0.81 

(0.1 M KOH) 
1.55 

(1 M KOH) 
0.74 

0.245 
(1 M KOH) 

[27] 

16 CoP@SNC Co(Ac)2·+ HEDP 0.6 
0.79 

(0.1 M KOH) 
1.58 

(1 M KOH) 
0.79 

0.174 
(1 M KOH) 

[28] 

17 
Co2P/CoN in 

NCNTs 
melamine + P123 + TPP + 

Co(NO3)2 
0.1 

0.85 
(0.1 M KOH) 

1.65 
(0.1 M KOH) 

0.80 
0.098 

(0.5 M H2SO4) 
[29] 

18 CoP-PBSCF NaH2PO2·H2O + H-PBSCF 0.255 
0.752 

(0.1 M KOH) 

1.57 

(0.1 M KOH) 
0.81 

0.24 

(0.1 M KOH) 
[30] 

19 Co-B-O/NPC–50% Co(Ac)2+ NaBH4 + lecithin + g-C3N4 0.42 
0.83 

(0.1 M KOH) 
1.58 

(1 M KOH) 
0.753 

0.316 
(1 M KOH) 

[31] 

20 CoSA+Co9S8/HCNT ZnS + ZIF‐67 + polydopamine NA 
0.855 

(0.1 M KOH) 
1.56 

(0.1 M KOH) 
0.705 

0.25 
(1 M KOH) 

[32] 

21 NS/rGO-Co4 
Co(NO3)2 + thiourea + GO + sodium 
dodecyl benzene sulfonate (SDBS) 

0.404 
0.79 

(0.1 M KOH) 
1.495 

(0.1 M KOH) 
0.705 

0.15 
(0.5 M H2SO4) 

[33] 

22 Co0.85Se@NC ZIF-67 + Se 0.20 
0.817 

(0.1 M KOH) 
1.55 

(1 M KOH) 
0.733 

0.230 
(1 M KOH) 

[34] 

23 
DAP–DAB–

Co(OAc)2·4H2O 
DAP +DAB + Co(OAc)2 0.30 

0.90 
(0.1 M KOH) 

1.62 
(0.1 M KOH) 

0.72 
0.20 

(1 M KOH) 
[35] 

24 CF–NG–Co Co(Ac)2 + GO + melamine 0.28 
0.88 

(0.1 M KOH) 
1.63 

(1 M KOH) 
0.75 

0.212 
(1 M KOH) 

[36] 

iron-based materials 

25 BA-TAP-Fe-800 
2,4,6-triaminopyrimidine 
+ barbituric acid + FeCl3

0.283 
0.85 

(0.1 M KOH) 
1.55 

(0.1 M KOH) 
0.7 

0.33 
(0.1 M KOH) 

[37] 

26 FePx/Fe-N-C/NPC 
tannic acid + FeCl2·4H2O + 

Na2HPO4 
0.21/0.42 

(HER) 
0.86 

(0.1 M KOH) 
1.565 

(1 M KOH) 
0.705 

0.075 
(0.5 M H2SO4) 

[38] 

27 PPy/FeTCPP/Co pyrrole + FeTCPP + Co(NO3)2 0.3 
0.86 

(0.1 M KOH) 
1.61 

(0.1 M KOH) 
0.75 

0.24 

(0.1 M KOH) 
[39] 

28 
FeS/Fe3C@N-S-C-

800 

benzenetricarboxylic acid + 
Pd(PPh3)4 + 3,8-DBPT-

dibromophenanthroline + Fe(OAc)2 
+ DMSO

0.3/0.6 
0.87 

(0.1 M KOH) 
1.80 

(1 M KOH) 
0.93 

0.174 
(0.5 M H2SO4) 

[40]
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other metal based materials [Ni, W, Ru, Mo] 

29 Ni-NC700 
Ni(NO3)2+ 2,6-pyridine dicarboxylic 

acid + 4,4′-bipy 
0.31 

0.75 
(0.1 M KOH) 

1.66 
(0.1 M KOH) 

0.91 
0.301 

(0.1 M KOH) 
[41] 

30 W2N/WC WO3 powder + DCDA 0.20 
0.83 

(0.1 M KOH) 
1.56 

(1 M KOH) 
0.73 

0.148 
(1 M KOH) 

[42] 

31 Ru-SA/Ti3C2Tx Ti3AlC2 + RuCl3 0.61 
0.80 

(0.1 M HClO4) 
1.53 

(0.1 M HClO4) 
0.73 

0.07 
(0.5 M H2SO4) 

[43] 

32 G@N-MoS2 sulfur + MoCl5 + MgO + NH3 0.25 
0.716 

(0.1 M KOH) 
1.63 

(0.1 M KOH) 
0.914 

0.243 
(0.5 M H2SO4) 

[44] 

multi-transition-metals based materials 

33 
CoOx-NeC/TiO2C 

(22.7%) 
Ti3C2Tx + Co(NO3)2 + Zn(NO3)2 + 2-

mim 
0.141 

0.85 
(0.1 M KOH) 

1.58 
(1 M KOH) 

0.72 
0.367 

(1 M KOH) 
[45] 

34 N/CF-EC-900 Co(NO3)2 + Fe(NO3)3 + albumin 0.17 
0.849 

(0.1 M KOH) 

1.61 

(0.1 M KOH) 
0.761 

0.164 

(0.1 M KOH) 
[46] 

35 IrO2-ZnO ZnCl2 + IrCl3 + NH3 0.2547 
0.81 

(1 M KOH) 
1.59 

(1 M KOH) 
0.78 

0.25 
(1 M KOH) 

[47] 

36 ZnCo−PVP-900 Zn(NO3)2 + K3Co(CN)6 + PVP 0.28 
0.83 

(0.1 M KOH) 
1.63 

(1 M KOH) 
0.80 

0.25 
(1 M KOH) 

[48] 

37 Co2Mn1 DH Mn(NO3)2 + Co(NO3)2 0.25 
0.78 

(0.1 M KOH) 
1.58 

0.1 M KOH 
0.80 

0.187 
(1 M KOH) 

[49] 

38 Ni2P/CoN-PCP 
NiCl2 + CoN–PCP support + 

NaH2PO2 +  
0.26 

0.871 
(0.1 M KOH) 

