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Abstact 
Carbon nanostructures have emerged as a key material in nanotechnology 

and continuously find new areas of applications. Particularly, they are 

attractive due to their excellent properties as support for catalyst 

nanostructures leading to highly efficient composite materials for various 

electrochemical applications. The interest in these structures is further 

increased by the possibility to alter their electronic and structural properties 

by various methods. Heteroatom doping of carbon nanostructures is one of 

the approaches which may induce intrinsic catalytic activity in these 

materials. In addition, such introduction of guest elements into the 

hexagonal carbon skeleton provides strong nucleation sites which facilitate 

the stabilization of nanostructures on their surface. In this thesis we present 

detailed studies on the nitrogen incorporation into carbon nanostructures, 

particularly carbon nanotubes and reduced graphene oxide. Due to the high 

impact of nitrogen configuration on the intrinsic electrocatalytic properties 

of carbon nanostructures, we investigated the nitrogen functionalities using 

X-ray photoelectron spectroscopy and Raman spectroscopy. Based on our 

achievements we could assign the most electrocatalytic active nitrogen site in 

nitrogen-doped carbon nanotubes (NCNTs) for catalytic oxygen reduction 

reaction (ORR) which is an important reaction in energy conversion systems 

such as fuel cells. We then used nitrogen-doped carbon nanostructures as a 

key component to manufacture hybrid material, where the nitrogen doped 

nanostructures has a role of both stabilizing the nanostructures and to work 

as conductive additive to assist the charge transfer from the other 

constituents suffering from inherently poor conductivity. Our hybrid 

material comprising transition metal oxides (Fe2O3 and Co3O4) anchored on 

nitrogen-doped carbon nanostructure were used to both manufacture an 

exotic type of graphene nanoscrolls, as well as studied and evaluated as an 

electrocatalyst in various electrochemical reactions. We show that the self-

assembled electrodes exhibited better performance and higher stability 

compared to when the same material was loaded on common current 

collectors such as fluorine tin oxide (FTO) coated glass and glassy carbon 

electrode, with both higher current densities, more efficient charge transfer 

and lower overpotentials for oxygen evolution and hydrogen evolution 

reactions, the two important processes in a water splitting device. Our 

NCNTs-based electrodes showed further excellent performance in lithium 

ion batteries with high cyclability and capacity. The thesis gives insight into 

processes, materials, and methods that can be utilized to manufacture an 

efficient water splitting device, based on earth-abundant self-assembled 

materials. It further represents a significant advancement of the role of 

nitrogen in heteroatom-doped nanostructures, both regarding their intrinsic 

catalytic activity, as well as their role for stabilizing nanostructures. 



 

Sammanfattning 

   Kolnanostrukturer såsom grafen och kolnanorör är ett av de viktigaste 

materialen inom nanoteknologin och de finner ständigt nya områden för 

tillämpningar. En av de speciellt attraktiva egenskaperna är deras förmåga 

att fungera som substrat för katalytiska nanopartiklar, vilket leder till 

högeffektiva kompositmaterial för olika elektrokemiska tillämpningar. 

Möjligheten att förändra kolmaterialens egenskaper ytterligare, i synnerhet 

deras struktur och elektroniska egenskaper, genom olika metoder har 

ytterligare spätt på det stora intresset för dessa strukturer. Dopning av 

gästatomer i strukturerna är en metod att åstadkomma detta och i visa fall 

kan det inducera ”interna” katalytiska egenskaper i de dopade 

kolnanostrukturerna vilket innebär möjligheten att skapa metallfria 

katalysatorer. Förutom dessa katalytiska egenskaper, kan introduktionen av 

gästatomer i det hexagonala kolskelettet också ge upphov till 

förankringspunkter som kan stabilisera andra nanostrukturer på deras yta.  

   I denna avhandling presenteras en detaljerad studie av kvävedopning i 

kolnanostrukturer, i synnerhet av kolnanorör och reducerad grafenoxid. På 

grund av att de elektrokatalytiska egenskaperna är starkt beroende av typen 

av kvävedefekt i kolnanostrukturerna, undersöktes dessa defekter i detalj 

med röntgenfotoelektronspektroskopi och Raman spektroskopi. Baserat på 

vår studie kunde vi tillordna katalytiska egenskaper för de enskilda 

kvävedefekterna i dopade kolnanorör, och fastslå vilken som var mest aktiv 

för syrereduktion (ORR). Denna process är  mycket viktig i exempelvis 

bränsleceller. Vi använde vidare de kvävedopade kolnanostrukturerna som 

en nyckelkomponent i olika hybridmaterial, med rollen att både stabilisera 

andra nanostrukturer, såsom nanopartiklar av järnoxid och koboltoxid, på 

ytan av dessa material, samt för att förbättra laddningsöverföringen från 

transitionsmetalloxiderna till elektroden. Våra hybridmaterial, uppbyggda av 

transitionsmetalloxider (Fe2O3 och Co3O4) förankrade på kvävedopade 

kolnanostrukturer, kunde både leda till formation av en ny typ av exotiska 

grafennanorullar, men studerades och utvärderades även som 

elektrokatalysatorer för olika elektrokemiska processer. Vi visar att 

hybridmaterialen uppvisar en bättre prestanda och stabilitet jämfört med 

när samma typ av material appliceras på vanliga strömkollektorer såsom 

fluortennoxid (FTO) belagt glas eller “glassy carbon”, Våra hybridmaterial 

ger högre strömdensitet, effektivare laddningsöverföring och lägre 

överpotentialer för OER (oxygen evolution reactions) och HER (hydrogen 

evolution reactions), vilket är de två processerna som drivs i en 

vattenspjälkande komponent. Våra kvävedopade kolnanorör visar vidare 

utmärkta egenskaper som elektroder i litiumjonbatterier, med hög cyklisk 

stabilitet och kapacitans. Avhandlingen ger viktig inblick och kunskap om 



 

processer, metoder och material som kan användas för att framställa 

vattenspjälkande komponenter baserade av lättillgängliga material som kan 

tillverkas i storskaliga processer. Den innebär också ett tydligt 

kunskapssprång för egenskaperna hos kvävedefekterna i kvävedopade 

kolnanostrukturer, både vad gäller deras katalytiska egenskaper samt deras 

förmåga att stabilisera externt förankrade nanostrukturer.  
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1. Introduction 
 
   In order to match modern society’s increasing demands of energy and 
concurrently limit the effects of global heating and pollution, the future 
energy scenario needs to be based on renewable energy sources. Hydrogen is 
one of the most important fuels and can be utilized for example in fuel cells. 
Hence, hydrogen production and storage from sustainable sources are widely 
considered. Utilizing green sources such as solar, wind and hydroelectric 
power for hydrogen production not only increases the efficiency but also 
reduces the price. Among many approaches, water electrolysis powered by 
solar energy is an attractive approach. In water electrolysis reaction, water is 
converted to hydrogen and oxygen via two half reactions by applying 
external energy. The process can be optimized by employing suitable 
electrocatalysts to overcome the chemical reaction barriers. Due to the 
extensive challenges involved in the development of efficient electrodes 
comprising photocatalysts to directly harvest the solar energy and the 
subsequent conversion to chemical fuels by phoelectrochemical water 
splitting,1 intensive research has also been focused on photovoltaic (PV)-
driven water electrolysis.2-3 In such process the electrocatalysts can be 
optimized separately for oxygen evolution and hydrogen evolution half 
reactions (OER & HER). Finally, to provide the thermodynamic driving force 
of water electrolysis (1.23 eV) plus the practical overpotential, more than one 
conventional solar cell must be connected in series. The energy barrier to 
drive OER is often higher than the other in the electrochemical cell. Hence, 
the nature, morphology and structure of the anodic material strongly 
influence the rate and efficiency of the cell reaction. Different catalytic 
materials for this reaction have been proposed, from noble metal oxides to 
their alternatives such as organic materials, transition metal oxides or their 
composites.4-5 Among noble metal oxides, RuO2 and IrO2 are accepted as the 
most efficient electrocatalyst for OER in alkaline condition.6 Nevertheless, 
energy conversion based on these low-abundant electrocatalysts keeps the 
commercial systems prohibitively expensive. New technologies need to be 
developed for electrode fabrication with high balance of efficiency and 
system costs.  
   To achieve this, during my Ph.D. I tried to focus on developing an 
inexpensive, scalable, durable and efficient electrode material which can be 
used directly in the energy conversion process. To reduce the price, I focused 
on all organic carbon based materials and its combination with transition 
metal oxides (TMOs) such as iron oxide and cobalt oxide, which are among 
the most earth abundant elements. The carbon material (in the form of 
carbon nanotubes and reduced graphene oxide) was intentionally doped with 
nitrogen to increase both the intrinsic electrocatalytic activity and the 
nucleation sites for the formation of metal oxide nanostructures on the 
surface. The final electrode was fabricated by tailoring this hybrid material to 
the current collector. Combining the metal oxides with the carbon support 
not only solves their inherent conductivity problem by providing a 
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conductive bridge to the current collector but also inhibits the agglomeration 
of nanostructured metal oxides which is a common problem for nano-sized 
structures. This bottom-up design of the electrode was based on the 
knowledge we acquired during studying each component of the hybrid 
material separately. Specifically, formation of nitrogen functionalities and 
the adsorption energy of each functionality for iron oxide nanoparticles were 
studied in different projects. The fabricated electrodes were capable of 
addressing major drawbacks of commercial electrodes in different 
electrocatalytic reactions.  
   Besides studying OER and HER which are the energy consuming reactions 
in water electrolysis, the role of nitrogen functionalities in nitrogen doped 
carbon nanotubes (NCNTs) towards oxygen reduction reaction (ORR) was 
also studied. ORR is the most important reaction in energy converting 
systems such as fuel cells. In proton exchange membrane (PEM) fuel cells, 
ORR is the cathodic reaction which is kinetically a slow process.7-9 NCNTs 
are reported to have intrinsic catalytic activity to catalyze ORR9 but the 
catalyzing mechanism regarding the role of each nitrogen functionality is 
still a matter of debate. If NCNTs with a major portion of catalytic active 
site(s) are synthesized, the overall intrinsic catalytic activity of NCNTs can be 
further enhanced. By firmly anchoring this “green” and all organic catalyst 
on the surface of a substrate, the electrode could be used directly as the 
cathode in fuel cell.  
   As current collector for our electrodes, we have chosen a low cost, 
conductive carbon substrate. Carbon paper (CP) is capable of up-scaling with 
a large surface area and by synthesizing NCNTs that are firmly attached to 
the fibers of carbon paper, we can further enhance both the surface area as 
well as significantly reduce the charge transport resistance from NCNTs to 
the current collector (CP).    
   Additionally, considering the growing power-supply requirements, we have 
also tested our hybrid material for rechargeable lithium-ion batteries which 
are key devices for electricity storage. Since the main challenges in this field, 
beside achieving high capacity and optimum cycling performance,10 is 
electrode fabrication, our binder free direct electrodes comprising only 
NCNTs or hybrid NCNTs/iron oxide, tightly attached to CP current collector, 
meet these requirements to a high extent. 
   In the following, I will give a brief introduction to the different materials 
that I have used and synthesized in my work (chapter 2), the theoretical 
aspects of different catalytic electrochemical processes (chapter 3), the 
techniques that I have used to characterize our material (chapter 4), the 
methods to synthesize them (chapter 5) and then the detailed achievements 
are presented in chapter 6.  
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2. Carbon nanostructures 

   In the mid-1980s Smalley and co-workers11 discovered fullerenes (C60) 

which are molecules composed of only carbon atoms with hexagonal and 

pentagonal faces. C60 resembles a football composed of twenty hexagons and 

twelve pentagons. The study of fullerenes led to the discovery of a new 

structure by Iijima in 1991 today known as carbon nanotubes.12 Nanotubes 

are divided into two main types, single walled carbon nanotubes (SWCNTs) 

and multi walled carbon nanotubes (MWCNTs). A SWCNT can be visualized 

by rolling a graphene sheet up into a cylinder in such a way that the 

thickness of the cylinder wall is only one carbon atom. A MWCNT is a 

collection of concentric cylinders like a Russian doll. The circumference of 

the inner cylinder has usually a small number of carbon atoms (10-40). The 

length along the axis is usually of the order of microns and can be up to 

millimetres.13-14 Bamboo structured CNTs are a sub type of MWCNTs which 

are made of several cones of graphene sheets on top of each other.15 Helical 

CNTs16 and helical nano fibres17 are some other interesting graphitic based 

nanostructures (see figure 1). More recently, graphene has joined the carbon 

nanostructure family, having a 

similar graphitic based 

structure.18 Although the idea 

to isolate a single graphite 

layer (corresponding to a 

graphene layer) has existed for 

long time, graphene is the 

youngest member in the 

carbon allotrope family, being 

successfully isolated first in 

2004.19 The extraordinary 

physical properties of carbon 

nanostructures such as high 

strength, unique electrical 

properties and high 

conductivity have raised large 

interest on this group of 

material. 

2.1. Carbon nanotubes  
   When describing CNTs, it is important to understand the atomic structure 

of nanotubes by looking at an opened graphitic sheet. A SWCNT is defined in 

regard to its chirality, or helicity. The chirality is defined by the chiral vector 

 

100 nm

d

200 nm

c
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b
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a

Figure 1. TEM images of a) single-walled, b) multi-walled, 

c) helical and d) bamboo structured CNTs 
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and its angle, ch and θ respectively according to:20  

 

𝐶ℎ = 𝑛𝑎1 + 𝑛𝑎2 ≡ (𝑛, 𝑚)         (1) 

 

where 𝑎1 and 𝑎2 are unit vectors of the carbon honeycomb lattice 

(corresponding to a graphene sheet). The two indices, n and m indicate the 

number of unit vectors. The tube may be twisted with respect to the 𝑎1 

direction with the angle θ as shown in figure 2. Depending on the value of θ, 

so called zigzag (θ=0°), armchair (θ=30°) and chiral (0°<θ<30°) tubes can 

be defined. In the family of carbon 

nanostructures, MWCNTs are of 

special interest for the industry due to 

the possibility to scale up their 

production, while keeping their 

attractive properties. It consists of 

rolled-up multiple layers of graphite 

forming tubular shape. Since 

MWCNTs consist of a number of 

concentric SWCNTs, the chirality 

cannot be defined. 

2.2. Graphene and graphene oxide 
   The carbon atoms in graphene form a honeycomb lattice due to their sp2 

hybridization. It can be visualized as a single atomic layer of graphite. A large 

scale synthesis of single layer graphene is challenging and hence fabrication 

of few layer graphene which ideally exhibit the extraordinary properties of 

single layer graphene to a high extent has been considered.21-22  

   Graphene oxide (GOx) is a defective 2D graphite-based material resembling 

few layer graphene23 which forms by oxidizing and exfoliating graphite. 

Formation of C-O bonds mainly causes the exfoliation of graphite and 

concurrently introduces defects in the structure of graphene oxide. Due to 

the ability of GOx to remain as single sheet with high dispersability in water, 

it is widely used in thin film technologies. GOx can be reduced to form a 

similar structure that are relatively similar to graphene but which contains 

more defects, leading to a conductivity that are at best one tenth of ideal 

graphene.24-25 Nevertheless it has been frequently used in electronic and 

composite applications. The formation mechanism26 and electronic 

properties27 of GOx have been well studied and the reduced form of GOx 

(rGOx) is considered as an alternative for graphene in large scale 

applications.28-29 

Figure 2. The unrolled honeycomb of a (2, 4) 

single walled 
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2.3. Nitrogen doping of carbon nanostructures 

   The performance of carbon nanostructures can be improved by altering 

their physio-chemical properties. Particularly, doping of CNTs and rGOx can 

extend their intrinsic properties to enable their use in electronic devices30 or 

as catalyst support materials.31-33 One efficient method to adjust the physio-

chemical properties is to introduce heteroatoms such as nitrogen into the 

carbon structure.34-35 This alters the local electron density in these materials, 

and can thereby lead to significant modifications of the material properties. 

Depending on the technique, the precursor, and the synthesis conditions, 

various amounts and types of nitrogen functionalities are achieved in the 

final material.36-38 Nitrogen can be present in CNTs and rGOx in different 

forms based upon the neighbouring environment including the replacement 

of carbon by nitrogen in either a 6-membered ring or a defective 5-

membered ring, in the bulk or at the edge of the graphitic structure as shown 

in figure 3. There are three well-known nitrogen functionalities in the 

graphitic carbon framework.39-40 Pyridinic-N (shown by blue in figure 3) 

replaces a carbon in a 6-membered ring at the edge of a vacancy in the 

structure. Pyridinic-N contributes one p-electron to the aromatic π-system 

while having a lone electron pair. Pyrrolic-N refers to the nitrogen which 

shares two p-electron to the π-system and hence it can replace a carbon in a 

5-membered ring or a carbon bonded to hydrogen in a 6-membered ring at 

the edge of a vacancy (shown by green in figure 3). Graphitic-N is a member 

of the quaternary nitrogen (N-Q) group. Graphitic-N forms when nitrogen 

replaces a carbon in the bulk of 

the graphitic framework (black in 

figure 3). The configuration of 

other member(s) of N-Q is still 

under investigation.  