1.50 
(1 M KOH) 

0.629 
0.094 

(1 M KOH) 
[50] 

39 NiCoP/CNF-900 
polyacrylonitrile + Ni(NO3)2 

+ Co(NO3)2 + red P
NA 

0.82 
(0.1 M KOH) 

1.508 
(1 M KOH) 

0.688 
0.130 

(1 M KOH) 
[51] 

40 
FeNi@N-

CNT/NCSs 
g-C3N4 + aniline + Fe(NO3)3 +

Ni(NO3)2 
0.255 

0.84 
(0.1 M KOH) 

1.59 
(0.1 M KOH) 

0.75 
0.203 

(1 M KOH) 
[52] 

41 Pt/NiO/Ni/CNT-3 CNTs + Zn plate + NiCl2 + K2PtCl6 0.255 
0.94 

(0.1 M KOH) 
1.7 

(0.1 M KOH) 
0.76 

0.117 
(0.1 M KOH) 

[53] 

42 CoP/Ni2P@NC 
CoCl2·6H2O + NiCl2·6H2O + 

EDTMPS 
NA 

0.79 
(0.1 M KOH) 

1.57 
(1 M KOH) 

0.78 
0.330 

(1 M KOH) 
[54] 

43 NiCoOS 
ZIF-67 + Ni(NO3)2·6H2O + 

thioacetamide 
0.318 

0.79 
(0.1 M KOH) 

1.7 

(0.1 M KOH) 
0.91 

0.3 
(0.1 M KOH) 

[55] 

44 FeCo/Co2P@NPCF 
bacterial cellulose + K3[Fe(CN)6] + 

CoCl2  
+ melamine + phytic acid

0.28 
0.79 

(0.1 M KOH) 
1.56 

(0.1 M KOH) 
0.77 

0.26 
(1 M KOH) 

[56]
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45 Rh6Cu1/C 
RhCl3 + CuCl2+ PVP + ascorbic 

acid 
0.282 

0.85 
(0.1 M KOH) 

1.54 
(1 M KOH) 

0.69 
0.017 

(0.5 M H2SO4) 
[57] 

46 Co9S8@MoS2 Co(OAc)2 + Na₂MoO₄ + PVP 0.407 
0.88 

(0.1 M KOH) 
1.57 

(1 M KOH) 
0.69 

0.143 
(1 M KOH) 

[58] 

47 O-Co0.5Mo0.5Se2
nickel foam + Co(NO3)2 + Na₂MoO₄ 

+ hexamethylenetetramine + Se
NA 

0.83 
(0.1 M KOH) 

1.406 
(1 M KOH) 

0.576 
0.102 

(1 M KOH) 
[59] 

48 
Co9S8-MoS2/N-
CNAs@CNFs 

Zn(NO3)2 + Co(NO3)2 + 2-MIM + 
Na₂MoO₄ 

0.17 
0.82 

(0.1 M KOH) 
1.57 

(1 M KOH) 
0.75 

0.163 
(1 M KOH) 

[60] 

49 
Co5.47N@Co3Fe7/N-

C 
urea + GO + oxidized CNTs 

+ FeCl3 + CoCl2
0.60 

0.94 
(0.1 M KOH) 

1.72 
(0.1 M KOH) 

0.78 

0.181, 
(1 M KOH) 

0.115, 
(0.5 M H2SO4) 

[61] 

50 
Cu-

foam@CuCoNC–
500 

Cu(OH)2 + Cu foam + Co(NO3) 

+ dimethylimidazole
NA 

0.84 
(0.1 M KOH) 

1.485 
(1 M KOH) 

0.645 
0.059 

(1 M KOH) 
[62] 

51 Fe3C-Co/NC 
P123 + Co(NO3)2 + Fe(NO3)3 + 

melamine 

0.2 ORR 
0.4 OER 
0.3 HER 

0.885 
(0.1 M KOH) 

1.58 
(1 M KOH) 

0.695 
0.238 

(1 M KOH) 
[63] 

non-metal based materials 

52 SHG melamine + NiSO4 + KCl 0.71 
0.87 

(0.1 M KOH) 
1.60 

(0.1 M KOH) 
0.73 

0.31 
(0.1 M KOH) 

[64] 

53 NOGB-800 
sodium citrate + Co(NO3)2 
+ K3[Fe(CN)6] + dopamine

0.4 
0.84 

(0.1 M KOH) 
1.65 

(1 M KOH) 
0.81 

0.22 
(1 M KOH) 

[65] 

54 N-doped graphene graphene + melamine 0.283 
0.76 

(0.1 M KOH) 
1.57 

(1 M KOH) 
0.81 

0.15 
(0.5 M H2SO4) 

[66] 

55 NCN-1000-5 citric acid + NH4Cl 0.2 
0.82 

(0.1 M KOH) 
1.64 

(0.1 M KOH) 
0.82 

0.09 
(0.5 M H2SO4) 

[67]
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MNC materials can be inferior to the electrocatalysts containing precious metals  
(Pt, Pd, Ru, Ir) [68,7]. Such materials are essential to overcome the burden exerted by the 
scarcity and high prices of noble metals. In the future, by using these novel energy 
materials the dependency on fossil fuels is prospected to be reduced. 

The porosity and nanostructure of MNC materials play an important role in catalytic 
performance, albeit the molecular nature of specific active centers is not always 
completely understood. To reduce the ambiguity, these materials are subject to acid 
etching to remove metal impurities, which are present at the surface. The catalytic 
activity may sometimes get affected due to harsh acidic etching due to metal leaching 
from the metal sites. To alleviate these issues, polymer templates and silica nanoparticles 
are used to retain the original porous structure [69]. 

In addition to more conventional uses in ORR, OER and HER (Table 1), MNC materials 
can also be engineered to address selective CO2 conversion to various products including 
carbon oxide [70,71,72] and methane [73,74]. Copper and bismuth are considered as big 
contenders for efficient CO2 reduction reaction (CO2RR) to produce alcohols and 
hydrocarbons [75]. 