   Our detailed study on the 

precise assignment of the 

members of this group based on 

X-ray photoelectron spectroscopy 

(XPS) is presented in paper II and 

will be described later in results 

section. Understanding the 

properties of different nitrogen 

functionalities is of great interest due to dissimilar behaviour of each 

functionality regarding electrocatalytic activity, and chemical stability. The 

main obstacle to study these issues is the difficulty in recognizing the 

accurate location of the nitrogen in the carbon framework. A vast effort has 

focused on the recognition of nitrogen substitution mechanism41 for further 

understanding the role of substituted nitrogen in real use.42 

Figure 3. nitrogen functionalities localized in 

different sites of graphitic carbon framework 
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2.4. Synthesis of carbon nanostructures 
   Due to the rapid development of carbon based materials since 1980s, 

several different techniques have been employed to synthesize the featured 

morphology of these structures. The synthesis strategies include chemical 

vapour deposition (CVD), sol-gel process, pyrolysis, self-assembly processes 

and many other techniques.43 Here I focus on the synthesis of carbon 

nanotubes and reduced graphene oxide which are widely used throughout 

the thesis. 

2.4.1. Synthesis of pristine and doped carbon nanotubes 
   There are three well developed methods to synthesize CNTs; arc discharge, 

laser ablation and chemical vapour deposition (CVD). Despite that the 

synthesis principle in all the mentioned methods are rather similar, the 

appearance and purity of the resulting material may differ. The arc-discharge 

method was one of the earliest developed methods to initially produce C60s, 

but it has later been widely used to synthesize CNTs as well. The advantage 

with this method is that it can produce large amounts of highly crystalline 

CNTs, but since it usually results in a number of different complexes a 

further purifying step is usually needed.44 Laser ablation method is a 

commonly used method having a different source of energy (dual-pulsed 

laser) and the product has much higher purity compared to arc discharge 

method.45 CVD method is another widely used method with the potential to 

produce bulk amounts of high quality CNTs. Due to the slightly lower 

synthesis temperature than in the two former methods, the level of 

impurities is lower but the product is more defective. 

2.4.1.1. Chemical vapour deposition  
   The principle of the chemical vapour deposition (CVD) process involves a 

thermal and/or catalytic decomposition of hydrocarbon over a solid 

substrate in the presence of a catalyst. There is a generally accepted 

formation model for catalytic growth of CNTs. This model can be 

summarized in three steps; (1) adsorption and decomposition of 

hydrocarbon gases, (2) diffusion of released carbon atoms in or over the 

catalyst particle and (3) precipitation of the graphitic-like layers.46-47 The 

growth of CNTs can be either base or tip growth. In former the tube forms in 

a way that the catalyst particles remain in the base of tubes and in the latter 

the catalyst particles are encapsulated in tips of the tubes. Two different 

categories of CVD can be distinguished, (1) those involving pre-deposited 

catalyst films or particles on a support substrate (figure 4a) and (2) those 

utilizing in-situ decomposition of catalyst and carbon precursors (figure 4b). 
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Figure 4. schematic of chemical vapour deposition (CVD) system 

   In the first category, catalyst particles or a film of catalyst material (e.g. 

iron, nickel, cobalt or a mixture of metals) is deposited on the surface of the 

substrate with a defined thickness and pattern by various methods such as 

thermal or electron beam evaporation, sputtering and lithography.  

In the second category, the catalyst precursor-in powder form-are brought to 

its decomposition temperature and enters the reaction chamber along with 

the carbon precursor. It is possible also to inject a solution of carbon 

precursor and a metal composite (e.g. ferrocene) directly into the reactor. 

The metal composite decomposes and the released metal atoms agglomerate 

into particles which can then act as catalyst. 

   Diffusion of dissociated carbon in or over the catalyst particles is 

considered as a probable rate determining step in the growth process of 

CNTs. This highlights the importance of the catalyst material which has a 

direct impact on the final product. It can influence not only the morphology 

of the growth product but also the growth rate and hence the length and 

purity of the CNTs.48 Catalyst particles with sizes larger than 3 nm are 

usually reported to result in the growth of MWCNTs, while smaller particles 

lead to SWCNTs growth.49-50 Mixed and particularly bimetallic compounds 

are shown to significantly enhance the CNT growth.51  

   Nitrogen can be incorporated into the structure of CNTs either during the 

growth or by post synthesis modification with nitrogen-containing organic 

molecules.52 In the most reliable approach, nitrogen-containing precursor is 

used and nitrogen might become incorporated into the graphitic lattices 

during the growth.53 

2.4.2. Synthesis of graphene oxide, reduced graphene oxide 
and nitrogen-doped reduced graphene oxide  
   Single and few layer graphene were first synthesized by mechanical 

exfoliation of graphite.19 Even though the synthesized graphene is pure it is 

not suitable for large-scale manufacturing. Instead exfoliated sheets of rGOx 

are considered as an alternative for graphene where large scale quantities are 

more imperative than the supreme morphology and conductivity of 

graphene. This is especially relevant for energy storage applications. 

Chemical routes are among the best approaches for bulk production of 
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graphene material.54 To date, chemical efforts to exfoliate graphite have 

focused on oxidizing graphite by strong acids and then exfoliate them by 

either thermal or ultrasonic methods.55-57 The most common method to 

synthesize GOx is the Hummer’s method58 which is usually modified to fit 

the demands of the experiment. GOx which is the product of oxidizing 

graphite is a non-conductive hydrophilic carbon based material. The 

interlayer spacing of the lattice is increased from 0.335 nm for graphite to 

0.625 nm for GOx.59 One of the strongest advantages of the GOx is its water 

dispersability60 which extends the possibility to apply graphene oxide in 

many different areas. The produced GOx can be reduced further to form 

rGOx
61-62 with a conductivity and carrier mobility which lag behind graphene 

27 but still good enough to be used widely.  

   Similar to CNTs, the properties of graphene (and rGOx) can be altered and 

modified by introducing guest heteroatoms such as nitrogen into its 

structure. To synthesize nitrogen-doped rGOx (N-rGOx), GOx is usually 

mixed and annealed with a nitrogen-containing precursor before the 

reduction step. The material is then reduced and doped simultaneously in a 

reduction step similar to the reduction step to form pristine rGOx.63 Another 

approach is to use a nitrogen containing reducing agent such as hydrazine 

instead, which usually results in a lower nitrogen doping level.64-65 

2.5. Hybrid materials 
   Carbon nanostructures (CNS) possess large surface area, high conductivity 

and long charge transport capability. Hence, they have been widely 

considered as building blocks in the design of hybrid materials. When added 

to form hybrid material, apart from contributing by their own intrinsic 

properties they can also modify the shortcomings of the other components of 

the respective hybrid material. When mixed with metal oxide for instance, 

they can be considered as a conductive additive which makes up for the poor 

conductivity of metal oxides66-67 and concurrently are capable of hindering 

the large agglomeration affinity of metal oxide nanoparticles. Due to this, 

CNS-based hybrid materials are merging quickly to the field of electrode 

fabrication.68-71 Although nowadays CNTs, graphene and their mixture are 

the most common materials as the carbon component of CNS-based hybrid 

materials68, 72-76 other CNSs such as Vulcan,77 carbon onion78 and 

nanoporous carbon79 are employed extensively as well. 
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3. General aspects of the catalytic 
electrochemical processes 

3.1. Oxygen reduction reaction 
   Oxygen is the third most abundant element on earth, and is vital to all 

living organisms. Furthermore, the so called oxygen reduction reaction 

(ORR) is an important reaction for energy conversion in both technical 

applications as well as in biological respiration (schematically shown in 

figure 5). Recently, its essential role in fuel cells and lithium-air batteries has 

attracted researchers to understand the mechanism of this reaction.  

 

Figure 5. Schematic of ORR on the surface of the material 

   ORR is a complex electrochemical reaction that involves breaking a double 

O-O bond and formation of O-H bonds via several steps producing 

intermediate species. The number of electron transfer in the step that 

precedes the O-O bond breaking defines the mechanism of ORR. Despite 

significant theoretical and experimental efforts, the exact mechanism of the 

reaction is unclear. This arises from the shortcomings of our devices to 

detect reaction intermediates as well as the high overpotential needed to 

drive this reaction which limits the study of electron transfer mechanism.80 

There are two accepted pathways for ORR based on the electron transfer 

number. In the direct 4-electron pathway four electrons are involved in the 

reduction of O2 to H2O, while in 2-electron pathway H2O2 is formed as an 

intermediate step.81 The pathway is depending on the electrolyte condition 

and the nature of electrode catalyst material. A summary of electrochemical 

ORR is given in table 1 which is categorized based on the type of electrolyte. 

Depending on the application, different processes have their unique 

significance. In fuel cells for instance, 4-electron process is highly preferred 

due to absence of the intermediate step in which hydrogen peroxide (H2O2) 

is produced. On the other hand, it is obvious that in the hydrogen peroxide 

industry the 2-electron process is favored. 
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Table 1. A summary of electrochemical ORR categorized based on the condition of electrolyte 

Electrolyte ORR 

 

Acidic aqueous solution 

𝑂2 + 4(𝐻+ + 𝑒−) → 2𝐻2𝑂 

𝑂2 + 2(𝐻+ + 𝑒−) → 𝐻2𝑂2 

𝐻2𝑂2 + 2(𝐻+ + 𝑒−) → 2𝐻2𝑂 

 

Alkaline aqueous solution 

𝑂2 + 𝐻2𝑂 + 4𝑒− → 4𝑂𝐻− 

𝑂2 + 𝐻2𝑂 + 2𝑒− → 𝐻𝑂2
− + 𝑂𝐻− 

𝐻𝑂2
− + 𝐻2𝑂 + 2𝑒− → 3𝑂𝐻− 

 

3.1.1. Kinetics of ORR 
   For ORR it is desirable that it proceeds at a potential satisfactorily close to 

the reversible electrode potential (1.23 V). In addition, rate of reaction 

should be high enough to achieve an optimum efficiency. According to 

Butler-Volmer equation (eq. 2), the electrical current on both cathode and 

anode is related to the electrode potential as follows: 

 

𝑗 = 𝑗0 [exp (
𝑛𝛼𝑎𝐹ƞ

𝑅𝑇
) − exp (−

𝑛𝛼𝑐𝐹ƞ

𝑅𝑇
)]            (2) 

 
Where j is the electrochemical current density, j0 is the exchange current 
density, n is the electron transfer number in the rate determining step, 𝛼𝑎 
and 𝛼𝑐 are anodic and cathodic transfer coefficient, F is faraday constant, R 
is the gas constant and ƞ is called the overpotential of the reaction. The 

overpotential is the potential difference between the theoretically 
determined thermodynamic reaction potential and the potential at which the 
reaction proceed experimentally. Exchange current density is the current 
density measured when no electrochemical reaction occur or the current 
density measured at zero overpotential. It represents the electrochemical 
reaction rate in equilibrium. The magnitude of the exchange current density 
shows how fast the electrochemical reaction proceeds. The electrode 
material has strong effect on the rate of reaction. So by means of a careful 
choice of electrode material (with the help of a suitable catalyst for example) 
we can direct the electrochemical process to proceed faster and we see this 
effect by calculating the exchange current density. If we consider the reaction 
going in anodic direction then eq. 2 reduces to: 
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𝑗 = 𝑗0 exp (
𝑛𝛼𝑎𝐹ƞ

𝑅𝑇
)               (3) 

 

   The linear region in the plot of ƞ vs. log j (Tafel plot) has the slope of  
2.303𝑅𝑇

𝛼𝑎𝑛𝐹
 

which is called the Tafel slope. From the Tafel plot one can describe the 
kinetics of the electrochemical reaction. One of the methods to calculate the 
electron transfer number is by solving the Tafel slope. The major difficulty 
then is to find the reaction coefficient α which is determined experimentally 
and can have different values based on the material and experimental 
condition.82-83 Due to this unambiguity, the electron transfer number 
calculated by this method is not accurate enough. The other method, which 
is more accurate, is to use rotating disk electrodes which will be explained 
later. 
   The Tafel slope is directly related to the rate of reaction, meaning that 
slower reactions (rate determining step) exhibit smaller Tafel slopes. The 
slow, sluggish kinetics of ORR is indeed a severe limitation which constrains 
the performance and efficiency of practical applications. Due to this, efficient 
electrocatalyst materials are utilized and “thought-out” to improve the 
kinetics of the reaction. While under acidic electrolyte platinum-based (Pt-
based) electrocatalysts are the main materials, in alkaline condition non-
noble elements and particularly their oxides are widely used.47, 84 Due to the 
high performance of Pt as an electrocatalyst for ORR via a 4-electron 
process, it has historically been frequently used in commercial systems. 
However, due to the very large cost correlated to its low abundance in earth’s 
crust the identification of alternative materials for Pt (and other noble metal 
catalysts) is essential. Both metal free all organic materials and transition 
metals (and specially their oxides, TMOs) are among the best and promising 
candidates.9, 85-87 

3.1.2. Electrocatalysts for ORR 
   To simultaneously reduce the cost and increase the efficiency of the 

systems where ORR is involved, three approaches are being pursued: i) 

reducing the Pt loading, ii) development of metal-free or all organic catalysts 

and iii) considering non-noble metals as alternative catalyst. A common and 

successful strategy to decrease the Pt loading is to use nanostructure/ 

particles of Pt which are usually loaded on a carbon support forming a hybrid 

material.88-89 Another approach to reduce the Pt-loading is by forming alloys 

of Pt with a non-noble metal,90-91 core shell structures92-93 and Pt islands.94 

Metal-free electrocatalysts usually consist of carbon materials which in most 

of cases are doped with selected elements such as N, B, P and S.95-96 This type 

of material has shown promising ORR activity, high stability and higher 

tolerance for CO poisoning compared to Pt/C.97-100 The last approach is using 

non-noble metal electrocatalyst instead of Pt. Even though these materials 

have shown a better tolerance to fuel poisoning compared to Pt, the 
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electrocatalytic activity is in most cases substantially lower than that of Pt 

catalyst.101-104  

   While all these approaches are being considered widely and have been 

discussed in many studies by our group, I will explain more in detail the 

ORR mechanism on doped carbon material which has been one of the main 

subjects of my thesis. 

3.1.3. ORR on doped carbon materials 
   Doped carbon materials are heterogeneous materials containing carbon 

and a guest element such as nitrogen, boron or phosphorous. In the recent 

years, nitrogen doping of CNTs and graphene has attracted a great interest 

due to their excellent performance in different electrocatalytic reactions as 

an all organic catalyst.100, 105-108 Owing its extra electron in the delocalized π-

orbital of carbon framework, nitrogen is a beneficial defect in the structure of 

carbon material. Even though the surface adsorption of oxygen molecules is 

an accepted starting point of ORR, the exact mechanism and the role of 

nitrogen in this process is still a matter of debate. As mentioned briefly in 

chapter 2.3, the nitrogen can localize differently in the carbon framework 

depending on the experimental conditions. It is interesting to note that there 

are controversial studies on the active site for ORR on nitrogen-doped 

carbon materials, in particular on the type of nitrogen functionality which 

displays the highest activity towards oxygen reduction.109-112 The main 

problem regarding these studies is the difficulty to characterize and identify 

the actual type of nitrogen functionality itself. Mismatching nitrogen 

functionalities leads to wrong conclusion about the electrocatalytic efficiency 

of the active sites. In addition, it is believed that other properties such as 

amount of carbon edge sites, total nitrogen content, the surface area, and 

presence of metallic nanoparticles also can affect the activity of the material 

towards ORR. By nitrogen inclusion in the carbon framework, the oxygen 

adsorption energy on the carbon adjacent to nitrogen reduces.109 The 

adsorption energy is dissimilar for carbons sitting next to different nitrogen 

functionalities. In addition, in the special case of graphene and graphite it is 

believed that the ORR activity differ on the basal plane in comparison to the 

edge plane.113-114  

3.2. Water electrolysis 
   Production of oxygen and hydrogen gases from electrolysis of water is a 

well-known principle. When a certain potential difference between 

electrodes is reached, hydrogen gas starts to evolve at the negatively biased 

electrode (cathode) and oxygen at the positively biased electrode (anode). 

The following reactions occur on electrodes in neutral water: 

 

2𝐻2𝑂 → 4𝐻+ + 𝑂2 + 4𝑒−          (9) 
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2𝐻2𝑂 + 2𝑒− → 𝐻2 + 2𝑂𝐻−     (10) 

 

The reactions are slightly different in acidic and basic water. The overall 

water electrolysis reaction is as follows: 

 

2𝐻2𝑂 → 𝑂2 + 2𝐻2             (11) 

 

   The open cell voltage for the water electrolysis is 1.23 V in standard 

condition which is the minimum energy needed for this reaction to evolve. 