Preparation of MNC materials heavily relies on carbonization of organometallic 
compounds or a mixture of transition metal salts with nitrogen and carbon sources. Often 
additional heteroatoms are used to dope the materials to increase activity and durability 
without significantly increasing their cost of production (Table 2). Alternatively, 
hydrothermal and solvothermal methods are used to prepare metal containing carbon 
composites. 

To prepare atomically dispersed MNC electrocatalysts, various templating strategies 
(polymers [76], silica [77], magnesium oxide [78], micelles [79]) have been employed. 
Metal–organic frameworks can often be used for the templating purposes. Coordination 
of metal to nitrogen not only creates the number of catalytically active M–Nx sites, but it 
also helps stabilize metal centers and ensures that the sites are atomically dispersed. Acid 
etching is used both to remove metal impurities and as sacrificial scaffold [8]. 
 
Table 2. Examples of heteroatom doping. 

 
heteroatom heteroatom source 

boron 
B(OH)3  
B2O3  

phosphorous 

phytic acid  
hexachlorocyclophosphazene  

H3PO4  
NaH2PO2  

sulfur 
KSCN  
sulfur  

thiourea  

nitrogen 

DCDA  
melamine  
DABCO  

urea  
thiourea  

and the metal complexes (Fig. 2) 

oxygen 
H2O2  
air  

fluorine 
NH4F  
PTFE  
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Figure 2. (A) Widely used nitrogen containing ligands for MNC catalysts. (B) Different nitrogen catalytic 
sites. Adopted with alterations from [80]. 
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Metal–organic frameworks (MOFs) form a good general platform to fabricate MNC 
electrocatalysts and, by varying the organic linkers, one can prepare more sophisticated 
hybrid materials. Importantly, post-synthetic modifications further help functionalize 
materials in accordance with specific applications in energy devices [81]. Prominent 
features of the materials derived from MOFs are their high porosity and high surface 
area. Both characteristics favor molecular diffusion and catalytic processes. For example, 
ionic conduction is employed by incorporating guest ions within the pores and integrating 
post-synthetic strategies to induce polarity [82]. To reduce the cost of production, 
typically, mechanochemical tools – ball milling and grinding – are used to avoid the use 
of solvents, and the platinum-group-metals are replaced with more abundant and 
affordable metals (e.g. iron triad) [83]. 

Electroconductivity and higher surface area of MNC materials make them viable for 
the use as supercapacitors [84]. The electrical properties of these materials, accompanied 
with mesopores, facilitate ion transport and electron transfer. Typically, the carbon 
sources are graphite, g-C3N4 (graphitic carbon nitride) and smaller organic molecules.  
For example, N-doped wrinkled carbon foils were prepared from 2D MOFs, pyrolyzed in 
ammonia atmosphere and etched with acid to remove metallic nanoparticles from the 
surface of the catalyst. These carbon foils are used in sodium storage devices [85]. 

Lithium ion batteries (LIBs) have gained place in the industrial applications including 
in electric vehicles [86]. The biggest issue with these devices is the low specific density of 
metal ion anodes. Most of LIBs are based on intercalation of lithium ions in graphite 
anode, which assist in enhancing energy density of the metal-ion batteries [87]. Recently, 
the research agenda has shifted to materials that are economically viable, efficient and 
hold potential for multifunctional storage. Organic–inorganic hybrid materials serve this 
purpose very well. 

Overall, the MNC composites are one of the alternative solutions to address 
environmental challenges. Their development receives great attention because of their 
potential use to transform electricity obtained from renewable energy sources such as 
wind, solar, nuclear, geothermal and hydroelectric sources. Through advances in 
molecular engineering they also represent a good platform for many energy conversion 
and storage devices, including fuel cells, chemical converters, portable and wearable 
devices. 

1.2 Outlook 

To meet higher green energy demands, many groups are working on the building blocks 
used to fabricate MNC materials (different metal sources, heteroatoms and carbon 
supports). Transitions metals (e.g. Fe, Co, Ni, Cu, Bi) provide a good alternative to 
platinum group metals. Their use has potential to bring down the cost of the devices. 
However, to be applicable at the large scale, more work needs to be done to reduce their 
catalyst loadings and increase their durability. So far, metal–organic frameworks used to 
produce MNC materials lacked novelty and largely relied on 2-methylimidazole. Although 
these catalysts were shown to be effective in several applications, their non-modularity 
prevents us from finetuning the electrocatalyst materials. To address the need for energy 
conversion and energy storage devices, also the stability of MNC materials has to be 
considered. 
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1.3  Aims and objectives 

The main objective of this research work was to create new functional materials, which 
would be derived from a subset of novel metal–organic frameworks. They would be used 
as precursors to better control activity of materials employed in electrochemical and 
heterogeneous catalysis applications. Namely, 

1. to substitute cost-inefficient constituents such as porphyrins, phthalocyanines, 
1,10-phenanthroline with new adaptable carbonaceous ligands based on the 
benzimidazole core; 

2. to assess their catalytic performance in oxygen reduction reaction (ORR), oxygen 
evolution reactions (OER), hydrogen evolution reaction (HER) and CO2 reduction 
reaction (CO2RR); 

3. to formulate electrodes with the most active electrocatalysts and test them in 
zinc–air batteries and single fuel cells. 

4. to test applicability of the new ligand to fabricate MNC materials, which contain 
various metal(0) nanoparticles. 
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2  Development of iron and cobalt materials 

Three structurally diverse benzimidazoles TL1, TL2 and TL3 were used to prepare iron 
and cobalt based catalyst materials TAL-1-900, TAL-6-900, TAL-7-900 and TAL-2-900,  
TAL-26-900, TAL-27-900, respectively. In the case of TAL-1-900, by testing different metal 
to ligand ratios, it was shown that there was no impact on the reactivity of the final 
materials in ORR and OER. As for the cobalt counterpart, which were prepared from 
amorphous MOF TAL-2, carbonization at different temperatures (800, 900 to 1000 oC) 
indicated that the material pyrolyzed at 900 oC was the optimal one. 

Upon carbonization of various precursors and subsequent acid etching, the materials 
contained various nanoparticles imbedded into the carbon matrix (Fig. 3A). For example, 
iron carbide was observed in TAL-1-900 and TAL-7-900 samples, while Fe3O4 
nanoparticles were detected in TAL-6-900 [88]. In case of the cobalt derived catalysts, 
only Co(0) nanoparticles were present (Fig. 3E). Acid etching was required to remove 
much of the nanoparticles (α-Fe in the case of iron catalysts and cobalt oxides in the case 
of cobalt catalysts) found at the surface of the catalyst. This was done by etching with a 
mixture of HNO3 and/or H2SO4 (50 oC, 8 h). The samples were then recarbonized to 
remove sulfonate and nitro groups. 
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Figure 3. (A) Preparation of TAL-derived catalyst materials using different organic linkers and metal 
sources. PXRD patterns for (B) iron TAL MOFs, (C) cobalt TAL MOFs, (D) iron-TAL derived materials, 
and (E) cobalt-TAL-derived materials. 

 
We assessed the afore-mentioned catalysts in three classical electrocatalytic 

transformations – oxygen reduction, oxygen evolution and hydrogen evolution reactions. 
Rotating disc electrode (RDE) technique was used to perform the measurements. Glassy 
carbon (GC) electrodes were modified with the material suspended in isopropanol with 
5% Nafion, a fluoropolymer/co-polymer, as a binder. 

The catalytic performance of MOF derived iron materials (TAL-1-900, TAL-6-900  
and TAL-7-900) was assessed in 0.1 M KOH (Fig. 4; 800 µg cm─2). CVs showed larger 
surface in case of TAL-1-900 as compared to Pt/C within the same potential window [88].  
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The polarization curves of TAL-1-900 for ORR exhibited a higher halfwave potential  
(Eonset = 1.01 V, E1/2 = 0.87 V) than Pt/C (E1/2 = 0.85 V). Altogether, TAL-1-900 was more 
active than TAL-6-900 and TAL-7-900. 

 

Figure 4. Electrochemical characterization of iron based TAL electrocatalysts. (A) ORR and (B) OER 
polarization curves at 1600 rpm with scan rate of 10 mV s─1 in 0.1 M KOH. Tafel plots for (C) ORR 
and (D) OER. (E) ORR stability test for TAL-1-900 over 5000 cycles in the potential range 0.6─1.0 V. 
(F) OER chronoamperometric measurement at 1.6 V for TAL-1-900. 

 
The Koutechy─Levich (K–L) and Tafel plots were constructed to better understand 

the reaction kinetics and the mechanism occurring on the surface of electrode.  
The linearity of the K─L plots indicated that it was a first order reaction with a number of 
electrons per O2 being four. This means dioxygen was converted to water via a  
2×2e– mechanism and that water, not hydrogen peroxide, was produced. The Tafel plot 
for TAL-1-900 strongly overlapped with that for Pt/C indicated that the reaction 
mechanisms are similar (Fig. 4C). 

The same trend was observed when comparing the OER performances, in which  
TAL-1-900 (E10 = 1.60 V @ 10 mA cm─2 vs RHE) had higher activity than TAL-6-900  
(E10 = 1.64 V), TAL-7-900 (E10 = 1.61 V) and Pt/C (E10 = 1.73 V), which was used a standard 

(Fig.4B). The bifunctional performance (ΔE) of all materials in hand was calculated by 
subtracting E1/2 from E10. TAL-1-900 had the lowest value of ΔE = 0.73 V when compared 
to TAL-6-900 (0.83 V), TAL-7-900 (0.78 V) and ORRPt/C + OERPt/C (0.84 V). 

Next, TAL-1-900 catalyst was tested for stability. In ORR, TAL-1-900 was cycled in the 
potential range of 0.6─1.0 V vs RHE for 5000 cycles. The electrocatalyst proved to be 
stable with only a small change in the halfwave potential (ΔE1/2 = 6.1 mV) (Fig. 4E). 
Similarly, TAL-1-900 was stable under OER conditions after 5000 cycles in the potential 
window of 1─1.8 V [88]. To check the durability of TAL-1-900, chronoamperometric test 
at 1.6 V in 0.1 M KOH was performed for 10000 seconds and compared to Pt/C (Fig. 4F). 
The enhanced ORR/OER activity of the fabricated electrocatalysts means that these 
materials hold potential to be employed in real-life applications. 
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The same three ligands were used to prepare cobalt catalysts TAL-2-900, TAL-26-900 
and TAL-27-900 (Fig. 5; catalyst loading 500 µg cm─2). All the materials were carbonized 
at 900 oC before and etched with 0.5 M HNO3. The structure–activity dependencies of 
ligands employed for the preparation of the cobalt and iron materials were similar.  
In ORR, electrocatalyst TAL-2-900 (Eonset = 1.00 V, E1/2 = 0.85 V), which was derived from 
the diol linker, performed better than TAL-26-900 and TAL-27-900. In OER, TAL-2-900  
(E10 = 1.60 V) outperformed RuO2 (Fig. 5B). The activity in both ORR and OER conditions 
was comparable or better than the standards (Fig. 5A). 

The ORR stability test was performed in a wider potential window (0.2─1.2 V vs RHE) 
corresponding to harsher conditions. TAL-2-900 turned out to be rather stable with a 
change in halfwave potential between the first and 5000th cycle being 20 mV.  
The chronoamperometric test was performed at 1.6 V vs RHE in 0.1 M KOH. RuO2 

gradually degraded down to 74% of its initial activity after 10000 seconds, while the  
TAL-2-900 activity remained virtually unchanged (99%) (Fig. 5F). 

The only significant difference between the cobalt (TAL-2-900) and iron (TAL-1-900) 
catalysts was the fact that the cobalt materials performed much better in HER.  
The overpotential for TAL-2-900 was  –308 mV at –10 mA cm─2, while the one for Pt/C 
was  –233 mV in 0.1 M KOH (Fig. 5G). In 1 M KOH electrolyte, the HER activity of  
TAL-2-900 improved to –264 mV vs RHE @–10 mA cm─2, while the one for Pt/C was   
–57 mV (Fig. 5I). 
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Figure 5. Electrochemical characterization of cobalt based TAL electrocatalysts. (A) ORR and (B) OER 
polarization curves at 1600 rpm with scan rate of 10 mV s─1 in 0.1 M KOH. Tafel plots for (C) ORR and 
(D) OER. (E) ORR stability test for TAL-2-900 over 5000 cycles in the potential range 0.2─1.2 V.  
(F) Chronoamperometric measurements at 1.6 V for TAL-2-900. (G) HER polarization curves for  
TAL-1-900 and TAL-2-900, TAL-26-900 and TAL-27-900 in 0.1 M KOH. (H) Tafel plots for HER curves 
in 0.1 M KOH. (I) HER stability tests for TAL-2-900 and Pt/C in 1 M KOH. 