However, for the reaction to get started some activation energy should be 

overcome. The activation energy can be reduced by using catalyst on the 

surface of the electrode or the electrodes with electrocatalytic activity such as 

Pt. 

   The life on earth is maintained upon conversion of solar energy to chemical 

energy by photosynthesis which is carried out by plants and bacteria.115 In a 

similar way as mentioned above, the sunlight (and water and carbon dioxide) 

is converted to oxygen and protons. However, instead of forming hydrogen, 

the plants are using the hydrogen for carbon chemistry to build organic 

building materials and fuel. The water electrolysis in photosystem II is 

catalyzed by CaMn4Ox containing cluster with high turnover frequency at low 

overpotential.116-117 Huge efforts have been directed to mimic the natural 

photosynthesis artificially with high efficiency as a feasible alternative to 

store the solar energy as fuel. Natural biological systems are however 

difficult to reproduce and use under normal lab operating conditions, and 

even more difficult to implement in a commercial device. Efficient and 

scalable photoelectrochemical water splitting systems requires innovations 

considering several important criteria. Light absorption should be managed 

simultaneously with the photogenerated carrier collection. Concurrently, as 

the catalyst material needs to be a good light absorber it also should be 

sustainable in the water electrolysis reaction.  

   In addition, ion transport and gas collection need to be considered and 

hence extensive efforts are required to design such a cell. Despite intensive 

efforts to develop efficient photoelectrodes and devices for solar hydrogen 

generation,1, 118-122 it is still a challenge regarding to both the cost and 

efficiency. Recently, the powering of electrochemical water electrolysis 

reaction by photovoltaic (PV) devices has been suggested as a solution to 

address the problems related to photoelectrochemical devices123. In such 

systems the solar to fuel conversion are achieved by connecting two suitable 

electrocatalyst loaded electrodes to a PV material. The four electron process 

of water oxidation to oxygen, the so called oxygen evolution reaction (OER) 

and two electron process of hydrogen evolution reaction (HER) are then 

carried out separately on the anode and the cathode. In this category of 

devices the photovoltaic cell can be varied independent of the catalyst 
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material,1, 3 and vice versa the OER and HER catalyst can be optimized 

separately to drive the water splitting reaction efficiently. As mentioned 

earlier, a minimum voltage of 1.23 V is needed to drive the water splitting 

but practically larger voltage is required. Commercial electrocatalysts 

operate at around 1.8 to 2 V.124 Since it is difficult to achieve a single PV cell 

with such high open voltage, the electrolysis is often driven by tandem PV 

cells. Multi-junction solar cells such as triple junction silicon, III-V-based 

and CIGS as well as perovskite solar cells have been successfully used to 

drive the electrochemical splitting of water.2, 125-127 Since the OER on anode 

causes the major energy loss, the kinetic and mechanism of electro-oxidation 

of water to oxygen have been studied widely.128-129  

   Even though noble metals such as Pt, Ru, Ir and their oxides (RuO2 and 

IrO2) catalyze OER efficiently, their high cost and low abundance have 

obstructed their use in commercial applications.6, 130-131 As an alternative, 

TMOs containing highly oxidized redox couples such as Co3+/4+, Ni3+/4+, 

Fe3+/4+ have shown great potential as earth-abundant and low cost catalysts 

for OER.132-135 Increasing the surface area by nanostructuring and tailoring 

composite materials to increase synergy effects are important approaches to 

reduce the overpotential and hence optimize the efficiency. Stabilizing 

nanostructured TMOs on carbon provides a conductive support to transport 

the produced electrons efficiently and enhances the durability of the 

electrode performance.79, 136 In a water electrolysis device, the overall water 

splitting reactions (OER and HER) should be utilized in the same electrolyte. 

This is a great challenge in electrocatalyst development due to activity of 

earth-abundant catalysts in different electrolytes. For instance, while MoS2 

exhibit high activity as HER electrocatalyst in acidic condition, it is not active 

in alkaline electrolytes. TMOs on the other hand are highly active for 

catalyzing OER in alkaline condition. Hence, acquiring a bifunctional 

electrocatalyst with high activity for HER and OER in the same electrolyte is 

an important step toward the development of a photo-electrochemical water 

splitting device. 

3.2.1. Carbon based direct electrode for water electrolysis 
   Apart from the catalytic properties of the electrocatalyst material itself, the 

electrode fabrication is also a crucial step. A high performance of catalyst is 

essential to reduce overpotential, increase the kinetics of reaction and hence 

improving the energy efficiency but often the practical activity is limited by 

issues related to assemble the catalyst materials into a working electrode. 

For commercial use, such issues are sometimes even more important than 

the catalyst material synthesis. Most of the reported electrodes for water 

splitting are fabricated by depositing a thin film or an agglomerate of catalyst 

particles (noble metal, transition metal oxide or non-metal catalyst) on a 

glassy carbon, Ni foam, fluorine tin oxide (FTO) coated glass or any other 
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conductive substrate.137-140 However, the electrode preparation in this way is 

both time consuming and difficult to control. Also, scientifically the 

measured activities are difficult to compare due to in homogeneities in 

morphology. Electrodes prepared in such ways usually also suffer from 

limited durability since the coated material easily peels off during the 

evolution of gases. To overcome such problems the use of additives and 

binders are common, but these add “dead weight” to the system and limit a 

good conduction between the active catalyst material and the conductive 

substrate. Recently a new generation of electrode materials has been 

considered in which the active material is grown directly on the surface of 

the current collector.141-144 This type of electrode is beneficial in water 

electrolysis cells because the firm attachment of the electrocatalyst to the 

surface of the current collector enhances the stability of the electrode during 

evolution of gaseous oxygen and hydrogen and also allows for up-scaling. 

   To address the poor conductivity of the TMOs, hybrid materials based on 

carbon/TMOs are suggested, and significant improvement in the electrode 

properties for OER has been achieved by anchoring nanostructured metal 

oxides such as Co3O4 or iron oxide on carbon materials such as mesoporous 

carbon,145 graphene146-147 and carbon nanotubes.74, 148 By proper choice of 

conductive carbon support also synergistic effects which raise the overall 

catalytic efficiency of the system can be gained. For example nitrogen-doped 

carbon nanomaterials have shown intrinsic catalytic activity for OER140, 149-150 

and the combination of nitrogen-doped carbon structures with catalytically 

active TMO structures has shown to give rise to interesting synergy effects.146 

Thus the growth of NCNTs on a conductive substrate and the anchoring of 

nanostructured metal oxides on the surface of the grown NCNTs opens up 

for a hybrid material that can be tailored directly as an electrode in a bottom-

up process.  

   The above stated approach is discussed in paper IV, V and VI. We have 

investigated the anchoring of the active catalyst materials to NCNTs and the 

beneficial effect in the electrocatalytic performance of the electrode have 

been studied in detail. 

3.3. Lithium-ion batteries  
   Despite of the impressive progress in harvesting sustainable energy in 

recent years, the development of efficient storage devices are still lagging far 

behind. The design and development of systems being able to store the 

produced energy in an environmentally sound process, which still allows for 

long cycling life, and high stability is an imperative challenge for researchers 

in materials science and electrochemistry. Lithium ion batteries (LIBs) 

represent one of the most promising systems to achieve a good energy 

density and cycling life.10  Commercial LIBs consist of layered structure of 

graphite as the anode material and lithiated metal oxides (LixMO2 such as 
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LiCoO2) as the cathode material. Nowadays, Graphite-LiCoO2 based LIBs 

power most of the portable devices. A basic scheme of LIB cell is illustrated 

in figure 6. 

 

Figure 6. Schematic illustration of charge and discharge in a lithium ion battery 

   The source of lithium in these cells is the cathode material which is a 

lithium metal oxide with a higher level of safety compared to the previously 

used bare lithium metal. The practical use of a battery involves several key 

steps; the first step is the charging process which is the oxidation (and hence 

delithiation) of the lithium metal oxide. The lithium ions then transfer to the 

anode via an ion conductive electrolyte and lithiate the anode material. 

During the initial cycling, an electrically insulating, but ionically conducting 

layer forms on the surface of electrode. This layer is known as the solid 

electrolyte interphase (SEI). SEI acts as a protective layer which does not 

interrupt the battery function during charge/discharge cycling.  For graphite 

the reaction with lithium can reach the stage of LiC6 formation according to 

the following reaction: 

 

𝐶6 + 𝐿𝑖+ + 𝑒− ↔ 𝐿𝑖𝐶6             (12) 

 

   This reaction on the electrode gives a theoretical specific capacity of ~372 

mAhg−1.151 If higher-capacity anode materials with lower volumetric changes 

(due to Li diffusion) replace the graphite, the specific capacity and energy of 

LIBs can be improved. Enormous efforts focus on the innovation and 

synthesis of new generation anode material to achieve more efficient LIBs 

with lower cost and improved cycling ability.152-153 TMOs are proved to 

undergo reversible conversion reaction in the presence of Li-ions,154 and by 

using TMOs such as CoO, CuO and Fe2O3 as anode material a capacity 2-3 

times higher than in graphite (600-1000 mAhg−1) can be achieved. However 

the main trade-off for these materials is the extreme expansion/contraction 

caused by ion insertion/withdrawing. This limits the lifetime of the 

electrodes due to crack formation or pulverization.155-156 Other drawbacks are 

rather poor reaction kinetics and large hysteresis of charge/discharge voltage 

due to the high energy to break M-O bonds, Nevertheless, TMOs remain as 



 

17 

promising anode materials because of their high charge storage capacity. The 

challenge lies in how to properly design hybrid composites which addresses 

the mentioned issues. One of the strategies which have been suggested to 

increase the cycling ability of the anode material is size confinement which 

aims to reduce the path length of charge carriers, increase the surface area, 

facilitate the Li insertion and hence inhibit the electrode disintegration. 

However, as discussed previously agglomeration is a major problem for 

nanoparticles and nanostructures. Here, special architecture based on 

nanotubes and nanowires have proven to be more stable than nanoparticles, 

and if vertically grown on the current collector, the three dimensional (3D) 

electrode facilitates the charge transport more efficiently. In such a structure 

the energy density raises due to the direct wiring of the active material to the 

current collector. In this manner, utilizing the binders and additives can be 

avoided and the electrode fabrication turns out to be easier and scalable. 

   The excellent properties of carbon based materials such as graphene, 

CNTs, and carbon fibers as conducting support for Li-storage materials are 

further strengthened by their intrinsic capacity for Li-storage. Reversible 

charge capacity of 540 mAhg-1 has been reported for graphene,157 and 

recently, NCNTs have attracted attention as an alternative material to 

graphite, due to their unique Li storage properties. The presence of nitrogen 

atoms form extrinsic defects that act as preferential adsorption sites for Li+ 

ions, thus increasing the capacity.158-159 Li-ions are also able to penetrate the 

defective tube walls and can be stored progressively in the inter-wall 

regions.160 The spaces between the tube walls are thus available for Li 

insertion, enabling the use of their inner interfacial areas, which previously 

were not accessible.  

   On the other hand as mentioned before, nitrogen defects on the carbon 

material create sites that can interact better with metallic nanoparticles 

providing nucleation sites to stabilize the nanoparticles.161-162 Accordingly, a 

combined hybrid material based on TMOs/C is an excellent material to be 

used as anode material in LIBs.  Nitrogen doped CNTs/graphene improve 

the electrochemical properties of nanostructured TMOs such as iron oxide. A 

detailed LIBs cycling performance study on the combined effect of nitrogen 

doping of CNTs having iron oxide (hematite) anchored to this carbon 

support is presented in paper IV. Fe2O3 undergoes a reversible conversion 

reaction which involves the formation of Fe nanoparticles embedded in a 

Li2O matrix:154  

𝐹𝑒2𝑂3 + 6𝐿𝑖+ + 6𝑒− ↔ 3𝐿𝑖2𝑂 + 2𝐹𝑒           (13) 

 

   This electrode assembly addresses the short carrier diffusion length, the 

interfacial resistance and thereby improves the capacity retention at high 

cycling rates.163-164 
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4. Experimental methods 

4.1. Synthesis of pristine and nitrogen-doped carbon 
nanotubes by chemical vapour deposition method  
   Depending on the necessity of having tubes which are grown vertically 
aligned on the substrate or in the powder form, either regular CVD or 
floating catalyst CVD method (FCCVD) was used. In the regular CVD a layer 
of the catalyst metal (Fe or Fe/Co) was thermally evaporated on the 
substrate (silicon wafer or carbon paper). The growth temperature was set to 
700-800 °C and ammonia pre-treatment was done prior to growth. It is 
believed that the ammonia treatment helps the catalyst nanoparticle 
formation and enhances the growth condition.165 We observed that without 
this step, growth was limited for Si substrate and completely inhibited in the 
case of carbon paper (CP) substrate. The precursor was introduced in 
combination with varigonTM as carrier gas. Except in one of the early 
projects, pyridine was injected into the reaction chamber using a syringe. 
   Addition of a buffer layer underneath the catalyst layer is beneficial to grow 
a denser forest of NCNTs on Si substrate and for the carbon substrates (CP) a 
buffer layer was crucial166-167 since otherwise the catalyst diffuse into the 
carbon , and do not contribute to the growth of CNTs. We used titanium (Ti) 
as the buffer material in accordance with the previous reports.168-169 10 nm of 
Ti buffer layer was evaporated on the substrate prior to deposition of catalyst 
layer. In our second approach when NCNTs in powder form was desired, we 
utilized a FCCVD process. In this approach the catalyst precursor (ferrocene 
in our case) was placed at the entrance of the reaction chamber just outside 
of the hot zone of the oven. The temperature of this part reached to the 
decomposition temperature of ferrocene when the temperature in the growth 
zone reached the set temperature. In this way, the Fe particles meet the 
carbon atoms in vapour phase. After growth, the resulting tubes could be 
scratched and collected from the inner part of the reaction chamber. 

4.2. Synthesis of hybrid graphene nanoscrolls by adsorption 
of γ-Fe2O3 (maghemite) nanoparticles 
   The synthesis of N-rGOx was started by first synthesis of graphene oxide 

(GOx) by a modified Hummers’ method170. Then GOx was dispersed in mili-Q 

water by ultrasonication and then melamine (C3H6N6) was added to the 

suspension. When the agglomeration was observed, the dispersion was dried 

slowly at 80 °C in air. The resulted solid material was finely grinded using a 

mortar. The GOx–melamine complex was pyrolysed at 750 °C for 45 min 

under an Ar atmosphere to obtain N-rGOx. In the next step, the N-rGOx 

nanoscrolls were synthesized by adding iron(III) chloride (FeCl3), tungsten 

hexacarbonyl (W(CO)6), polyvinylpyrrolidone (PVP) and hydrazine (N2H4) 

into a N-rGOx/methanol dispersion, followed by heating under reflux for 

24 h. The self-assembly formation of either maghemite or hematite 
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nanoparticles on N-rGOx was achieved by slight variation in the solution 

condition. While using a pure methanol solution led to the formation of 

maghemite nanoparticles, replacing a part of the methanol by water in 1:1 

ratio (volume ratio) resulted in the formation of hematite nanoparticles.  

4.3. Synthesis of hybrid iron oxide/nitrogen-doped carbon 
nanotubes 
   NCNTs were grown on a conductive carbon paper by CVD method. The 

growth process was the same as described in section 4.1, where carbon paper 

(CP-SIGRACET®GDL 10AA from Ion power, GmbH) with the resistivity 

below 15 mΩcm was used as substrate. The resulting material which we call 

NCNTs/CP was kept for further testing. A piece of material was used in the 

next step in which iron hydroxide nanorods were grown on NCNTs in a 

hydrothermal process. For that, a solution of iron trichloride hexahydrate 

(FeCl3.6H2O-0.15 mol/l) and sodium nitrate (NaNO3-1 mol/l) in a mixture of 

deionized water/methanol (1:1) was prepared and poured into a 30 ml 

autoclave. A piece of NCNTs/CP was placed vertically in the autoclave and 

maintained at 80 °C for 18 h. The last crucial step defined the phase of iron 

oxide in the final product. By thermal annealing of the as grown material at 

450 °C hematite nanorods were formed, while a short annealing at 350 °C 

for 15 min resulted in the formation of maghemite nanorods. 