 
Additionally, TAL-2 was carbonized at different temperatures (800, 900 and 1000 oC) 

to gain more insight into the structure–activity relationships (Fig. 6A, B, and C). All of the 
three carbonized materials contained Co(0) nanoparticles, albeit, as observed by PXRD 
(Fig. 6D), there was less graphite and Co(0) in the sample prepared at 800 oC. Out of these 
series, TAL-2-900 was the best performing catalyst in all the transformations. 

Rotating ring disc electrode (RRDE) was used to find out the percentage production 
of hydrogen peroxide (Fig. 6E). Production of H2O2 was in the range of 25–30% for all the 
catalyst (Fig. 6F). Altogether, TAL-2-900 showed promising results as a trifunctional 
electrocatalyst. 
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Figure 6. Comparison of TAL-2 derived materials carbonized at different temperatures. (A) ORR  
(B) OER (C) HER polarization curves of TAL-2 derived materials carbonized at 800, 900 and 1000 oC 
at 1600 rpm with scan rate of 10 mV s─1 in 0.1 M KOH. (D) PXRD pattern of TAL-2 and TAL-2-800, 
900, 1000. (E) RRDE curves for TAL-2-800, 900 and 1000. (F) H2O2 percentage production during 
RRDE measurements. 

 
To evaluate the real-life use of the best performing materials, TAL-1-900 and  

TAL-2-900 were applied in anion exchange membrane fuel cell as cathode materials.  
The mass loading was 2 mg cm─2 and HMT-PMBI was used as polymer hydroxide 
membrane [89]. TAL-2-900 exhibited higher power density (> 400 mW cm─2) and current 
density (1100 mA cm─2) and outperformed both Pt/C and TAL-1-900 (Fig. 7) Usually, while 
the benchmark for power density is considered as 1 W cm─2[90], TAL-2-900 only reached 
the half of this target. 

 

Figure 7. Power density and polarization curves for H2/O2 single cell alkaline anion-exchange 
membrane fuel cell using TAL-1-900, TAL-2-900 and Pt/C (2 mg cm–2) along with HMT-PMBI anion-
exchange membrane. Pt-Ru/C (0.8 mgPt-Ru cm–2) was used as the anode. T = 60 oC 

 
In the iron and cobalt systems, we saw that the choice of the ligand (TL1–TL3) was 

important for the overall activity. Hence, I have screened an additional series of rationally 
designed ligands (TL4–TL9) recently developed within our group [91] (Table 3). Specifically, 
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I used heterogenous catalysts developed only from the corresponding iron containing 
MOFs (Table 3) in ORR and OER (Fig. 8). Overall, the electrochemical data indicated that 
the diol moiety was essential for high efficiency. More studies are needed to understand 
the role of different substitution patterns in the benzimidazole core in the fabricated final 
catalysts. 
 
Table 3. Differentially substituted nitrogen ligands and final iron based catalyst materials used in 
this work. 

 

 
 

ligands catalyst material 

TL4 TAL-13-900 

TL5 TAL-20-900 

TL6 TAL-22-900 

TL7 TAL-23-900 

TL8 TAL-24-900 

TL9 TAL-25-900 

 
 

  

Figure 8. Electrochemical screening of iron based materials derived from different ligands in (A) ORR 
and (B) OER. Polarization curves at 1600 rpm with scan rate of 10 mV s─1 in 0.1 M KOH.  



 

28 

3  Multimetallic alloy nanomaterials 

In the earlier sections of this PhD thesis, I have tested various single metal MNC materials. 
Often, however, employing metal various combinations can be advantageous, because 
this may give rise to synergistic effects, which can further enhance the stability of such 
materials in long-term operations [92]. In this chapter, I have focused on bi- and 
trimetallic MNC materials comprising of iron, cobalt and nickel. 

Using two or more metals can lead to (1) new active sites containing dual metals 
[92], (2) mixed oxide nanoparticles or (3) mixed metal nanoalloys. The use of the diverse 
combinations of metals and, perhaps, ligands can provide different compositions and an 
increased number of active centers that may boost the intrisic activity of the 
electrocatalysts and, importantly, their durability [93,94]. Electrocatalysts comprising of 
different metals tend to give lower overpotentials for OER when compared to other 
combinations [96]. 

The majority of multimetallic materials explored so far are based mixed metal oxides 
[95–100]. MOFs have also been reported as precursors for metal/metal oxide composites 
[101]. Multimetallic 2D MOFs obtained from terephthalic acid were active in OER without 
a need for carbonization [102–104]. Li et al. also reported that the activity of CoFe OER 
catalysts was improved by doping them with Ni, V and Cr [99]. Most often, in such studies 
combinations of various metals are not compared. 

With our optimized ligand TL1, I surveyed a series of materials derived from a set of 
iron triad metals. Namely, I evaluated FeCo (TAL-18-900), CoNi (TAL-31-900), FeNi  
(TAL-32-900) and FeCoNi (TAL-36-900) containing materials (Fig. 9). The preparation of 
multimetallic electrocatalysts was similar to that of TAL-1-900 and TAL-2-900 and we 
were using MOFs obtained from equimolar amounts of the initial salts. The obtained 
MOFs were carbonized at 900 oC and etched with HNO3. 

STEM micrographs indicated the presence of metallic nanoparticles that are covered 
by the carbon onion-like shells (Fig. 10). All the materials were porous with pore sizes of 
2–4 nm (Fig. 9C, D). The XPS data had confirmed that M–Nx and pyridinic nitrogen were 
the major nitrogen species in all of the samples (Fig. 9E). 
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Figure 9. (A) Scheme of preparation of multimetallic electrocatalysts, (B) STEM micrograph of 
different catalyst, (C) N2 uptake isotherms, (D) pore size distribution and (E) XPS spectra for N1s 
region for all the electrocatalysts. 

Figure 10. Elemental mapping of different materials using HAADF–STEM. 

TAL-18-900

FeCo

TAL-31-900

CoNi

TAL-32

-

900

FeNi

TAL-36-900

FeCoNi
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The electrocatalysts were tested under three conditions – ORR, OER and HER in  
0.1 M KOH (Fig. 11 A). The materials showed comparable activity in the ORR and HER, 
and TAL-32-900 outperformed Pt/C under the ORR conditions. The higher activity may 
be associated with synergistic effect of iron and nickel metals in both the ORR and  
OER reactions. The lower values in the Tafel plots for ORR (Fig. 11B) indicated that the 
4e– mechanism was predominant, in which oxygen is reduced to water. In the OER,  
TAL-36-900 catalyst performed the best, and metal alloys that included nickel showed 
better performance. In HER, there was no significant difference in the activity among the 
materials. 

 

Figure 11. (A) Electrochemical characterization of FeCoNi electrocatalyst in ORR, OER and HER in at 
1600 rpm with scan rate of 10 mV s–1 in 0.1 M KOH, (B) Tafel plots for ORR, OER and HER. 

 
All the materials were less active than Pt/C in ORR and RuO2 in OER when tested in 

acidic media (0.5 M H2SO4; Fig. 12A). Interestingly, TAL-18-900 performed better among 
other materials under all three conditions. Higher values of Tafel slopes in OER indicated 
fast deterioration of materials’ performance (Fig. 12B). In HER, the overpotential values 
at –10 mA cm–2 were similar to that of Pt/C. 
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Figure 12. (A) Electrochemical characterization of FeCoNi electrocatalyst in ORR, OER and HER in 
0.5 M H2SO4 (B) Tafel plot for ORR, OER and HER, respectively. 
 

To access the stability of materials in alkaline media, more stringent cycling 
conditions were employed with a wider potential window (0.2–1.2 V for ORR and 1–1.8 V 
for OER) (Fig. 13). TAL-18-900 and TAL-31-900 were stable in ORR with shifts in halfway 
potential of 12 and 11 mV, respectively. TAL-32-900 and TAL-36-900, however, were 
more stable in OER with minor shifts in potential at 10 mA cm–2 (Fig. 13B). The negative 
shift in performance might be a result of loss of material from the surface of the electrode 
during long-term operation. In OER, the stability of TAL-31-900 (FeNi) and TAL-36-900 
(FeCoNi) could be associated with formation of nickel hydroxide as the active species, 
which is protected by additional iron [105]. 

 

 

Figure 13. Stability test of FeCoNi electrocatalysts in (A) ORR and (B) OER for 5000 cycles in 0.1 M KOH. 
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In acidic media, stability test showed the same trend as was the case in alkaline 
medium in ORR (Fig. 14A). However, all the materials were not stable in OER in 0.5 M 
H2SO4 (Fig. 14B). 

 

 

Figure 14. Stability test of FeCoNi electrocatalysts in (A) ORR and (B) OER after 5000 cycles in 0.5 M 
H2SO4. 

 
All the catalysts were subjected to solid-state zinc–air battery (ZAB) tests. The cycling 

stability was demonstrated by using galvano charging/discharging up to 60000 s, and the 
persistence of ZABs was evaluated using standard CV tests (Fig. 15). They showed that 
TAL-18-900 was a better performing catalyst yielding 12 mW cm–2 as power density peak, 
which dropped significantly after the galvano charging/discharging performance  
(Fig. 15A). A similar trend was observed for TAL-31-900 with an exception that at the 
starting point of cycling the potential range was narrower (1.2–1.7 V), and the battery 
failed to retain the range (Fig. 15B). 

TAL-32-900 and TAL-36-900 showed promising results in the preliminary solid-state 
battery tests, which have outperformed the commercial Pt-Ru/C battery in cycling  
(c.f. Fig. 15C, D, and E). The electopolarization curves of power density for TAL-32-900 
before and after charging/discharging cycling confirmed its durability, while TAL-36-900 
exhibited rather low current and power densities. Importantly, TAL-32-900 (FeNi) 
indicated excellent durability within a higher potential range (1–2 V) (Fig. 15C), whereas 
Pt-Ru/C (0.4–1.6 V) failed to retain the discharging potential over longer period of time 
(Fig. 15E). 
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Figure 15. Zinc–air battery based electro polarization and power curves with respective 
charge/discharge cycling results for (A) TAL-18-900, (B) TAL-31-900, (C) TAL-32-900, (D) TAL-36-900 
and (E) Pt-Ru/C. 
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4 Development of bismuth materials for electrochemical 
reduction of CO2 

It is well established that the anthropogenic activities, particularly CO2 emisions, are 
caused by the excessive use of fossil fuels and that they have an overall negative impact 
on climate change. Within the framework of the UN Paris Agreement, it was decided to 
work together to keep the rise in average temperatures below two degrees (i.e. 2 oC) [1]. 

In the recent past, electrochemical reduction of carbon dioxide (CO2RR) coupled  
with intermittent sources of energy supply (specifically, wind and solar sources) have 
emerged as a promising way to store and convert energy. By using appropriate 
electrocatalysts, CO2 can be converted into higher value added products such as carbon 
monoxide (CO), formic acid (HCOOH), ethylene (C2H4) and higher hydrocarbons. 
However, it remains to be an outstanding challenge to produce products with high 
selectivity because of the similar thermodynamic potentials and the concurrence of 
hydrogen evolution reaction. These similar potentials for several products also give rise 
to various reaction intermediates that go on to form multiple products. Hence, the much 
sought after selective product formation will often depend on multiple variables such as 
the potential applied, the electrolytes, electrochemical reactor setup, membranes and 
the electrocatalysts used at hand. To date, there is a lack in high-durability protocols to 
compare electrocatalyst activities in the experimental research. 

The majority of studies reported to date have focused on copper-based 
electrocatalysts to produce hydrocarbons [108]. In these cases, carbon monoxide  
often serves as an intermediate, which binds strongly to the metal sites to afford the 
overall progress to various CO2RR products. Unfortunately, CO is often an effective metal 
poison and this concurrently leads to the overproduction of hydrogen. In contrast, use of 
other transition metal catalysts (especially, nickel and silver) reduce CO2 conversion to 
CO, however, using them the multi-carbon products are produced at lower efficiencies 
[108]. 