4.4. Synthesis of bifunctional 3D electrode based on 
Co3O4/nitrogen-doped carbon nanotubes 
   NCNTs/CP support electrode was prepared as described in section 4.1. In 

the next step, 0.545 g of cobalt nitrate hexahydrate (Co(NO3)2.6H2O, 1.9 

mM) was dissolved in 30 ml deionized water/ethylene glycol (1:1) mixture 

and then poured into a 30 ml autoclave. Then a sheet of NCNTs/CP was 

placed in the autoclave and maintained at 160° C for 16 h. The resulting 

material was washed in water and ethanol separately and then treated at 300 

°C for 2h. In this step as synthesized cobalt carbonate hydroxide hydrate 

nanospheres which had formed on NCNTs, transformed to Co3O4 

nanospheres. 
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5. Characterization 

5.1. Electron microscopy 
   Limitation of human eyes in resolving objects, has led to the development 

of optical and electron microscopes. However, due to the Rayleigh criterion, 

which correlates the resolving ability of the detection method to the 

wavelength of the imaging process, the resolution of nanoscale objects is 

however far beyond the capability of light microscopes. By using an incident 

radiation with smaller wavelength than visible light the resolution can be 

improved. Electrons are ideal particles which meet this requirement since 

they are significantly smaller than atoms and if accelerated to some 

hundreds kV, the electron beam has a wavelength about one million times 

shorter than light waves. The electron microscopy is based on the simple 

scattering of electrons when passing through or reflecting from the material. 

Depending on the mode of operation, sophisticated information can be 

gained. The imaging mode of operation gives magnified view of the material 

morphology. The diffraction mode displays the local crystal structure and the 

analytical mode gives information on the elemental composition. Based on 

the type of the scattered electrons that are detected, different types of 

electron microscopy are categorized as explained below. 

5.1.1. Transmission electron microscopy      
   Transition electron microscopey (TEM) produces images by detecting the 

electrons that are transmitted through the sample within a high vacuum 

chamber. To increase the resolution and to allow more electrons to pass 

through the samples, a thin specimen should be used (see figure 7a and 7b). 

 

Figure 7 a) Schematic image of the working principle of TEM and b) different interactions of electron beam 

with the material 
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   In TEM, the appearance of the transmitted electrons is highly dependent 

on the properties of the examined specimen such as density, thickness, 

crystalinity and composition. Since the transmitted electrons are analyzed 

and detected, a thick part of the specimen scatters the electrons more than 

the thin parts and a porous material will pass more electrons than a dense 

material. The type of image obtained is termed a mass and thickness contrast 

image, which allows detecting differences between heavy and light elements, 

but still not a full map of elemental composition. The obtained contrast 

image is magnified and projected by magnetic lenses on a fluorescence 

screen. The analog images of electron density variations can be captured 

with the help of a CCD camera. 

   In our studies we have widely used TEM and high resolution TEM 

(HRTEM) to charachterize the morphology of our synthesized material. TEM 

and HRTEM studies were carried out on a JEOL JEM-1230 and JEOL 

2100F, respectively. 

5.1.2. Scanning electron microscopy  
   Scanning electron microscopy (SEM) technique gives a high magnification 

image with a good depth of field. Similar to TEM high energy electrons are 

used, but here usually the secondary and the backscattered electrons ejected 

from the surface of the material are detected and analyzed. SEM signal does 

not only give information about the surface morphology in 3D but also the 

chemical composition. The chemical composition can be analyzed by using 

the closely related technique of energy dispersive X-ray microanalysis (EDX) 

in which the generated characteristic X-rays during electron-material 

interaction is analyzed. The kinetic energy of backscattered electrons holds 

information about the binding energy of the electrons to the nucleus and will 

therefore lead to an image which gives composition contrast. The secondary 

electrons are low energy electrons (<50 eV), meaning that only those ejected 

from surface atoms are able to escape from the material. Hence, the study of 

secondary electrons gives information about the surface and not from the 

interior part of the sample. Since the SEM detector can detect the ejected 

electrons in different directions, a 3D image can be obtained.  

   The morphology and composition of our material were characterized using 

a Zeiss Merlin FEGSEM microscope. 

5.2. Raman spectroscopy   
   Raman spectroscopy is based on the analysis of the inelastic scattering of 

monochromatic light interacting with the material. During this scattering 

process, energy is exchanged between the photons of the incident light and 

the molecules of the sample. As the consequence of this interaction, the 

scattered photons have either higher or lower energy compare to the incident 

photons. The energy difference between the incident and scattered photons 
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is made up by a change in the rotational and vibrational energy of the 

molecule. There are two distinguishable Raman scattering processes. If the 

material absorbs energy from the incident photons, the emitted photons 

have lower energy than the incident one and the process is referred to as 

Stokes Raman scattering. On the other hand, if the photons are emitted with 

energy higher than the incident photons, the process is then referred to as 

anti-stokes Raman scattering. In other words, the Stokes process is referred 

to as phonon emission process while phonon absorption causes anti-Stokes 

radiation. Different light scattering processes considering energy levels are 

schematically shown in figure 8. 

 

Figure 8. Scattering processes of light including Stokes and anti-stokes Raman scattering 

   The intensity of Stokes radiation is generally higher, because anti-Stokes 

radiation can occur only when the molecule is already in an excited state 

(vibrational or rotational). This is less probable compared to the probability 

of molecules being in the ground state, as described by the Boltzmann 

distribution. Therefore, it is more common to study the Stokes Raman 

scattering during the Raman spectroscopy. The resulting Raman spectrum is 

then a plot of the intensity of the scattered light vs. the frequency downshift. 

The commonly accepted energy scale is to plot the intensity vs. the energy in 

terms of wave numbers (cm-1), where 8 cm-1 corresponds to 1 meV. Since the 

phonon energies of atoms and molecules vibrating in a structure differs 

depending on their chemical environment, Raman spectroscopy is a very 

powerful tool to investigate binding configurations and structural phases of 

materials. 

   In our work we have used Raman spectroscopy mainly to gain information 

on the configuration of the synthesized material directly after being 

synthesized and then to track the success of phase transformation to metal 

oxides (including Fe2O3 and Co3O4) after different type of treatments. Raman 

spectroscopy was also used to gain information on local structure in carbon 

nanostructured materials. The Raman spectroscopy was conducted on a 
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Renishaw InVia Raman spectrometer with a charge-coupled device detector. 

As excitation source, the most commonly used was a He-Ne laser with the 

wavelength of 633 nm. 

5.3 X-ray photoelectron spectroscopy  
   When a photon impinges on an atom three types of process may occur: 1) 

the photon passes the atom without any interaction, 2) the photon can 

scatter with partial energy loss due to interaction with electrons in the 

atomic orbitals and 3) the photon energy may transfer completely to the 

electron, leading to electron emission. The latter describes the emission 

process which is the base of X-ray photoelectron spectroscopy (XPS). In 

XPS, the sample is illuminated by X-rays of energies in the KeV range. This 

causes the ejection of core (inner shell) electrons, due to photon absorption 

by atoms of the sample. The energy of each emitted electron is a function of 

its binding energy which is an elemental property. The emission process is 

extremely fast (on the order of 10-6 s) and can be described based on the 

Einstein equation: 

 

𝐸𝐵 = ℎ𝜗 − 𝐾𝐸                          (14) 

 

Where 𝐸𝐵 is the binding energy of the electron, ℎ𝜗 is the energy of the 

incoming X-ray and KE is the kinetic energy of the emitted electron. So by 

detecting the kinetic energy of the emitted electrons, the electron binding 

energy can be calculated (since the core electron is ejected). This binding 

energy is the elemental “fingerprint” and hence the XPS spectrum gives a full 

description about the surface elemental composition of the examined 

material. However since the binding energy of the core electrons are also 

influenced by the chemical environment to which the atom is bound, 

information can also be gained about the chemical environment around the 

atoms, as well as charge states of the atoms and ions in the structure. To 

derive such information, the resolution in energy needs to be “fine-tuned” 

around the energy of the element of interest, and therefore this technique is 

often referred to as high resolution XPS.   

5.4. Thermogravometric analysis  
   In a thermogravometric analysis (TGA) measurement the weight variation 

of a material is measured either as a function of temperature or isothermally 

as a function of time in different environments such as air, oxygen, nitrogen 

or in vacuum. In a typical measurement an appropriate amount of material 

(few milligrams) is loaded in the TGA crucible and heated to a set 

temperature (usually between 250 °C and 1000 °C). Thereafter the mass 

variation is monitored as a function of temperature and time when the 

material is burnt (oxidized) or evaporated. Since phase transformations 
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require energy, without changing the mass, such processes can also be 

detected by using a constant heat flow in the chamber. 

5.5. Electrochemical testing 
   Electrochemistry is the study of reactions in the interface of a metallic 

phase (electrode) and a conductive solution (electrolyte solution). Thus, in 

electrochemistry the interaction between electrical energy and chemical 

reaction is studied. Electrochemistry focuses on chemical reactions in which 

electron transfer between species are involved. These particular chemical 

reactions are called oxidation-reduction or red-ox reactions. In the reduction 

process, the oxidizing agent is reduced by recieving an electron when it 

reaches to the vicinity of the electrode while in the oxidation process the 

reaction evolve by loss of electron. By the electron transfer from/to the 

electrode, current is generated. If the rate of reaction is the same in both red-

ox directions, the system is at equilibrium and the measured current is 

known as the exchange current (i0). Potential can be applied to the system to 

direct the reaction and concurrently the generated current can be measured. 

Since it is not possible to measure the potential difference of the metal and 

solution (electrolyte solution), the potential difference between two 

electrodes which are immersed in the same solution is measured. It is even 

more useful to immerse the electrodes in different solutions and measure the 

sum of “half cell” potentials-the so called galvanic cell. In most of the 

electrochemical testing, the reaction on one of the electrodes (half reaction) 

is of interest. Since we need to monitor both the current and voltage on the 

electrode of interest (working electrode), we need some standard reference 

electrode. Examples of common reference electrodes are silver chloride 

(Ag/AgCl), standard hydrogen electrode (SHE) and saturated calomel 

electrode (SCE). However, the reference electrode should not be used as a 

current carrying electrode since by doing this its potential would change. 

Therefore a third electrode is used as a counter electrode. This type of setup 

is known as a three electrode system and is used to study the electrochemical 

behaviour of electrode materials in electrochemical transient techniques 

such as linear sweep voltammetry (LSV) and cyclic voltammetry (CV). 

5.5.1. Linear sweep voltammetry  
   In LSV, a fixed range of potential is chosen and the voltage is scanned from 
the lower voltage limit to upper voltage and the generated current is 
recorded at predefined potential steps. From the C-V plot extractracted from 
LSV measurement, it is possible to determine the onset potential of reactions 
and hence the overpotential needed for the reaction to occur. If the potential 
is scanned slowly (less than 5 mV/s), the data can be used to generate Tafel 
plot which enables to derive the exchange current density as explained in 
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section 3.1.1. The later give valuable information about the kinetics of 
reaction.  

5.5.2. Cyclic voltammetry  
   CV is similar to LSV in the sense that the voltage is swept between two 

fixed pre-defined values (i.e. V1 and V2) at a fixed rate. The difference is that 

in the case of CV the current is recorded when the voltage is scanned from V1 

to V2 but also when it is reversed and swept back to V1. The forward scan 

provides identical information as recorded in LSV. In the forward scan the 

electrode material is oxidized, while it is reduced in the backward scan. By 

acquiring CV measurement, the cathodic and anodic currents can be 

obtained in one scan and the peak potentials can be defined. In addition, it 

gives qualitative information about the presence of intermediates in the red-

ox process and the reversibility of the reactions.  

5.5.3. Rotating disk and rotating ring disk electrode 
measurement  
   In a regular CV measurement, the current signal can be easily influenced or 

disturbed by the bulk diffusion. For steady-state experiments, it is therefore 

preferred to force the solution to move in a well-defined and controlled 

manner. Rotating disk and rotating ring disk electrodes (RDE and RRDE) 

are two types of working electrodes which are used in such hydrodynamic 

systems. In this way, it is possible to take advantage of the steady-state 

laminar flow conditions close to the RDE or RRDE to collect useful 

information about electrode reaction kinetics. The rotation of the electrode 

facilitates a steady stream of material from the bulk of the solution to the 

electrode surface. The diffusion of the solution towards a RDE was first 

modelled by Benjamin Levich given in the form of the following equation: 

 

𝑖𝑎/𝑐 = 0.2 𝑛𝐹𝐴(𝐷𝑂/𝑅)2/3𝑣−1/6𝐶𝑂/𝑅𝜔1/2             (15) 

Where 𝑖𝑎/𝑐  is the anodic/cathodic limiting current, n is the electron transfer 

number, F is Faraday constant, A is the electrode area, 𝑣 is the viscosity of 
the solution, 𝐷𝑂/𝑅 and 𝐶𝑂/𝑅 are the diffusion coefficient and concentration of 

the oxidized/reduced species and 𝜔 is the angular rotation rate of the 

electrode. It is common to study the kinetics of the reaction by studying 

Koutecky-Levich plots (K-L plot) for which a series of voltagramms are 

acquired on the rotating disk electrode over a range of different rotation 

speeds. Then the reciprocal of achieved currents are plotted against the 

square root of the rotation speed. Based on Koutecky-Levich equation: 
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𝑖𝑘 (the kinetic current) can be calculated 

from the intercept of the linear K-L plot 

with the x-axis. The kinetic current is 

the current that can be measured in the 

absence of the mass transport 

limitation. Furthermore the electron 

transfer number for the electrochemical 

reaction can be calculated from the 

slope of the curves in K-L plots. The 

main idea behind developing the “ring-disk” geometry for the working 

electrode (shown in figure 9) is to detect the stream of generated half 

reaction products at the disk electrode, while passing the ring electrode. The 

onset potential of the reaction can be precisely extracted from CV 

voltagramms recorded at RRDE. 

5.5.4. Electrochemical impedance spectroscopy 
   In electrochemical impedance spectroscopy (EIS), the electrochemical 
impedance is measured by applying a small AC excitation signal to the 
system and then measuring the current through the cell. By applying a small 
signal, the response of the system would be in the same nature (say we apply 
a sinusoidal potential excitation and the response is also sinusoidal with the 
same frequency) but shifted in phase. If the excitation signal has the form: 

 

𝐸𝑡 = 𝐸0 sin(𝜔𝑡)                                                         (17)  

 

Where 𝐸𝑡 is the potential at time t, 𝐸0 is the amplitude of the signal and 𝜔 is 

the radial frequency. The response signal then has the form: 

 

𝐼𝑡 = 𝐼0 sin(𝜔𝑡 + 𝜑)                                                    (18) 

 

Where 𝜑 is the phase shift. Then the impedance of the system can be 

calculated from eq. 6: 

 

𝑍 =
𝐸𝑡

𝐼𝑡

=
𝐸0 sin(𝜔𝑡)  

𝐼0 sin(𝜔𝑡 + 𝜑)
= 𝑍0

sin(𝜔𝑡)  

sin(𝜔𝑡 + 𝜑)
        (19) 

 

Using the Euler relationship, the impedance can be represented as a complex 

number: 

𝑍(𝜔) = 𝑍0(cos 𝜑 + 𝑗 sin 𝜑)                                       (20) 

 

Figure 9. Ring-disk geometry of RRDE 
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   If the real part of impedance is plotted on x-axis and the imaginary part on 

y-axis we get the “Nyquist plot” in which the impedance can be represented 

as a vector of length|𝑍|. The Nyquist plot is ideally a semicircle with the 

origin on the x-axis but often only a portion of the semicircle is seen and in 

some cases more than one semicircle is obtained. More details in this matter 

are discussed in the results section and in paper V. 

   EIS is a powerful tool to characterize voltage losses and hence to diagnose 

the limitations of the electrochemical cell and particularly the electrode 

materials and its constituents. By fitting a suitable equivalent circuit model 

based on the Nyquist plot, the charge transfer and different interfacial 

resistances can be characterized. 

5.5.5. Li-ion battery test 
   Battery tests include both voltammetric and galvanostatic measurements. 

The voltammetric measurement is the same as mentioned in previous 

sections. The galvanostatic measurement refers to an electrochemical 

polarization technique in which the electrode is maintained at a constant 

current and then the cathodic and anodic behaviours are observed. The 

cyclic charge/discharge technique is a standard galvanostatic method to test 

the performance and cycle life of the electrodes. Usually the charge of each 

cycle is measured and then the capacitance is calculated using eq. 21: 

 

𝐶 =
𝑄

𝐸
                           (21) 

 

Where C is the capacitance, Q is the measured charge and E is the cell 

potential. In practice, charge value is used instead of capacity with the unit of 

ampere-hour (Ah) where 1 Ah is 3600 coulombs. The capacity is then plotted 

vs. the cycle number and the plot gives information about the stability of the 

electrode upon cycling.  

   The performance of a battery is usually expressed as the energy density 

which is a measure of the energy of the battery in comparison to either its 

weight or volume. The efficiency of a rechargeable battery can be stated as 

coulombic and energy efficiencies. Coulombic efficiency of a battery is the 

fraction of stored charge during cycling to the recoverable charge during 

discharge. This can be calculated from the charge/discharge cycle. The 

energy efficiency is then the ratio of the output energy and the input energy 

and is usually lower than the coulombic efficiency.  
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6. Results and discussion 

6.1. Pristine and nitrogen-doped carbon nanotubes  
   Pristine carbon nanotubes (CNTs) and nitrogen-doped CNTs (NCNTs) 

were grown on Fe (or Fe/Co) catalyst by chemical vapour deposition (CVD) 

using either acetylene or pyridine as C or C/N precursor as described in 

section 4.1. Figures 10a-c show TEM images of the synthesized NCNTs in 

which the bamboo structure and highly defective parts are clearly seen. We 

have established that the structure, purity, dimensions and nitrogen doping 

level of the tubes are time dependent. Pure and smaller tubes were attained 

with short growth time while there was an optimized growth time to achieve 

highest level of doping. Both pristine and doped tubes were grown in 

bamboo shaped morphology. There are several studies explaining the growth 

mechanism of bamboo shaped CNTs.171-173  

 

 

Figure 10. TEM (a and b) and HRTEM (c) of the synthesized NCNTs showing the bamboo shaped 

morphology and defective walls of MWCNTs 

   SEM images of NCNTs on different substrates are shown in figure 11a and 

b. It is clear that NCNTs are highly aligned when they are grown on silicon 

substrates but that they grow much denser on the fibers of CP. Depending on 

the diffusion permittivity of the catalyst, the growth mechanism can be 

defined. Even though it is not possible to explain the growth mechanism 

based on a single growth parameter, it is clear that the catalyst material and 

composition have distinct effect on the morphology of the product.174 Beside 

this, addition of nitrogen during the growth process results in a curved 

structure and hence formation of bamboo-like structure.52 

6.2. Nitrogen functionalities in NCNTs 
   It is well established that nitrogen can be incorporated in the structure of 

CNTs in different configurations and with different properties. The detailed 

studies of the growth of NCNTs and configuration of nitrogen functionalities 

in the structure of CNTs are presented in paper I and II.166, 175 
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Figure 11. SEM images of NCNTs grown on a) silicon wafer and b) fibers of carbon paper (CP) 

   It has been proved that the catalytic properties of nitrogen can be varied 

depending on its position in the carbon framework.176-177 This is rationalized 

on the dissimilar environment of nitrogen when it is located at different 

sites. There is increasing number of studies investigating the intrinsic 

electrochemical properties of NCNTs particularly towards catalytic 

electrochemical reactions such as oxygen reduction reaction (ORR)178-179 or 

oxygen evolution reaction (OER)140, 150 in water electrolysis. There are two 

main problems facing such studies; large controversy regarding the 

assignment of nitrogen functionalities as well as the catalytic activity of 

various functionalities. Without overcoming the first problem, i.e. 

thoroughly assigning the types of nitrogen functionalities present in the 

samples, the correlation between catalytic efficiency and type of nitrogen 

functionality is not feasible. XPS is a strong tool to characterize and assign 

the nitrogen functionalities present in NCNTs. As mentioned before, by 

studying the XPS spectrum we are actually looking at the binding energy of 

each element to its neighboring elements. However, the interpretation and 

assignment of nitrogen functionalities in carbon nanostructures is not 

straightforward and depends on a number of factors.  

 

 

Figure 12. Some probable nitrogen functionalities in the carbon framework-nitrogen atoms are shown by 

blue circles 
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   First of all, XPS is a surface characterization technique and does not give a 

complete picture of the bulk composition of the elements which are present 

in the material. Second, the binding energies related to different nitrogen 

functionalities are in many cases very close and thus very difficult to resolve 

and distinguish. Calculation of the charge contributed to nitrogen in its 

different locations gives useful information about the type of functionality.39 

The charge contribution of three nitrogen configurations shown in figure 12 

has been investigated and it is shown that the positive charge on the nitrogen 

atoms increases from a to c.  

   The corresponding view of these functionalities in a carbon framework 

(from either the outer cylinder of a multiwalled carbon nanotube or a 

graphene sheet) is presented in figure 13. N1 nitrogen is calculated to be the 

least positively charged nitrogen 

and usually is referred to as 

pyridinic nitrogen in literature. 

The name comes from the 

similarity between the 

configuration of nitrogen in the 

carbon skeleton and pyridine.  

   As mentioned in section 2.3, 

pyridinic-N refers to nitrogen 

atoms which contribute to the π-

system with one p-electron and 

a well-defined peak centered at 

the binding energy of ~398 eV is 

assigned to this functionality in 

XPS spectrum.180 The so called Pyrrolic-N (N2) contributes to the π-system 

with two p-electrons and hence has higher binding energy. Substitution of C 

by N either in a six-membered ring or a defective five-membered ring leads 

to formation of pyrrolic-N (note the two different configurations in figure 

13). The binding energy of this functionality is different in multiwalled and 

single walled CNTs, due to the higher curvature in the latter. In the XPS 

spectrum of multiwalled NCNTs it appears at around 400.3 eV.181 A typical 

wide XPS spectrum of NCNTs is shown in figure 14a with an inset of the high 

resolution N 1s peak.  

   The N 1s peak in XPS spectrum usually also contains a broad peak with the 

center around 401 eV with full width half maximum (FWHM) of 3 eV. 

Therefore this peak (usually referred to as quaternary-N peak, N-Q) needs to 

be deconvoluted to several peaks assigned to several nitrogen functionalities. 

The assignment of these functionalities is still under debate but analysis of 

model compounds has assisted in their identification. According to the 

calculations by Pels et al.39 the nitrogen substituted in the place of a carbon 

in the bulk of carbon framework (not at the edge) is slightly less positively 

Figure 13. Different nitrogen functionalities in a 

graphitic sheet; N1, N2, N3 and N4 represent pyridinic, 

pyrrolic, N-Qcentre (graphitic) and N-Qvalley 
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charged than the nitrogen replacing a carbon in the valley site at the edge 

(N3 vs. N4 in figure 13). Due to this, these two functionalities which we call 

them N-Qcenter and N-Qvalley, differ in binding energy by around 1 eV.  

 

Figure 14. a) Typical XPS spectrum of NCNTs with assigned peaks, inset) high resolution N 1s peak and b) 

deconvolution of a typical N 1s peak to four distinct peaks 

   The peak centered at ~401 eV is assigned to N-Qcenter while the N-Qvalley 

exhibit a peak at ~402.3 eV (see figure 14b). The N-Qcenter peak is a well-

addressed functionality in the literature, and is usually called graphitic-N, 

while the peak attributed to N-Qvalley is often misinterpreted. In addition to 

these four main peaks, it is common that also peaks at higher binding 

energies are observed. The assignment of these peaks is under some 

controversy, and it has been suggested that they can be assigned to both 

molecular nitrogen and nitrogen oxide groups. Even though, it was not clear 

for us in the beginning, we now believe that the appearance of the peak at the 

binding energy of ~403 eV is due to - interaction, which is typically 

observed in carbon systems, but the strength of these can be very different 

depending on sample properties.  

   Nitrogen doping level and type of nitrogen functionalities depend strongly 

on synthesis conditions but is not easily controllable.166, 182-183 By 

investigating nitrogen functionalities in NCNTs with different levels of 

nitrogen doping, we observed that (paper I) the type of nitrogen inclusion 

changes in relation to the total amount of nitrogen incorporated to the 

NCNTs. We studied NCNTs with the doping level from 1 % to 9.2 %.  

   Based on the results shown in figure 15a, at low doping level the pyrrolic-N 

is dominant but around 4-5% there is a transition in nitrogen type. Pyridinic-

N starts to incorporate faster and become dominant in such a way that at 

high nitrogen level the atomic concentration of pyridinic-N is almost two 

times of the pyrrolic-N. We observed that, dissimilar to pyridinic-N, the 

increasing rate of pyrrolic-N is not in line with the increasing rate of nitrogen 

inclusion. 
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Figure 15. a) Relative abundance behavior of pyridinic and pyrrolic-N as a function of nitrogen content and 

b) ratio of pyridinic-N to pyrrolic-N incorporation as a function of nitrogen content. 

   This can be seen easier by plotting the ratio of the atomic concentration of 

these functionalities vs. the total nitrogen content as shown in figure 15b. 

The results from the XPS can be further correlated with Raman 

spectroscopy. In line with expectations, the Raman spectrum of NCNTs 

contains more defective related features than pristine CNTs. A typical 

Raman spectrum of NCNTs is shown in figure 16a. The spectrum shows a 

strong first order feature at ~1560 cm-1 (G-band) which can be seen in all 

graphitic carbon structures. 

 

Figure 16. a) Typical Raman spectrum of NCNTs fitted by Voigtian functions and b) the respective ID/IG as 

a function of nitrogen content 

   The appearance of an additional feature at ~1350 cm-1 (D-band) in the 

Raman spectrum is indicative for a defective carbon structure. Such peak is 

in principle present to some extent in all carbon nanotube samples, both 

single-walled carbon nanotubes as well as multi-walled carbon nanotubes, 

but the appearance of this peak differ between samples with different type of 

defects. As seen in figure 16a we have fitted several peaks in the main peak 

envelope. By analyzing these peaks we can thus get information on the types 
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of structural disorder in the structure.20 We used a 4-peak model to fit D and 

G bands of the Raman spectra of NCNTs and by this, D-band could be 

deconvoluted to 3 lines. These features are all defect related but with 

different origins.184 Beside the main D-line, the defect related feature at 

lower frequency, called I-line, is usually seen in nitrogen-doped or heavily 

disordered carbon structures.185 The other defect related feature at 

comparatively higher frequency (~1470 cm-1) is referred to as D˝-line and is 

used as an indicator of stacking defects in graphene layers.186 This feature 

can exhibit high intensity in NCNTs due to an increase in the turbostratic 

character in graphene layer stacking.187 The defective structure of NCNTs can 

be characterized by measuring the integrated area ratio of D to G band 

intensities; ID/IG. In figure 16b, ID/IG is plotted against the total amount of 

nitrogen in order to correlate the data with those shown in figure 15b. ID/IG 

increases up to the nitrogen content of about 4-5 % and thereafter remains 

unchanged. This transition in behavior of ID/IG occurs at the same nitrogen 

content as in the nitrogen functionalities ratio (pyridinic-N/pyrrolic-N). 

From this study one can conclude that the nitrogen incorporation differs in 

the low nitrogen content from that at high content and that the transition 

point is at around 5%. The further main aim of our studies was to gain more 

knowledge on the role of nitrogen functionalities in catalytic activity of 

NCNTs in electrochemical reactions such as in ORR. By a firm assignment of 

nitrogen functionalities from the XPS data, one of the main obstacles in such 

a study could be overcome.  

6.3. Transformation of nitrogen functionalities in NCNTs 
   In our study which is presented in paper II, we aimed to find out the most 

catalytic active site for ORR and therefore we needed different samples with 

a variety of nitrogen functionalities. To attain a more reliable conclusion, 

instead of controlling the type of nitrogen functionalities in the growth 

process we tried to transform the nitrogen functionalities into other types in 

the already synthesized set of sample. Thus, a post treatment step was 

applied to the grown NCNTs. A batch of NCNTs was synthesized using 

FCCVD (the powder form product) as described in section 4.1 which gives 

considerably homogeneous nitrogen content throughout the material. Then a 

simple heat treatment approach was used. The material was annealed in 

argon for a pre-defined time at different temperatures. The nitrogen 

functionalities were scanned for different treatment temperatures ranging 

from 500 °C to 1000 °C.  
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Figure 17. a) Normalized ratio of nitrogen functionalities calculated from eq. 22 vs. annealing temperature 

and b) Cyclic voltammograms in oxygen-saturated 1 M KOH for pristine CNTs and NCNTs annealed at 

different temperatures 

   The as-synthesized NCNTs before any thermal treatment have a 

distribution of nitrogen functionalities which is determined from XPS. To be 

able to analyze the response of nitrogen functionalities to thermal treatment, 

we normalized the atomic concentration of each nitrogen functionality to its 

original concentration before heat treatment using eq. 22: 

 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑟𝑎𝑡𝑖𝑜 =
𝐼(𝑁 1𝑠) 𝑜𝑓 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑁 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙𝑖𝑡𝑦𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑎𝑡 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑇

𝐼(𝑁 1𝑠) 𝑜𝑓 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑁 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙𝑖𝑡𝑦𝑏𝑒𝑓𝑜𝑟𝑒 ℎ𝑒𝑎𝑡 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡
       (22) 

 

Where I(N 1s) is the integrated area of specific nitrogen functionality 

obtained from deconvolution of N 1s signal of XPS spectrum. Figure 17a 

shows the response of three main nitrogen functionalities in our sample to 

heat treatment. It should be mentioned that pyrrolic-N (N2) which was 

present in the as synthesized material decreases rapidly and disappears 

completely after annealing at temperatures higher than 500 °C in agreement 

with earlier reports.188 The fast decrease in pyrrolic-N is concurrent with a 

slow decrease in pyridinic-N and a rapid increase in N-Qs (N-Qcenter and N-

Qvalley) as shown in figure 17a. We explain this observation by a 

“condensation reaction” as suggested by Pels et al.,39 in which the 

appearance of N-Qcenter and N-Qvalley is the consequence of the rearrangement 

of the rings in such a way that pyrrolic-N and pyridinic-N disappear partially 

(see figure 18a and 18b). 

Our results indicate that pyridinic-N functionalities are more stable than 

pyrrolic-N but that both are transformed to N-Qs when a sufficient 

temperature is provided. 
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Figure 18. Condensation reactions by annealing a) from pyrrolic-N (N2) to N-Qvalley (N4) and b) from 

pyridinic-N (N1) to N-Qs (N-Qcenter and N-Qvalley) 

   We show that while having the same starting material, by a simple 

treatment at high temperature the material converts to a sample containing 

more N-Qs. After annealing at 1000 °C, the ratio of N-Qvalley is almost 2.5 

times higher than that in the starting material. By attaining high diversity of 

nitrogen functionalities in different samples, electrochemical testing was 

performed using these materials as an all organic catalyst material for ORR 

which will be presented in the following sections. 

6.4. Configuration of catalytically active site in NCNTs for 
ORR 
   The treated NCNTs at different temperatures were tested toward ORR and 

compared with the original sample. To get a reference sample, enabling us to 

rule out differences originating from non-nitrogen effects on the 

electrochemical performance, pristine CNTs were synthesized and thermally 

treated at the same condition as for NCNTs. Figure 17b shows the 

electrocatalytic performance of heat treated NCNTs (and untreated) loaded 

glassy carbon electrode towards ORR in 1 M KOH. The inset shows the 

response of heat treated pristine CNTs (and untreated) modified electrodes 

which were prepared and tested under the same condition. 

   It is clear from the obtained results that the thermal annealing does not 

significantly affect the ORR properties of the pristine CNTs. In agreement 

with previous reports, the ORR current density of untreated NCNTs is two 

times higher than CNTs.189-190 The distinct influence of thermal annealing of 

NCNTs on ORR properties can be seen in figure 17b in which the current 

density attains its maximum value for the sample treated at 850 °C. The 

obtained current density is 1.7 times higher than the untreated NCNTs. By 

correlating the ORR measurements with the XPS analysis presented in figure 

17a, we suggest that the increasing of N-Qvalley sites in high temperature 

treated samples lead to the sharp increase in ORR current density. High 

catalytic efficiency of quaternary nitrogen has been shown before191-192 but 

separate contributions of N-Qs (N-Qcenter and N-Qvalley) have not been 

considered. To obtain more information on the kinetics of ORR, different 

electrodes were prepared using similar materials for rotating disk electrode 

(RDE) and rotating ring disk electrode (RRDE) measurements. To get a 

Annealing Annealing

a b
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better insight about the mechanism of ORR on our material the electron 

transfer number was calculated for all the electrodes using two methods 

based on the RRDE measurement. The first method was to obtain “n” using 

eq. 23 at the potential of -0.6 V: 

𝑛 =
4𝐼𝐷

𝐼𝐷 +
𝐼𝑅

𝑁

                         (23) 

where ID is the Faradaic disk current, 

IR is the Faradaic ring current, and 

N=0.4 is the collection efficiency. 

The electron transfer number can be 

calculated using the K-L plot which 

is based on the RDE current at 

different rotation rate of electrode. 

K-L plot for as synthesized pristine 

CNTs and treated NCNTs modified 

electrodes are shown in figure 19. In 

this method, “n” can be calculated 

from the slope of K-L plots (B) using 

eq. 24: 

 

𝐵 = 0.2𝑛𝐹(𝐷𝑂)2 3⁄ 𝑣−1/6𝐶𝑂           (24) 

 

where F is the Faraday constant, DO is the diffusion coefficient of O2 in 

electrolyte, 𝑣 is the kinetic viscosity and CO is the bulk concentration of O2. 