In this work, we have tested our newly developed ligand in application towards the 
formation of a bismuth(0)-based MNC material for selective electrochemical reduction 
of CO2 to formate. 

 

 

Figure 16. Scheme of preparation of novel bismuth-metal based electrocatalysts 
 

The preparation of bismuth-based electrocatalysts was done by carbonizing 
polycrystalline bismuth metal–organic frameworks derived from 1H-benzo[d]imidazole-
5,6-diol ligand (Fig. 16), whereby carbonization at various temperatures was tested. Flash 
pyrolysis was applied for two hours under inert atmosphere using dinitrogen and led to 
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formation of materials with variable structural morphology and electrochemical activity. 
Altogether, five samples were assessed: TAL-33-300, TAL-33-400, TAL-33-500, TAL-33-600 
and TAL-33-700. The XRD data demonstrated that the most active electrocatalysts were 
rich in amorphous carbon and metallic bismuth. Another interesting observation was that 
upon the increase in annealing temperatures, the concentration of metallic bismuth 
particles increased and, overall, had in resulted in better CO2 reduction efficiencies  
(Fig. 17).  
 

 

Figure 17. TEM images of bismuth electrocatalysts (A) TAL-33-400, (B) TAL-33-500 and (C) TAL-33-600.  

 
Electrochemical characterization was done by characterizing the products formed in 

solution by performing cyclic voltammetry and chronoamperometry under CO2RR 
conditions. The typical H-type cell was used with 0.45 M KHCO3 and 0.5 M KCl solution 
saturated with CO2 as catholyte at pH of 8.4 at 25 oC. The analyte was 1 M KOH separated 
by cation membrane activated in 0.1 M NaOH for 24 h. Under similar conditions, 
electrolyte CVs were measured to compare electrocatalytic performances across all of 
the samples (Fig. 18) in CO2 and argon-saturated solutions. The electrocatalyst loading 
was kept constant at 1 mg cm–2. 

Out of all of the samples, only TAL-33-400, TAL-33-500 and TAL-33-600 displayed CO2 
electroreduction at –1.43 V vs AgCl/Cl. This suggests that there is a narrow window of 
carbonization conditions, which deliver active electrocatalysts. 
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Figure 18. Cyclic voltammetry in CO2 and argon-saturated electrolyte (0.5 M KHO3 and 0.5 M KCl), 
(A) TAL-33-300, (B) TAL-33-400, (C) TAL-33-500, (D) TAL-33-600 and (E) TAL-33-700. 

 
To elucidate the product selectivity and investigate catalyst stability, 

chronoamperometric measurements were performed using H-type cell at –1 V vs  
RHE for 1.5 h, subsequently for 4 h. The bismuth electrocatalysts carbonized at  
400–600 oC exhibited higher selectivity towards formate formation. TAL-33-600 retained 
high Faradaic efficiency close to 100% for 1.5 h as compared to other catalyst materials.  
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After 1.5 h, TAL-33-400 efficiency started to drop off (Fig. 19). In contrary, the amount 
and the nature of the bismuth(0) nanoparticles present in TAL-33-600 ensured its 
continued performance.  
 

 

Figure 19. (A) Faradaic efficiency of bismuth based electrocatalysts for 1.5 h at –1.0 V vs RHE, (B) 
Stability measurement at –1.0 V vs RHE for 4 h and their Faradaic efficiency. 

 
As is evident from the obtained electrochemical results, TAL-33-600 delivered the 

best activity along with the highest Faradaic efficiency and stability with just a minor loss 
of 6% over the span of 4 h. On this basis of these data, we conclude that the size and the 
number of Bi(0) nanoparticles formed at 600 oC is central in determining in the high 
electroactivity of the underlying catalyst. This points out that the interplay of the 
nitrogen-doped carbon network and the carbonization parameters are important in 
establishing the catalytically active Bi(0) nanoparticles.  
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Conclusions 

In this PhD thesis, I have fabricated multifunctional MNC materials from polycrystalline 
and amorphous metal–organic frameworks, which are based on carbon rich 
benzimidazole linkers. 
 

1. I have screened a family of catalysts based on iron and variously substituted 
benzimidazoles to identify 1H-benzo[d]imidazole-5,6-diol as the best performing 
and most cost-efficient ligand for iron-based materials fabrication used in ORR 
and OER. 

2. With three selected ligands, I showed that a similar trend is valid in the cobalt 
based series in ORR, OER and HER.  

3. I have developed multimetallic systems using various combinations of iron triad 
metals in ORR, OER, HER. Additionally, have proved that these novel catalysts 
can be applied as cathode materials in single fuel cell and zinc–air batteries. 

4. I fabricated new MNC materials that contain nitrogen-doped carbon-supported 
Bi(0) nanoparticles for CO2RR. 
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Abstract 

Fabrication of novel metal, nitrogen co-doped carbon 
materials based on a unique organic ligand 

The nexus of electrochemical processes is the use of heterogenous electrocatalyst 
materials. They can and should be tailored with a high level of control and precision to 
broaden their use. 

To meet higher green energy demands, many groups are working on new building 
blocks used to fabricate metal, nitrogen-doped carbon (MNC) materials by using different 
metal sources, heteroatoms and carbon supports. Less expensive transitions metals  
(e.g. Fe, Co, Ni) provide a good alternative to platinum group metals. Their use has the 
potential to bring down the costs in manufacturing; however, for them to be applicable 
at a large scale, more work needs to be done to reduce catalyst loadings. So far,  
metal–organic frameworks (MOFs) used to produce MNC materials lacked novelty and 
largely relied on 2-methylimidazole as the nitrogen ligand. Alternatively, one has to rely 
on complexation with 1,10-phenanthroline as organic ligand. Although, upon 
carbonization, these catalysts were shown to be effective in several applications, their 
non-modularity had prevented finetuning the electrocatalyst materials. To address the 
increased needs for energy conversion and energy storage devices, the focus should shift 
to the stability of MNC materials. 

In this doctoral thesis, I developed and optimized several new electrocatalyst 
materials. All of them are based on a novel family of benzimidazole linkers with  
1H-benzo[d]imidazole-5,6-diol identified as an alternative to 1,10-phenanthroline and  
2-methylimidazole. 