Taking the average of values calculated for “n” from these two methods, 

electron transfer number measured over four tested electrodes are 1.9±0.3, 

2.7±0.1, 3.0±0.1 and 2.9±0.2 for bare CNT, NCNT-550, NCNT-850 and 

NCNT-1000. It is clear that we have gone from a process dominated by two-

electron pathway for ORR on CNT modified electrode to the ORR process 

dominated by four-electron process on NCNTs modified electrode. However 

the highest electron transfer number that we could calculate is 3; the thermal 

annealing has a minor effect on this value. It is believed that ORR proceeds 

via four-electron pathway on nitrogen edge defects (such as pyrrolic, 

pyridinic and N-Qvalley sites) while on bulk nitrogen defects (such as N-Qcenter) 

it proceeds through a two-electron pathway (via production of H2O2).  

   We rationalize our results based on the fact that the steep increase in N-

Qvalley by heat treatment is concurrent with the decrease in pyridinic-N and 

slight increase in N-Qcenter. N-Qvalley and pyridinic-N are edge defects and 

catalyze the ORR process via four-electron pathway but N-Qcenter is a bulk 

defect and ORR on this site proceeds via a two electron pathway. The 
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coincident variation of nitrogen functionalities in the mentioned process 

gives rise to an unaffected electron transfer number by heat treatment.  

By understanding the nitrogen inclusion mechanism and its intrinsic 

electroactivity, we started to develop hybrid catalyst materials based on 

nitrogen-doped carbon nanostructures including NCNTs and N-rGOx for 

electrochemical reactions. The achievements are presented in next sections. 

6.5. Hybrid graphene nanoscrolls by adsorption of γ-Fe2O3 
(maghemite) nanoparticles 
   Graphene nanoscrolls and in particular rGOx nanoscrolls are new members 

in the graphene family which are predicted to retain the high conductance of 

a single graphene sheet.193 The appropriate layer spacing of nanoscrolls 

might allow for energy storage and battery applications.194-196 In paper III,197 

we have studied the synthesis mechanism of the hybrid graphene nanoscrolls 

starting from N-rGOx, and in detail characterized the material. The 

symmetric N-rGOx nanoscrolls (with the nitrogen atomic concentration of 

~13%) are obtained by decorating N-rGOx with magnetic iron oxide particles 

in the form of maghemite (γ-Fe2O3). We show further that a similar 

decoration by less magnetic hematite (α-Fe2O3) never leads to any rolling. 

The experimental details are given in section 4.2 and are schematically 

illustrated in figure 20. 

 

 

Figure 20. Schematic process for the adsorption of iron oxide nanoparticles; route a) Maghemite-decorated 

nitrogen-doped reduced graphene oxide (M-N-rGOx) nanoscrolls, and (route b) hematite-decorated N-rGOx 

sheets (H-N-rGOx) 

   From TEM images shown in figure 20, route a results in the formation of 

N-rGOx nanoscrolls with diameters of about 38 nm (by statistical analysis of 

more than 100 nanoscrolls). The nanoscrolls tend to arrange in bundles with 

up to 20 scrolls in each bundle. Maghemite nanoparticles are in the range of 
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3–5 nm, whereas the hematite nanoparticles on the N-rGOx sheets are in the 

range of 25–40 nm. Similar dimensions can be derived from XRD 

measurements for maghemite and hematite nanoparticles by using the 

Sherrer formula. By bearing in mind the measured maghemite particle size 

and considering the carbon-iron bond length and van der Waals interaction 

of adjacent graphene layers, we assume that a single graphene sheet is rolled 

approximately 3-5 turns. It should be mentioned here that, the presence of 

tungsten hexacarbonyl in the process is crucial for the rolling. Even though 

the actual role of tungsten is not clear, we do note that due the capability of 

tungsten to shift the isoelectric point of iron oxide particles towards higher 

pH, it is plausible that tungsten modifies the interaction of iron oxide 

nanoparticles by charging the nitrogen doped graphene sheets negatively. 

   Both maghemite and hematite have Raman active vibrational modes and 

hence their identification is possible by Raman spectroscopy.198 Figure 21a 

shows the Raman spectra of maghemite decorated N-rGOx (M-N-rGOx) and 

hematite decorated N-rGOx (H-N-rGOx) which are products of routes a, and 

b. The high wave number regions of the spectra show similar features 

corresponding to the nitrogen-doped carbon structures.166 The low frequency 

region of H-N-rGOx is deconvoluted into several peaks shown in figure 21b 

which are characteristic features of hematite199-200 with the largest peaks 

corresponding to A1g and Eg vibrational modes at 224 cm-1 and 289 cm-1. The 

observed features in the Raman spectrum of M-N-rGOx (see figure 21c) 

match with the Raman active modes of maghemite. Several other features 

(denoted by “*”) were observed which fits well with the W-O vibrational 

modes.201  
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Figure 21. a) Typical Raman spectra of maghemite and hematite decorated N-rGOx, Peak-fitted and assigned 

spectrum of b) maghemite-decorated rolled N-rGOx nanoscrolls, c) hematite-decorated N-rGOx (peaks 

originating from W-O vibrational modes are assigned with ‘*’) and d) Magnetization vs. temperature at 

H=1,000 Oe of (i) maghemite-decorated N-rGOx nanoscrolls at ZFC conditions (black open circles) and at FC 

conditions (red up-triangles), and (ii) hematite-decorated N-rGOx sheets at ZFC conditions (blue open 

squares) and at FC conditions (purple down-triangles). Inset shows an enlargement of the high temperature 

region for hematite-decorated N-rGOx sheets. 

   We investigated the magnetic moment of maghemite and hematite by 

probing SQUID magnetization experiments on M-N-rGOx and H-N-rGOx. 

The M vs. T at zero field cooled (ZFC) and field cooled (FC) conditions is 

shown in figure 21d. A significantly stronger magnetization of the maghemite 

nanoparticles compared to hematite was observed from these 

measurements. Beside this, based on the data from ZFC curves a 

characteristic super paramagnetic behavior was observed for both 

maghemite and hematite containing samples, showing a maximum at the 

blocking temperature, TB.  

   TB is observed to be higher for maghemite particles which is due to the 

larger interaction between nanoparticles and a smaller average size 

compared to the hematite particles.202 For the small hematite particles we 

observe a characteristic Morin transition (inset in figure 21d) as expected for 

small hematite nanoparticles. The large magnetic interaction between the 

maghemite nanoparticles could thus be a reasonable cause of the formation 

of the nanoscrolls when the N-rGOx was decorated with maghemite 

nanoparticles. Having this in mind, we tried to monitor the rolling steps by 

observing the early stages of rolling. We stopped the process of rolling at 

different stages; 1) one minute after adding hydrazine by quenching the 

synthesis in an ice bath, b) refluxed for 5 h, and c) refluxed for 24 h. TEM 

images of these samples with the schematic images of each step are shown in 

figure 22a-f. 
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Figure 22. TEM micrographs of different stages of nanoscrolls synthesis (a-c) and corresponding time 

sequence scheme of scroll formation (d-f) 

   As can be seen from the TEM images the rolling process starts by 

decoration of the upper layer graphene by maghemite nanoparticles. When a 

sufficient loading is achieved, the upper layer rolls away and thereby 

exposing the underneath layer to decoration. This mechanism could also 

explain the formation of nanoscroll bundles. In our study we also found that 

a high nitrogen loading level is crucial for the rolling. Nitrogen defects in 

carbon nanostructures provide additional binding sites for metal particles203 

and hence promote the nucleation of the iron oxide nanoparticles compared 

to that on non-doped carbon nanostructures. This is due to the modification 

of the local electron properties of nearby carbons204 and an asymmetric spin 

density205 caused by introducing nitrogen atoms in the carbon structure. We 

strengthen this hypothesis by our experimental observation that non-doped 

rGOx decorated with maghemite nanoparticles under similar experimental 

condition led to lower level of decoration and only weak signs of rolling were 

observed.  

   In line with our previous study, we also tried to explain the role of the 

specific nitrogen functionalities in the adsorption process of iron oxide 

clusters on N-rGOx. We studied seven different nitrogen functionalities by ab 

initio calculations, which are schematically shown in figure 23. Based on our 

calculations, among the studied defects (figure 23) N2Vc1, N3Vc1, N2Vc2 and 

N4Vc2, which all contain pyridinic nitrogen functionality interact strongly 

with the iron oxide cluster. The adsorption energy of different nitrogen 

functionalities are summarized in figure 24a and Final geometrical 

configuration of the super cell is shown in figure 24b.  
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Figure 23. a) 2D supercell of graphene, the dashed line indicates the position of the nitrogen doping. b1-7) 

seven different nitrogen defects used in the ab initio calculations 

   To address also the rolling mechanism of the nitrogen-doped graphene 

sheets, we studied the formation energy of the nanoscrolls in different 

configurations. Figure 24c shows the formation energy of pure graphene 

sheets (black line) for which each rolling step (see figure 24d) requires 

higher and higher energy. By adding nitrogen defects and maghemite (blue 

line) both the energy barriers for the initial rolling step as well as the 

formation energy for the complete roll decreases. By further adsorption of 

another maghemite at the other end of the graphene nanoribbon (pink line), 

the formation energy of the nanoscroll decreases further. Finally, by also 

considering the magnetic spin-spin interaction between two neighboring 

maghemite (purple line), we observe a further decrease in the rolling energy, 

in particular for the final steps of rolling when the distance between two 

nanoparticles become smaller.  

   Based on the calculations and experimental observations we believe that 

the strong dipole moment of maghemite nanoparticles and their strong 

interaction with the nitrogen functionalities on the N-rGOx are the two most 

important promoting characters to initiate the nanoscrolls formation. 

Additionally, in contrast to previous reports on the graphene nanoscrolls206 

we are able to re-open the nanoscrolls to form flat few layer rGOx sheets. 

Based on our model for the formation of nanoscrolls it is plausible that they 

would be able to go back completely to the initial open N-rGOx structure 

upon removal of the maghemite nanoparticles. Indeed, analyzing TEM 

images of nanoscroll structures after the removal of the maghemite 

nanoparticles by washing M-N-rGOx in an acid mixture of HCl:HNO3 (1:3 

volume ratio) reveal that the sample go back to an open form of few layers N-

rGOx (figure 25a and 25b).  
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Figure 24. a) Adsorption energy of an iron oxide cluster on pristine (N0Vc0) and seven different nitrogen 

functionalities shown in figure 25b at a N-rGOx sheet where N (H) refers to the number of nitrogen 

(hydrogen) atoms and Vc the number of vacancies generated in the structure, b) Final geometrical 

configuration of the super cell, c) Rolling energy of graphene nanoribbons into nanoscrolls of pure carbon-

rGOx (rGOx-NS, black line), maghemite-decorated rGOx nanoscrolls (M-rGOx Red line), maghemite N-rGOx 

nanoscrolls (M-N-rGOx Blue line), maghemite N-rGOx nanoscrolls decorated with two maghemite 

nanoparticles, one at each end of the graphene nanoribbon (2-M-N-rGOx magenta line) and maghemite N-

rGOx nanoscrolls decorated with two maghemite nanoparticles taking into account the spin–spin interactions 

of the two nanoparticles (2-M-N-rGOx-SP purple line), d) Final geometrical structure at each rolling step of 

maghemite N-rGOx nanoscrolls decorated with two nanoparticles (2-M-N-rGOx). 

   Interestingly, by applying the same procedure (as in route a) the re-opened 

acid treated M-N-rGOx could be rolled a second time by a similar maghemite 

decoration, but with a slightly larger diameter, probably originating from the 

defects introduced by the acid treatment (see figure 25c). Beside all the 

benefits with this synthesis method the only drawback was the challenges for 

up-scaling the product which inhibited the real test of the material for Li-ion 

batteries (LIBs). The amount of the produced material in each run was much 

below the amount necessary for battery tests. 
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Figure 25. TEM images of a) acid washed M-N-rGOx for 24 h comprising single or few layers N-rGOx , b) 

acid washed M-N-rGOx for 10 h in which half open structures could be found and c) re-rolled M-N-rGOx-NS 

   One of the most important messages from this study was that the 

anchoring of maghemite on a carbon support could stabilize the non-stable 

maghemite phase of Fe2O3 (in nanoscale). Hematite is the most stable phase 

of iron oxide, while maghemite is metastable and readily transforms to 

hematite. However both hematite and maghemite can be found in minerals 

as well as in nanoparticle form naturally, but it is generally accepted that a 

size dependent transition from maghemite to hematite occurs around 10 

nm.207 By the promoting effect of nitrogen defects, maghemite nanoparticles 

can however be stabilized. This had a great influence on developing our idea 

to synthesize a hybrid material based on maghemite and hematite 

nanostructures and NCNTs. Due to the difficulty of producing electrode from 

this type of material, we aimed to synthesize a hybrid direct electrode 

composite for various applications which would be compatible with up-

scaling. 

6.6. Advanced negative electrodes based on hybrid iron 
oxide/nitrogen-doped carbon nanostructures  
   The novel 3D electrode composite was synthesized in a self-assembly 

bottom-up process, and could be used directly as an electrode without 

adding any binder or additive. Here we describe the results from two 

different types of electrodes, one with the intention to stabilize the hematite 

phase, and one with the intention to stabilize the maghemite phase. By 

varying the synthesis conditions slightly (described in section 4.3) we 

stabilized two different phases, which were tested for different applications, 

either for LIBs, or for oxygen evolution reactions. I here start to describe the 

results obtained for the LIBs project which is based on the results presented 

in paper IV.167 

a b c



 

44 

6.6.1. Hierarchical NCNTs and hybrid NCNTs/hematite 
electrode material for LIBs 
   As described in detail in section 4.3, NCNTs were grown on CP substrate 

using the CVD method. In the next step, iron hydroxide nanorods were 

grown on the surface of NCNTs during a hydrothermal self-assembly 

process. Figures 26a and b show the SEM images of NCNTs/CP and the as 

synthesized material from the hydrothermal process. It was confirmed by 

SEM and Raman spectroscopy that the NCNTs were covered with small iron 

hydroxide nanorods vertically grown on NCNTs which themselves were 

vertically grown on fibers of CP.  

 

 

Figure 26. SEM images of a) NCNTs/CP and b) iron hydroxide nanorods/NCNTs/CP 

   The iron hydroxide/NCNTs/CP was then transferred to the oven and heat-

treated in air at 450 °C for different time intervals (i.e. 10 min and 1 h) to 

form the hierarchical hematite nanorods (HR/NCNTs/CP). The TEM images 

of both iron hydroxide/NCNTs/CP and HR/NCNTs/CP are shown in figure 

27. It is clear that iron hydroxide rods are formed as extremely thin needles 

which are aligned in bundles. After the heat treatment, by transformation of 

iron hydroxide into hematite the sharp needle morphology of rods are 

replaced by a porous, “finger-like” structure but still vertically aligned on the 

NCNTs. The pores, with a maximum diameter of ~4.5 nm form due the 

vaporization of encapsulated water which is trapped in the structure. The 

water is the side product of the transformation of iron hydroxide to hematite 

in the following reaction: 

 

2𝐹𝑒𝑂𝑂𝐻 → 𝐹𝑒2𝑂3 + 𝐻2𝑂                  (25) 

 

   Figure 28 shows the Raman spectrum of HR/NCNTs/CP with the inset of 

the Raman spectrum of iron hydroxide/NCNTs/CP. The features in the inset 

spectrum match well with the Raman features of iron hydroxide.199 Raman 

spectrum of HR/NCNTs/CP displays D-band and G-band at high 

wavenumber region which are characteristic features for NCNTs (explained 
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before) along with distinctive features of hematite which demonstrate the 

successful transformation of iron hydroxide into hematite. 

 

 

Figure 27. TEM images of a) as synthesized iron hydroxide nanorods/NCNTs/CP and b) HR/NCNTs/CP 

after heat treatment at 450 ᵒC for 10 min 

The features in low wavenumber region can be fitted and assigned to 

different vibrational modes of hematite as shown in figure 28.  

   The battery was then assembled and prepared for electrochemical 

measurements from the synthesized material. Circular electrodes with the 

diameter of 20 mm were punched out from their respective material. The 

binder-free electrodes were then embedded in Li half-cells and vacuum-

sealed in polymer laminated 

aluminum pouches (i.e. ‘coffee 

bags’). A Li foil was used as a 

combined reference and counter 

electrode and a 1 M solution of LiPF6 

in ethylene carbonate and diethyl 

carbonate (EC:DEC) mixture 

solution were used as electrolyte. 

The results obtained from cyclic 

voltammetry (CV) analysis on blank 

CP, NCNTs/CP and hierarchical 

HR/NCNTs/CP formed after 10 min 

and 1 h at 450 ºC are shown in 

figures 29a-d. Measurements were 

conducted on the various electrodes 

at 0.05 mV/s between 0.05 and 3.0 V vs. Li+/Li. It is clear from figure 29a 

that CP itself is electroactive and exhibits the typical red-ox features below 

1.2 V vs Li+/Li. The peaks marked as ‘0’ in all the plots is related to formation 

of solid-electrolyte interface (SEI) layer which appears in the first phase of 

cycling. As can be seen in figure 29b-d, the overall charge stored upon 
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Figure 28. Raman spectrum of HR/NCNTs/CP 

with the assigned peaks to hematite vibrational 

modes, inset) Raman spectrum of as synthesized 

iron hydroxide/NCNTs/CP 
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lithiation/delithiation increases by inclusion of NCNTs and additional 

hematite nanorods. 

 

 

Figure 29. Cyclic voltammograms of a) blank CP substrate, b) NCNTs/CP electrode, c) HR/NCNTs/CP 

hierarchical structure resulting from a thermal treatment of 10 min at 450 ᵒC and d) HR/NCNTs/CP electrode 

obtained after 1 h at 450 ᵒC scanned between 0.05 and 3.0 V vs. Li+/Li with a sweep rate of 0.05 mVs-1
 

   The coulombic efficiencies calculated from the areas of the respective 

anodic/cathodic curves in the first cycle of the different electrodes yield 83% 

for the CP, 87% for the NCNTs/CP, and 80% and 74% for the 

HR/NCNTs/CP grown with different annealing times of 10 min and 1 h. This 

shows that the charge recovery upon first cycling is significant in the 

presence of NCNTs. By comparing the CV cycles of HR/NCNTs/CP 

structures with those of the carbonaceous electrodes, two extra oxidative 

features can be noticed (denoted by IV and IVs) which are attributed to the 

sequential oxidation of Fe0Fe2+Fe3+.208-209 It is clear from figure 29 that 

the shape and intensity of the reduction peak at around 0.2 V (assigned by 

coloured arrow) is more pronounced for NCNTs/CP electrode which is 

shown to be associated to progressive Li storage in the inter-wall space of 

NCNTs.159 The charge storage contribution associated to the conversion 
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mechanism in the hierarchical structures can be seen clearly in figure 30, 

when the same electrodes are subjected to successive cycles at increasing 

scan rates. It is clear that the electrochemical response of HR/NCNTs/CP 

electrode becomes more evident at higher scan rates implying a more 

efficient charge storage capability.  

 

 

Figure 30. Cyclic voltammograms of the various electrodes scanned between 0.05 and 3.0 V vs. Li+/Li at 

increasing sweep rates 

   We studied the possible performance limitation of our electrodes. 

According to the Ohm’s law, if an IR-drop is associated with the 

electrochemical system, a linear relationship between the peak potential (Ep) 

and the scan rate is expected.210 Since for all electrodes, the red-ox related 

peak potentials show linear relationship with the applied scan rates (square 

root of scan rate), we conclude that the charge transfer is the main limiting 

step in the process. The mechanism of conversion reactions on different 

electrodes was then studied further. We noticed that the peak current (Ip) 

behaves differently on pure carbonaceous and hybrid material based 

electrodes. For instance the absolute value of cathodic peak labelled by ‘0*’ is 
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linearly proportional to the scan rate for both CP and NCNTs/CP but linearly 

proportional to square root of the sweep rate for HR/NCNTs/CP electrodes. 

   This shows that the reduction reaction (Li+ insertion) on CP and NCNTs is 

a surface controlled process and occurs under electrochemical condition.210-

211 On the other hand, the reduction mechanism for HR/NCNTs/CP 

electrodes is limited by diffusion, as indicated by the characteristic 

dependence of the current to the reciprocal of the square root of time. In 

addition, we subjected our electrodes to galvanostatic measurements at a 

constant current density of 0.3 mA/cm2. The voltage profiles of discharge 

(solid lines) and charge (dotted lines) for NCNTs/CP, HR/NCNTs/CP 

treated at 450 ºC for 10 min and 1 h are shown in figure 31a-c. 

 

 

Figure 31. Galvanostatic discharge (solid lines) and 

charge (dotted lines) profiles obtained for a) 

NCNTs/CP, b) HR/NCNTs/CP grown at 450 °C for 10 

min and c) HR/NCNTs/CP formed after 1 h at 450 °C. 

All the electrodes have been tested applying a constant 

current density of 0.3 mAcm-2. 

    

    

 

   The coulombic efficiency for the first discharge/charge cycle is 82.0% for 

the NCNTs/CP, whereas it is 82.3% and 74.0 % for the HR/NCNTs/CP heat 

treated for 10 min and 1 h, respectively. The energy efficiencies of the first 

charge/discharge cycle are calculated from the associated curves and are 

81.2% for NCNTs/CP, 64.3% for HR/NCNTs/CP heat treated for 10 min and 
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64.4% for the electrode heat treated for 1h. It is clear that continuous 

formation of Fe/Li2O nanocomposite and the regeneration of Fe2O3 

nanostructures in HR/NCNTs/CP electrodes require higher energy compare 

to the energy needed for the conversion reaction in NCNTs/CP.  

   The footprint area capacities of NCNTs/CP increase upon progressive 

cycling up to about 1.95 mAhcm-2 (i.e. ≈204 mAhg-1 referring to the mass of 

the entire electrode) after 60 cycles with an excellent coulombic efficiency. 

The discharge and charge capacities rise well beyond their initial values as a 

result of the defects induced by the nitrogen doping, which gradually open 

the way to the additional Li storage in the inter-wall regions of NCNTs. In 

the case of HR/NCNTs/CP electrodes, the trend of capacity with increasing 

the cycle’s number differs significantly. The capacity increases by cycling for 

HR/NCNTs/CP treated for 10 min and reaches to a maximum of 1.54 

mAhcm-2 (e.g. ≈175 mAhg-1 referred to the mass of the entire electrode) after 

60 cycles. For HR/NCNTs/CP heat treated for 1 h, a charge loss was 

observed after a preliminary capacity enhancement during the first 20 

cycles. The evolution of discharge/charge capacities on various electrodes 

are summarized in figure 32. The initial good performance of the CP starts 

fading after 35 cycles while it is clearly deviating from any charge losses for 

NCNTs/CP and the HR/NCNTs/CP with the shorter thermal treatment. 

 

Figure 32. Cycle performance of various electrode structures upon galvanostatic cycling at 0.3 mAcm-2. 

   The capacity evolution follows different paths for HR/NCNTs/CP with 

different treatment conditions. While capacity rises continuously for 

HR/NCNTs/CP with shorter treatment, it fades significantly after 35 cycles 

for HR/NCNTs/CP with longer treatment. It is plausible that this can be 

related to a difference in crystallinity of these materials due to the different 

thermal treatment conditions. By analysing the hematite related Raman 

features of two materials, we realized that the crystal domain size increases 

by prolongation of the heat treatment. Since the conversion mechanism 
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implies a radical change of the structure and the size of the hematite during 

the early stages of forming Fe/Li2O nanocomposite, it is reasonable that 

hematite needles with smaller crystal domain size undergo these reactions in 

a more constructive way. 

   The design of HR/NCNTs/CP structures is suitable for boosting the surface 

reactivity of the resulting materials for applications such as supercapacitors 

in which the conversion reactions are not involved and the larger surface 

areas provided by the hierarchical structures can be exploited. 

6.6.2. Hierarchical hybrid NCNTs/maghemite electrode 
material for electrochemical water oxidation 
   In this section, I describe the work associated by developing a novel 

electrocatalyst for oxygen evolution reaction (OER) which can be then wired 

to a PV cell. This is based on the results presented in paper V. We design the 

direct electrode material based on hybrid maghemite/NCNTs to avoid using 

noble metal oxides, such as IrO2 and RuO2. In addition, by the synthesis of 

nanorods instead of nanoparticles we maximized the electrocatalytic surface 

area and by directly integrating the electrocatalyst to the current collector 

the overall resistance from the reaction site to the current collector was 

minimized. The direct electrode material was synthesized in a similar 

method reported for HR/NCNTs/CP explained in 5.6.1. The only difference 

was the last and most crucial step which was the heat treatment step as 

described in section 4.3.  

 

 

Figure 33. TEM images of a) vertically grown maghemite nanorods on FTO (MR@FTO), b) cross section of 

one of the fibers of CP after the growth of maghemite nanorods on NCNTs (MR@NCNTs/CP), c) high 

magnification of iron hydroxide nanorods vertically grown on each NCNTs, d) the same material as (c) after 

heat treatment in air at 350 °C for 15 min, insets:  assembled electrodes out of their respective materials and 

e) Raman spectrum of MR@NCNTs/CP, inset: as synthesized material before heat treatment 
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   To stabilize the maghemite phase, as grown iron hydroxide@NCNTs/CP 

was heat treated in air at 350 °C for only 15 min and the resulting material 

was called MR@NCNTs/CP. For comparison the maghemite nanorods was 

grown on CP (MR@CP) and fluorine doped tin oxide coated glass (FTO 

glass-MR@FTO) in a similar synthesis condition. 

   Figures 33a-d display SEM images of MR@FTO and MR@NCNTs/CP 

before and after heat treatment with an inset of the fabricated electrode for 

electrochemical testing. It is clear from SEM images that the same 

morphology as hematite nanorods (see figure 26b) is achieved by a 

shortened heat treatment. The Raman spectra of the as synthesized iron 

hydroxide@NCNTs/CP and MR@NCNTs/CP are shown in figure 33e. Beside 

the nitrogen-doped carbon nanotubes related features at high wavenumber 

region (explained before),166 two distinct features are assigned to the T2g and 

A1g vibration modes of maghemite198 which confirms the successful phase 

transformation to maghemite. The electrocatalytic OER activity of 

MR@NCNTs/CP as a direct electrode was investigated in 0.1 M KOH 

solution in a standard three electrode system. The electrocatalytic 

performance of this electrode was compared with bare CP, NCNTs/CP, 

MR@CP and MR@FTO. As shown in figure 34a, while CP shows small 

electrocatalytic OER activity addition of either NCNTs or MR has a 

significant effect on both the onset potential for OER and the current density 

(see table 2).  

Table 2. The calculated values from CV measurements for bare CP, NCNT/CP, MR@CP, MR@NCNTs/CP 

and MR@FTO electrodes scanned at 2 mV/s in 0.1 M KOH solution 

Electrode Onset potential 

 (V vs. RHE) 

Overpotential 

(V) 

Tafel slope     

(mV/dec) 

Exchange current 

density (j0-A/cm2) 

CP 1.74 0.51 318 6.7×10-5 

NCNTs/CP 1.68 0.45 153 8.5×10-4 

MR@FTO 1.622 0.392 53 1.2×10-8 

MR@CP 1.596 0.366 60 1.8×10-8 

MR@NCNTs/CP 1.576 0.346 53 2.1×10-7 

 

   In a 0.1 M KOH solution at MR@NCNTs/CP electrode, OER starts at 1.576 

V vs. RHE corresponding to an overpotential of only 0.346 V and a current 

density of 10 mA/cm2 is obtained at an overpotential of 0.73 V which is 

comparable to the reported undoped state-of-the art OER 

electrocatalysts.212,213, 116,214 To be able to explain the obtained high current 

density and low onset potential, we synthesized the same MR nanorods on 

only CP (without NCNTs) and FTO glass. From Figure 34a it is clear that by 

replacing the FTO with CP, a slightly better electrode characteristic is gained 

with a higher current density and a reduced overpotential. Based on these 
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observations we believe that the high current density is achieved due to a 

combined effect of a very large surface area for the MR@NCNTs/CP 

electrode and the firm anchoring of the MR to the NCNTs/CP electrode.  

 

Figure 34. a) Polarization curves of bare CP, NCNT/CP, MR@CP, MR@NCNTs/CP and MR@FTO 

electrodes scanned at 2 mV/s in 0.1 M KOH solution, b) Electrochemical impedance spectroscopy (EIS) of CP 

and FTO supported electrode materials recorded at a dc potential of 1.789 V, with the EIS of MR@NCNTs/CP 

shown in the inset c) Tafel plots of the electrodes, d) Chronoamperometric measurement of MR@NCNTs/CP 

and MR@FTO shown as the normalized current density (to the initial current density) e) Raman spectrum of 

MR@NCNTs/CP electrode after being used in the stability test for 16000 s, and f) SEM image of 

MR@NCNTs/CP after electrochemical testing. 

   Additionally, we studied the charge transfer characteristics of our 

electrodes by conducting electrochemical impedance spectroscopy (EIS). The 

EIS data in the form of Nyquist plots are presented in figure 34b. The 
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Nyquist plots are fitted by equivalent electrical circuit models shown in Table 

3.  

Table 3. The EIS data derived by fitting using equivalent electrical circuit models 

Electrode Equivalent circuit model Rs Rct α R2 α2 

CP  

 

108 498 0.9 - - 

NCNTs/CP 84 120 0.89 - - 

MR@CP 113 40 0.65 - - 

MR@NCNTs/CP 39 8 0.7 - - 

MR@FTO 

 

79 115 0.7 52 0.83 

 

   The oxygen evolution reaction occurs at the MRǀǀelectrolyte solution 

interface,215 and is usually associated with the largest resistance (Rct). Rct is 

represented by the diameter of the semicircle in Nyquist plot. The values of 

Rct for each of the electrodes are presented in Table 3. As can be seen in 

figure 34b, at an applied dc potential of 1.789 V vs. RHE which is 0.56 V 

above the water oxidation potential only one frequency-dependent segment 

is observed for CP based electrodes (all electrodes except MR@FTO). A 

significantly smaller Rct is established on MR@NCNTs/CP electrode with a 

diameter of the semicircle in Nyquist plot being only 8 Ω (compare to that of 

NCNTs/CP and MR@CP electrodes being 120 Ω and 40 Ω). This highlights 

the beneficial outcome of our idea to replace the common FTO glass 

substrate by carbon paper which not only improve the performance but also 

make the handling and up-scaling easier. 

   The kinetics of OER was further investigated by studying the Tafel plots. As 

explained in section 3.1.1, for irreversible reactions there is a potential region 

(Tafel region) where the current density is exponentially dependent on 

overpotential. The slope (𝛽𝐴) of the Tafel plot (overpotential vs. log j) gives 

valuable information about the kinetics of the electrochemical reaction.   

   The Tafel slopes in the order of 50-60 mV/dec was calculated for all MR 

loaded electrodes which are much lower than those calculated for CP and 

NCNTs/CP (see table 2 and figure 34c). The extracted exchange current 

density for MR@NCNTs/CP has the highest value between the MR loaded 

electrodes which indicates a better OER kinetics on this electrode. Finally, 

the chronoamperometric response of MR loaded electrodes were recorded at 

1.71 V for 16000 s (see figure 34d). It is clear that while both 

MR@NCNTs/CP and MR@FTO show an initial decay of current density, the 

degree of decay is much lower for the MR@NCNTs/CP. The SEM and 

Raman spectroscopy (see figure 34e and f) confirm the morphology and 

phase stability of MR on the surface of NCNTs after being cycled for 16000 s. 
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6.7. Bifunctional 3D electrode for efficient water 
electrolysis in alkaline medium 
   Continuing our journey to build a PV-driven water electrolysis cell, in our 

last step we tried to develop a bifunctional electrocatalyst which can 

efficiently catalyze both OER and HER in the same medium. Co3O4 have 

been studied as an electrocatalyst with high stability for OER in alkaline 

condition.147, 216-217 Also some studies have been reported for HER in alkaline 

media, but then usually for Co3O4 in composite form.218-219 However, hybrid 

material based on Co3O4 for HER and OER have not been considered widely, 

some few studies focusing on such a material have shown a great potential to 

increase current density and reduce overpotential. Hence, in paper VI we 

aimed for the synthesis of a bifunctional 3D electrode based on NCNTs and 

Co3O4. We tried to follow our already tested successful approach to anchor 

the active material to the electrode surface to achieve an optimum 

interconnection of the active material and current collector in order to 

minimize the resistive loses (contact resistance) in the device.3 The 

Co3O4@NCNTs/CP direct electrode was synthesized as described in section 

4.4. Figure 35a and b show the SEM images of the synthesized 

Co3O4@NCNTs/CP. A good coverage of electrode surface with Co3O4 

nanospheres (figure 35a) and an excellent interconnection of the different 

components (figure 35b) are achieved by following the synthesis procedure 

(explained in section 4.4). 

 

 

 

Figure 35. a) SEM image of Co3O4@NCNT/CP 

showing the coverage of a fiber of carbon paper 

with NCNTs and Co3O4 nanospheres, b) SEM 

image of Co3O4@NCNT/CP showing the 

interconnection of NCNTs and Co3O4 nanospheres 

and c) Typical Raman spectrum of 

Co3O4@NCNTs/CP with assigned features, inset) 

Raman spectrum of the as synthesized cobalt 

carbonate hydroxide hydrate nanospheres on 

NCNTs before heat treatment 
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   Raman spectroscopy proved the successful transformation of as 

synthesized material (inset of figure 35c) to Co3O4. Figure 35c shows a 

typical Raman spectrum of Co3O4@NCNTs/CP in which the features in the 

low wave number region of the spectrum match well with the characteristic 

features of Co3O4. To assess sufficient information about the mass transport 

efficiency of our electrode, a test electrode was prepared for comparison. In a 

similar synthesis procedure NCNTs were grown by CVD in the powder form 

(described in section 4.1) and in a similar hydrothermal process and post 

treatment, Co3O4 nanospheres were formed on NCNTs but in the absence of 

CP substrate. 