The novel materials were derived from polycrystalline and amorphous metal–organic 
frameworks, which contained various non-platinum group metals such iron, cobalt and 
nickel for various applications including (1) oxygen reduction reaction (ORR), (2) oxygen 
evolution reaction (OER), (3) hydrogen evolution reaction (HER) and (4) carbon dioxide 
reduction reaction (CO2RR). In addition, multimetallic systems based on iron triad metals 
were screened. Using the best performing materials, I have fabricated single fuel cells 
and zinc–air batteries. These studies emphasize the use of rationally designed organic 
linkers in electrocatalysis and the potential of the new family of ligands in energy 
conversion and storage devices. 

Chapter 1 gives a short overview of MNC materials used for the electrochemical 
conversions of small molecules (CO2, H2O, N2, O2). Chapter 2 focuses on novel iron and 
cobalt based electrocatalysts used in electrochemical reactions such as ORR, OER and 
HER. In Chapter 3, I introduce and electrochemically evaluate multimetallic materials 
developed on the basis of combinations of various iron triad metals (Fe, Co, Ni), which 
were prepared using 1H-benzo[d]imidazole-5,6-diol as an alternative organic ligand. In 
Chapter 4, the same linker used to fabricate optimized MNC materials that incorporate 
Bi(0) nanoparticles for their use in electrochemical reduction of CO2 to formate. 
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Lühikokkuvõte 

Uue orgaanilise ligandi kasutuselevõtt metalli ja 
lämmastikuga rikastatud süsinikmaterjalide sünteesimiseks 

Efektiivsetel elektrokeemilistel reaktsioonidel on suur roll uute rohetehnoloogia 
protsesside arendamisel. Sealjuures on reaktsiooni keskmeks heterogeensed 
süsinikmaterjalid, mida nimetatakse elektrokatalüsaatoriteks. Üle maailma panustatakse 
hetkel nende uurimisse selleks, et tuvastada ja optimeerida metalli ja lämmastikuga 
rikastatud süsinikmaterjale (MNC materjale), kasutades erinevaid metalle, 
heteroaatomeid ja süsinikukandjaid. Ideaalis oleks odavamate ja keskkonnasõbralike 
siirdemetallide (nt raud, koobalt, nikkel) kasutuselevõtt kuluefektiivseks lahenduseks 
kasutatavatele plaatinarühma metallidele. 

MNC materjalide arendamisel ja tootmisel kasutatakse laialdaselt lähteainetena 
metall–orgaanilisi võrestikke (MOFe), kuid paljudel juhtudel on neid vaja rikastada teiste 
komponentidega. Selle töö raames arendasime uut tüüpi orgaanilist ligandi, mis 
võimaldab rikastada MOFe juba varastel fabritseerimisstaadiumitel. Uued 
elektrokatalüsaatorid põhinevad süsinikrikka bensimidasooli derivaatidele. Neist kõige 
mitmekülgsemaks ja efektiivsemaks osutus 1H-benso[d]imidasool-5,6-diool, mis on 
osutunud väga heaks alternatiiviks 1,10-fenantroliinile ja 2-metüülimidasoolile. 

Materjale sünteesiti moodustades metall-orgaanilisi võrestikke, kusjuures ei olnud vahet 
kas on tegemist polükristalliliste või amorfsete materjalidega. Lisaks ühemetallilistele 
variantidele oleme näidanud, et on võimalik samaaegselt inkorporeerida ka mitmesuguseid 
mitteplaatina rühma metalle. Lõppmaterjale testiti elektrokatalüsaatoritena 
mitmesugustes protsessides, sealhulgas hapniku redutseerimisreaktsioonis (ORR), 
hapniku eraldumisreaktsioonis, vesiniku eraldumisreaktsioonis (HER) ja süsinikdioksiidi 
redutseerimisreaktsioonis (CO2RR). Optimeeritud materjale testiti ka kütuseelementides 
ja tsink–õhk akudes. Antud uurimistöö näitas, et elektrienergia muundamise ja 
salvestamise jaoks MNC materjalide omadusi saab täiustada, kasutades uusi 
ratsionaalselt väljaarendatud orgaanilisi ligande. 

Esimeses peatükis antakse ülevaade MNC materjalidest, mida kasutatakse väikeste 
molekulide (CO2, H2O, N2, O2) elektrokeemilistes muundamistes. Teine peatükk 
keskendub uudsetele raua- ja koobaltipõhistele katalüsaatoritele, mida rakendati 
elektrokeemiliste reaktsioonide näitel (ORR, OER ja HER). Kolmandas peatükis 
tutvustatakse ja võrreldakse materjale, mida valmistati erinevate raudtriaadi metallide 
ehk raua, koobalti ja nikli segudest kasutades 1H-benso[d]imidasool-5,6-diooli 
orgaanilise ligandina. Neljandas peatükis rakendatakse sama ligandi selleks, et 
optimeerida MNC materjale, mis sisaldavad metallilise vismuti erisuuruses nanoosakesi 
erinevates kogustes. Neid optimeeritud materjale kasutati süsinikdioksiidi 
elektrokeemilisel redutseerimisel formiaadiks. 
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ÄÅÆÇÈ ÉÅÊÇÈËÅÌÍÎÏÐÅÑÒÇÍ
ÓÔÕÖ�×ØØÕÙÙ�×ÚÛÜØÝÕÞ�ßàá

ÝÜÙâÕã�äÖ�åæ�çèé�êëêåÞ�ì
äíÖÝäèãÕã�äÖ�æîåïîêëêê�

ðñïòñðæ�×çÞ�
�óâÜÙ�èÚÛÜØÝÕ�ÜÙ�ÝÜØÕÖÙÕã�àÖ

ãÕÚ�è�ôÚÕèÛÜõÕ�ôäööäÖÙ
�×ÛÛÚÜáàÛÜäÖ�òÞë�÷ÖÔäÚÛÕã

�øÜØÕÖØÕÞ
ùúûü�ý��ú��û����ú�û



�����������	
���������
���������������������������������������� � !"#$�%&'$(�����(�)(�*��+,*��-�.�/012
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