 

Figure 36. a) OER characteristics recorded for bare CP (carbon paper), NCNTs/CP, Co3O4@NCNTs/CP 

compared with GC (glassy carbon) and Co3O4@NCNTs modified GC electrodes and b) HER characteristics of 

CP, NCNTs/CP and Co3O4@NCNTs/CP in 0.1 M KOH 

   Following the previous reports, this material then loaded on glassy carbon 

electrode (Co3O4@NCNTs/GC) and then its electrochemical performance 

was tested and compared with the same material when directly anchored on 

CP substrate. The OER characteristic of Co3O4@NCNTs loaded on both CP 

and GC in 0.1 M KOH solution are shown in figure 36a and compared with 

the metal free electrodes including; CP, GC and NCNTs/CP. The OER 

response of these electrodes along with the catalyst loading extracted from 

TGA are summarized in table 4. It is interesting to note that in 0.1 M KOH 

solution Co3O4@NCNTs/CP displays a current density of 10 mA/cm2 at an 

overpotential of 0.47 V while Co3O4@NCNTs/GC requires an overpotential 

of 0.54 V to reach a current density of 10 mA/cm2. The better performance of 

Co3O4@NCNTs/CP become even more interesting by considering that the 

catalyst loading on this electrode is 4-fold lower than that on 

Co3O4@NCNTs/GC.  
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Table 4. Calculated values from CV and TGA measurements for bare CP, NCNTs/CP, Co3O4@NCNTs/CP and 

Co3O4@NCNTs/GC electrodes 

Electrode OER onset potential 

(V vs RHE) 

ƞ𝑶𝑬𝑹 at 10 mA/cm2 

(V) 

Co3O4 loading 

(mg/cm2) 

CP 1.75 ----- 0 

NCNTs/CP 1.71 ----- 0 

Co3O4@NCNTs/GC 1.62 0.54 0.16 

Co3O4@NCNTs/CP 1.57 0.47 0.04 

 

   The linear sweep voltagramms (LSV) in figure 36b show the 

electrocatalytic HER activity of Co3O4@NCNTs/CP directly after being tested 

for OER in the same 0.1 M KOH electrolyte solution. It can be easily seen 

that, anchoring Co3O4 nanospheres on the surface of NCNTs results in a 

bifuctional electrode material with an excellent HER activity at an onset 

potential of -0.26 V vs. RHE.  Our Co3O4@NCNTs/CP electrode needs an 

HER overpotential of only 0.38 V to reach a current density of 10 mA/cm2. 

These results are an important final step towards the fabrication of 

electroactive electrode for large scale production of PV-driven water 

electrolysis cell. 
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7. Conclusion and outlook 
   The main aim of this thesis work was to develop electrocatalytic active 

carbon based nanostructures for energy conversion and storage applications. 

This work gives insight to the structure and properties of nitrogen-doped 

carbon nanostructures (nanotubes and reduced graphene oxide) and their 

application in electrode fabrication. The electrocatalytic activity of nitrogen-

doped carbon nanotubes (NCNTs) based electrodes combined with 

transition metal oxides (TMOs) were tested for different electrochemical 

processes from Li-ion microbatteries to water electrolysis.  

   The first part of the work, presented as paper I and main part of paper 

II, concentrated on configuration of nitrogen functionalities in NCNTs. The 

main focus lied on the behavior of nitrogen functionalities regarding the 

nitrogen content and their assignment based on the X-ray photoelectron 

spectroscopy (XPS). XPS is the main tool in configuration of nitrogen 

functionalities in nitrogen containing structures. Due to close binding 

energies, the precise assignment of different functionalities from nitrogen 

peak in XPS spectrum is still a matter of debate. Interestingly, the 

electrocatalytic activity of nitrogen-doped carbon nanostructure strongly 

depends on the type of nitrogen functionality. Configuration of the most 

electrocatalytic active nitrogen site for oxygen reduction reaction (ORR) was 

investigated in the second part of paper II. To this, we used a different 

approach compared to previous studies. Instead of trying to synthesize 

NCNTs with different majority of nitrogen types, we started from one batch 

of sample and transformed particular nitrogen functionalities to others by 

tuning the treatment condition. In this way different “hidden” parameters 

which may affect the catalytic activity was reduced and the effects could be 

traced to the influence of only the nitrogen type. 

   The first attempt to synthesize a hybrid novel structure based on nitrogen-

doped carbon nanostructure and maghemite (γ-Fe2O3) nanoparticles is 

presented in paper III. Nitrogen-doped graphene nanoscrolls were 

synthesized and the rolling mechanism was studied both experimentally and 

by using ab initio calculations. We concluded that, the nanoscrolls form as a 

combined result of magnetic interaction between the maghemite 

nanoparticles and a strong interaction of maghemite nanoparticles with 

nitrogen functionalities at the graphene sheets. We believe that this structure 

might be a good candidate for energy storage applications due to the 

appropriate layer spacing of nanoscrolls with the additional presence of iron 

oxides. However, due to mass inefficiency of the synthesis process we could 

not test this material in real application. 

   We then realized that the electrode fabrication is sometimes more 

important than that the material synthesis itself, if a real application is a 

goal. So from hereafter we changed our path and tried to synthesize our 
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electrocatalytic material directly on the surface of electrode (current 

collector). This opens up for up-scaling the product and also increases the 

efficiency per weight of active material. We introduced the synthesis route to 

a 3D structure relying on NCNTs and hematite nanorods in paper IV. 

NCNTs were directly grown on the carbon paper such that each fiber of 

carbon paper was covered with vertically aligned NCNTs. This electrode was 

tested directly as an advanced negative electrode in Li-ion micobattery 

without any further modification or any use of binders. The results were then 

compared with cycling performance of a similar electrode with additional 

hematite (α-Fe2O3) nanorods. Hematite nanorods were grown directly on 

each NCNT giving a high surface area comprising a tree-like structure. High 

footprint area capacities of 2.1 mAhcm-2 and 2.25 mAhcm-2 at 0.1 mAcm-2 

were obtained at NCNTs and hematite nanorods decorated NCNTs 

electrodes. However, the coulombic and energy efficiencies were much 

higher for NCNTs electrode. 

   We moved on with the same approach in the synthesis of electroactive 

material directly anchored on the electrode surface. With the same 

morphology as introduced in paper IV, we introduced maghemite as an 

electrocatalytic active material for oxygen evolution reaction (OER) in 

paper V. The electrode was fabricated in a similar condition but instead, the 

gamma phase of iron oxide (maghemite) was stabilized by changing the final 

heat treatment condition. By electrochemical testing of our direct electrode, 

we showed a good electrochemical performance at a low overpotential for 

OER. This was explained by the efficient electrochemical process on the 

surface of the maghemite nanorods due to the high surface area of the 3D 

electrode. To our knowledge this is the first demonstration of using 

maghemite as electrocatalyst for OER. Additionally, we show that the firm 

anchoring of each active component facilitates an efficient charge transport 

from the surface of the maghemite rods to the carbon paper current 

collector, which is an important finding for the engineering of practical 

electrodes. 

   We then tried to focus on the development of a bifunctional electrocatalyst 

to catalyze both water electrolysis half reactions (OER and HER) in the same 

electrolyte following the same approach as before. Our candidate was again a 

transition metal oxide but this time cobalt oxide (Co3O4) was chosen. We 

synthesized Co3O4 nanospheres which are anchored on NCNTs which were 

themselves grown on the current collector. In paper VI we presented the 

bifunctional catalytic activity of this material. Our introduced electrode 

needs an HER overpotential of only 0.38 V and an OER overpotential of 0.47 

V to reach a current density of 10 mA/cm2. 

   With the knowledge we gained from every component of our material we 

believe that the developed structure relying on NCNTs directly grown on 

carbon paper can be a candidate for future energy conversion technology. 
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For hydrogen production technology, the nature of the hybrid material can 

be modified further to reduce the overpotential of electrochemical reaction. 

Doping with a guest element such as Ni can be an excellent approach. In 

addition, double coating to increase the catalyst loading as well as the 

surface area, can be considered. We foresee that the assembly of a complete 

PV-driven artificial photosynthesis cell can be realized based on the 

achievements presented in this thesis.     
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8. Summary of appended articles 
Paper I: Nitrogen doped multi walled carbon nanotubes produced by CVD-

correlating XPS and Raman spectroscopy for the study of nitrogen inclusion 

T. Sharifi, F. Nitze, H. R. Barzegar, C.W. Tai, M. Mazurkiewicz, A. 

Malolepszy, L. Stobinski, T. Wågberg, Carbon 2012, 50 (10), 3535-3541. 

 

Contribution: all experimental results, Raman spectroscopy, electron 

microscopy measurements excluding HRTEM and SEM, analysis and 

manuscript preparation. 

 

   In this study, nitrogen doped carbon nanotubes (NCNTs) were successfully 

synthesized using pyridine as the single C/N precursor in chemical vapour 

deposition (CVD) method. The growth parameters such as growth duration 

and temperature were tuned to find the optimum condition. The presence 

and abundance of nitrogen functionalities in different samples were studied 

by X-ray photoelectron spectroscopy (XPS). Specifically the atomic 

concentration of pyridinic and pyrrolic nitrogen sites in NCNTs at different 

nitrogen contents was investigated. These results were correlated with the 

Raman spectra of samples with different contents of nitrogen. The overall 

trend of pyridinic-N/pyrrolic-N (atomic concentration ratio from XPS) 

showed a similar behavior to the ID/IG (integrated area ratio of D-band to G-

band from Raman spectroscopy). The simultaneous transition of these ratios 

around 5% suggests a dissimilar nitrogen incorporation mechanism at higher 

nitrogen levels compared to at lower nitrogen levels. 

 

Paper II: Formation of active sites for oxygen reduction reaction by 

transformation of nitrogen functionalities in nitrogen-doped carbon 

nanotubes 

T. Sharifi, G. Hu, X. Jia, and T. Wågberg, ACS Nano 2012, 6 (10), 8904-

8912. 

 

Contribution: material synthesis, Raman spectroscopy, analysis and 

interpretation of XPS results and manuscript preparation. 

 

   In this study, we tried to interpret carefully the XPS results of nitrogen-

doped carbon nanotubes (NCNTs) to assign the deconvoluted N 1s peaks to 

corresponding nitrogen functionalities. By this, we aimed to investigate the 

catalytic nitrogen active sites for oxygen reduction reaction (ORR). To have a 

better control over those parameters which may influence the catalytic 

activity, instead of changing the growth parameter to achieve various 

nitrogen functionalities in the NCNTs, we tried to transform nitrogen 

functionalities in already synthesized sample. The nitrogen functionalities 
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transformation was achieved with a simple high temperature treatment in 

argon environment. In the next step, by correlating XPS data with 

electrochemical measurements, we conclude that certain types of quaternary 

nitrogen, N-Qvalley located at the edge of graphene planes, exhibit the highest 

catalytic ORR activity. 

 

Paper III: Formation of nitrogen-doped graphene nanoscrolls by 

adsorption of magnetic γ-Fe2O3 nanoparticles 

T. Sharifi, E. Gracia-Espino, H.R. Barzegar, X. Jia, F. Nitze, G. Hu, P. 

Nordblad, C.W. Tai, T. Wågberg, Nature Communications 2013, 4. 

 

Contribution: all experimental results, Raman spectroscopy, TEM except 

HRTEM, analysis and interpretation of XPS results and manuscript 

preparation. 

 

   In this study, nitrogen-doped graphene nanoscrolls (N-rGOx) was 

synthesized by adsorption of magnetic maghemite (γ-Fe2O3) nanoparticles 

onto reduced graphene oxide sheets. A simple reflux method at a moderate 

temperature was employed and rolling was achieved by tuning the solvent 

condition. Only the condition leading to formation of maghemite 

nanoparticles (instead of hematite α-Fe2O3) during reflux resulted in the 

formation of nanoscrolls. This experimental observation in combination with 

magnetization measurements showing stronger magnetization for 

maghemite nanoparticles compared to hematite emphasized the key role of 

magnetic interaction of nanoparticles which was further confirmed by ab 

initio calculations. In addition, the strong interaction of maghemite 

nanoparticles with nitrogen functionalities at the graphene sheets was shown 

to have a major impact on the success of an efficient rolling process. In line 

with our proposed model, the rolling process was completely reversible and 

upon removal of maghemite nanoparticles the nanoscrolls returned back to 

their original structure. 

 

Paper IV: Hierarchical self-assembled structures based on nitrogen-doped 

carbon nanotubes as advanced negative electrodes for Li-ion batteries and 

3D microbatteries 

T. Sharifi*, M. Valvo*, E. Gracia-Espino, R. Sandström, K. Edström, T. 

Wågberg (*authors equally contributed to the manuscript), Journal of Power 

Sources 279 (2015) 581-592 

 

Contribution: material synthesis, Raman spectroscopy, TEM, analysis and 

interpretation of XPS results and manuscript preparation. 
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   A hierarchical self-assembled structure based on nitrogen-doped carbon 

nanotubes (NCNTs) was directly synthesized on the electrode surface 

(carbon paper) and tested as negative electrodes for Li-ion microbatteries.  

This structure was further functionalized with hematite nanorods attached 

on their outer walls. The electrochemical behavior and the footprint area 

capacities of these 3D architectures were also investigated to probe their 

applicability in Li-ion microbatteries. NCNTs showed excellent coulombic 

and energy efficiencies and footprint area capacities as high as 2.1 mAhcm-2 

at 0.1 mAcm-2 after 20 cycles and up to 1.95 mAhcm-2 after 60 cycles at 0.3 

mAcm-2. On the other hand, hematite nanorods modified NCNTs displayed 

footprint area capacity up to 2.25 mAhcm-2 at 0.1 mAcm-2. However, their 

coulombic and energy efficiencies were not as good as NCNTs electrode. This 

is due the difference in the nature of conversion reaction occurring in these 

two structures. A continuous rearrangement of the phase boundaries in 

hematite structures causes progressive electrochemical milling which lowers 

the efficiencies.  

 

Paper V: Efficient electrochemical water oxidation by maghemite nanorods 

anchored on a 3D nitrogen-doped carbon electrode   

T. Sharifi, W.L. Kwong, H-M Berends, C. Larsen, J. Messinger, T. Wågberg, 

submitted  

 

Contribution: material synthesis, Raman spectroscopy, electron microscopy 

(TEM & SEM), analysis and interpretation of XPS results, part of 

electrochemical testing and manuscript preparation. 

 

   In this study we tested a 3D electrode for oxygen evolution reaction (OER), 

comprising maghemite nanorods firmly anchored to nitrogen-doped carbon 

nanotubes (NCNTs). The electrocatalytic OER activity of the synthesized 

direct electrode was investigated in 0.1 M KOH solution. Our measurements 

demonstrated that at a current density of 1 mAcm-2 an overpotential of only 

362 mV is needed for OER, which is comparable to state-of-the art non-

doped OER electrocatalysts. The electrochemical impedance spectroscopy 

(EIS) measurements revealed an excellent interfacial charge transfer which 

is due to firm anchoring of each active component. As a result, a good 

stability was achieved on our electrode compared to common deposited 

transition metal oxides on FTO glass which is a common conducting support 

in electrochemical testing.   

 

Paper VI: Earth-abundant bifunctional 3D electrode for efficient water 

electrolysis in alkaline medium 

Tiva Sharifi, Xueen Jia, Robin Sandström, Thomas Wågberg, Submitted 
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Contribution: all experimental results, Raman spectroscopy, electron 

microscopy (SEM), electrochemical testing and manuscript preparation. 

 

   In this study we developed a 3D bifunctional electrode for catalyzing both 

water electrolysis half reactions (OER and HER) in the same medium of 0.1 

M KOH electrolyte solution. In the similar approach as before our catalyst 

nanostructure was self-assembled on the surface of nitrogen-doped carbon 

nanotubes (NCNTs) which were grown on carbon paper (CP) substrate. For 

efficient catalyzing the water electrolysis we used cobalt oxide (Co3O4) as an 

earth abundant material. Our electrode material firmly anchored on CP 

performed a high stability compared to the similar material which was drop 

casted on glassy carbon electrode. In addition, we observed that 

Co3O4@NCNTs/CP displays current density of 10 mA/cm2 at overpotential of 

0.47 V for OER and at overpotential of 0.38 V for HER. 
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